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ABSTRACT

The ubiquitous theory of quantum mechanics has sparked many controversial
debates about possible interpretations and its place in fundamental physical
theory. Perhaps most sustained of all the questions is the quest for a complete
explanation of the process behind the reduction from quantum to classical phe-
nomena. This thesis shall examine this question through detailed investigation
of specific models. The models include a careful exposition of quantum entan-
glement through the original EPR thought experiment for continuous variables
and its mathematical transcription. The transcription is compared with ex-
isting methods from quantum optics for achieving experimentally verifiable
Bell-type inequality violations, which are commonly interpreted as violations
of locality. In further development of this famous paradox, the mathemat-
ical model is extended to tripartite continuous variable states, and detailed
measures of their violation of locality are presented.

Having carefully examined quantum phenomena by the EPR-paradox and its
extension to tripartite cases, the investigation proceeds by considering the ef-
fect on quantum systems by an environment. This involves a re-examination of
some well-known quantum system-environment models: the spin—% Spin-Boson
and Kondo models, in which a two-level quantum system interacts with a bath
of bosons or fermions respectively. The technicalities of the interactions are
exposed in intricate detail, with a careful description of the constructive boson-
isation and transformation methods involved. The thorough analysis leads to
a new observation about the elliptic, or fully anisotropic, Kondo model. Im-
portantly, the re-examination of the detailed structure of fermion-gas impurity
models and their connection to quantum dissipative systems enables a com-
prehensive extension of the family of models to include in particular a new
three-level dissipative system. To underline the importance of this model, it
is shown that the model is exactly solvable by admitting a reparametrisation
of the scattering matrix in terms of R-matrices which obey the Yang-Baxter
equation.

The examination of the interaction between the quantum and the classi-
cal concludes with an investigation of entanglement criteria in the system-
environment models discussed. A variational Ansatz for the ground state is
used to demonstrate the numerical calculation of entropy expressions for the
three-level systems, while the Feynman-Hellmann Theorem is used to give in-
principle exact results for the entropy corresponding to the specific three-level
model Hamiltonian introduced in this thesis. Throughout we provide sev-
eral suggestions for further work, procedures for experimental verification and
practical application.



ACKNOWLEDGEMENTS

I am indebted to so many whose encouragement, support and enthusiasm for
this topic have helped the development of this thesis, and here I will give a
special mention to a few. My most heartfelt thanks go to Peter Jarvis for
agreeing to take on my proposed project and help mould it into something ex-
act, explicit and explicative with his expert mentoring and support — not only
a great mathematician and supervisor, but also now a wonderful colleague and
friend. I owe much to my partner Peter While for his careful proofreading and
demands for clarity, and for his endless encouragement. I thank my parents
Hege and Yngve for nurturing an inquisitive spirit, and for their continuing in-
spirational independence. I thank Phil, for being there throughout. The small
theory group at UTAS, comprising, Robert Delbourgo and Peter Jarvis, and,
at various times, Jeremy Sumner, Luke Yates, Graham Legg, Isamu Imahori
and Stuart Morgan, has provided many stimulating discussions. The whole
department has at all times made me feel welcome and included, with spe-
cial thanks to Simon Wotherspoon for his friendship. I am also indebted to
my past tutors and lecturers for encouraging me into this field, starting with
William MacKenzie’s enthusiasm at Lochaber High School. Special thanks go
to Richard Keesing, who helped make it possible for me to pursue my own
investigations, and to Tom Stoneham, David Efird and Barry Lee for showing
me the importance of good philosophy in science.

The many dedicated and fascinated students at Laxmipur secondary school
in Tokha, Nepal, helped to inspire me to pursue further education, and I am
grateful and humbled to be fortunate enough to engage in such a fulfilling
investigation. For their generous hospitality and helpful discussions, I thank
all of the Mathematical Physics group at the University of Queensland, in
particular Tony Bracken, John Links and Ross McKenzie. My thanks go also
to the editors and referees of the papers that have been published on some of
the work herein, for their many useful and refining comments. I am grateful to
Hans Bachor for the invitation to present and discuss my work with the group
at the ARC Centre of Excellence in Quantum-Atom Optics in Canberra. Their
interest and enthusiasm for some of the practical applications and implications
of this work has been tremendously encouraging. None of this would have
been possible without the confidence shown in me by the Commonwealth of
Australia, whose generous Endeavour Europe Award helped to fund the start
of this project, and the University of Tasmania and School of Mathematics
and Physics’ own generous contributions towards its completion. I am deeply
touched by the confidence and interest you have all shown in this project.



TABLE OF CONTENTS

TABLE OF CONTENTS

LIST OF FIGURES

1 Introduction

1.1
1.2
1.3

1.4
1.5
1.6

Entanglement . . . . . ... ... L
EPR and philosophical implications . . . . . . ... ... ...

Decoherence and the impact of the
classical on the quantum . . . . . . . . ... .. ... ... ..

Quantum system-environment models . . . . . . .. .. .. ..
Entanglement criteria . . . . . . .. ... 0oL

Overview of thesis structure . . . . . . . . . . . . . ... ...

2 Quantum Entanglement and Regularized EPR-type States

2.1
2.2

2.3

24

Introduction — testing the EPR paradox . . .. .. ... ...

Bipartite entangled states and
quantum optics . . . . . ...

2.2.1 Bipartite CHSH inequalities, Wigner functions
and comparisons . . . . .. . ...

Tripartite states . . . . . . . . . ... Lo
2.3.1 Tripartite Wigner functions . . . . . .. ... .. ...
2.3.2 Tripartite CHSH inequalities . . . . . .. .. ... ...

Discussion and further pursuits . . . . . . ... ... ... ..
vi

vi

ix

10
11
14



TABLE OF CONTENTS

3 Quantum Dissipative Systems
3.1 Introduction . . . . . . . . . .. ..,
3.2 Constructive bosonisation . . . . . . . . ... ... ...

3.2.1 Creation and annihilation operators and operator
normal ordering . . . . . ... ... L.

3.2.2 Klein factors. . . . . ... ...
3.2.3 Bosonisation procedure . . . . . ... ...

3.3 Spin-1/2 Kondo Models . . . . ... ... ... ......

3.3.1 Equivalence of Spin-Boson and X X Z-type
Anisotropic Kondo Model . . . . . ... ... ...

3.3.2 Spin—% XY Z-type Anisotropic Kondo Model . . . .
3.4 Anisotropic Cogblin-Schrieffer Model . . . . . . . ... ..
3.4.1 Exact solvability . . . .. ... ... ... ...

3.0 Discussion . . . . . ...

4 Entanglement Criteria and Further Extensions to QDS
Fermi-gas Models

4.1 Introduction . . . . . . . ... ..o
4.2 Variational approach to entanglement . . . . . . . . . . ..
4.2.1 Extension to three-component fermions . . . . . . .
4.2.2 Entropy measures . . . . . . . ... ... ... ...
4.3 Feynman-Hellmann method . . . . ... .. .. ... ...
4.3.1 Finding the three-level density matrix. . . . . . . .
4.3.2 Nature of the roots and entropy measure . . . . . .

4.4 DiISCcuSSIiOn . . . . . ..o

5 Conclusion
5.1 Chapter summary . . . . . . . . . .. ... ...

5.2 Discussion and further work . . . . . . . .. .. ... ...

A Appendix to Chapter 2

vil



viii TABLE OF CONTENTS

A1 Normalisation of bipartite |n)s . . . . . . ... ... ... ... 118
A.2 Normalisation of tripartite |n, 7', n")s . . . . . . .. ... ... 120
B Appendix to Chapter 3 121
B.1 Charge sector projection . . . . . . .. ... ... ... ... 121
B.2 Equivalence of SB Model and X X Z-type
spin—% Kondo model . . . . . . .. ... 122
B.2.1 Constructive bosonisation . . . . .. ... ... . ... 122
B.2.2 Unitary mapping . . . . . . . . . ... ... ... 124
B.3 Gell-Mann matrix notation for Section 3.4 . . . . . .. .. .. 125
B.3.1  Algebra of S, S}, 5 operators . . . ... ... ... .. 126
C Appendix to Chapter 4 128
C.1 Explicit 9 x 9 subsystem density matrices for three-level dissi-
pative system . . . . . .. ... Lo 128
BIBLIOGRAPHY 130

INDEX 140



2.1

2.2

2.3

24

3.1

3.2

LIST OF FIGURES

Plot of bipartite CHSH (2.14) using |n)s (2.8), with an all-
imaginary choice for o and 3. Reaches a maximum value of
By* ~ 2.19 as s — 1 and J — 0. This is equivalent to the
NOPA case. . . .. ... ...

Tripartite s-modified CHSH. With an all-imaginary choice for
«, B and 7, B3 never reaches a value greater than 2 as s — 1.

Tripartite s-modified CHSH. With o = —8 = —V/J, v = 0, Bs

reaches a maximum value of ~ 2.09 as s — 1T and J — 0.

Tripartite s-modified CHSH. With an all imaginary choice for

«, # and v, Bs reaches a maximum value of ~ 2.32 as s — 2+
and J — 0. . ...

Double potential well with potential V(q) for extended coor-
dinate ¢, showing the two-state limit. The eigenvalues of o,
correspond to the particle being in either the left or right wells.
wyp is the smallest characteristic classical frequency and e is the
detuning parameter. The possibility of quantum tunnelling is
accounted for in an effective tunnelling matrix element A dis-
cussed in-text. The Hamiltonian describing the overall system
isgivenin (3.1b). . . . .. ..o

The figure illustrates the compound operator projections Sl

and S’ on a lattice. Application of the standard spin operators
Sy introduces a vertical shift to a different eigenvalue of 5.,
while application of a combination of Klein operators represents
a horizontal shift. N is the sum of the number of particles
(N7 + Ny), while r is a parameter representing an arbitrary line
of constant m = $(N; — Ny) £ 5,. The parameter K — oc.
(Figure adapted from private communication with P.D. Jarvis.)

1X

28

38

39

39

47

70






CHAPTER 1

Introduction

Quantum entanglement is a phenomenon that has fascinated and perplexed
all who have considered it almost since the inception of quantum mechanics
itself. Physicists, mathematicians and philosophers have argued for nearly a
century about its implications and applications, and despite enduring interest
in the subject there is no completely satisfactory account of its place in current
theory. For many theoretical physicists who investigate fundamental physical
laws and the interpretation of quantum mechanics, there is an uneasy tension
caused by the paradox made evident by the Einstein-Podolsky-Rosen thought
experiment and its related verified tests. The paradox highlights inconsisten-
cies in our description of reality, and hinges on the analysis of quantum en-
tanglement and the quantum to classical transition. Speculations about this
transition have resulted in diverse beliefs about reality, including the well-
known but metaphysically crowded many-worlds interpretation [51, 52|, and
conjectures about mechanisms that might enforce a directionality of time,
which is not currently required by accepted fundamental laws of physics (see
for example [69, 94, 97, 64, 139, 75, 46, 93, 76] and references therein for a

philosophical introduction).

This thesis is a project in theoretical physics devoted to the careful develop-
ment of individual quantum-mechanical features and the interaction between
simple quantum systems coupled to a classical environment. Although the
majority of the analysis pertains directly to the explanation of the technical-
ities of each system, we shall keep in mind the more general interpretational

context. The details provided herein may therefore be of some use to those

1



2 1.1. ENTANGLEMENT

who search for the advancement of fundamental physical theory. Although
an entirely theoretical investigation, we acknowledge another essential aspect
of scientific development by making constant connections to experimentally

verifiable outcomes.

Each chapter of this thesis will deal with a different aspect of the relationship
between the quantum and the classical, and a comprehensive introduction to
the specific models used for each chapter is reserved for their relevant sections.
In this chapter we will introduce the general concepts and background to the
investigations, providing motivation for the specific examinations. We begin
by defining quantum entanglement in Section 1.1 and reviewing its histori-
cal origins and some philosophical implications in Section 1.2. The effect of
classical systems on quantum phenomena is introduced in Section 1.3, before
the specific system-environment models that we will use later are outlined in
Section 1.4. Entropic criteria for entanglement are considered in Section 1.5
before Section 1.6 closes this general introduction with an overview of the

structure of the thesis.

1.1 Entanglement

The term ‘entangled state’ was coined by Erwin Schrodinger in 1935 [112,
113, 114] and is a translation from the German “verschrankter Zustand”. It
is used to describe any composite quantum state [1)) 45 that is not separable,
where the composite state can be described by this wave function only, even
if the subsystems of the compound system become spatially separated. By
composite system [i)4p we mean the tensor product of the wavefunctions
representing each subsystem A and B (|t))4 and |¢)p respectively). If the
bases of these subsystem wavefunctions are taken to be {|i)4} and {|j)p}, in
the respective Hilbert spaces H4 and Hpg, the subsystem wavefunctions can

be written as

Vha =Y ailiba 16hn =D bili)s (1)

)
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In the tensor product space, the general composite state [¢))4p which can

represent either a separable or an entangled composite system is thus:

V) a = ZCZ‘]‘WA ® |7)B- (1.2)
irj

The separability condition is a condition on the coefficients ¢;;: the state is
separable if ¢;; = a;b;, but if ¢;; # a;b; then the state is not separable. This is
an entirely quantum description with no classical analogue, which can lead to
conventionally unintuitive circumstances. Entangled systems may be created
by any process that generates inextricably linked properties, and typically
occurs as a result of natural or induced collisions of particles resulting in

entangled or ‘linked’” product particles.

A well-known example of an entangled state is the ‘Bell singlet state’:

W) an = —= (10)4 @ 15 — [1)4 ® [0)5) (1.3)

V2

This is one of a family of four maximally entangled Bell states using two
subsystems (A and B) of eigenbasis {|0),|1)}. States taking this eigenbasis
are called ‘qubits’, in analogy to the classical computing ‘bit’ which takes
values 0 or 1. Qubits can take the values 0 or 1, or a superposition of the
two, as is the case for the subsystems A and B in the Bell states (e.g. (1.3)).
One might hypothesise this state of superposition to mean that the qubit
somehow has both these values at the same time (the famous Schrodinger’s
Cat thought experiment [112, 124] is an extrapolation of such an interpretation
to macroscopic components). An alternative familiar presentation of the Bell
singlet (1.3) in which the superposition of states is arguably more clear is
1

V2

where the qubits in question consist of the following combination of basis

W)ap = —= (=) @[+) = [+) @), (1.4)

vectors:
1

1
[+) = =0 +11), =) 7

7 (10) = [1)).

It is important to note that it is in general difficult to ascertain whether a
state is entangled or not. In some instances it is possible to perform a basis

transformation to re-express a state that initially appeared entangled into a
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form that is separable. This is an entire field unto itself, and one that we shall
not consider further in this thesis, restricting our investigations to states that

have been confirmed to be entangled.

It has recently been reported that entanglement may exist for even a single par-
ticle [47]. The authors suggest that the philosophical implications may be to
strengthen the assertion that ‘particle’ is a concept that should instead be de-
scribed as “an excitation of a given mode of the field representing the particle”
[130]. The proposition is that the nonlocality exhibited by the single particle
can be described as a superposition of the single-particle wavefunction and the
vacuum, in what Greenberger, Horne and Zeilinger termed ‘partlycles’ [65]. Tt
has also been conjectured that this observation suggests that the concepts of
entanglement and decoherence (the term often given to the reduction of quan-
tum to classical phenomena, which we shall discuss further in Section 1.3) are
in essence the same ‘mystery’ [47]. This is one of many philosophical stipula-
tions which add to the growing need for re-examination and re-evaluation of
current concepts and theory regarding the quantum-classical transition, and
in what follows we shall re-visit the historical origins of the philosophical prob-
lems highlighted by entanglement, before examining some specific models that

inform the discussion.

1.2 EPR and philosophical implications

The advent of quantum theory provided the solution to a multitude of long-
standing problems in physics, such as the ultraviolet catastrophe of black body
radiation, the photoelectric effect and the structure and behaviour of sub-
atomic particles. Having satisfactorily resolved these phenomena, it seemed
implausible to most that such a theory could be inaccurate. Amongst some
of the developers of quantum theory there was, however, speculation that
the theory was still incomplete, as some predictions appeared highly counter-
intuitive. At the root of the discontent was the principle of superposition,
demonstrated in (1.3), which is at the foundation of the Copenhagen interpre-
tation of quantum mechanics developed by Niels Bohr and Werner Heisenberg
(and subsequently many others). The Copenhagen interpretation stipulates

that a compound state will ‘collapse’ into precise single values for a subsystem
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only when a measurement is made. Erwin Schrodinger and Albert Einstein in
particular were unsatisfied with such a hypothesis, and designed a number of

thought experiments to highlight this fact.

In 1935, Einstein, Podolsky and Rosen (EPR) posited [49] that either quantum
mechanics must be incomplete, with room for a hidden variable theory, or
spatiotemporal locality must be violated when a measurement of an entangled
pair of particles is performed. Spatiotemporal locality requires that physical
processes occurring at one point in spacetime should have no immediate effect
on elements of reality at another point. Consequently, to demonstrate locality
violation the measurement must be performed after the particles have been
separated such that no classical communication channels are open when the
wavefunction collapses. EPR concluded that quantum mechanics must be
incomplete by considering a thought experiment that is now known as the
EPR paradox. The thought experiment was designed to expose what they

believed to be the absurd conclusions of quantum theory.

The experiment is deceptively simple in its construction: create an entangled
system of two particles; Alice and Bob (A and B) each take one part of the sys-
tem to opposite sides of the Earth; Alice measures her subsystem, and knows
instantly what the outcome of the measurement on Bob’s particle would be,
if he performed it in the same basis as she did. Despite the simple construc-
tion, there has been long-standing philosophical debate about the implications
of EPR’s underlying assumptions. However, for the purposes of the present
investigation we can obtain significant insight into the physical paradox with-
out delving into the more metaphysical debates of ontology, which contend
what may legitimately be given the term “real”. In essence, the paradox relies
on two important physical principles that were by this time well established,

corroborated and considered irrefutable:

1) Heisenberg’s uncertainty principle [70]: values of observables with non-
commuting operators cannot be measured precisely at the same time. For
the example of the non-commuting operators of position and momentum, the
consequence for their corresponding observables x and p is famously written

as the non-zero product of differences AzAp =~ h.
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2) A consequence of Einstein’s own special theory of relativity [48]: nothing

can travel faster than the speed of light.

To get a clear understanding of the paradox and violation of spatiotemporal

locality, consider the following:

e Alice measures the spin of her particle (one subsystem of the entangled
pair) in the x-direction, and can therefore know precisely the value of
this physical quantity at Bob’s location even before he measures it. EPR
defined any element that can be known precisely before measurement as

an element of physical reality.

e We know from the uncertainty principle that Alice cannot know definite

values of the spin along the z— and z—directions simultaneously.

e Alice’s decision on which measurement to carry out on her particle (spin
in a- or z-direction) thus has an immediate effect on elements of physical

reality at Bob’s location, violating the principle of locality.

e This results in the apparently absurd conclusion that Alice’s choice at
one point affects reality at another, instantaneously. According to EPR,
the only alternative is that the particle must have been programmed with
the outcome of all measurements, in any direction, prior to measurement.
This pre-programming amounts to the particles storing hidden variables
— ‘hidden’ because we know we cannot access this information due to the

uncertainty principle.

Although it was the spark that prompted what is arguably the most hotly de-
bated topic in fundamental quantum mechanics, at the time of its publication
the EPR thought experiment appeared much less astounding to many than it
perhaps seems today. Niels Bohr penned a rapid reply to EPR [30, 29], stating
that the EPR experiment contained ‘an ambiguity’, in that their description
of reality did not appropriately deal with quantum phenomena. Bohr’s reply
was, by many at the time, considered to be a ‘conclusive’ rebuttal, although
it can be argued that he simply failed to accept the problem (see for example
Werner’s brief historical survey [138]). While this subdued the nonlocality

question for a short period, the EPR thought experiment nevertheless dis-



1.2. EPR AND PHILOSOPHICAL IMPLICATIONS 7

mantled the usual interpretation of a measurement process as a physical dis-
turbance of a measured system — that measuring position by scattering with
a photon in turn causes the uncertainty in the position — since it highlights
that complete knowledge of a spatially separated subsystem can be determined

without direct observation of that subsystem.

It was not until 1965 that the first experimental tests of the EPR paradox
were conducted by John Bell [23]. Bell recorded a series of outcomes of mea-
surements on entangled systems, and arrived at the astounding conclusion
that hidden variables are not compatible with quantum mechanical probabil-
ity outcomes. In fact he demonstrated that it was possible to construct an
inequality, the violation of which must involve states that are not describable
by hidden variable theory. Bell’s conclusions were strongly supported by a se-
ries of experiments by Alain Aspect and co-workers in the 1980s [13, 12]. We
shall examine such inequalities and their violation in detail in Chapter 2. Bell’s
inequality, also called Bell’s theorem, was later complemented by the Kochen
Specker theorem [86], which showed that there is a contradiction between two
assumptions of hidden variable theory: that all observables have definite val-
ues at a given time, and that their values are intrinsic and independent of the

measuring device.

Despite raising fundamental questions about the nature of quantum theory and
the theory of measurement, the paradox still does not always trouble many
pragmatic experimentalists. It can be argued that we can violate locality with-
out violating causality since Alice can in no way influence the outcome of her
measurement, and has no means of transmitting information to Bob faster
than the speed of light. For many pragmatists, this is the only matter of im-
portance, as we can only ever be observers, and quantum mechanics describes
accurately the results of all directly measurable outcomes. Thus, although
there appears to be a paradox, unless it results in problems for measurement,
why should a paradox matter? My own answer in this thesis is that a paradox
does nevertheless point to inconsistencies which may, on examination, reveal
new ways of not only progressing fundamental theory but also advancing ex-

perimental tests for new technological uses.
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1.3 Decoherence and the impact of the
classical on the quantum

So far we have discussed quantum entanglement and some of the questions it
raises about our understanding of fundamental physics. Some detailed exam-
ples and further discussion on this will be presented in Chapter 2. There we
shall demonstrate some applications most directly reliant on these quantum
features, and consider the interplay between quantum mechanics and its im-
plications for macroscopic measurements. Those discussions therefore concern
the effect of quantum phenomena on classical outcomes. For a more detailed
investigation into the quantum-classical transition we must also investigate
the effect of the classical on the quantum. The precise relationship between
the quantum and the classical physical theories is not established, and is the
subject of continued debate. By investigating some of the simpler examples
where the effects of their relationship can be demonstrated most clearly, we
hope with this thesis to bring some interesting new information to inform the
debate.

Quantum entanglement between two specific subsystems as discussed in Sec-
tion 1.1 does not persist indefinitely, but is suppressed extremely quickly, as we
know well from our every day, predominantly classical, experiences. This rapid
suppression of quantum features is referred to as “decoherence” in the liter-
ature (see e.g. [155, 63, 81, 110]) and corresponds to a rapid diagonalisation
of the system Hamiltonian. Despite becoming a widely used term, the precise
reason and mechanism for the suppression remains largely unexplained (al-
though there have been some tentative suggestions — see for example [155, 63]
and references therein). There has been much discussion and controversial
debate on the subject of decoherence, which we shall not review here, but will

note a few main points relevant to our particular investigation.

There have been some proposals for quantitative measures for the timescales
of decoherence [80, 154, 84] confirming the rapid nature of the effect. Joos and
Zeh [80] calculated a decoherence time of 10723 seconds for a superposition of
two states with a difference of 1em between their centres at low environmental
temperature. Roger Penrose [105, 106] and others have argued that decoher-

ence is intricately related to brain processes and consciousness. It may be
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informative to note that temperature dependent decoherence measures (scal-
ing as \/T) have been compared with timescales for neuron firing excitation
in the brain [120], where it was found that neuron firing is significantly slower

than decoherence timescales, seemingly refuting Penrose’s suggestions.

There are many who, in a similar manner to Penrose, would like to appeal to
the unexplained facets of quantum theory to explain persistent philosophical
problems, such as consciousness, and the apparent directionality of time. Be-
cause decoherence is still somewhat open to interpretation there has sometimes
been a tendency in the literature to refer to decoherence as a “measurement”
of the system by the environment, with the assumption that measurement
causes and explains the suppression of the quantum features. The concept of
measurement carries no intrinsic explicative powers or imperatives on the time
directionality of fundamental laws, and so the transfer of explanation from de-
coherence to measurement is not a useful one, leaving us instead with the
famous problem of measurement. It is clear that for further insight we must
continue to examine the quantum-classical transition explicitly, a longstanding

pursuit that we aim to contribute to here.

Caldeira and Leggett [34] suggested that suppression of quantum features is
linked to dissipation of energy with an analogue of the standard friction co-
efficient, and for much of the early development of the theory of decoherence
it was considered synonymous with dissipation and friction. However, it is
pointed out in [84] that decoherence can occur at a much faster rate than
dissipation, and it is argued that the two are distinct. This is now a widely
held belief (although it is by no means universally adopted) but the exact re-
lationship between the two descriptions is not fully formalised. In Chapters 3
and 4 of this thesis we will develop some quantum system-environment models
and provide explicit details of their interaction. Specifically, we will examine
the well-known Spin-Boson [95, 96, 136] and Kondo [87] models, and provide
a comprehensive extension of these systems to new three-level dissipative sys-
tems. Chapter 4 will investigate criteria for entanglement in these models via

entropy measures.
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1.4 Quantum system-environment models

Spin-Boson and Kondo models are simplified system-environment models in
which a spin—% impurity interacts with an environment — or bath — of bosons or
fermions respectively. The Kondo model is one of a class of models designed to
investigate the theory of magnetism, as originally proposed by Werner Heisen-
berg in 1928 [71]. More specifically, the Kondo model was originally devised to
describe conduction electron resistivity in dilute magnetic alloys, and contin-
ues to be of great importance in the development of that field. The Spin-Boson
model has, on the other hand, been used primarily to investigate the quantum-
classical link for some time [95, 96, 34]. The Spin-Boson (SB) model has been
shown to be equivalent to the standard anisotropic Kondo model, which we
outline in Subsection 3.3.1. This equivalence is of quintessential importance to
our investigation, as it permits an extension of the link between fermion-gas
impurity models and quantum dissipative systems. The link will also aid the
investigation of the interaction in system-environment models more generally
by facilitating interpretation of individual contributions to the coupling terms

that emerge in the joint system-bath Hamiltonian.

In isolation, a quantum two-level system such as the spin—% impurity in the
SB model can be considered as a two-level double potential well, with the two
wells corresponding to the two possible spin states :I:% of the impurity. In this
case the wavefunction describing the system would be a superposition showing
the impurity as being in the two wells at the same time. When this system
is coupled to an (in principle infinite) environment or bath the interactions
between a quantum impurity and its environment results in a sharing of infor-
mation between them, meaning the joint system is generally regarded as an
“open”, or dissipative system. When any experimental measurement is made
of this joint system, one would observe a localisation of the state of the system
to a single well and the destruction of the superposition description of the
quantum state. Mathematically, this corresponds to a rapid diagonalisation
of the interaction Hamiltonian (decoherence), which removes the possibility
of tunnelling between the two wells. Any measurement on the system would

subsequently reveal a quantum system localised to one of the two wells.

In this thesis we will concentrate on the suppression of quantum features which
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is demonstrated in specific system-environment models. In order to gain fur-
ther insight into the relationship between the components of these models,
the careful examination will require several mathematical tools, which will
be discussed in detail in Section 3.2. In particular, we shall use constructive
bosonisation [67, 132], which permits a formal identification between fermionic
and bosonic operators. The careful re-examination of the structure of fermion-
gas impurity models enables the construction of a new exactly solvable three-
level dissipative model in Section 3.4, with several potential applications in

condensed matter physics.

The specific system-environment models that are examined herein are of par-
ticular interest since they have been shown to be exactly solvable [145, 21, 17].
This means we can investigate the asymptotic limits of the models and evalu-
ate physical parameters with precision. Systems that are exactly solvable are
extremely valuable for this reason, and there are a number of established tests
that check whether any particular system conforms to the requirement. Once
we have constructed the new system-environment model in Section 3.4, we
show in Subsection 3.4.1 that this model remains exactly solvable by demon-
strating that the scattering matrix associated with the interaction in the model

corresponds to a standard trigonometric R-matrix.

1.5 Entanglement criteria

After the structures of the system-environment models have been discussed
and the details of the couplings between the quantum system and the bath have
been analysed in Chapter 3, we take the further step of calculating the criteria
for entanglement in the models in Chapter 4. Investigating entanglement in
many-body systems is a relatively young venture, and an overview of recent
developments can be found in [5]. Initial investigations into entanglement in
spin chains began around 2001, when O’Connor and Wootters [100] reported
on maximizing pairwise entanglement in isotropic Heisenberg rings. Impurities
were not introduced into these systems until 2003 when Osenda et al [102]
reported that the impurity could in some sense be used to tune the level of
entanglement. Vedral [130] studied entanglement effects in the Fermi gas (and

in bosonic systems), stating that bipartite entanglement disappears beyond
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distances of the inverse Fermi wavenumber.

Some initial investigations into entanglement in Spin-Boson and Kondo models
have also been proposed. Costi and McKenzie [45] provide a quantitative de-
scription of entanglement for the ground state of the Spin-Boson model via the
anisotropic Kondo model, using numerical renormalisation group treatment.
Kopp and Le Hur [88] present a similar analysis for the interacting resonant
level model, which is equivalent to the anisotropic Kondo model in the long
time approximation [127]. (A refermionisation [132] of the Spin-Boson Hamil-
tonian gives the interacting resonant level Hamiltonian.) Extensions of the
standard Kondo model to a two-impurity Kondo model have also been con-
sidered [41]. Some discussion exists on electron-electron entanglement in the
standard two-level Kondo model [101], but entanglement between the com-
ponents of the bath will not be considered in this work as we are interested
primarily in the effect of and on the impurity (and it is indicated in [101] that
the impurity has little effect on the entanglement between the conduction

electrons themselves).

A measure of entanglement is any function of a quantum state that is zero
for separable states and non-negative and real for other states, provided that
the value of the function cannot increase under local operations and classical
communication. This has resulted in several proposals for measures of entan-
glement (see for example [5] and references therein), but we shall focus in this
thesis on the use of entropy — specifically the quantum Rényi [74, 135, 121]
and related von Neumann [133] entropies — as a criterion for entanglement.
This will be discussed in more detail in Chapter 4, but note here that entropy
measures are a relative measure between the fully mixed and the pure states.
The fully mixed bipartite state has a von Neumann entropy measure of one,
and pure states have zero entropy. The use of zero entropy for pure states
indicates that no further information is necessary in order to predict the out-
come of measurement. It is argued in [116] that this fails to take account of
the inherent uncertainties of measurement, and that rather than a pure state
with zero entropy there should instead be a ‘minimum uncertainty pure state’.
Because we are concerned in this thesis with an entanglement criterion and
not a measure, using an established inequality criterion that has been shown

to hold for all separable states, it will be sufficient for this thesis to follow
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convention regarding the entropy of pure states.

The entanglement criteria calculations that we present in Chapter 4 will focus
on the extension of two methods that have been used previously by other
authors to investigate entanglement in the spin—% two-level case. In particular,
we will use a variational Ansatz to suggest a possible ground state for the
three-level model in Section 4.2, and find the reduced density matrices of the
relevant subsystem following the method in [101]. We shall also provide an in-
principle exact density matrix for the three-level model in Section 4.3 using the
Feynman-Helmann Theorem, along with the corresponding entropy measures.

Full details of the methods will be reserved for discussion in Chapter 4.

Using entropy as an entanglement criterion bridges the gap between theo-
reticians and experimentalists. The use of entropy will also make the results
more directly relevant to those philosophers of science who wish to make links
between the laws of thermodynamics and time. Although we shall make no
direct conclusions about this matter here, the detailed experiments described
herein will be informative to the discussion, especially with further work into
entanglement measures. It is the author’s view, however, that empirically de-
rived laws about dynamics, such as the second law of thermodynamics, should
not be used to argue for more fundamental relations. Nevertheless, there are
several other reasons why investigations using entropy as a criterion and mea-
sure of entanglement can be most informative. Certainly empirical evidence
is useful in indicating areas of interest, and provides an essential framework
for theoretical development. One might well expect that this empirical data
would be informative to the foundations of quantum mechanics, and provide
information that might eventually lead to a more unified theory. Indeed, there
are already such speculations in the literature. For example, we have already
mentioned Dunningham and Vedral [47], who assert that entanglement and
superposition are the same mystery, and Karyn Le Hur [92] argues that, using
entanglement entropy, one can ‘make a unification between entanglement of
the spin with its environment, decoherence, and quantum phase transitions’.
In a cosmological, ‘quantum gravity’ context, it has also been argued that
decoherence and entropy are different manifestations of the same phenomenon
[82] (also [76]).
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1.6 Overview of thesis structure

This thesis will present the detailed investigation of specific models involv-
ing quantum entanglement that may aid the interpretation of the quantum-
classical transition. Each theoretical model is explained, contextualised and
thoroughly extended, and several connections to experimental applications are
suggested throughout. The general outline of the thesis is as follows. Chapter
2 will examine the EPR paradox in more detail through the Bell inequalities
that have mediated experimental testing of the entanglement phenomenon.
The rigorous first-principles transcription of the paradox is compared in Sec-
tion 2.2 with states from experimental quantum optics that have already been
shown to exhibit entanglement. In the bipartite case, it is demonstrated that
the two descriptions approach equivalence in Subsection 2.2.1. The methods
are comprehensively extended to tripartite states in Section 2.3, and some

significant differences with current experiments are highlighted.

Chapter 3 introduces the idea of interaction between a quantum system and its
environment. We give a thorough introduction to the Spin-Boson and Kondo
system-environment models, and expose the intricacies of the methods used in
relating a fermion-gas impurity model to a dissipative system in Section 3.2.
With this as a basis we introduce the larger class of Kondo models in Section
3.3, and discuss the established equivalence between the Spin-Boson and stan-
dard anisotropic Kondo model in Subsection 3.3.1. We extend the analysis
in Subsection 3.3.2 to reveal a new structure for the well-studied elliptic, or
fully anisotropic Kondo model. Furthermore, we apply the analysis to another
member of the family of fermion-gas impurity models, the anisotropic Cogblin-
Schrieffer (ACS) model for three-component fermions, in Section 3.4. The ACS
model is shown to relate to three-level dissipative systems, and moreover it is

shown to be exactly solvable in Subsection 3.4.1.

Chapter 4 extends the analysis of the dissipative systems discussed in Chapter
3 by calculating entanglement criteria for the new ACS model. A numerically
accessible variational method is used in Section 4.2, following a similar anal-
ysis of the corresponding two-level system. Placing emphasis on the exactly
solvable nature of the ACS model, we also demonstrate how to calculate ex-

act values of the density matrix and the related entropy measures using the
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Feynman-Hellmann method in Section 4.3. We conclude the thesis in Chapter
5 with a summary of the main results and their development, and provide
an overview of their place in a more general theory. In addition, some inter-
pretative suggestions are given, and some open questions discussed. At the
end of the thesis we provide some appendices with further details of selected
calculations from each chapter. For ease of reference, an index of main terms

and concepts is given after the bibliography.
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CHAPTER 2

Quantum Entanglement and
regularized EPR-type states

This chapter discusses in detail a direct mathematical transcription of the EPR
paradox, and the results are compared with current experimental approaches
to the EPR limit from quantum optics. The established EPR transcription
for bipartite continuous variables is introduced and extended by regularisation
in Section 2.2. The role of these states in Bell-type inequalities for local
realistic theories are investigated using a Wigner function representation. A
comprehensive development of the methods to tripartite states is performed in
Section 2.3, and we conclude with an extensive discussion of the implications
and importance of this work in Section 2.4. The material of this chapter has

been published in a condensed form in Journal of Physics A [77].

2.1 Introduction — testing the EPR paradox

In Chapter 1 we discussed the origins of entanglement as described by the
EPR thought experiment. The first experimentally testable form of the EPR
paradox was pioneered by David Bohm (1951) [28], in terms of discrete spin-3
particles. This was a departure from the original EPR thought experiment
which had been phrased in terms of the continuous variables of position and
momentum. In the discrete case of electrons with spin up or down, their ma-
trix representations are in finite dimensional space, and measurements of an

observable in this case will give a discrete distribution of real values. Until
17
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recently, the infinite-dimensional spaces necessary for dealing with continuous
variables were too much of a technical difficulty for further development and
practical implementation. For continuous variables, the N canonical bosonic
modes are represented by H= ® | Hy, with Hj as the infinite dimensional
Fock spaces associated with the single modes. Due to the complexities asso-
ciated with continuous variables, we were restricted to considering discretised
quantum phenomena until very recently — indeed this continues to be the stan-
dard fare of most undergraduate quantum mechanics courses, involving such

things as the determination of an electron’s energy in an atom, for example.

The discretised form of the EPR paradox thus uses the standard notation for
entangled pairs of spin—% particles (electrons in this case), with each quantum
state represented by a vector in a two-dimensional Hilbert Space. The Hilbert
Space for the pair is the tensor product of their respective Hilbert Spaces. The
spin singlet state is akin to (1.3):

) = —(+2)®[—2)—|—2)®|+2),

V2

where here | + z) denote eigenstates of the spin operator S, corresponding to
the spin in the z-direction. The spin operators S, Sy, S, can be represented
using standard Pauli matrices o, 0, 0, respectively by S, , . = %ax,y,zh, where
the Pauli matrices are:

Ux:{(l](l)],ay:{? _Oi},az:[(l) _01]. (2.1)

When we make a measurement on [¢) in the z-direction, the state of the system
‘collapses’ into an eigenvector of S,, according to the Copenhagen interpreta-
tion of quantum mechanics. The entanglement correlation thus dictates that,
for the singlet state above!, if Alice measures her subsystem to have the eigen-
value +z, then Bob must have the corresponding eigenvalue of —z. It is easy
to show that the spin operators S;, Sy, S, do not commute, such that they

cannot have definite values simultaneously.

Bohm’s discretised translation of the EPR paradox was taken up by John Bell
in 1965 [23], who used the transcription to test the paradox experimentally,

IThe other three states in the family of maximally entangled Bell states dictate other
correlations but describe the same feature.
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with some startling results. Bell showed that hidden variables were not per-
mitted in the EPR case if we preserve both the assumptions of standard theory
(such as locality) and the probabilities predicted by quantum mechanics. Bell
demonstrated this by constructing an inequality from a combination of the
probabilities of outcomes of measurements by Alice and Bob. This inequality
must be less than or equal to 2 if we allow hidden variables and locality (see
(2.2) below), and we shall call this the classical bound. The equivalent inequal-
ity with quantum mechanical predictions show that an upper bound of 2v/2
is possible (see (2.3) below), called the Cirel’son bound. To date, all experi-
mental evidence has supported the quantum mechanical prediction, and there
were a series of famous experiments by Alain Aspect and his co-workers in the
1980s which lent overwhelming support to the violation of Bell’s inequalities

by certain classes of correlations [13, 12].

The Bell inequality has now been superseded by generalised versions, originally
introduced in 1969 by Clauser, Horne, Shimony and Holt, and consequently
dubbed the CHSH inequalities [42]. These can appear in many different guises,
but essentially demonstrate the same feature. Here we outline the main steps
to give an understanding of the emergence of the classical bound as differing

from the quantum mechanical.

As before, Alice (A) receives one part of the system and Bob (B) receives the
other. They can independently choose a direction in which to measure the
spin of their component (say A measures in the direction of unit vector a and
B in the direction b), and in each instance there are two possible outcomes of
measurement, denoted by A(a,\) = +1; B(b, \) = £1. Here we also assume
a hidden variable A to be present and shared between each subsystem to be
measured. With p()) as the probability measure of A, and the integral of p(\)
being equal to one, the average from a joint series of measurements can be

found from:
Pla,b) = / (N A(a, ) B(b, N,

Due to the joint history of the particles, if their spins are measured along the
same axis one would get A(a, A\) = —B(a, \) (or other correlations depending
on which singlet state is used), in which case P(a,b) would be (—1). Note
also that 1/A(a, \) = A(a, ). Bob is not constrained to measure along b, but

could instead choose to measure along ¢’ (and indeed A could measure along
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a’'). From these considerations it is straightforward to show the emergence of
the classical bound in the form of Bell’s inequality by considering the following

combination of the possible measurements:

|P(a,b) — P(a,t))| < 1+ P(b,V).

In realizable measurements [42] it is necessary to make the additional assump-
tion that the probability of the joint detection of any pair held by A and B
is independent of their direction of measurement. In the most frequently used
formulation of the inequality the probabilities of measurements are thus ex-
pressed in terms of the rate of coincidence detection — that is, given in terms

of conditional probabilities [24, 42] — giving combinations of correlations:
|C(A(a)B(b)) + C(A(a) B(V)) + C(A(a') B(b)) — C(A(d)B(V))| < 2. (2.2)

This is the common form of the CHSH inequality [42] showing a classical
bound of 2 on the right hand side. To get an intuitive understanding of this

bounding value, a useful transcription of the inequality (2.2) is:
[ @) (BOMN+BHN)+ AN (BEN-BEHN)} pN)dA < 2.

Since the possible measurement outcomes for B are 41, then one of either
(B + B) or (B — B) in the above must be zero, with the other having a
maximum value of 2. The prefactor A can have a maximum value of +1, and

it is clear that the inequality holds.

By contrast to (2.2), the quantum mechanical prediction of measurement out-
comes results in the Cirel’son bound 2+/2 on the right hand side. This is best
seen by considering the conventional construction whereby Alice can choose
to make measurements in the z- or z-direction, denoted by A(x) and A(z),
while Bob can measure along his z’- or z/-directions (B(z’) and B(z')), where
his coordinate system is rotated by 45 degrees with respect to Alice’s. Alice’s
measurement outcomes A(z) and A(z) are then given by the spin operators
S, ® I and S, ® I respectively, where [ is the identity, while Bob’s B(z’) and
B(%') are given by (—\%I ® (S, + S;)) and (\%I ® (S, + S;)) respectively.
It is then straightforward to find the Cirel’son bound for the corresponding

combination of expectation values of joint measurement outcomes using the
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singlet state of (1.4) to give:

(A(x)B(a")) + (A(x) B(2)) + (A(2) B(z')) — (A(2)B())
1 1 1 1

st () %)
Note that it is well documented that violation of Bell inequalities is not a
necessary condition for entanglement [62, 131], and as such may not be a good
measure of entanglement in general. Gisin [62], for example, showed that some
(entangled) states satisfying the Bell inequality initially could be manipulated
using local filtering to later produce violations. However, this condition is
not symmetrical, and all states violating the inequalities must be entangled.
Thus if we determine that the inequality is violated we know that we have an

entangled state and can produce a relative violation measure.

In the following sections we will make use of a specific transcription of the
CHSH inequalities to indicate the presence of entanglement in new bipartite
and tripartite continuous variable states. These states and measures of their
entanglement will then be compared with results that are well-established in
quantum optics. We highlight some interesting similarities and important dif-
ferences of these states, and provide an extensive discussion section to indicate

further work and useful applications of the study.

2.2 Bipartite entangled states and
quantum optics

In Section 2.1 we discussed some of the early background into experimental
testing of the EPR paradox by making use of its discretised transcription. It is
only recently that experimental testing of the paradox in its original continuous
variable form has been possible, but the importance and value of continuous
variable states has become increasingly apparent. The advent of probing the
nature of CV states has allowed for the investigation of quantum computation,
teleportation and communication in an entirely new framework. Experiments
using entanglement to probe the EPR limit of maximal inequality (locality)
violation have required the development of a range of new tools [14]. Herein

we will concentrate on one significant contribution — the so-called NOPA state
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that is now commonplace in quantum optics [108, 103, 104, 15, 16]:

INOPA) = e (@'=ab)|g0). (2.4)

NOPA states are produced by Nondegenerate Optical Parametric Amplifica-
tion, and approach maximal inequality violation in the limit of strong squeez-
ing (r — o0), which we shall discuss further below. The creation and annihi-
lation operators a', a, b, b satisfy the standard bosonic commutation relations
[a,a’] = 1 and [b,bT] = 1, where a,a’ act on the first space and b, bl act on
the second space as indicated by the two-mode vacuum state |00) = |0,0).
Creation and annihilation operators are discussed in more detail in Subsec-
tion 3.2.1, but we note here that bosonic annihilation operators annihilate the
ground state (in this case the vacuum), meaning that a|0) = 0, for exam-
ple. The NOPA state has already been shown to be a genuinely entangled
state that produces violations of the CV transcription of the CHSH inequality
[15, 104, 90].

The NOPA state was designed to approach the ideal EPR state with strong
squeezing, with particular Wigner function behaviour (see later sections) and
was not explicitly derived from the EPR first principles. For a first principles
investigation we must re-visit the original case considered by EPR in [49]. This
discusses the simultaneous diagonalisation of the two commuting variables
of difference in position (X; — X5) and total momentum (P, + P,), where
X, P;, 5 = 1,2 are a standard pair of canonically conjugate variables with
[X;, Py] =0, (note we have set & = 1). Fan and Klauder [54] prove that an
explicit form for the common eigenvectors of the relative position and total

momentum for two EPR particles can be found:
(X1 = Xa) ) = V2mln), (P + Py) n) = V2|, (2.5)
where the common eigenvector |n) is expressible as
In) = 6‘%|’7|2+”“T_’7*w+aw|OO>. (2.6)

This makes (2.6) an ideal mathematical transcription of the EPR proposal

from first principles. Here n = n; 4 i1y is an arbitrary complex number and
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the coordinate and momentum operators are definable as:

Xl = (a+aT), X2: (b"—bT),

—

-3
—_

~ 3

P o= m(a—cﬁ), PFm(b—bT). (2.7)
As a genuine representation of ideal generalised EPR states, with appropriate
orthonormality and completeness, |n) is singular. Consequently, it is not possi-
ble to use this state to calculate expectation values directly, for use in Bell-type
inequalities testing the EPR paradox. In order for the mathematical transcrip-
tion to be useful experimentally, we shall instead consider a regularised state
which approaches the singular state for a particular value of the regularisation
parameter?. In [77] we introduced the following regularised version of Fan and

Klauder’s first-principles EPR transcription (2.6):
|,,7>S = N, e—ﬁ|n\2+%naT—%n*bT+s%aTbT|00>7 (28)
with normalisation®

| V2| = : (2.9)

4_1 1/2 1 2_1
(S ) exp __|77|2 (S )
s? 27 $2(s?2+1)

tending to the EPR ideal (2.6) in the regularisation limit s — 1 (see Appendix

A1 for details). The state (2.8) contains a natural regularisation as it is the
simplest generalisation of (2.6) that introduces one regularisation parameter

for each mode a', b, which we have chosen to be equal (1/s).

Note here that we shall at times use an alternative, more explicit notation for
the state (2.8) — especially in the extension of the notation to tripartite states
in Section 2.3. The alternative notation indicates the individual components
of |n)s corresponding to the respective modes, with |n)s = |n,7)s. Here it is
clear that 7 is associated with the first mode and n’ with the second mode,

and we recover (2.8) when ' = —n*.

The NOPA states (2.4) do, as mentioned above, tend towards maximal Bell-

type inequality violation in the limit of strong squeezing. The inequalities

2This is as opposed to what is often referred to as ‘regularising’ in experimental quantum
optics, which means ‘to make the state more regular’.

3Note misprint in the paper [77], which quoted |N3| instead of |Na|, and chose the n = 0
limit.
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used are a generalised N-mode transcription of the continuous variable CHSH
inequalities (see for example [98, 40]), and we shall introduce these in the
following subsection. Having proposed a regularisation to the established
first-principles transcription of the EPR paradox, we are now in a position
to compare other aspects of the NOPA state and this more direct transcrip-
tion. The methods of comparison will then be extended to tripartite states in
Section 2.3.

2.2.1 Bipartite CHSH inequalities, Wigner functions
and comparisons

The Wigner function [143, 73], was an attempt to provide the Schrodinger
wavefunction with a probability in phase space. The time-independent func-

tion for one pair of conjugate x and p variables is*:

W(e.p) = - / gt (@ 4 (e — g (2.10)

mh J_

Alternatively, it has been shown that a useful expression of the Wigner function
is in the form of quantum expectation values [99, 109]. For N modes, the
Wigner function for a state [¢)) may be expressed as the expectation value
of the displaced parity operator, where the parity operator itself performs
reflections about phase-space points a; = \%(:p] +ip;), with j = 1,2,... /N

denoting the mode:
W(as, ag,...,an) = (%)N<f[(041,&2,---»041v)> = (%)Nn(al,%am,%\/)- (2.11)

The displaced parity operator is:

~

(o, z,..oon) = @N Dj(a;)(—1)"Dl(ay), (2.12)

where n; are the number operators for each mode j, and the corresponding

Glauber displacement operators D,(a;) are:

*

Dj(a;) = e (2.13)

4The generalised expression of (2.10) to include mixed states replaces ¥* (x + y)y(z — y)
with the density matrix description p(x + y,z — ).
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CHSH inequalities for bipartite systems can be written in terms of the bipartite
Bell operator By, which consists of the following combination of expectation
values [15, 129]:

By, = TI(0,0) +II(0, 8) + (e, 0) — II(cv, B), (2.14)
where |By| < 2. (2.15)

[I(c, §) is the expectation value of the displaced parity operator (2.12) and
a, (# denote phase space points relating to the modes 1 and 2 respectively. This
transcription means that the Bell operator (2.14) can be expressed in terms
of Wigner functions (2.11). Originally, Bell argued that because the Wigner
function for the original EPR state was positive everywhere it would permit
a hidden variable theory and as such would not exhibit nonlocality. However,
Banaszek and Wodkiewicz [15] demonstrated that the Wigner function of the
two-mode squeezed vacuum NOPA states (2.4) is positive definite while the

states exhibit non-local character.

For the regularised bipartite |n)s state (2.8), the corresponding Wigner func-

tion therefore becomes:

W(a, 6) _ (%)QSW’ ,’7/‘eaaT—a*ae/@bT—ﬁ*b<_1)na+nb€a*a—aaTeﬁ*b—ﬁbT |777 77/>S (2.16)

Explicit details of the evaluation process for these Wigner functions will be
reserved for the more complex tripartite extension in the next section. In gen-
eral, we evaluate matrix elements of the form (2.16) by first commuting mode
operators with the parity operator and rearranging using Baker-Campbell-
Hausdorff (BCH) identities

(AeB  —  A+B+LABI+ (A A,B- & [BAB] - -
= edeBe el
_ eeABe*AeA
— BHABHSIAABI+ HA A B+ A (2.17)

before casting the operators into anti-normal ordered form®. In this case, the

®Normal ordering will be discussed in Subsection 3.2.1, and here anti-normal ordered is
understood to mean the arrangement of creation operators to the right of the annihilation
operators.
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bipartite Wigner function (2.16) becomes:

W(Oz, ﬁ) — (%)2S<n777/|§2|a|262‘6|2€_2a*16_2’6*b620“ﬂ62/6“(_1)na+nb|n777/>s-
F(a,p)

Substituting in (2.8) and remembering that in this case ' = —n*, the parity

operator causes a change in sign for each mode to give®

W(a,B) = (2)*(00]exp (= gznl> — 3z [0'1> + {n"a + n"b+ Fab) F(a, B)
x exp (— o= |n? — 2= [7'|? — Inal — In/bT + 5albl) |00). (2.18)

This form of the Wigner function allows us to make an important argument

to facilitate the comparison between the |n)s and [NOPA) states.
By making the generic substitutions

a = o+ An,s),

5 = 6,+B(7],78)7 (219)
into F(a, #) in equation (2.18) (and using A(n,s) = A, B(n,s) = B) we find
F(a', ')

/12 / 2 /12 / 2
F(Oél,ﬁ,) _ e2|a\ +4a’ A42|A| €2|ﬂ| +443' B+2|B|

_ Ik * _oQl* * /T T /pt T
e 2a/*a—2A ae 26"*a—2B b€2aa +2Aa eZﬁb +2Bb ) (220)

By comparing the terms in (2.20) with the Wigner function (2.18), we can see
that setting

*

7 * Ui
A = —_— A = —
(. 5) 55 (n:5) = 5
n . n”
B<77I7 8) = 2—5, B (?7/, S) = 2_5 (221)

will cancel the operator-dependent components of |n,7')s. The remaining
terms are not operator dependent and can be combined into a single func-
tion E(«/,3',n,7n'), which does not impact on the behaviour of the Wigner

function. We can express this as:

Wn,n/(a/aﬁ/) = E(, 0 ,n,10)Wop(a, B). (2.22)

Note that the prefactor (2)? was omitted in [77].
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That is, the Wigner function with the shifted parameters is equivalent to a
function of the n- and shift-parameters multiplied by the original Wigner func-
tion (2.18) with n-parameters set to zero. Since the function E(o/, 5, n,1)
does not impact on the Wigner function behaviour we can set its value to one.
We can thus effectively set n = ' = 0 in |n,7n')s without loss of generality.
Taking n = i’ = 0 therefore corresponds to a shift in the phase-space param-
eters of the displacement operators o/ = a — 3L, ' =  — %L;, which leads
to:

N = 0)s = Ny e2""|00). (2.23)

In order to compare the NOPA state (2.4) with the state (2.23), we follow [148]

on reordering SU(1, 1) operators, to arrange (2.4) into the following form:

INOPA) = ¢rtafo™=ab)|g0)
eraTbT€—2ln cosh(r)%(aTa—&—bTb—&—l)e—rab|00>

= /1= tanh2r e |00}, (2.24)

Hence we arrive at the result that the |n); and |[NOPA) methods of investi-
gating the EPR limit approach equivalence, with tanhr = 1/s2.

The approach to equivalence between the NOPA and the 7-states is also re-
flected in their application to the CHSH inequalities. In the NOPA case, the
all-imaginary parameters a = § = iv/.J, where J is a real displacement param-
eter J > 0, are substituted into equation (2.14) giving the value BJ*** =~ 2.19
[129, 15]. The same choice for «, § for the bipartite |n)s (2.8) achieves, as
expected, a maximum value of By a2 2.19 as s — 17 (explicit calculation of
the Wigner functions is reserved for Section 2.3). This maximum value of B
is clearly the same value achieved for NOPA with » — oo [15, 129]. A mesh
plot of the By value on a portion of the (J;s) plane is illustrated in Figure
2.1, which shows clearly that the value of B2 (=Bs) increases as s — 17 and

J — 0 (graphical illustrations generated by Maple).

2.3 'Tripartite states

Having established the similarity of the bipartite NOPA and n-states both in

terms of their structure and CHSH-inequality violation, we extend the meth-
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: 0. 06
J 0.08

Figure 2.1: Plot of bipartite CHSH (2.14) using |n)s (2.8), with an all-
imaginary choice for o and 3. Reaches a maximum value of By*** ~ 2.19
as s — 1 and J — 0. This is equivalent to the NOPA case.

ods to consider analogous tripartite states. We begin by introducing the tri-
partite Greenberger-Horne-Zeilinger (GHZ) NOPA-like state currently used in
quantum optics, and compare it with the tripartite extension of the more di-
rect regularised EPR transcription (2.8). The comparison reveals differences
between the two approaches to the EPR limit that were not present in the
bipartite example. The structure of the proposed tripartite |n), is therefore
thoroughly investigated and explained in this section. In Subsection 2.3.1 we
compare the tripartite Wigner functions of the tripartite NOPA and n-states,
and we use these in Subsection 2.3.2 to compare behaviour and violations of

tripartite CHSH inequalities.

The method for deriving the experimentally realizable tripartite NOPA-like
states is described in [128], which involves the beamsplitter operation By,(6),

where 6 is the angle of application”:

a — acosf+bsinf

b — —asinf -+ bcosd. (2.25)

Bab(é’) . {
Firstly, two phase-free beamsplitters Byz(0) and Bijs(0) are applied at the
respective angles § = 7/4 and § = arccos(1/v/3). The operators a,b and c

relate to the modes 1, 2 and 3 as before, meaning that in this case (2.25) entails

"An additional overall relative sign (180° phase shift) between the two modes has been
omitted; see for example [68].
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the following transformations

5 (3) {1

—

!

Shsh-
—~
o
|
S

(b+c)

) bl

(v/3a + \/6b)

(v3b — \/6a) (2.26)

The beamsplitters act on one momentum squeezed state and two position

2

Bis(arccos(1/v/3)) - {a

b —

W=

squeezed states of mode 1, 2 and 3 respectively, which may be written:

|NOPA(3)) = By (%) By (arccos%)

x exp (5 (a2 =a™?)) exp (‘77" G —b*2)> exp (_77“ (¢ —c”)) 1000).

(2.27)

Note that expressions that have the form of the squeezing operator S(z), where

z = €' can be written as a product of exponentials [125]%:
S(z) = exp[i(za™ — z*a?)]
= exp|3(e” tanhr)at?]

x exp[—2(In coshr)(3a’a+})]exp[—5(e~* tanhr)a?] , (2.28)
using the BCH relations (2.17).

Applying the beamsplitter operations at the specified angles, and using ma-
nipulations of the form (2.28) we find the tripartite NOPA state (2.27) may

be written in second-quantised form with an appropriate normalisation:

INOPA®)) = (1 — tanh?®(r))**

x exp(—¢ tanh (@™ +b"+¢1?) 42 tanh r (b +ab +alcl) )|000).
(2.29)

By contrast, a suitable tripartite analogue of the bipartite |n)-state (2.8)
tending to the EPR limit, which we analyse in detail below, is defined by:

ol g2 12 1201 T/ bt e L (atbTatet Lotel
") = Ny e~ mzlilP= iz = gl P4+ (ral o/l ely -y (@bl atelatel) 1y

(2.30)

8Note the misprint in the sign of the last exponential in [125]; see [61].
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%e—ﬂnm’m”) , where F'(n,n',n") is given

with normalisation® | N3|? =
in Appendix A.2. In the bipartite case discussed in Subsection 2.2.1, we used a
shift in the parameters of the displacement operators in the Wigner functions
for these states to show that it was possible to set n = 1’ = 0 in the n-state
without loss of generality. When we set these parameters to zero we found that
the expression for |n), approached the same EPR limit as the bipartite NOPA
case. In the current tripartite case (2.30), we might expect that a similar shift
could be possible and that a similar equivalence to the NOPA-like states would
occur. With the parameters n = 1’ = n” = 0 the tripartite EPR-like state

becomes:
=1 =n" =0), = Nyez@?+a'e+0'D00) (2.31)

A direct comparison of (2.29) and (2.31) makes it clear that in this instance
the NOPA- and 7n-states differ significantly. To understand the importance
of these differences more fully, we analyse the structure of the tripartite |n)q

state in detail below.

Note here that, while the set of states (2.31) belong to the well known pure,
fully symmetric three-mode Gaussian states, the more general state (2.30)
where the parameters n, ' and 7" are retained is not symmetric, since the pa-
rameters can all differ. However, currently only Gaussian states are accessible
experimentally. For discussion of Gaussian states in relation to entanglement

in CV systems in general, see [2] and references therein.

Whereas the bipartite state (2.8) was a simultaneous eigenstate of (X; —X5)
and (P,+P), in the tripartite case (2.30) the choice of relative variables is no
longer immediately apparent. In order to analyse its structure we follow the
general method outlined in [54] for the construction of (2.6), extending to a
regularised tripartite transcription. By acting separately on the state (2.30)

with the annihilation operators a, b, ¢ and using manipulations of the type:
1
aet = et {a —[A,a] + §[A, [A,a]] + .. } , (2.32)

it is readily established that generically |n,n,7"); is an eigenstate of the fol-

9The value quoted in [77] was for the n = 0 case.
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lowing combinations:

1 1
(a — 2 (of + CT)> n,n'n")s = ;nln,n’,n’%

| 1
(b— 5 ( +aT)> nn'n")s = '),

1 1
(C—g(aul)*)) n,n'\n")s = ;77”!77777’777”%- (2.33)

From this we can deduce the different values of s that will dictate limiting
cases for singular eigenvalues of various choices of relative variables. Keeping
s general and substituting with the relevant phase-space operator equivalents
of the mode operators using (2.7), the eigenvalue equations can be written:

7

% (s%) (X1 —X,) + 7 (s—%) (Pi="Po)n,n'sn")s = (n=n")n,n'sn")s,

1 1 i 1
I S—l—— X _X +_ S—— P—P , /’ /ls _ B/ 7 /’ " 5
\/5( 5)(2 3) \/5( S)(z s)|n,m',n") (' =07, n")

1 2 i 2

| e_Z _— 2V (P+P+P " =

\/5(3 3)<X1+X2+X3)+\/§(S+s)( 1+ ot Ps)|n,n' ")
(n+n"+0") 1", n")s.

(2.34)

By inspecting (2.34) it is clear that the singular cases will occur for s = 1
and s = /2. For the case s = 1 we evidently have a singular eigenstate of
the relative coordinates, while remaining a squeezed state [134] of the total
momentum. Conversely, for s = v/2 we have a singular eigenstate of the total

momentum, but a squeezed state of the relative coordinates.

If we construct mode operators corresponding to the Jacobi relative variables

and the canonical centre-of-mass variables, say

1 1
Orel = §(X1—X3)+§(P1—P3)7
1 7
bra = —= X1+ X3 -2X0)+——= (P + Py —2P,),
1 2\/3( 1 3 2) 2\/§(1 3 2)
1 7
Qo = %(X1+X2+X3)+%(P1+P2+P3), (2.35)
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then we find, from (2.34) for general s:
1
<8a7~el + gaiez) ') = —= =" In,n';n")s,

1
(Sbrel + gblel) |777 77/7 77”>S = (77 - 277/ + 77”> |777 77,7 77”>S7

- 5l- 8-

2
T N _ / " N
SAem — — 0o, IR s T s + + » ' R 2.36
( . )\nnn> 75 ) ). (2:36)

By inspection of (2.36) it is again obvious that for s = 1 or s = v/2, canonical
combinations arise in the first two, and last cases respectively. On the other
hand, the non-canonical combinations appearing for s = 1 in the third, and
s = /2 in the first two cases, allows us to calculate the squeezing parameter z
in each instance. Using the notation of [134] to find the squeezing parameter
z = re??, the squeezing operator S(z) = exp(3(z*a?—za'?)) gives the following

transformations of creation and annihilation operators:

ST(2)aS(z) = acosh(r) — a'e ¢ sinh(r)

ST(2)a’S(z) = a'cosh(r) — ae®® sinh(r). (2.37)
For a generic normalised combination of creation and annihilation operators

with coefficients o and 8 as in (2.36), we set the phase ¢ = 7/2 in (2.37) to
get

aa + Bal

from which we can find the squeezing parameter:

= cosh(z)a + sinh(z)a’, (2.38)

z = In(e*) = In(cosh(z) 4 sinh(z))

/a2_/62
1 a+ 0
= 5ln (a—ﬁ>' (239)

Clearly the values o = v/2,3 = 1/4/2 in the first two cases of (2.36) and

a = 1,0 = 2 in the last case show that the squeezing parameters have the

values z = %1113 in each instance.

Having established the structure of the tripartite EPR-like states (2.30), we
shall now examine their behaviour when applied to Wigner functions, and the

consequences of using these states in CHSH inequalities.
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2.3.1 Tripartite Wigner functions

We have determined that the tripartite |n,n’,n"), state (2.30) differs signif-
icantly from the tripartite NOPA-like state (2.29) in its structure, and will
now compare and contrast their respective Wigner function behaviours. The
Wigner function (2.11) for (2.30) becomes

1

Wia,8,7) = (%)3 N;? e 2z P=gznP=5zln

x(000] exp (£ (n*a + n*b+ n"*c) + % (ab + ac + bc))
% eaaT—a*aeﬁbT —,G*befycT—'y*c (_1)na+nb+nc ea*a—aaT e,@*b—,@bT ey*c—ycT

//|2

x exp (5 (na’ + 5/t +p"ct) + 5 (a8 + alel + bTeT) ) [000).
(2.40)

By commuting creation and annihilation mode operators with the parity oper-

(_1)na+nb+nc

ator we can rearrange (2.40) into anti-normal ordered form using

BCH-type identities (2.17) to become:

//|2

W(a, 8,7) = (%)3 N? o~z =5a ' P=5zn
x(000] exp (2 (n*a + n*b+ n"*c) + % (ab + ac + bc))
« 62|a|262\,8|262\'y|26—204*0,6—2,6*176—27*062azﬂe2ﬁbT62'ycT
x exp (L (na® 4+ n'b" 4+ n"c’) + & (afb" + alcl + biel)) [000).
(2.41)

As mentioned in Section 2.2, annihilation operators acting directly on the vac-
uum to the right would annihilate the state, and similarly creation operators
acting directly on the vacuum to the left annihilate the state. To avoid this,

we can insert a complete set of coherent states

Pud?vd?
// Ju, v, w) {u, v, w] (2.42)
m

between the annihilation and creation operators in their anti-normal ordered

form. This means we can make use of the properties of coherent states:

(u, v, wla" = v (u,v,w|, alu,v,w) = ulu,v,w)
(u, v, w|b" = v*{(u,v,w|, blu,v,w) =v|u,v,w) , (2.43)
{(u, v, wlc" = w*{(u,v,w|, clu,v,w) =wlu,v,w)
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and

(000w, v, w) {u, v, w]000) = el —lwF=lwl, (2.44)

After inserting (2.42) into (2.41) and using (2.43) and (2.44), the Wigner

function becomes:

N|2

W(a,B8,7) = (2)° N2e zzll’—galnP-gazln

///exp (n*u+n"v+n"w) + % (w+uw+ovw))

x exp(2|al® + 2|8 + 2|y — 2a*u — 28%v — 2v*w)

x exp(—|ul* — [v|* — |w]?) exp(2au* + 26v* + 2yw*)

X exp( (nu _'_nv +n//w*) _i_s%(u*v*_i_u*w*_i_v*w*))
d*ud*vd*w

U (2.45)

T
The exponential factors within the integral may now be manipulated into a

form suitable for use in the formula [25, 53]:
= dQZi 1 * A B Z
H T oXp 2 C D z*

B c p\1: [ B\ ' [ u
a5 5)] (2 5)(2))
¢ o\ [t | D\ (v
_[det(A B)] exp[§(,u,1/)<A B> (M)]’ (2.46)

where matrices A and D must be symmetrical, and matrix C' = B”. In order

for (2.45) to satisfy this form, we find that the generic vectors (z,z*) and

5(:“7 V*>

(u, v*) must in this case be:

(z,2") = (u,v,w,u",v*, w"),

(M)V*) — (%77 206* 1 /* 25* 1 //* 2,)/ ,__n_+_2a ——T] +267 1 //_’_27)

Furthermore, we have the matrix

1 0 0 0 -5 —%
o 1 0 -5 0 -3
C D 0 0 1 —% —% 0
(A B)_ 0 -5 -5 1 0 o0 |’ (247)
-% 0 —-% 0 1 0
-% —% 0 0 0 1
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which has inverse

84—3 1 1 2 872 s‘;gQ Stg2
1 s'-3 1 £32 242 =22
< C D )—1 34 1 1 54_3 st;2 stg2 2 8_2 ) 48)
A B a (84—4)<S4—1) 252 84852 545;2 34_3 1 1 .

229572 2221 s3]
T | 1 st-3

Note also that

7% 1
{det < i g )] = [(s™ — 65" +9s* —4)/s"] 2, (2.49)

such that the N? cancel in the Wigner function when n =17 =" = 0.

By direct extension of the argument in Subsection 2.2.1, we can show that it
is possible to set n = ' = " = 0 without impacting on the Wigner function
behaviour by considering the following shifts in phase space parameters:

/

2
o =a— L, ﬂzﬂ—g—s, v/zv—% (2.50)

This is equivalent to expressing the Wigner function as

Wn,n’,n”(a/aﬁ/vry,) - E(a/76/77/77]777/7T]//)WO,O,O(Q7577) (251)

Ix 11

E(, B, n,n.n") = exp (2(a'n* + o n+ 80" + B + /0" +4"n")) .

We are again free to choose instances where E(o/, 3,7 ,n,7',n") = 1 as it
is not operator dependent, which corresponds to setting n = n' = n" =0
in the Wigner function. We shall henceforth assume n = n’ = n” = 0 unless
otherwise stated, and write simply W («, 3, ) to avoid the cumbersome dashed
notation of the shifted parameters. With this shift, the Wigner function for

our tripartite state becomes:

Wi 8,7) = Sexp (Ggmy [Cillal +187 + )
+ Ca(aB+ay+ By +a™f +a™y" + 8777)
+ Cs(af* + ay* + fa* + By* + ya* +~6%)
i 04(042+52+72+04*2+ﬁ*2+7*2)} )7 (2.52)
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where

Cp=—2(s® — st —4), Cy=45*s"-2), Cy=—4s*, Cy=4s> (2.53)

We may now compare this Wigner function with the corresponding function
for the tripartite GHZ NOPA-like states (2.29). This may be obtained by
substituting (2.29) into (2.11) and rearranging the exponentials into a form
suitable for manipulation by (2.46). The Wigner function W% (a, 3, ) for the
tripartite NOPA-like state then becomes:

2\° 4
WG 60) = (2) e (2= 1mpempar ) (o + 192+ )

2tanhr 2 *2 2 2 2 2
301~ tanh ) (@ + B2+ +a” + 7 +77)
8tanhr
3 (1 — tanh ?r)

_ % exp {(—2cosh(2r)) (|af2 + |8 + [ ?)

(@B + By +ya+a* B+ 9" + v*oz*)}

1
_§SII1h(2T‘) (&*2 +ﬁ*2 _'_,Y*Q + (1/2 +ﬁ2 +/72>

+§ sinh(2r) (afB + By +ya+ ™" + 3"y + 7*04*)} (2.54)

This is the result quoted by van Loock and Braunstein in [129], and further

explication can be found in that paper.

Comparing the Wigner functions (2.52) and (2.54) for the |n,7,n")s and
NOPA-like states respectively, the most important point to note is the emer-
gence of mixed conjugate/non-conjugate pairs (e.g. af*) in (2.52), which do
not appear with the second-quantised NOPA-like optical analogue (2.54). As
such it may be reasonable to expect that the differences propagate to become
important in application to the CHSH inequalities and the violation of locality.

This will be examined in the following subsection.

2.3.2 Tripartite CHSH inequalities

Having calculated the Wigner functions for the tripartite NOPA and n-states,

these may now be used as components for generating their respective CHSH
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inequalities. The tripartite CHSH inequality appears analogously to (2.14)
(15, 129]:

B; = 11(0,0,7) +II(0, 8,0) + I(, 0,0) — II(e, B,7),  (2.55a)
|Bs| < 2, (2.55b)

in which II(«, 3,7) again represents the expectation value of the displaced
parity operator (2.12). Whereas we knew that in the bipartite case the limits
for the NOPA and |n); states both tended to the same EPR ideal for specific
values of their regularisation parameters, there are a wealth of other choices
that may extremise the CHSH inequality in the tripartite case. To make the
behaviour of the Wigner function (2.52) in the asymptotic region clearer, the
parameters «, # and y are written in polar form, o = ]a|ei¢a etc. The Wigner

function for the tripartite n-state thus becomes:

W(a5) = Sexp (g (G (laP + 1P + )

+2Cy(|allf] cos(¢atds) + |Bl17] cos(dp+04) + |7llal cos(dy+¢a))
+2Cs(|a]|8] cos(¢p—@a) + [Bllv| cos(dy—dp) + [V]|al cos(¢y—¢a))

- 26’4(|oz|2 cos(2¢4) + |B|% cos(2¢5) + |7/ cos(2qbq,))}> , (2.56)

where C, Cy, C3 and C} are given by (2.53).

Examining (2.56) facilitates the search for choices that will minimize the last
term in (2.55a). In the bipartite case, we approached the EPR limit s — 17
by choosing all-imaginary parameters o, = iv/J. In this tripartite case
(2.56), since a = |ar|e’®=, this corresponds to choosing all phases ¢, = ¢5 =
¢, = I, and all magnitudes |a| = |8] = |y| = V/J. The tripartite CHSH
inequality (2.55a) will then be constructed using (2.11) from a combination of
the following four Wigner functions:

Wmﬁ@mZW@wﬁmzwmawﬂzﬁwd}%iﬁﬁﬁy

s s$2+1)(s2—2)

LV@%?J¢7JV7)_~§+Kp<—§ﬁfﬁfﬁ>(25n

3 s2—2
Consequently Bj (2.55a) becomes:

J@4—sl+m:}_@m{_3jwf+m}'

Bs = 3exp {— (2.58)

(s24+1)(s? —2) (s2—2)
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In the region s — 1%, B3 never reaches a value greater than 2 (Figure 2.2),
meaning the inequality is not violated in this region for this parameter choice.
Nevertheless, a violation corresponding to the EPR limit s — 1% can be found
by making the choice @ = —3 = —+/.J; v = 0, for which (2.56) gives:

WT00 =0T = ep{-BIhE

VAT Wy i T

W(0,0,0) = 1, (2.59)

and Bz becomes (Figure 2.3):

By = 1+2exp {— (;]2(8—1114; ‘(9;12% } — exp {—%} . (2.60)

In this case, as s — 17, J — 0, the maximum value is B{*** ~ 2.09, which

can be checked both analytically and numerically.

23
1.63
B3 1. 24
0. 87 1
3 . 05
0.43 S
0

J ' 0.06

Figure 2.2: Tripartite s-modified CHSH. With an all-imaginary choice for «,
(6 and 7, Bs never reaches a value greater than 2 as s — 1.

However, what is more interesting still is exploring an auxiliary regime of
the regulator, s — v/2+, in equation (2.58). This is shown in Figure 2.4.
Analytically, we can approximate the maximum of (2.58) for s — v/2+ to the
lowest order in s —+/2 = ¢. We note that a pole exists in (2.58) at (s> —2) and
therefore substitute s = v/2+ such that Bs = 3z—a*, where z = exp(—4.J/3¢?),

and A = 9. To find the value of x at which Bj reaches its maximum value we
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Figure 2.3: Tripartite s-modified CHSH. With o = —3 = —V/J, v = 0, B

reaches a maximum value of ~ 2.09 as s — 1T and J — 0.

find the derivative dBs/dz = 0 which shows x = (%)ﬁ At this value of z

we find the maximum value

B~ (A1) (;)  ~232. (2.61)

This can be confirmed numerically for s — v2+, J — 0. The values of B{***
correspond exactly to those calculated for the experimentally verified NOPA-

like states, whose maximisation as r — oo is also governed by (2.61).

N
N

N
w

oJllllllIlllllllllllll

B35 o

N

J ' 0.06

Figure 2.4: Tripartite s-modified CHSH. With an all imaginary choice for «,
(£ and 7, Bs reaches a maximum value of ~ 2.32 as s — v/2* and J — 0.
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2.4 Discussion and further pursuits

In this new era of experimental realisation and utilization of CV EPR states,
we have shown here that a rigorous framework from first principles in the bi-
partite case can be extended naturally to tripartite states. Given the necessity
of working with normalisable states which still approximate the ideal EPR-
type limit for practical implementation of CHSH inequalities, we examined
a family of such regulated states parameterized by a regulating parameter s.
This family of states was compared with those relating to multipartite NOPA-
like states. The NOPA states have been shown to manifest CHSH violations,
and have the advantage of being directly accessible by experiment via stan-
dard quantum optics protocols such as multiparametric heterodyne detection
techniques and beam splitter operations. However, as an extension of a direct
transcription of the EPR paradox, this new n-family of regularised states pro-
vides an alternative, systematic description of the approach to the ideal EPR

states for relative variables.

In the bipartite case, we showed that the NOPA and 7-states can be tran-
scribed to approach equivalence with tanhr = 1/s?, with equivalent violation
of the CHSH inequality in this limit. In developing the regularised tripartite
state analysis we found expressions for their eigenstates. It became appar-
ent that there are two regimes of the regularisation parameter in which these
states become singular: in one case (s — 1) we have a singular eigenstate
of the relative coordinates while remaining squeezed in the total momentum;
in the other limit (s — 4/2) we have a singular eigenstate of the total mo-
mentum, but squeezed in the relative coordinates. In these two regimes we
have explored CHSH inequalities via Wigner functions regarded as expecta-
tion values of displaced parity operators. Violations of the tripartite CHSH
bound (B3 < 2) are established analytically and numerically, with Bs = 2.09
in the canonical regime (s — 17), as well as By = 2.32 in the auxiliary regime
(s — +/2+). This maximal violation is the same as the maximal violation
achieved with the NOPA-like states.

Related tripartite entangled states have recently been constructed by Fan [56].
However, despite those states being accessible by standard quantum optics

techniques, they are not true generalisations of ideal ‘EPR’ states. That is,
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while they diagonalise one centre-of-mass variable (for example, X;+Xo+X3),
they are coherent states [85] of the remaining relative Jacobi observables (that
is, they diagonalise their annihilation mode operators a, b). This is different
from the s — v/2 limit of our EPR-type tripartite states, which as stated above
turn out to be squeezed states of these relative degrees of freedom (eigenstates
of a linear combination \/LE(QCH- al), \%(254— b7) in the relative mode operators,
with the value %ln3 for the squeezing parameter). Moreover, in the case of

the tripartite entangled states of [56], no regularisation has been given.

The Wigner functions for the tripartite NOPA-like states (2.29) show peaks
at zeroes of X; — X, and P; + P; for all distinct pairs 4, [16], which may
not appear to be consistent with simultaneous diagonalisation of commuting
observables. It can, however, be inferred from the agreement between (2.29)
and a recent complementary proposal for the construction of true multipartite
entangled states [57, 55] that do approach the ideal EPR limit, that the two
constructions are in agreement. The second-quantised form for the tripartite

entangled state proposed in [55] is

1 i
P, &2, &3) = —=5 exp [A+ \?p SO al+ %(a{ — 2a} + al)

V3rt
+¥2 (gf 4 af — 2a) + ST] 1000),

P 1 2 2
A = —E—g(@ + &5 — 663),
2 <& 1<
_ 2
S = 3 igjlaiaj ~3 ;1 a;, (2.62)

from which we can deduce that in the infinite squeezing limit tanh(r) = 1, the
tripartite NOPA state (2.29) approaches the same EPR limit as (2.62) for the

case p =& =& = 0.

We have discussed the composition of the NOPA-like states, which are con-
structed with a view to experimental realisability, and, in the bipartite case,
to manufacture specific properties of the Wigner function. In this sense, the
new suggestions for regularised states stemming from a direct transcription of
the EPR paradox in terms of the simultaneous diagonalisation of commuting
observables can be seen as a more general or fundamental description. As

the regularised tripartite EPR-type state proposed in this chapter produces
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a different Wigner function from the NOPA-type, with two singular limits
rather than one, this new regularisation may potentially suggest that alter-
native experimental ways to achieve violations of the CHSH inequalities are
possible. The current construction of EPR-type states also considers in more
detail the structure of tripartite EPR-type states, compared to the compre-
hensive [55] which finds n-partite representations of entangled states through
their Gaussian-form completeness relation without exploring regularisations,
Wigner function behaviour and CHSH inequality violation. For a review of
Gaussian states, and discussions of the realisability of entangled states, we

refer to [2, 1, 59, 14|, and references therein.

In further work, it would be worth establishing the full experimental ramifi-
cations of the constraints placed on the choices of displacement parameters
entailed by the shift in 7. The current discussion might also easily be ex-
tended to include a presentation of the alternative bipartite starting point
of conjugate variable choice X; + X5 and P, — P», and its tripartite counter-
part. Furthermore, one can extend the analysis to an N-partite generalisation,
where one might reasonably expect the mode combination to take the form
[exp <Si2 (ZZ < a;’a}))] (see for example [123], which discusses the canonical
combinations for any number of modes). We also discussed the choice of regu-
larisation for the n-states, which introduced a single regularisation parameter
for each mode. In this case these all took the same value 1/s, which was
the simplest possible choice that preserved the symmetry of the state. One
could, however, consider alternative regularisations, which could potentially
suggest a whole family of previously uninvestigated experimentally accessible

entangled states.

Since the publication of this work in [77], the practical implementation of
many of the ideas considered herein have been discussed with the experimental
quantum optics group at the Australian National University (ANU), headed
by Prof. Hans Bachor, and work on this is ongoing. Unfortunately the ANU
facility does not have the sensitive photon counter equipment necessary to
test the n-state locality violation directly. However, there is great interest
in finding a clear transcription between current experimental EPR variance
calculations and the single Bell operator parameter (Bs, Bs, etc) discussed in

this thesis. The experimental variance calculations rely on a combination of
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the variance for the level of squeezing achieved and the variance for equipment
efficiencies (see [14] for an introduction to the practicalities of experiments in
quantum optics). On measuring combinations of variables such as X; — Xo,
there will be an associated variance from the inaccuracies of the measurement.
The variances are combined in a way to produce a number between 0 and 1,
which is called ‘EPR’ in quantum optics terms, where the number less than
1 indicates how close one is to the perfect EPR state and thus the degree of

non-locality achieved.

In experimental quantum optics, attempts to increase the degree of violation
are currently concentrated on improving the level of squeezing. The two re-
gions of violation s — 1 and s — v/2 demonstrated by the regularised tripartite
n-state might indicate that a different way of achieving violation is possible,
which would have immediate implications for production, measurement and
implementation. For further development of these ideas it is necessary to de-
fine clearly the relationship between the regularisation parameter ‘s’ and the

experimental measurement factors and variance parameters.

Note also that this work was recently cited in connection with the construction
of a generalized multi-mode bosonic realization of the SU(1, 1) algebra and its
corresponding squeezing operator [147]. There, the Wigner function represen-
tations of their multi-mode squeezed vacuum states are used to examine CHSH
inequality violations in the same manner as discussed herein. This underscores
the utility of the method of analysis of entangled states, and broadens its field
of application to non-linear optical processes and Bose-Einstein condensation

in dilute gases.

In this chapter we have examined the structure and interpretation of entan-
glement through its role in the EPR paradox, which is only one approach
among many in a vast literature on the subject. Nevertheless, the information
presented here contributes considerable detail to one of the most famous ex-
periments in fundamental quantum mechanics. We have presented a rigorous
extension of Fan and Klauder’s general EPR-like states to the regularised tri-
partite CV case for relative variables, and we have discovered an interesting
new structure. The CHSH inequalities constructed with component Wigner
functions for this case show significant violation of the classical bound, which

we have compared with current quantum optics implementations and have
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identified a number of differences and areas for further investigation. Having
seen some of the drastic consequences of the quantum phenomenon of en-
tanglement on classical interpretation, we can now ask what the effect of a
classical phenomenon is on quantum interpretation, which we shall address in

the coming chapters.



CHAPTER 3

Quantum Dissipative Systems

The exposition of this chapter follows the development of two specific quan-
tum system-environment models, namely the Spin-Boson and Kondo models,
before describing the construction of a new dissipative system starting from an
anisotropic Cogblin-Schrieffer model. Using the tools of constructive bosonisa-
tion and exact solvability, it is shown that the Spin-Boson model is equivalent
to the X X Z-type anisotropic Kondo model, and a new observation is made
about the structure of the fully anisotropic XY Z-type Kondo model. The
methods are extended to three-component fermions, which presents a new,
exactly solvable three-level dissipative system. The main results of this chap-
ter have been published in a condensed form in [78] and supplementary results

are being prepared for submission.

3.1 Introduction

In Chapter 2 we examined one of the most baffling features of entanglement
— the apparent violation of locality by systems of two (or more) quantum
particles. The example highlighted the gulf between current theory and a
satisfactory description of what is by now an easily reproducible and experi-
mentally accessible phenomenon. The EPR experiment and its related proofs
demonstrate that one cannot preserve both the postulates of quantum me-
chanics and special relativity. The experiment is therefore deserving of its
status as a paradox, given our otherwise dependable reliance on these theories

in fundamental physics. Despite nearly a century of sustained effort to find a
45
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consistent theory that can avoid this paradox, there is still little consensus in
the literature. Clues to a more complete theory can be found by looking closely
at the interaction between quantum and classical systems, and consequently

this chapter will expound in detail certain elements of that interface.

Several branches of both classical and quantum physics address the challenge
of many-body interactions. In three-dimensional mechanics it is believed that
the problem cannot be solved exactly for three or more bodies, but for lower di-
mensions many models may be solved precisely. This chapter will investigate a
subclass of one-dimensional exactly solvable models in detail, in which a quan-
tum particle interacts with a dissipative bath. Specifically, we will demonstrate
the connection between fermion gas-impurity models and quantum dissipative
systems using the Spin-Boson (SB) and Kondo models, and by extension of the
analysis we will also consider an Anisotropic Cogblin-Schrieffer (ACS) model,
resulting in a new three-level exactly solvable dissipative system. More gen-
erally, it becomes evident that these workable system-environment models are

an invaluable resource for investigating the quantum-classical boundary.

The origins of the SB model were discussed by Leggett et al in 1987 [95,
96]. The model is reviewed clearly and comprehensively therein, and more
recently in [136]. The model describes a single two-state quantum system,
such as a spin-half particle, interacting with a bath or reservoir of oscillators,
which are described by bosonic statistics (hence the term Spin-Boson). This
clearly makes the SB model an example of a two-level quantum dissipative
system (2LQDS). Since the bath is only very weakly perturbed by the quantum
system, the joint system’s classical dynamics may be represented by linear
equations. In [95] it is argued that the model for a double potential well (see
figure 3.1) can be truncated to the Hamiltonian for an interacting two-state
system. For this to be the case the thermal energy (proportional to kg7, where
kg is the Boltzmann constant and T is the temperature) must be smaller than
the energy between the excited states, so that we are concerned only with the
ground states of the wells. These would now be linked only by any possibility

of tunnelling between wells.

The Hamiltonian for the isolated two-state system may be written as H =
—%hAoox + %eaz, with the eigenvalues of o, corresponding to the particle be-

ing in either the left or right wells. Ag here indicates the ‘bare’ tunnelling
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Figure 3.1: Double potential well with potential V(q) for extended coordinate
q, showing the two-state limit. The eigenvalues of o, correspond to the particle
being in either the left or right wells. wj, is the smallest characteristic classical
frequency and e is the detuning parameter. The possibility of quantum tun-
nelling is accounted for in an effective tunnelling matrix element A discussed
in-text. The Hamiltonian describing the overall system is given in (3.1b).

matrix element, but to take account of higher-frequency effects impacting on
the system we shall later use a renormalised effective tunnelling matrix ele-
ment A (see for example [136], section 18.1), where a physical cutoff parameter
resolves the ultraviolet divergence of the renormalisation integral. The like-
lihood of tunnelling between the two potential wells (an entirely quantum
phenomenon) is clearly dependent on the relative heights of the wells. The
difference between the ground-state energies of the two wells when there is
no tunnelling is the detuning () of the system. It is clear then that the dy-
namics of the eigenstates of o, are dependent on this detuning parameter.
In the symmetric well limit (¢ = 0), the probability of finding the system in
the right well Pg minus the probability of finding it in the left well P, be-
comes P(t) = Pp — P, = cos(Agt), meaning the eigenstates of the wells are
delocalised and oscillating. That is, the system may be in either well by a su-
perposition of their respective wave functions, providing an excellent workable

model for entanglement and the loss of entanglement.

When a two-level system as described above interacts with an environment
there is a suppression of the quantum features. These systems are consid-
ered to be “open” dissipative systems in that interactions between the system

and the environment result in sharing of information with so many degrees of
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freedom that it is unlikely that this information can all be recorded and the
interaction reversed. This can be summarised in an entropy measure (which
we shall discuss further in Chapter 4), and some authors attempt to use such
explanations to rely on the second law of thermodynamics to explain the ap-
parent directionality of time. However, it would seem such arguments are vi-
ciously circular as they already assume a preferred time direction in order for
the system to ‘evolve’ in this way [76]. In this investigation we shall minimise
our interaction with this philosophical minefield, and confine our discussion
to more intricate details of the models concerned, with entropy used only as

a relative measure between any two particular states of interest.

In the case of quantum systems in a superposition of states, it is well known
that measurement reduces the system to a single eigenstate — commonly known
as the wave function collapse, a suppression of the quantum features. Because
system-environment models also present a suppression of quantum features,
some authors refer to the systems as being “measured” by the environment,
and that there is a similar “collapse” which describes this suppression. As
mentioned in the Introduction, Kiefer and Joos [84] provide arguments to the
contrary, warning that this reasoning assumes a premature conflation of the
ideas of dissipation and decoherence. Explanations of the exact relationship
between the two descriptions are not complete, but the following two chapters
will provide some further insight into their interplay. The current chapter
will describe in detail the construction of quantum dissipative systems, and

Chapter 4 will investigate entanglement criteria in those models.

In the present case of the two-level quantum system, we shall suppose that the
environment is a bath of harmonic oscillators, as is often the case in practical
applications [34]. The overall system Hamiltonian then includes the sum of all
the oscillator terms. It is argued in [34]-Appendix C (see also [35]), that the
assumption of a harmonic oscillator environment is equivalent to the assump-
tion of linear dissipation, so the Hamiltonian acquires a (linear) coupling term

to describe the interaction between the system and the bath, resulting in the
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overall SB Hamiltonian [95]:

1 1 1 2 1
Hsp = _§hAU$ + 5€0= + ZZ: <§miw§x? + 2]%2) + 540> zl: Ciz; (3.1a)

1 1 1 1
E ' T § ' T

Here we have included the Hamiltonian with the traditionally recognisable har-
monic oscillator terms in (3.1a), and its second quantised counterpart (3.1b),
which is the notation that will be used throughout the rest of the chapter. The
index i denotes the 7" harmonic oscillator, and ¢y is a measure of the distance

between the two potential minima. We have used the standard relations

7 1 1
\/miwiq q \/5( ), P pi, P @'\/§< ). (3.2)

Note also that the zero-point energy (1A, w;) from the third term in (3.1b)

is commonly ignored.

It is important to note the relationship between the coupling terms C! and
C; in (3.1a) and (3.1b), as the different conventions have resulted in different
nomenclature being used in the literature. Clearly the coupling term C! has
dimensions Joules per meter squared, and we can see that

3.C;

has dimensions of frequency. These coupling coefficients are used to create

Ci =

a single term to describe the interaction and dynamics of the overall system,
commonly known as the spectral function. In fact, the term spectral function
is often used for both the Spin-Boson case (3.1b) and for continuous models,
because the two bear a simple relation. The spectral function for the case

(3.1b) is given by the definition [34, 136]
Gw) =) Clo(w—wy), (3.3)
which relates to the continuous spectral function J(w) as follows [136]:
2 2 ’2
_ (% (BTG s,
G(w)= <m> J(w) = (m) 5 ;miwf;(“ w;). (3.4)

We can see that the function G(w) has dimension frequency, and J(w) has

dimension mass times frequency squared.
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In general, it is assumed that J(w) varies as a power law of w (with an ex-
ponential cutoff), and it is treated as a continuous and smooth function by
assuming that the oscillator frequency spectrum is dense, and that there is

nonpathological coupling and mass distribution [95]:
J(w) = Aywse /v, (3.5)

The frequency w will be affected by a cutoff frequency w, that is large compared
to A, and the cutoff will be discussed in detail in Subsection 3.2.3. The power
(s) of win J(w) indicates whether the bath is Ohmic (s = 1), super-Ohmic
(s > 1) or sub-Ohmic (s < 1) (see (3.65) for demonstration of Ohmic relation).

For Hamiltonian (3.1b) we consider the Ohmic regime, for which one sets’
A=—. (3.6)

The parameter 7 in (3.5) is a dimensionless parameter (see Subsection 3.3.1)
that now governs the system dynamics. In rough terms, the range 0 < v < 1/2
gives damped coherent oscillations, the value v = 1/2 provides the crossover
to incoherent oscillations, 1/2 < v < 1 gives exponential decay, and 1 < ~

gives localisation.

The SB model, or 2LQDS, described above is closely related to the original
Kondo model [87] (sometimes also referred to as the s—d exchange model from
its original formulation by Zener in 1951 [153]). The Kondo model describes
the interaction between a single spin-half magnetic impurity and otherwise
non-interacting electrons (i.e. one spin-half system in a bath of fermions —
a spin-fermion model, if you will). Laflorencie et al discuss the relationship
between the standard “free electron” Kondo model and the Kondo effect for
a chain of spins [91]. The Kondo model has been studied in great detail as
it is readily accessible by experiment, but the analysis has often been with a
different objective than to investigate the quantum-classical transition. With
such a wealth of literature to consider however, the Kondo model is a highly
useful, practical way in which to study the effect of external environments on

small, controlled systems.

Tt has been argued that this choice for A is directly proportional to the classically
measurable friction coefficient of the extended system, at least in the case of “strictly linear”
dissipation [34].
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In the case of Ohmic coupling between the quantum system and its environ-
ment, it can be shown [95, 44] that the standard anisotropic Kondo Hamil-
tonian is equivalent to the SB Hamiltonian (see Subsection 3.3.1 for details).
This equivalence relies on the methods of constructive bosonisation (see Sec-
tion 3.2) and unitary transformation, and the example highlights the impor-
tance of these principles in relating fermion gas-impurity models to their dissi-
pative system counterparts. Indeed we shall use these methods in this chapter
to show that similar links exist between more examples of this family of mod-

els.

The Kondo problem is one of a class of several models investigating the theory
of magnetism, as originally proposed by Werner Heisenberg in 1928 [71]. The
isotropic Heisenberg Hamiltonian treats the spins of the magnetic systems

quantum mechanically, with each spin sitting on a lattice point:

N
H=—J> S{SPy+SySt, +SiSiy —2h > S, (3.7)

=1 =1
where h is the magnetic field aligned in the z-direction. The ground state
has all spins aligning spin-up, and the total z-component of spin S* is N/2.
In a similar manner, the original isotropic Kondo Hamiltonian, which will be

discussed in detail in Section 3.3, often takes the form:

Hy =Y e(k)ch,cho +JS - 5(0). (3.8)
k.o

In this standard form of the Hamiltonian, the magnetic field component gugh.sS,
is omitted, where g is the gyromagnetic ratio and up the Bohr magneton. The
indices on the spin operators in the Kondo model are dropped to subscripts,
providing a more consistent notation for subsequent sections, where there is no
summation over lattice points. The coupling parameter in the Kondo model
is given the symbol J, and its value dictates the regime of the model: J > 0
indicates the anti-ferromagnetic regime, and J < 0 indicates the ferromagnetic
regime (note that individual authors may use different sign conventions of the
model (3.8), as some authors prefer to keep the Heisenberg form of negative
J). Depending on the level of isotropy in the coupling parameter J, we can
identify these simplified one-dimensional models with labels pertaining to the
anisotropy of the internal (spin) degrees of freedom. These broader models are
labelled X X X for the isotropic case, and X X Z and XY Z for the anisotropic
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Kondo models (AKM), just as they were for the original Heisenberg chains.
The Kondo Hamiltonian (3.8) and its related anisotropic models will be dis-
cussed in detail later in this chapter, and further comment will be reserved for

such sections.

In order to investigate the asymptotic limits of the models and to determine
the precise effect of the parameters, we shall restrict our analysis to com-
pletely integrable systems — that is, those systems which are exactly solvable
by the star-triangle (or now more widely know as the Yang-Baxter) equa-
tion. The exact solution for the ferromagnetic X XX model was found as
early as 1931, by Hans Bethe using his now famous Bethe Ansatz [26]. The
Ansatz is used to find energy eigenstates of one-dimensional versions of in-
teracting, localized spin-half particles in Heisenberg models of solids, where
nearest neighbours can interact, with periodic boundary conditions. In gen-
eral, the N-body wavefunction is written as a linear combination of N! plane
waves with N quasi-momenta which must satisfy the Bethe Ansatz equations.
By solving these equations one can find the energy density (energy per unit
length), and most thermodynamical quantities of interest. In 1966, Yang and
Yang [145] showed that the method was applicable to the X XZ model, and
it was confirmed through Baxter’s so-called six-vertex model [21]. In 1972,
Baxter [17] solved the XY Z model by a generalisation of the Bethe Ansatz,
through its link to the related eight-vertex model [18, 19, 20]. Unbeknown
to Baxter [21], Sutherland had shown in 1970 [117] that the transfer matrix
of any zero-field eight-vertex model commutes with an XY Z operator Hamil-
tonian (thus having the same eigenvectors). A little later, Takhtadzhan and

Faddeev neatly related the XY Z model to the quantum inverse problem [119].

Having established some important features and problems with entanglement
as part of a consistent fundamental physical theory in Chapters 1 and 2,
this chapter will investigate the interaction between the simple quantum sys-
tems outlined above and a medium which suppresses the quantum features.
The investigation will require a re-examination of the well-known bosonisa-
tion method and its application to anisotropic Kondo models, which we do
in Sections 3.2 and 3.3. The detailed re-examination unveils some previously
unreported results regarding the structure of the elliptic XY Z-type Kondo
model, which is explained in Subsection 3.3.2. In Section 3.4 the methods
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are comprehensively extended to a new three-level model, and we show that
this model is exactly solvable (main results published in [78]). Such solvable
many-body interaction systems are extremely rare and important in condensed
matter systems, and we suggest a range of potential applications and directions
for further work in Section 3.5. Some further extensions of the models and

discussion of their relationship to entanglement will be reserved for Chapter 4.

3.2 Constructive bosonisation

We begin the analysis of fermion gas-impurity models with an introduction
to the method of constructive bosonisation. Although this is an established
method, often used in quantum field theory and condensed matter for example,
we shall go on to show that the approach warrants re-examination in its ap-
plication to a wide variety of models, and gives access to a range of previously

unknown results.

It has long been known that fermion fields have a bosonic description, with
the original field theoretic formulation often accredited to Tomonaga (1950)
[122]. We shall be using the so-called ‘constructive bosonisation’ approach
of Haldane, from 1981 [67]. In condensed matter physics, bosonisation and
refermionisation is often used to diagonalise Hamiltonians, but the method
has a more general utility, despite some criticism of the approximations used
in the method (see [66] and Section 3.3 for further comment). The simplifi-
cations afforded by a bosonic description, such as the use of bosonic density
fluctuations, are especially important for the case of one-dimensional mod-
els where Landau Fermi liquid theory fails. For the models considered herein,
however, the greatest asset of the bosonic transcription is to present the model
as exactly solvable. The emphasis is on the bosonisation enabling a mapping
from interesting models that have not been solved analytically, to systems for
which the dynamics and thermodynamics are either already known or allow

for solutions easily.

The comprehensive paper on the dynamics of the dissipative two-level sys-
tem by Leggett et al [95] introduces dissipation of two-state systems through
coupling to bosons in the SB model. The Kondo model, on the other hand,
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describes a spin-half impurity interacting with a fermion bath. At the time
of writing, a complete and exact mapping between the Spin-Boson and the
Kondo model had not been established, but [95] outlines a clear physical corre-
spondence nevertheless. The relationship between the 2LQDS and the Kondo
model is shown by the equivalence of the models through the bosonisation of
the X X Z-type AKM. This equivalence had been discussed some time earlier
by Anderson and Yuval [8, 149], and Blume, Emery and Luther [27, 50] using
the alternative partition function description. The partition function is found
as a power series by analogy with transitions caused by an X-ray knocking an
electron from a low-lying atomic level of a solid [50] (see also Chakravarty [38],
and Bray and Moore [33]). We will not investigate this method further here,
but note that the method is a useful alternative way of deriving dynamical

and thermodynamical properties.

Although Leggett et al show the bosonisation only heuristically, the full boson-
isation is done by taking proper account of the Klein factors (see Subsection
3.2.2), as in [44, 151]*. Aside from the inclusion of Klein factors, the proce-
dure outlined by Costi and Zardnd in [44] is identical to [95]. The result is
that a unitary transformation of the bosonised X X Z-type anisotropic Kondo
Hamiltonian corresponds to the standard SB Hamiltonian: UH%, U = Hgp.
The reason for this seemingly fortuitous correspondence is that the fermion
field ¥, (x) acting on the ground state of the Fermi sea is an eigenstate of the
bosonic operators which create the boson field, such that it has a coherent

state representation in terms of the bosonic operators.

3.2.1 Creation and annihilation operators and operator
normal ordering

Before detailing the bosonisation procedure, we review briefly the relation-
ship and differences between fermionic and bosonic notation for creation and
annihilation operators, as well as the concept of normal ordering. Creation
and annihilation operators act on physically realisable many-particle states
and retain the symmetry of the state they act on (taking account of normal

ordering). The multi-particle space is a direct sum of the tensor product of

ZNote that the paper by Zardnd and von Delft [151] was published as an eprint in its
extended form, with an abridged version appearing in Physical Review B [152].
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single-particle states, and the inner product of states with different particle
numbers is orthogonal. The bosonic operators b, and b;f) satisfy the usual Bose
commutation relations [by, bL,] = 0pp, Whereas fermionic operators satisfy the

corresponding anticommutation relations:

{Ci, C;r} = CZ'C; + C;Ci = 5ij

{ci,cj} = {c;r,c;}:O. (3.9)

While the bosonic creation operator maps an N-particle state to an N + 1
state, a fermionic creation operator will map to zero if that state is already
occupied, due to the Pauli exclusion principle (i.e. (¢/)20) = 0). Application
of fermionic operators is accompanied by a change of sign, and an increase or

decrease of the particle number in the orbital specified by the index ‘2’

The number of particles N; in any given state |¢) is found by applying the
number operator to that state, which takes the same form for both fermionic
and bosonic operators, generically denoted by NZ = ajai, where a; reduces the
number of particles in that state by one and alT increases it by one back to the
original. This means that NA@&) = N;|¢), and the total number of particles in
the space is found by N = >, N; for the eigenvalues N;. The number operator
is clearly a diagonal matrix with elements NV;, which are the eigenvalues for
the operator equation. Note now that the reverse-ordered operator /VZ = aiaj-
is also a diagonal matrix, but in this case will have different eigenvalues for
bosons and fermions, respectively given by:

bibl = N; +1, ¢l = 1-N,. (3.10)

)

The ordering of the operators is thus of great importance, and yields different

results for fermionic and bosonic operators.

A crucial identification for the bosonisation procedure is the transcription of
an infinite number of fermionic modes of species a to bosonic modes by the

bilinear combinations (see for example [132]):

bho = (bpe)' = i, 2 Yl aha
k=—o00
bpa = —in,'/? Z Ch_ ) oCra- (3.11)
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For finite system length L, the fermionic wavenumbers k are quantized as

2m
k= f(nk—én/Q), (3.12)
where 6, is 0 for complete periodicity, or 1 for antiperiodicity. It is clear that
the fermionic operators rely on the discrete k’s being unbounded from below,
while the bosonic operators themselves are only defined for discretised positive
wave number p = 27n,/L. In most practical situations, implementing the

procedure will result in non-normal ordered expressions.

Normal ordering requires the ordering of creation and annihilation operators
to annihilate the ‘vacuum’, which in many cases demands that the standard
creation operators be to the left of the annihilation operators. Normal order-
ing is indicated by the notation : ... :, with the expression between the two
colons being normal ordered. The procedure is the same for both fermions
and bosons, although they annihilate different states: fermions annihilate the
vacuum state, or Fermi sea, denoted by |0)q or |F'), while ‘vacuum’ state for
bosonic operators may be regarded as the ground-state |N;)o. Explicitly we

have

kal0)o = 0 for k£ >0,
¢l 10)g = 0 for k<0,
bpa| Ni)o = 0, (3.13)

where by, is defined for p > 0 only. The case k = 0 is on the Fermi surface,
and indicates the highest filled level of |0)¢. As an example of normal ordering,
the number operator Na for electrons of species a would be written explicitly

as:

o0 oo

No= > tchatta= Y [chatra —0(0lckacral0)0]- (3.14)

k=—o00 k=—o0

Normal ordering is often equivalent to the “point-splitting” regularisation tech-
nique used in field theory in that their electron densities : (Y] (2)Y4(2)) : agree
[132]. Point splitting evaluates the products at points a short distance apart

and subtracts the divergence, a superfluous mechanism in normal ordering.
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3.2.2 Klein factors

The Klein factors F, are unitary laddering operators between N-particle
Hilbert spaces, raising or lowering the fermion number by one (see e.g. [132]).
They ensure different species of fermion fields anticommute, and they com-
mute with all bosonic operators. The effect is to alter the ground state (but
not the set of bosonic excitations) to contain either more or less a-fermions.

Consequently, they must obey the relations

{.7:(1, .7-"0/} = 2000 for all o, o

(FILFIY ={Fa, Fur} =0 a#d

[Fobpar] = [Farbl] =0 for all a, o (3.15)
[Na, FL] = b0t Fl,

/]
[Nomfoz’] = _6ocoz’fo/'

Moreover we can deduce that, when ¢ # k and the shorthand F; = .7-"; Fi

[Fji, Fij] = —2F\F (3.16)
{Fji, Frj} = 0. (3.17)

Klein factors can be ignored only when the Hamiltonian conserves the number
of every species «, such that the correlation functions are non-zero, with equal
numbers of ¢} and 1,. The factors are often written as an exponential of a
phase-type operator F! = e but as von Delft and Schoeller highlight [132],
this notation leads to mistakes. In the Kondo model, if these phase operators
were to be absorbed into the boson field, a linear transformation would be
meaningless, as these factors would then be ill-defined. Further information
about the origins, action and importance of these operators may be found in

[132] and references therein.

3.2.3 Bosonisation procedure

This subsection outlines the important considerations for creating the explicit
identification between fermionic and bosonic fields, which occurs at the level
of operators on Fock space, and further useful expressions pertinent to the

procedure that will be implemented in the remainder of the chapter.
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One dimensional multicomponent local fermion fields ¥, (z) can be written in

terms of the fermionic annihilation operator ¢, using Fourier series as follows:

Ya(r) = \/? > e e (3.18)

Consequently, the fermionic annihilation and creation operators are respec-

tively found by:

L2
Cho = (27TL)1/2/ e”“‘wa(x)dx,

—L)2

L2

o = (2rL)™' / e~ eyl (z)d., (3.19)
—L/2

The normalisation for these expressions can vary in the literature. Here the

fermion fields are normalised to 27 as in [132], as opposed to 1 as in [44].

Fermion fields normalised to 27 result in correlation functions normalised to
1.

As demonstrated in Subsection 3.2.1, there exists a formal transcription be-
tween an infinite number of such fermionic modes and bosonic operators, which
may now be conferred upon the respective fermionic and bosonic fields (¢, (z)

and ¢, (z) respectively). The corresponding bosonic field in one dimension is:

2 , ,
Pal@) = = D\ T by + 7B, (3.20)

p>0

yielding the identification at the level of operators on Fock space:

2 .
Vo(x) = %fa e pal(@) (3.21)

which includes the Klein factors F, to ladder between states with differ-
ent fermion numbers and ensure correct anticommutation relations between

fermionic operators (see Subsection 3.2.2).

In order to regulate the non-normal ordered expressions that arise on imple-
mentation of the bosonisation procedure, we introduce a regularisation param-
eter a — 0 for the ultraviolet divergent momentum states in the non-normal
ordered expressions (see Subsection 3.2.1). The regularisation then sets the

scale for the suppression of contributions from wavenumbers |k| > a=! away
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from the Fermi surface and maintains the rigorous fermion-boson correspon-
dence and isomorphism of Hilbert spaces. The parameter is introduced at the

quantum field level by modifying (3.20) to become

2 ) )
Yo(x) = — Z \/ %(e”p‘”bpa + e”’xb;a)e’ap/?. (3.22)
p

Importantly, this lets us re-express the normal-ordered (3.21) in terms of or-
dinary operator products in an expansion in powers of a:

Ya(z) = lim (%e’%(l‘)) : (3.23)

a—0 a

The parameter a is sometimes referred to, perhaps misleadingly, as the lattice
spacing because it can be of the order 1/kp, where kp is the wave number
at the Fermi surface. However, since its inception Haldane stressed that the
parameter itself is not intended to play the role of a ‘cutoff length’ [67]. In-
stead, the bosonic ‘momentum cutoff’ comes in the form exp(—ap/2) as in
(3.22). Von Delft and Schoeller suggest that perhaps effective bandwidth is
a more appropriate description ([132], pl6). Gulacsi [66] rejects this notion,
asserting instead that it measures the minimum wavelength of the density
fluctuations which satisfy the bosonic commutation relations. He maintains
this would include the effective bandwidth as a special case, specifically in the
one-component model, and the interpretation can be extended to systems with

two components.

Clearly equation (3.23) does not hold for the case a = 0. In this instance it
is necessary to use the strictly normal-ordered expressions for the Fermi field
[132]:
2 1/2 2w Ay 1 ;4T ;

Vo = Fa (f> e~V L Na=30n)z-i0a(@) g=idale) (3.24)
This expression contains charge-dependent phase factors deriving from the
number operator J/\\fa, which implies that (3.23) is valid as an operator iden-
tity only when acting on the zero fermion number sectors of the fermionic
Hilbert spaces. It is often the case that the phases tend to cancel, because
the bosonisation transcription entails expressions that are bilinear with re-

spect to fermions and field quantities evaluated locally at x = 0 and so may
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in general be ignored. However, some further discussion on the ]Va—dependent
terms and their treatment in relation to the three-level case is included in the
appendix, B.1. The case a = 0 itself will not be considered further here.

Using (3.11), (3.18) and (3.22), the electron density may be expressed as:

1 N,

o UL (@) = o Dupala) + T (3.25)

Note that we may write @, (7) = ¢ (x) + ¢! (), where

¢L(x) — (%(m))f = _ anl/Qeipxb;ae—ap/2’ (3.26)

for which we have the following useful commutation relations [132]:

[ba(@),0w(@)] = [oh(2), 8L, («)] =0, (3.27)
[6a(@), 0L ()] = Gow S nipe—pu(x—xw)
— _(')‘aa/ In [1 . e—i27r/L(:r—r’—ia)}
P22 Sp [i2n/L(x — & —ia)], (3.28)

i.e. in the limit of large L only terms of the order 1/L contribute to the

expansion of the exponential.

The commutator of the bosonic field with its derivative is commonly expressed
as [pa(T), 0wl (2")] = 2mid(z — '), but occasionally it is necessary to consider
the order of the limits @ — 0 and L — oo for a more careful analysis. For

these cases we have [132]:

[a(), Buiply ()] 75T 270 (8(x — &) — 1/L) bn (3.29a)
P Gaw2mi(Y 6w — 2’ —nL) —1/L). (3.29b)
nez

Moreover, there is a clear problem of evaluation at x = 0, where one would

not take the limit @ — 0, but use a smeared delta function [151].

The principles outlined above will be utilised in an illustrative example in
Subsection 3.3.1, showing the well-known equivalence between the Spin-Boson
and Kondo models. Subsequently the method will be used to find new results
for the XY Z-type AKM in Subsection 3.3.2, and the new three-level model in
Section 3.4.
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3.3 Spin-1/2 Kondo Models

The original Kondo model [87] was designed to describe conduction electron
resistivity in dilute magnetic alloys. In simple metals and non-magnetic al-
loys the resistivity decreases monotonically with temperature T', but for dilute
magnetic alloys resistivity instead passes through a minimum before rising as
T — 0, meaning the impurity or impurities dramatically change the macro-
scopic properties of the whole system. A perfect lattice should have infinite
conductivity at zero temperature. However, phonons resulting from a finite
temperature in the system will cause some scattering, and hence dissipation
of the electron current (resistivity). There are fewer phonons at lower tem-
perature, so as T — 0 scattering with any impurities begins to dominate.
Looking at the s — d model with perturbative techniques, Kondo verified [87]
that there is a difference in scattering at third order perturbation: for simple
metals, electron-phonon backscattering dominates, whereas there is singular,
divergent spin scattering between conduction electrons and impurity at third
order. Kondo cites experimental evidence suggesting the resistance minimum
is due to a spin interaction, rather than any other impurity features and more-

over shows it to be proportional to impurity concentration.

The perturbational approach breaks down at low temperatures, which prompted
the development of several many-body techniques to solve this low-temperature
‘Kondo Problem’ (see Hewson [72] for a brief history of magnetic impurities
in metals®). Anderson [7] applied a ‘poor man’s scaling’ approach to the task.
While this was also perturbational, meaning it still broke down at low temper-
atures, it could be assumed by analogy to other models that the results could
be extended into the low-temperature region. This suggested that there would
be infinite coupling between the impurity and one of the conduction electrons

to form a magnetically neutral spin-singlet state* at low temperatures. This

3Hewson’s title “The Kondo Problem to Heavy Fermions” refers to so-called ‘Heavy
fermion’ models, which include, for example, Ce or Yb with T'm impurities, where the
definition of ‘heavy’ is in this context a mass ratio m/m, ~ 100 — 1000.

1A spin singlet describes the case where particles combine into a correlated state with
total angular momentum zero, as discussed in Chapter 2. If two electrons, for example,
combine they can form a state with spin 0, which is called the singlet state, or spin 1, which
is called the triplet state. (The electron itself would be referred to as a doublet, having two
possible spin values +1/2.) Note that the term singlet state can also refer to a particle with
vanishing spin.
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result was corroborated by Wilson’s numerical renormalization group meth-
ods [144], for which he received the Nobel prize in 1982, and later verified
separately by Andrei [9] (see also his extensive summary [10]) and Wiegmann
[141, 142, 60, 58] using the exact Bethe Ansatz solutions to the Kondo model.
A comprehensive summary and explanation is also given in [127]. The ‘Kondo
Temperature’ Tk is a measure of the temperature below which these singlets
may form (below the conduction electron bandwidth). It is the temperature at
which the series included in Kondo’s perturbative approach becomes divergent,
and is found by the relation [72]

kpTy ~ De™'/*r0, (3.30)

where D and p, are the conduction electron bandwidth and density of states
respectively, kp is the Boltzmann constant and J the usual coupling coefficient.
(The expression (3.30) is found by the Bethe Ansatz, while some other methods
predict an additional factor |2Jpe|"/? [72], where the missing +/J factor is
thought to be due to the ad-hoc nature of the Bethe Ansatz cut-off scheme).

As mentioned in the introduction to this chapter, the isotropic Kondo Hamil-

tonian is often written as (3.8):

Hy =Y e(k)ch,cra+ JS - 5(0).
k,a

This expression uses dimensionless spin operators S = %a (o being the vec-
tor of 2 x 2 Pauli matrices (2.1)) and s(0) = § >, 1/ 0o €l O aarCirar, Which
indicates that the position of the impurity is at the origin. It is otherwise
common for spin operators to have dimension A, and thus the second term in
(3.8) can sometimes be seen in the literature with a denominator of . The use
of dimensionless spin operators therefore entails a change in the dimensions of
the coupling parameter J from frequency to Joules, and we shall follow this
convention here. The operator CT,m creates an electron with spin label a and
wave vector k. Equation (3.8) assumes antiferromagnetic coupling J > 0, and
as discussed in the introduction, the second term of the Hamiltonian may be
split into components relating to the anisotropy of the internal (spin) degrees
of freedom. The resultant split to three coupling parameters thus dictates the
labels for the formulations of the model: XXX for the istotropic (3.8) and

XXZ or XY Z for the anisotropic models, demonstrated respectively in (3.33)
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and (3.34). Moreover, the different anisotropy labels broadly correspond to
the rational, trigonometric and elliptic R-matrices respectively in the exactly
solvable cases (see later sections). It is well-known that the spin—% AKM is

exactly solvable through the relation to these R-matrices [21, 127].

As is explained carefully in [95], the construction of (3.8) assumed only s-
wave scattering (pointlike exchange interactions). Thus when the plane elec-
tronic waves are expanded in spherical waves about the impurity (cjm =
S S Yim(k/k)el,...), only electrons with angular momentum quantum
numbers [ = m = 0 will be affected. This means the states may be charac-
terised by the magnitude of the wave vector |k|, rendering the model essentially
one dimensional. Furthermore, it is assumed that the interaction amplitudes
are small, and uses the Fermi surface value (kr) as the momentum reference.
Since the dominant excitations are closest to the Fermi surface for long times
and low temperatures, the dispersion relation can be linearised around the

Fermi energy ep:

Therefore, with the new momentum reference k = [k| — kp, the free fermion
Hamiltonian is
HY = hop Y kel e, (3.32)
ko
where the operator c}m creates an electron with spin label o and momentum
k| = k + kp, and clearly k cannot be less than (—kp).

In modifying the model to X X Z-type anisotropy, one splits the coupling term
from (3.8) into parallel and perpendicular terms to find the X X Z-type Hamil-

tonian®:

~ J
_ to I to T
= hup E kep o, + 35 (CETC]C'T — Czﬁm)sz
k,a=1,2 kK’
J1 f i
+o E <0+&mcm + U_C%iCE'T> : (3.33)

Kk’

5Note that we will use the second quantised notation throughout, although the method
was very new when Bethe was originally working with the X X X Heisenberg model. Dirac
developed second quantisation for Bose statistics in 1927, and a year later Wigner and
Jordan extended it to fermionic particles.
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Notice that in this representation the dual notation for the spin labels o, 3 =
1,2 indicates that the values enumerated by 1,2, correspond directly to the
explicit T, | eigenvalues of o,, such that 1 =7, 2 =|. The sign of J, is ir-
relevant, since it can be compensated for by a rotation of the impurity spin.
Similarly, to obtain the XY Z-type anisotropic Hamiltonian one separates the

internal, spin degrees of freedom into three coupling components:

~ J.
F _ T z T T
Hiyz = hoe 37 Kel it 53 (e +cfenn) S
k=12 3%
Ty i i i f
ot 2 (el = elyeir) St 923 (chyco = b)) S-
K,k kK
(3.34)

A Kondo impurity in the bulk of a metal can be viewed as a single quantum
spin interacting with an ideal electron gas via an antiferromagnetic coupling
(i.e. J > 0 in this convention), a point which shall be important in later sec-
tions. The equivalence of the Kondo problem and the ground state of a spin
S = % interacting with a free electron gas was demonstrated by Anderson and
Yuval [8]. The interaction gives rise to singular scattering at the Fermi surface
while at the same time screening the impurity spin with the conduction elec-
tron spins. One should remember, however, that this particular equivalence
holds only provided we linearise the momentum states around the Fermi sur-
face, such that only states near the Fermi surface contribute — what Tsvelick
and Wiegmann call the ‘long-time’ approximation [127]. With this lineari-
sation approximation, one may also make the simplification that charge and
spin density waves do not interact and the charge excitations are free parti-
cles [127]. Gulacsi [66] highlights the general problem with the linearisation
approximation, where any finite interaction strength will clearly introduce an
energy excitation a finite distance from the Fermi surface and result in finite
errors. He cites Haldane as establishing that these non-linear dispersion effects
destroy the exactly solvable nature of simple models, and cites Matveenko and
Brazovskii in determining the loss of absolute spin-charge separation. For our
purposes, the linearisation is nevertheless a suitable approximation, and we

show in detail, where appropriate, that the models remain exactly solvable.
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3.3.1 Equivalence of Spin-Boson and X X 7-type
Anisotropic Kondo Model

The spin-3 X X Z-type Anisotropic Kondo Model (AKM) is widely discussed
in the literature, and here we outline the standard working to demonstrate
the equivalence of the X X Z-type AKM and the SB models. For reference we
include some further details of the working in Appendix B.2. This example
emphasises the role of the bosonisation and unitary transformation procedure,
clarifying the methods before applying them to the XY Z-type and three level
models in later sections. The equivalence illustrated below is for zero detuning

(€), or bias, which corresponds to zero magnetic field in the Kondo case.

Recall from Section 3.2 that formal fermion-boson correspondence relies on
the fermionic wavenumbers being unbounded from below, whereas the k in
(3.33) and (3.34) cannot be less than (—kp). In establishing the equivalence
between the SB and Kondo models then, the practice is to extend the limit
on k downwards to negative infinity, such that it can be denoted by the usual
fermion wave number k, and imposing a high energy cutoff of the order of
the bandwidth. This cutoff corresponds to the bosonic momentum cutoff dis-
cussed in Subsection 3.2.3, which introduced the regularisation parameter a.
The implication for the oscillator frequency wy, is the imposition of a cutoff fre-
quency w. = vg/a, which should be remembered when considering the Fermi
velocity vp = wy/k in (3.31), for example. In practice, as the Kondo model is
the large Coulomb repulsion limit of the Anderson model [6, 72], this can be

used to determine the scale of the high energy cutoff.

Having extended the limit of k to become k, we may bosonise (3.33) using
the procedure described in Subsection 3.2.3. As a result, the kinetic, free

Hamiltonian (3.32) becomes:

H{ = thchkac;m

(Hy) = waZp ) (3.35)
p>0
L2 qx1
= " / — = (Oypa())? 3.36
P oy @l (3.36)
L2 qr1
= pr/ 7.3 (0200)* + (Opp5)? - . (3.37)
7L/2 7T2
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As indicated in Subsection 3.2.3, the bosonisation also entails fermion-number-
dependent terms. Further comment as to their resolution is reserved for Sec-
tion 3.4 and B.1. The subscripts S and C indicate a spin/charge combination
as Yg = \/Lﬁ(cpT — ) and ¢ = \/ii(cpT + ¢,), and similarly for bosonic opera-
tor combinations which will be denoted bg, bo later. The equivalence between
(3.32), (3.35) and (3.36) is the one used in the literature (see for example
[95, 44, 132]). A careful working of the details between equations (3.35) and
(3.36) is given in Appendix B.2.1 and reveals that there would in general
be an exponential damping term dependent on the regularisation parameter.
However, as discussed in [95], the cutoff may be imposed on the interaction
terms of the Hamiltonian, while leaving the momenta unrestricted in the free
Hamiltonian. Consequently this factor has been ignored in keeping with this

convention.

Bosonising the perpendicular coupling term in the Hamiltonian (3.33) involves
straightforward substitution with (3.19) and (3.23) to get®

J
Hf = % <U+CLTC’€’1+U—CLLC/€’T>
k'
B J. L + iv2¢05(0) 1 —iv/2p5(0)
(HP) = 4—(356 P50 4 FlFremivaes S+>, (3.38)
Ta

where Sy = S, £1S,,.

Furthermore, using (3.19) and the electron density (3.25) produces the bosonised

parallel coupling Hamiltonian:

ol
Hi = —UzZ<CLTCk’T+CLLCk’L>
4 k. k'
JiL
(H}) = %Sz\/ﬁaws(o)- (3.39)

Having bosonised the individual terms in the X X Z-type AKM Hamiltonian,
the mapping to the SB model proceeds by applying the unitary operator U =
eiV25:¢500) to these terms. Unitary transformation of the kinetic term (3.37)

makes use of the Hadamard lemma for this formulation of the Baker-Campbell-

SNote that a common transcription of the standard two-level Kondo/Spin-Boson equiv-
alence uses Wannier operator notation, where the coupling constant dimensions are scaled
by a factor proportional to the system size (see for example [95]).
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Hausdorff (BCH) formula:
e“Be™* = B+ A B]+
and gives (further details in Appendix B.2.2):

UHoU' = Ho+ |iv25.05(0), Ho|

::m—mmszw”“w2s—b> (3.41)

p>0

Applying the BCH rule in the unitary transformation of the perpendicu-
lar component (3.38) removes the exponential factors (further details in Ap-

pendix B.2.2) to give

JiL

UH,U" = Ira

(FlFs +FlFs,). (342)

Using (3.16) and (3.17) we find that operators of the form S’, = ]:f}"TSJr,

S = .7-"; F|S_ have the appropriate commutation relations to express

JJ_LO'w

UH U = .
Ara

(3.43)

Unitary transformation of the parallel component of the Hamiltonian (3.39) is

straightforward and can be expressed (see (B.4)):

UHHUT = H) + constant
J LS
A A \/_ 0-¢5(0) + constant

J L
= H —S. Z \ / P g=ap/2 ; bps — b;s) + constant.  (3.44)

p>0

Combining and rearranging the expressions (3.41), (3.43) and (3.44), the fully

transformed bosonised X X Z-type Hamiltonian becomes:

JJ_LO-I
4dma

UHx,U" = UFhZ p(b;prT + bllbm) +

p>0

(JII . h> \/_SZ /27Tp —ap/Q ps—l—b )—i—const (3.45)

p>0
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which is written in the conventional coordinate-coupled form of (b+ b') rather
than the imaginary momentum combination i(b—b') by employing a canonical
transformation b — —ib', b — ib. By making the following identifications, it

is evident that this model is equivalent to the SB model (3.1b):
rA  J L JyL vp
_— = — — = — — 1 = c — " 346
2 Ara’ 4 2rvph Wp = UFD, W a (3.46)

where we identify the coupling coefficient C; = C,, with

9 1/2
c, = —ﬂﬁ( WLF“’”) e r/ 2 (3.47)

This leaves a dimensionless coupling parameter v = (1 — pLJ)j)?, where p =
(2mhvgr)~! is the density of states of the conduction electrons. This identifi-
cation of the parameter v indicates that the critical value 4. = 1 separates
the ferromagnetic and anti-ferromagnetic regions. Note that the identifica-
tions (3.46) and (3.47) appear slightly differently to several appearances in
the wider literature which often make use of the Wannier operator convention
as mentioned above, and a tendency to set A = 1. However, we have avoided
these conventions in this exposition to be explicit about the dimensionality of

each term and their relationship to each other.

3.3.2 Spin—% XY Z-type Anisotropic Kondo Model

Applying the same procedure of bosonisation and unitary transformation out-
lined in Subsection 3.3.1 above to the Spin—% XY Z-type AKM (3.34) will
produce once again a connection to a two-level dissipative system. As in the
previous example, the XY Z-type model is well-known to be exactly solvable.
However, despite the wealth of literature that exists on this more complex
generalisation of the X X Z model, re-analysis via bosonisation exposes a pe-
culiarity of the model which has not been mentioned previously. These results

are currently being prepared for submission for publication.

Recall the spin—% XY Z-type AKM Hamiltonian of (3.34):

Ju
H§YZ = Twp Z kCLaCka + b} Z (CLTCM + CLWW) Sy

ka=1,2 kK

Ty i i i i
+Z % <cchk/l — cklck’T> Sy + J, Z (CkTCk’T - Ck:lck"l> S..

kK
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The bosonisation of the free component of the Hamiltonian will proceed as in
the previous section (3.37), so we will concentrate here on the interaction part
of the Hamiltonian ™ H%,. .. On substitution with (3.19) we find

e ZWL (¢10)21(0) + v](0)1(0)) S,
F2 (0 0)4(0) ~ {01 (0)) S,
+5 (W00 - s|O0) . (348)

We can now substitute the fermion field expressions in terms of their bosonic
field expressions in the usual way (3.23), noting that the Klein factors commute

with the boson creation and annihilation operators, giving:

Jo L

B = = ( fTT al eV2¢s(0) 4 }—f Fi e—z’ﬁws(o)) S,
Jy, L . .
+4@'y7m (]:%L]:lem/iws(()) _ fffTe—z\@ws(O))Sy
J.LV?2
+ o 0x05(0)S,. (3.49)

An alternative arrangement of (3.49) uses the notation J' = (J, — J,)/2,J, =
(Jo + Jy)/2,J = J., and combines operators into Sl = ]—"TT}]SJF, A
ff]—}S,, S, = fffTS+, S = ]-"TTJTLS, from which the reduction to the
XX Z-type model when J, = J, is clear (see (3.38) and (3.39)):

J'L iv2ps(0) Qi —iv/2¢5(0) an
- <€Z S S+ +e WV 2ps S_)
dma

+JJ_L <ei\/§<ps(0)5«/_ + e—i\/igos(o)szr>
4ma

JiLv2
2

int r7B _
HXYZ -

+

Daips(0)S.. (3.50)

Unitary transformation of the Hamiltonian (3.50) with the operator U =
exp(iv/25.¢s5(0)) produces

U intH)J?YZUT — i <€i2ﬂ¢s(0)51 + e—z‘%/%s@)gﬁ)

dra
2

J oes0)s7. (351

/ /
+H(S*+S+)+

Recall that in the X X Z case unitary transformation removed the residual ex-

ponential terms accompanying the J; in (3.38). This is still the case; however,
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the same operation in the present XY Z case instead reinforces the exponen-
tials in the J’ term. The result is a Hamiltonian with non-minimal system-bath
interactions between the upper and lower states (in contrast to the interac-
tions discussed in [95]), which we shall call bath-mediated tunnelling. The
new coupling coefficients D, are found using (3.20) for the coefficients of the

exponential multiplying the new S’ operators in the J' term:

J' o 8" exp(i2v2p5(0)) + h.c.

:Siexp( 2@271 “p/2b5+bT ))—i—h.c.

= 5" exp (—i Z D, (bps + b;ts)) + h.c. (3.52)
p
That is, the coupling coefficients are D, = 2(n,)~/2e~%/2,

Figure 3.2 clarifies and emphasizes the role of the Klein factors in these sys-
tems. The application of the standard spin operators S indicates a vertical
shift to a different eigenvalue of S,, whereas application of a combination of
Klein operators introduces a shift to the left or the right on the lattice. Con-
sequently, application of the compound operators S’y and S’/ result in shifts

along the diagonal lines indicated in the diagram.

GN+r—§ IN-r+d)

g g
1 /
8= = +§ XE ik s s
! N N
\\;s \\A AR
X \ X
/._—’Y k\é ‘g\? ‘3\\/
’ "
S — 1. Sk / Sy
z 2
3(N1—N;) —IN-K —iN —IN+1 r+3 iN-1 iN IN+K
(N1, N2)  (-K,N+K)  (0,N) (1,N-1) GN+r+3,3N—r—3) (N-1,1) (N,0) (N+K,-K)

Figure 3.2: The figure illustrates the compound operator projections Sl and
S;E on a lattice. Application of the standard spin operators Si introduces a
vertical shift to a different eigenvalue of S,, while application of a combination
of Klein operators represents a horizontal shift. N is the sum of the number
of particles (Ny + Ny), while r is a parameter representing an arbitrary line
of constant m = 3(N; — N3) £ S.. The parameter K — oo. (Figure adapted
from private communication with P.D. Jarvis.)

The Klein-dressed operators S, and S’ together with S, generate SU(2) on
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states of fixed N, m, S, and oscillator quantum numbers |N, m; o, {n,}). The
total number of particles NV is the sum of the number of particles of each species
a: N =3 N, with Ny =37 : ¢},¢pa - We have defined m = 3M + a,
with M = N;—N| being the difference in number between the different species.
By contrast, the Klein-dressed compound operators S and S” that appear
in the XY Z case have the same matrix elements in spin space as Si, while
simultaneously shifting m by £2, as can be seen from Figure 3.2. The XY Z-
type Hamiltonian therefore does not conserve %(NT — N|) + S, such that in
this case, as opposed to the X X Z-case, projection onto a single eigenvalue is
not possible. As mentioned in the introduction it is well known that also the
XY Z model is exactly solvable, so it is evident that it in fact corresponds to
an exactly solvable, extended two-level system with the upper and lower levels
having infinite degeneracy. This particular peculiarity of the bosonised elliptic
case, which shows a more intricate structure than might be inferred from the
simpler X X Z-type case, has not been discussed in the literature previously.
This new structure could, for example, aid the development of new models
for (continuous time) quantum random walks [4, 83]. In particular, since the
charge sectors have infinite extension to the left and right in Fig.3.2, the walker
is not restricted to a walk in a confined domain. In this case the Bethe Ansatz
methods for giving explicit solutions to the model could potentially provide

new analytic insight into the walk behaviour.

3.4 Anisotropic Coqblin-Schrieffer Model

In this section, the methods of bosonisation and unitary transformation are ap-
plied to another fermion gas system — an anisotropic Coqgblin-Schrieffer model
— resulting in a new model for a three-level exactly solvable quantum dissi-
pative system. This result was first announced in the paper [78]. Models of
solvable dissipative systems are both rare and important, with many practical
applications, especially in the field of condensed matter systems. This section
will describe in full the intricacies of the model, as well as providing explicit

detail of the relevant calculations.

The starting point is an equivalent of the spin—% XX Z-type AKM (see Sub-

section 3.3.1) for three component fermions rather than spin—%. The Cogblin-
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Schrieffer model [43] describes isotropic, magnetic, multicomponent fermion
systems. For the new system, we extend the interactions between the local and
‘impurity’ spins to include anisotropic components, resulting in an Anisotropic
Cogblin-Schrieffer (ACS) model. The associated fermionic Hamiltonian is the
direct analogue of the X X Z-type Kondo Hamiltonian (3.33), with kinetic and
magnetic terms, as well as transverse and longitudinal interactions at the ori-

gin (complex phases (4 are included for generality):

3
chs = Z hurk :czacka: + ZhaSaa

k,a=1 «
2 iichathaiSaa + J1 ) (€0clwpSaathc). (3.53)
k. o kK a<pB

In equation (3.53), the labels o, § = 1, 2, 3 correspond to the three independent
fermionic components, while k is the fermion wavenumber as before. The
magnetic impurity operators S,z are generators of the SU(3) Lie algebra for
a,f = 1,2,3, provided S1; + Soo + S33 = 0. However, we may drop this
condition and regard the 9 independent operators S,z as generators of U(3).
In fact, it is useful to reparametrise the modes and couplings with a relabelling
from the double-index notation to a set employing the standard Gell-Mann
matrix labels A\, for diagonal and off-diagonal matrices (A = 3,8,0 for the
diagonals, and A = 1,2,4,5,6,7 for the off-diagonals — see Appendix B.3 for
further notational explanation). In this case, diagonal quantities x,3, o, 3 =
1,2, 3 would be expressed using the standard Jacobi three-body combinations:

T3 = T11—T22), Tg = =\T11TT22—2TL33), Lo = Z\T11TT221TT33).
5( ) J5 (@1t an—2w3;) 75 (Tn+aata)

S

The magnetic term would be expressible as:
3
> haSaa = hsSs + heSs + hoSo. (3.54)
a=1

Similarly, reparametrising the kinetic term of (3.53) and bosonising (see Sub-

section 3.2.3) produces:

3
Z hvpk :c;rmcka: = Zhvpp (bgpbgp + bgpbgp + bzpbop). (3.55)

k,a=1 p>0
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As in (3.37), we would expect fermion number-dependent terms in (3.55).
However, the absence of the terms will be explained at the end of this section,
with additional details in Appendix B.1.

The transverse ‘spin’ interaction terms of (3.53) remain off-diagonal on boson-
isation, and are not affected by normal ordering, leading to the three-level

analogue of (3.38):

- JLz(zcaﬁe (a0 =00 @) FIF, G ) - ¢~ides ilea@ =250 £t fﬁsﬁa) (3.56)

By contrast, the longitudinal ‘spin’ couplings (with diagonal fermion bilin-
ears) simply become combinations of the oscillator modes themselves when

the bosonisation is implemented, in a similar manner to (3.39), in the form

J”Z CraCk/at Soa = JZ\/E —pa/2

k,k' o

xi <Ss(b3p—b3p) + Ss(bap—bl,) + so(bop—bgp>) (3.57)
— again together with additional terms proportional to fermion-number.

As in the two-level case, a unitary transformation of the model allows it to
be brought into a QDS form (see Subsection 3.3.1). The analogue three-level

operator to perform the conjugation is in this instance

U = exp(iS0a(0)Saa) = exp(ilps(0)Ss + 25(0)Ss + ¢0(0)So)).  (3.58)

From the U(3) Lie algebra relations [Saa, Sas] = Sag, [988, Sas] = —Sas (With
a # (), (3.40) and the exponential expansion, it is straightforward to show

that the action on an operator S,z will be

USapU™" = exp(i}2,%a(0)Saa)Sap exp(—i3,%a(0)Saa)
= Sag + [1226£a(0)Saa; Sas]
+51 [13200a(0)Saa [1320Pa(0)Saa; Sasl] +
= exp(i(Pa = ©3))Sap- (3.59)

As such, applying the unitary transformation to the transverse coupling terms
of (3.56) will cancel the corresponding scalar exponentials. The longitudinal

term (3.57), however, commutes with U, returning only itself in the form of
(3.57).
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The kinetic terms (3.55) acquire an additional commutator contribution from
the BCH-type rearrangements, which is of the same overall structure as the
longitudinal terms. A further term arising from the double commutator in the
conjugation by the exponential yields a power series in @ whose sum can be
removed as an additional overall constant. Explicitly, the transformation of

the kinetic terms becomes:

U hopp(bl,bap+b5,bep+bb,b0p) U™ = > " hwpp (bl bap+b],bep +05,b0,)

p>0 p>0
[2Tp o .
—hUFpZ; Te pa/2 Z<53(53p—b:t,p) + 58<b8p_b;p> + So(bop_bgp)> :

(3.60)

The fully transformed transcription of the ACS Hamiltonian (3.53) is there-
fore the combination of the magnetic (3.54), transverse (3.56) with exponen-
tial coupling terms exorcised, longitudinal (3.57) (which we can write in the

coordinate-coupled convention in the same way as (3.45)) and kinetic terms
(3.60):

UHJesU' = haSs+ heSs + hoSo + wapp(blpb3p+b£pbgp+b$pbop)

p>0

+%JLZ (€00 FL FuSag + €7 FL FSpa

a<f

[2mp paj2 J)| L

it a 1] =
+Z L vehe 2rhup

p>0

- (Ss(bspbl,) + Solbey +bL,) + Solbop+05,)) - (3.61)

By analysing this bosonised and transformed Hamiltonian, the first link to
quantum dissipative systems is found by considering the composite operators
composed of the combination of Klein operators and the off-diagonal genera-
tors of U(3), Sag, a # (. It is straightforward to check that, provided the S,z
are elementary 3 x 3 matrices so that the operator condition e;jel = d;,e4 can

be applied, the composite operators defined by
S'ap = —F 5 FaSas,  Saa = F\FaSaa = Saa (3.62)

fulfil the usual U(3) commutation relations and can be identified with opera-

tors acting between the states of the quantum three-level system in the QDS
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interpretation (see (B.13)). This calculation is included in Appendix B.3.1 for

reference.

The operator S, is proportional to the 3 x 3 identity matrix (provided the
original doubly indexed operators are indeed represented with elementary ma-
trices) and one can recognise that it is the linear Casimir invariant of U(3).
Consequently, terms involving b,, and b(T)p are entirely quadratic or linear.
Completing the square for these displaced oscillator modes combines their
contribution into a sum of kinetic energy terms for an infinite set of oscillator
modes, together with an unimportant (infinite) shift in the energy. These do
not interact with the remainder of the system, so can be dropped from the
final model. The same reasoning applies to the magnetic term, allowing £S5

to be dropped as well.

By employing the standard 3 x 3 Gell-Mann matrices Ay, A = 1,---,8 as a basis
for the SU(3) generators in the fundamental representation (these would play
the role of the Pauli matrices in the similar two-level case — see Appendix B.3)
the transformed ACS (3.61) can be written in a clear QDS form:

HSDS = 53)\3 + 58)\8 + A()\;l +)\4+COS C/\G + sin C)\7) +
Z hwp(bgprerbgprp) + Z hCapAs(bsp + bgp) + hCspAg(bgy + b;p)‘
p p

(3.63)

The detuning parameters €3 and eg correspond directly to hz and hg respec-
tively. From the kinetic terms it is evident that the oscillator baths have
frequency spectrum w, = vpp provided w < w., where w, is the cutoff fre-
quency w, = vr/a. The tunnelling matrix elements are given in terms of the
transverse coupling strength of the original model, A = —J, L/27wa, modu-
lated by a complex phase. By an appropriate basis choice, this phase may be
shifted on to the 2, 3 spin-label sector, and expressed in the Cartesian basis by
a combination of the corresponding Gell-Mann matrices, namely \g and A7,
rotated by angle ¢ := (o3 — (13 + (12 (see (3.53) and also (3.68), (3.70) below).

It is evident that the overall dissipative coupling coefficients C5, and Cs, are

equal, taking the form:

[2TD _y 2 L
Cgp = Cgp = Cp = VUfp Te p/20e (]_ — 27‘(‘th . (364)
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In the limit @ — 0 the spectral function J(w) is found directly from (3.3) and
(3.4) such that J(w) = A", C?6(w — w;), where A is given by (3.6). Thus, for
any test function f(w), remembering that the spectrum of bath frequencies
Vpp = Wy = Wy, = 2mvp/L - n,, we have:

B 2mUE

/ J@)fW)dw =AY [ Cpf(wp) === Aywn e/ f(wn,)

27TUF
H

/dnp Ay, e /e f(w, ) = /dw (Aywe_“’/%)f(w).
(3.65)
This relies on the approximation that f(w) is supported in the region w < w,

and we can infer that the spectral function will have the Ohmic form with

dimensionless coupling coefficient ~:

Jw) = Aywe@loewhere  yi= (1) (366)
The introduction of S5, with implicit Klein factors, as effective U(3) gener-
ators implies that the three states of the quantum system in fact lie across
different charge sectors. This situation, and at the same time the treatment
of the residual fermion-number dependent terms, is resolved by noting that
the original model (3.53) has three conserved quantum numbers Na + Soa,
a=1,2,3 or ]?/3 + Ss, Ns + Sg, and JVO + So in terms of relative degrees of
freedom. S is proportional to the identity matrix, and so a projection onto an
eigenspace with fixed eigenvalue M, is tantamount to fixing the total fermion
number at Ny, which is a conserved quantity. Furthermore, the system admits
a projection onto fixed eigenspaces of the remaining two operators with eigen-
values M3 and Mg, which leaves the form of (3.63) unchanged. However, the
detuning parameters €3, g need to be shifted from their orignial values hs, hg
to absorb additional M3- and Mg-dependent contributions (see Appendix B.1
for details).

3.4.1 Exact solvability

In the last section it was demonstrated that by the method of constructive
bosonisation and unitary transformation, the three component ACS Fermi
gas-impurity model has a dissipative system counterpart. To underline its

utility, this section will confirm that the starting model is exactly solvable.
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The issue of integrability, or exact solvability, concerns the number of con-
served quantities involved in the system: if the number of conserved quantities
is greater than or equal to the number of degrees of freedom, then the system is
integrable. The analysis for standard coordinate models is equivalent to that of
the algebraic formulation for the associated X X7 and XY Z-type Heisenberg
spin chains, which requires for integrability that the model admits an R-matrix
satisfying the elegant star-triangle, or Yang-Baxter equation. Furthermore,
this equation is a necessary condition for the factorisation of multiparticle
scattering, or S-matrices, and when S-matrices are factorisable, conservation
of particle number and momenta is ensured [17, 21]. Note that it was shown
in [22] that R-matrices simultaneously satisfying conditions of automorphic-
ity, crossing-symmetry, unitarity, specific behaviour at the asymptotes and
structure at the poles will satisfy the Yang-Baxter equation, but this is not a

necessary condition.

As demonstrated in [127], single particle-impurity scattering matrices S can
be expressed as the exponential of the interaction component of the model
Hamiltonian. This can in turn be reparametrised in terms of an R-matrix
R(z7=1, q) for some arbitrary but fixed value of the (additive) spectral param-

eter, say v = 1, such that
S = eHmUJe) = R(2771 ¢). (3.67)
As such, the parameters z, ¢ become functions of the couplings Jy, J. .

By this method we can find the scattering matrix for our particular system
Hamiltonian, and compare this with a standard R-matrix that is known to
satisfy the Yang-Baxter equation. If a mapping between the S- and R-matrices
can be found then the system is indeed exactly solvable. For explicit evaluation
of S for our system we use (3.53) and elementary 3x3 matrices e, to isolate

the interaction Hamiltonian for the ACS model:

Hint = J|| Z €aa ® €aa t+ JJ_ Z (eicaﬁeaﬁ & eﬁa‘i‘@_icaﬁeﬁa & eaﬁ)a
@ a<f

which we shall write in terms of the matrices P = ) _ €40 ® €qo and T =

D oacs (€9%eqs @ egate abeg, ® eqp) for ease of calculation:

Hi = J”P +J,T.
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By (3.67) it is then straightforward to find the corresponding S matrix:

S — (IPIT
= ; ll—!(iJIP)l (; (ﬁ(ijj_yk—l'r_’_(;{:)!(Z'JJ_)Qk(I_P)) —I—I)

= (e =1)P+1I) (isin(J )T + (cos(J) — 1)(I — P) +1I)
= e Z Caa @ €qn 1+ COS J | Zeaa ® egg
& o
+isin J Z (e*Pens ® egate “Peg, ® €ag), (3.68)

a<f
where we have used P> = P, PT =0 and I is the identity matrix as usual.

Having established an explicit form of the S-matrix, we can compare this with
the standard forms for trigonometric R-matrices of the appropriate dimension
[79, 11] (see also [22]):

R(xa q) = (q‘r - q_lx_1> Zea(x ® Caa + (LU - x_l) Z Caa ® eﬂﬁ
a aF#p

(g =) Y (zeas ® €ga + 77 ega @ €ap). (3.69)

a<f
By comparing expressions (3.68) and (3.69), it is clear that (3.69) has the
correct structure to be identified with the scattering matrix S if (15 = (i3
= (3 with phase factors identified with x. Since the interaction Hamiltonian is

hermitian, we must have z~!

= 2, and so we adopt the logarithmic parameters
T = ei?, q = €, where f and T are explicitly real parameters. We can see that
this means ¢ = f, and the R-matrix is expressible, up to an overall factor of

2, as

R(z,q) = sinh(if + 1) Y aa ® €aa +i8in(f) Y. €aa @ €g5 +
o aFf

+5inh(7) 3 (eFeas @ s + eV esn @ eag). (3.70)
a<fB

Following the method of [127], we compare the ratios of coefficients of the first
two terms in (3.70) and (3.68) (or equally we can compare ratios of the first
and third terms):

sinh(if + 71) _ cos(Jy) N isin(Jy)
sinh (i f) cos(Jp)  cos(J)’
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giving

cosh(fz) — i cot(f) sinh(r) = ssss((js + iczisn((JQT)) ; (3.71)

Equating real parts of (3.71) leads directly to the reparametrisation of
in terms of Jy and J, and equating imaginary parts and using sinh®() =

cosh?(77) — 1 identifies the reparametrisation of f:

. 2(F) _ sin J)
' cot™(f) = Sin((]l-i-(]”) sin(JL—J”)' (372)

This demonstrates that the S-matrix of the three-level model admits a reparam-
etrisation to, and hence equivalence with, the exactly solvable standard trigono-
metric R-matrix, confirming that this new 3LQDS belongs to the rare and
important class of exactly solvable dissipative systems. It is worth noting that
these transcriptions appear to be the opposite of the standard transcriptions
in the X X Z-type case which are written as cos(yu), coth®(f) on the left hand
side of (3.72) (see for example [127, 150, 44]), because we have written f and
7T to be explicitly real. For the specific values of ((= f) = 0 and 7, relating
directly to measurements of specific tunnelling systems, the above generalised
expressions (3.72) can be reduced to the isotropic case, while there is no apri-
ori reason why ( should be constrained to those values for physical systems in

general.

Note that we have used the most common trigonometric R-matrix (3.69) which
corresponds to the A} series of the generalised Toda systems describing one-
dimensional lattice models with nearest-neighbour interactions. There are
several alternative R-matrices which correspond to different series (see for ex-
ample [79]). It is anticipated that scattering matrices from models related to
the current three-level model will correspond to these alternative R-matrices,
exhibiting solvable limits for particular parameters. The prospect of revealing
other exactly solvable three-level dissipative systems with different applica-
tions thus shows the importance of further development of the work demon-

strated here.
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3.5 Discussion

This chapter has presented the method of constructive bosonisation and uni-
tary transformation as a method for re-examining the detailed structure of
fermion-gas impurity models and spin chains, exposing their connection to
models for quantum dissipative systems. The focus has been on presenting
the details of the interaction between a quantum system and its environment
in these models. We began by introducing the standard spin—% Spin-Boson
and Kondo models, and outlined the well-known transcription between the
two, which relies on the method of bosonisation. Subsection 3.3.2 extended
the detailed analysis to the two-level XY Z-type generalisation of the AKM,
and special emphasis was placed on the role of the Klein factors in physical
interpretations of the resultant quantum dissipative system. The additional
bath-mediated tunnelling present in the XY Z-type model exposed a struc-
ture that has not been reported previously. The analysis highlighted that the
system in fact corresponds to an exactly solvable, extended two-level system
with the upper and lower states having infinite degeneracy. This new insight
into the otherwise well-discussed model may well facilitate development of new
models for quantum random walks, where at each step the walker jumps to a
neighbouring lattice site. Further investigation of the system might also reveal

the details of the influence of the oscillator bath on the walker’s performance.

Further emphasising the utility of the bosonisation method, the chapter con-
cludes with a careful exposition of the new three-level model proposed in [78].
It is demonstrated that bosonisation and unitary transformation can be ap-
plied not only to existing models for further insight, but are invaluable tools
in developing new exactly solvable quantum dissipative systems, such as the
Anisotropic Cogblin-Schrieffer model discussed in Section 3.4. As a generalisa-
tion of the two-level Spin-Boson/Kondo model correspondence, this three-level
analogue belongs to the same large family of related problems and models. The
family of models has been studied extensively by a range of different methods,
and it is beyond the scope of this thesis to provide detailed analysis of the re-
lationship between the ACS model and these existing investigations. It would,
however, be instructive to formalise the relationship between the ACS model
and related ones, which would require explanations of crossover fields and lan-

guage. For example, it is interesting to investigate the relationship to the
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triangular lattices and quantum Brownian motion discussed in [3]. It appears
that the transverse field terms in (3.63) are equivalent to hops on this trian-
gular lattice. The model in [3] is shown to correspond to the two-dimensional
3-state Potts model with a boundary, meaning the link to integrable models is
clear. However, the analysis and language of that paper is to investigate the
critical behaviour derivable through ¢ = 2 boundary conformal field theory,
something which the present discussion of the ACS model does not consider.
Furthermore, it has been pointed out that the ACS model bears connections
to quantum wire junctions, the dissipative Hofstadter model and open string
theory as presented in [39]. The ACS model contains further generalisations
to these systems by including marginal operators coupled to the diagonal ele-
ments of the SU(3) algebra. As such it could be argued that the two models
stand in the same relation as the dissipative two-level system and the boundary

sine-Gordon model.

It is clear then that such models are important in a range of fields, and
the range of applications is equally diverse. Examples of three-level system-
environment models where the ACS model might be applied include three-level
quantum dots, single qubit systems addressed by an ancillary state, or qutrit
states, triatomic triple well potentials, such as ammonia (N H3) and the methyl
(—CHs;), as well as Bose-Einstein condensate atomic transistors [115], which
have a three well structure. The method of constructive bosonisation can
be applied to other Fermi-gas Hamiltonians in attempts to find more exactly
solvable dissipative systems and, as mentioned in Subsection 3.4.1, for par-
ticular parameters of related three-level models, solvable limits may be found
by their correspondence with alternative R-matrices. Further study will re-
veal more insights into the physics of the system, and it would be of great
interest to resolve the full spectrum and eigenstates of the Hamiltonian via
the Bethe Ansatz [26]. This will enable calculation of a range of useful dy-
namical and thermodynamical quantities, such as magnetic susceptibility and
specific heat (see for example [118] and [60]). Other authors have discussed
vacuum sector dependence [132] and finite size effects [152] in the bosonisation
of related models, and development along these lines may also be of interest.
Finally, entanglement between quantum systems and dissipative environments
[5, 101] may also be examined within this impurity-bath system, which will

be addressed in the following chapter.
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CHAPTER 4

Entanglement Criteria and Further

Extensions to QDS and Fermi-gas
Models

This chapter extends the investigation of the three-level quantum dissipa-
tive system discussed in Chapter 3 by finding the Rényi (and von Neumann)
entropy as a criterion for entanglement in the model. Two different experi-
mentally accessible approaches to finding entropy measures are discussed. In
Section 4.2 we provide a careful extension of an existing variational method
for calculating entanglement for the spin—% Kondo model to the ACS case
for three-component fermions. Utilising the exactly solvable nature of the
ACS model, we find expressions for the exact values of the entropy using the
Feynman-Hellmann Theorem in Section 4.3, and provide several comments
and suggestions for further work in Section 4.4. The results of this chapter are

being prepared for submission for publication.

4.1 Introduction

Calculating measures of the degree of entanglement is an interesting and im-
portant problem from both a theoretical and experimental perspective. As
mentioned in Chapter 2, however, the differences in terminology and method-
ology in their approaches often does not always facilitate easy application of

the results to both sectors. The use of quantum entropy measures, as we
83
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shall investigate herein for the ACS model, provides a good approach that
is both useful for the theoretician, and applicable to the experimentalist. In
the introduction to this thesis we mentioned that an entanglement measure is
simply any function of a quantum state that is zero for separable states and
non-negative and real for other states, provided that the value of the function
cannot increase under local operations and classical communication. As such,
there are a myriad of different proposals for entanglement measures (see for ex-
ample [5, 107] and references therein). In Chapter 2 we discussed the Bell and
CHSH inequalities, and mentioned that these were not always an appropriate
entanglement measure, since not all entangled states violate the inequalities.
As a more definitive measure of entanglement, there is increasing propensity
to use entropy. The von Neumann entropy [133] is arguably the most com-
mon of all entropy measures, and if multiplied by the Boltzmann constant kg
the von Neumann entropy gives the usual thermodynamic entropy. The von
Neumann entropy is, however, a particular limiting case of the more general

Rényi entropy, which has the quantum counterpart [74, 135, 121]:

Sr(p) : In Tr (,06) , 0>1, (4.1)

T 19
where p is the density matrix of the system in question. Using L.’Hopital’s rule

for 6 =1 in (4.1) produces the von Neumann entropy as the limiting case:

Sun(p) = =Tr(plnp). (4.2)

Note that in (4.1) and (4.2) we have used the natural logarithm following the
convention of [74] for the Rényi entropy. However, it should be remembered
that the Rényi and von Neumann entropies are generalisations of the classical
Shannon entropy, which uses a logarithm to base 2, and so expressions such
as (4.1) and (4.2) are often understood to be in units normalised to an overall
factor of In(2), since log,(n) = In(n)/In(2) (see below for further discussion).
This formality is often assumed implicitly in the literature, with statements
such as appears in [101], that for p = %I, the von Neumann entropy is S(p) =
—Tr(pln p) = 1, with no further indication of convention. Other authors (e.g.
[92]) prefer to write S(p) = —Tr(plog, p) = 1 for the same case. Note also
that for increasingly high ¢ in (4.1) the Rényi entropy measure is increasingly
determined by only high probability events, whereas for low 0 the events are

weighted more equally.
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A measure of the entanglement in terms of entropy is a relative measure be-
tween the fully mixed and the pure states, quantified by the way the entropy
grows with spatial extent of the subsystem region (see for example [92]). If the
overall system is in a pure state, then the entropy of one subsystem can be used
as a measure of its degree of entanglement with the other subsystems. A pure
state is indicated by an idempotent density matrix (p* = p), with trace equal
to one. Thus we can see from (4.1) that the Rényi entropy is zero for pure
states. Similarly, the von Neumann entropy is zero for pure states, since an

idempotent density matrix would require S,n(p) = —Tr(plnp) = =Tr(2pInp).

Note that the use of the von Neumann and Rényi entropies for entanglement
measures is still a somewhat controversial issue. Because these are quantum
generalisations of the classical Shannon entropy, which assumes additivity and
that properties of matter exist independently of measurement, it could be
argued that this does not adequately account for the structure of entangled
states. Furthermore, one could argue that a pure state with zero entropy fails
to take account of intrinsic quantum uncertainties, and therefore the Rényi and
von Neumann entropies are not appropriate measures. See [116], for example,
for an argument for a minimum uncertainty pure state with non-zero entropy.
For the current discussions the use of the Rényi entropy as a relative measure
will, however, be adequate, since we are concerned with the entropy as an
established entanglement criterion only, and not as a measure. We will also
provide the von Neumann entropy for interest, and leave a fuller evaluation of

the appropriate measures of entanglement to further work.

For any general composite system with density matrix p4p and two subsystems
A and B, the reduced density matrix for one subsystem, pa say, requires the
‘tracing out’ of the other subsystem (B) from psp. This can be expressed
as the sum of the expectation values of the composite system using the basis

vectors |7)p of B:

pa=Trp(pan) = Y _ 5{ilpasli)s (4.3)
J

For an explicit example, consider one of the standard Bell states (1.3). The
density matrix for the entangled bipartite system is thus pap = |[¢) apap (¥,

and the reduced density matrix for the second subsystem pg, say, is found by
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tracing out all the degrees of freedom of the first subsystem (A):

pp = Trp(pap)

= %(Tr(|0><0|)|1><1!—Tr(|0><1|)|1><0\—Tr(|1><0!)!0><1I+Tr(|1><1|)!0><0|)

= LD al+[0)) = 5T (1.4

Since the basis vectors of B are {|0),|1)} we see that we have used (4.3) in
(4.4) with a = 0, 1 such that:

Tr (|a)(al) = Y (] (la){al) ) = (Ola)(al0) + (L]a){al1) = [{ala)|®,  (4.5)

J

and in the case (4.4) our bases are orthonormal such that |{(a|a)|? = (a|a) = 1.

We know that the Bell states are maximally entangled bipartite states, and
these are well-known to have a von Neumann entropy of one in the ‘binary’
log, sense (or In(2) for natural logarithms), which we can verify for the above

example using (4.4):

Sun(pg) = —Traplnp

= —In(})=In(2). (4.6)

As mentioned above, using entropy as an entanglement measure is a rela-
tive gauge calculated from the change in entropy with spatial extent in the
subsystem region. Its bounds are the fully mixed and pure states, and as
demonstrated with the pure Bell state above, this means that for bipar-
tite systems maximum entanglement is indicated by a von Neumann entropy
Sun(p) =1In(2) (4.6). For the more general Rényi entropy (4.1), the condition
on entanglement is expressed as the violation of the following inequality, which
has been shown to hold for all separable (non-entangled) states, and for all
d > 1 [74]:

Sr(p) = max (Sr(pa), Sr(ps))- (4.7)
A violation of (4.7) for any 6 > 1 thus indicates entanglement for that J.

The first step to finding entropy measures for the entanglement criterion is

to acquire the density matrix of the system in question, which is in general
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a difficult task. One way of achieving this is to first find the eigenstates of
the model. For the ACS model in (3.4) we showed that the model is exactly
solvable and that one can therefore in principle use the Bethe Ansatz [26] to
find the exact eigenstates. As we outlined in Section 3.1, the procedure is
to write the N-body wavefunction as a linear combination of N! plane waves
with N quasi-momenta, which must satisfy the Bethe Ansatz equations. The
simpler ground state wave function is a sum of these wave functions acting
on the ‘vacuum’ state of all the bath having spin-up, for example, with one
impurity-spin lowering operator per impurity. There exists a vast literature
on the Bethe Ansatz, and it is comprehensively reviewed in [127] for example,
but in general it is difficult to implement. As a result, it is often avoided in
favour of numerical approaches, despite the clear advantage of providing exact
results. While we do not provide the Bethe Ansatz solution to the ACS model
in this thesis, we will demonstrate both a possible approach for finding the
density matrix and calculating the entropy numerically, as well as detailing a

clear procedure for an exact measure.

In the first instance, we shall in Section 4.2 extend to the three-component case
a variational method utilised previously by Oh and Kim [101] to find measures
of the entanglement in the spin—% Kondo model. One proceeds by proposing
a possible ground state for the system, which includes variational parameters
that can be optimised to achieve the lowest possible expectation value of the
Hamiltonian, and thus the ground state energy of the system. This state is
used to generate a reduced density matrix from which one can calculate the
entropy and entanglement measures. The reliance of the method on variational
parameters means that the results are not exact, but numerical calculations
can be done to a high level of accuracy. To utilise the exactly solvable nature
of the model we shall obtain in-principle exact results in Section 4.3. We find
the density matrix for the system Hamiltonian directly using the Feynman-
Hellmann theorem, which enables the calculation of exact expressions for the
entropy. The entropy measures found by both these experimentally accessible
methods provide criteria for entanglement in the three-level system via the
violation of (4.7). The chapter concludes with a summary of the findings in the
Discussion section 4.4, and suggests further work to continue the investigation

into entanglement in the three-level model.
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4.2 Variational approach to entanglement

Oh and Kim [101] examined entanglement in the single (spin-3) impurity
Kondo model by a variational Ansatz (as proposed by Yosida [146]). In gen-
eral, the variational principle is used to estimate the ground state energy £,
from the expectation value of a Hamiltonian H, using (H) > E,. It assumes
a form for the normalised wavefunction that relies on variational parameters.
These parameters can then be optimised to find the value producing the lowest
possible expectation value, so the method clearly provides an upper bound for
the ground state energy. The variational method is not an ideal way to es-
tablish entanglement measures, since ezact solutions would be available from
the Bethe Ansatz. However, it is informative to follow the method of [101]
to provide the three-level analogue analysis to Oh and Kim’s two-level entan-
glement measures. The result is an interesting extension to generalised states
that permits a strong condition on entanglement through the Rényi entropy
(4.1).

In the two-level case, Oh and Kim proposed that when the impurity spin and
the Fermi sea are maximally entangled the state is represented by the Kondo
singlet:

) = — (lwplxr) = lwn)lxi)) - (4.8)

V2

Here |w)) and |w;) denote conduction electron states with one extra down-
and up-spin respectively, and |y;) and |x|) are the impurity spin-up and down
states (i.e. |w;) has N/2 up-spin and N/2+ 1 down-spin conduction electrons)
[72]. Using real variational parameters I', the conduction electron states |w))

and |wy) can be written

_ 1 A
el = = > TuckalF), (4.9)

k>kp

where |F') is the filled Fermi sphere (introduced in Subsection 3.2.1 and dis-
cussed further below), M is some normalisation constant and c,Tm are the usual
creation operators for fermions (3.9) with wave number k£ and spin o = 1,2
having the same dual notation as used in Chapter 3 where 1 =7, 2 =|. The
impurity spin states |x;) and |x|) are defined in a second-quantised notation

by introducing creation operators ¥ for the impurity with spin o = 1,2 (where



4.2. VARIATIONAL APPROACH TO ENTANGLEMENT 89

again 1 =1, 2 =|) as:

Xo) = X50). (4.10)

In this two-level case, the variational parameters can be found to be dependent
on the Kondo temperature Ty (see (3.30)), wave number k, Boltzmann con-
stant kp and the single particle energy ¢, via the relation: I'y = 1/(ex +kpTk)
101].

Oh and Kim used the variational estimate for the ground state wavefunction
(4.8) to find measures of the entanglement present in the standard spin-3 AKM
[101]. The results presented therein report that the impurity spin is maximally
entangled with all the conduction electrons, while the entanglement within the
conduction electron screening cloud! is barely affected by the impurity. This
is in contrast to the conventional belief that the entanglement is generated
by consecutive interaction with the impurity [89], and the authors suggest the
entanglement is instead due to the Pauli exclusion principle. Furthermore, the
two-spin reduced density matrix of the impurity and one conduction electron
is found to be a Werner state [137], and hence it is relatively straightforward
to rearrange the parameters characterising the state to demonstrate whether
it is separable or entangled. In that case the regime of parameters is such
that the entanglement vanishes between the impurity and a single conduction
electron, and it was suggested that this is because there are so many conduction

electrons that entanglement to any single one is negligible.

In this section we will use the variational principle to suggest a possible ground
state for the three-level model from Chapter 3, and use this to find the reduced
density matrices of the system. In this generalised case it is not immediately
clear whether the reduced density matrices of the three-level system can be
brought into a Werner state form but they can, nevertheless, be used to in-
vestigate entanglement criteria in terms of the entropy, as discussed in the

introduction to this chapter.

1See [31] and references therein for calculation of measures of this screening cloud as
impurity-spin-conduction-electron-spin correlation functions. [31] also shows that any fi-
nite temperature introduces an energy scale beyond which the Kondo correlations vanish
exponentially.
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4.2.1 Extension to three-component fermions

In the spin—% case discussed in Section 4.2 above, one could instead have
analysed the alternative ground state possibilities such as the triplet state
with total spin s = 1 rather than the singlet case (4.8) with s = 0. For
the generalisation to three-component fermions we shall consider one ground
state possibility in direct analogue with the singlet-state analysis presented in
[101]. Allowing for three possible “spin” values for the labels o, = 1,2,3
as in Chapter 3, the three-component singlet state analogue now becomes an

antisymmetric triplet:

V) = —= (lwa)xs) — lws)Xa)) (4.11)

Sl

2
taking a # (3 by definition.
To find an entropy measure for use in the entanglement criterion (4.7), we first
find the density matrix of the entire system:
p = [V}
= 2 () o) sl (] — b ) Ol

—lwg)Xa) (X8l (Wal + |ws)[Xa) (Xal(wsl) - (4.12)

The reduced density matrix for the impurity py, is found by tracing out all

the fermionic bath degrees of freedom in direct analogy with (4.4) to give:

Pim = Trbath(p)
= 2 () bxal + Ixs) xs))- (113)

For a = 1, 8 = 2 this gives:
L.
Pim = Edlag(]w L, 0)7 (414)

and other particular «, § subsystems will give a permutation of the diagonal
elements. These reduced density matrices will again have a von Neumann
entropy Syn(pim) = In(2), as in (4.6), showing that the impurity spin is max-
imally entangled with the Fermi gas since this is a direct analogue of the
standard bipartite situation. This is thus an expected result as we started

with a singlet state analogue. However, it provides an important upper bound
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for the criterion (4.7) when we find the condition for entanglement between the
impurity and a single conduction fermion below. The proposed wavefunction
(4.11) is of course only one of many possible starting points for such analysis,
but here we will follow the direct analogue to the standard bipartite spin—%
situation as it is an illustrative example revealing the details of the method
and highlights some important generalisations and complications. Some dis-
cussion of alternative approximations to the ground state behaviour will be

included in Section 4.4.

Reduced density matrix for impurity and one bath fermion

In order to find the criterion for entanglement between the impurity and a
single fermion from the environmental bath, we follow the general method of
[101], although the procedure for finding the reduced density matrix increases
significantly in complexity. This involves the tracing out of all degrees of
freedom except for the impurity spin and one conduction spin from the joint
system density matrix (4.12). In effect, this leaves a reduced density matrix
pd for one conduction fermion at an arbitrary position r and the impurity,
which we shall choose to be at the origin. As we will show below, the elements
that populate this reduced density matrix can be found by the following ex-

pectation value expression:

IS (r) = S (VRO (01 (1] ). (1.15)

In the one-dimensional case that we are considering here, the creation operator

for one fermion of spin 4/ at position r in the bath is:

N 1 ) )
rébi// (T) == W <Z eZl.rC;,Y/ + Z ell.TCIy/> 5 (416)

I<kp I>kp

where V' is the volume of the Fermi gas. The creation operator )ZZ, for the im-
purity at the origin is still as given in (4.10). We shall demonstrate (4.15)

to be true by considering the following example for bipartite basis states
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{|aa) = |a) ® |a)}. For wavefunctions of the form
= thaala)a), (4.17)

we have the inner product

(Bbl) = Y. (4.18)

The reduced density matrix for the first space corresponding to this state is
found by tracing over space (2) in a similar fashion to that used to obtain
(4.13), with pay = Tr(a)p. Using (4.3) and (4.18), the expectation value of the

reduced density matrlx p(1) thus becomes the general

(alpm|B) =) (aalp)(¥laB) = Zwaa% (4.19)

a

We can represent the current three-level case by writing the components of
the basis vectors in the above example as |a) = {1]0), |a) = ¢! |F), where |F)
is a pseudo-vacuum first introduced in Subsection 3.2.1. Consequently, the

expectation value of generic impurity operators )Zlf(d becomes:

<>A((T;>A<d> = <¢|>A<T>A<d|1/}>
- Z ¢ ao‘,|Xch|O‘a>¢aa

aaa a

= > Ve (OF [thar Rer XX FO) 0

! /
a,a,a a

- Z wl’a’waaéa/aéalc(sda

a,a,o al

= > vl (4.20)
From (4.19) and (4.20) we can thus see that this leads to the rule

(alpwB) = (Xixs). (4.21)

This is equivalent to equation (4.15), in which particular matrix elements of the
reduced density matrix are obtained by calculating the expectation values of
impurity operators X', (0)x,(0), and the fermionic operators 1&7(7“) and zﬂ;(r)

pick out the single bath fermion at position r.
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The generalised equation (4.15) for calculating the elements of the reduced
density matrix of the three-level system can thus be found using (4.9), (4.10),
(4.11) and (4.16) to be expressible as:

pd (1) = 2MV > Tk ((O(F|xpka — (O1(F|XaCks)
k>kp

(Z zlrcgiy +Z erC;;)XLXU

I<kp I>kp

. ( Z e—im.rcm’y_l_ Z e—im.rcmﬂ/)

-er( x50 = )L F)0)) (4:22)

p>kp

where we have dropped the circumflex (") notation for convenience as we shall

be dealing with operators throughout.

Expanding all the terms in (4.22) produces a form from which we can deduce
which elements of the reduced density matrix are non-zero. We remember
that in the notation |F)|0) = |F) ® |0) = |F0), the Fermi sea |F) acts as
a pseudo-vacuum, which we shall discuss in more detail below. We write all
four sums implicitly in a simplified notation that combines sums for elements
either above or below (and on) the Fermi surface. Consequently, the expanded

form of (4.22) becomes (see overleaf):
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Pryory () = 5 MV( DY T e M (X gkt X X G ) (4.230)
k,p>kp I m<kp

— Z Z Iyl el remimr(y ﬁckac;,x;xacmvclﬁxb (4.23b)
kp>kp Ilm<kp

+ Z ZFkl“peil're_im‘r(chkaczrv,xl,xgcmyc;gaxp (4.23c)
k,m,p>kp I<kp

Z ZFkaeil're_im'r<chkaczrv,xl,xgcm,yclﬁxl) (4.234d)
k,m,p>kp lSkF

+ Z Z Fkaei”e’im"’(chkach,xa,xacmy aXB> (4.23e)
k,l,p>kp mSkF

Z Z Fkrpei”eiim'r<Xﬁckacgy/Xl/Xacmvc;r;ﬁXL> (4.23f)
k,l,p>kp mSkF

+ Z Fkl“pe“'re’im'r(chkaclu,xl,xgcmwc;axb (4.23g)

k,lmp>kp
> Tl e ™ (Y ackath X Xo Xt (4.23h)
k,lmp>kp

- Z Z Iy pe T zm.r<Xackﬁczr7/Xl/XoCm'yC;aX;> (4231)
k,p>kp Im<kp

+ 3 T e ™ (X a kgl X Xo G Chaxh)  (4.235)
k,p>kp I m<kp

Z ZFkFPeZ 'Te_”’”<Xackﬁczr7,xi,xgcmﬁ,c;axg) (4.23k)
k,m,p>kp I<kp

+ Z ZFkaeil're_im'r(Xackgczrv,xz,xacmyclﬁxb (4.231)

km,p>kp I<kp

Z Z Fkrpeil.re

kl,p>kr m<kp

—im.r<

XackﬁczryXl/XaCm»yC;aX@ (4.23m)

+ Z Z Fkae”'re’im"’(Xackgcgv,xi_,xacmyc;ﬁxb (4.23n)
k,l,p>kp mSkF
Z Fkrpeimeiimm<XaCkBCIW'XLXUCmWCLaXL> (4.230)
k,l,m,p>kp
+ Z Fkl—\peil.reim'r<Xackﬁc;,ylxi,xgcm,yclﬁxl>> . (423p)
km,p>kp

All the operators involved in (4.23) are fermionic and must therefore neces-
sarily adhere to the standard fermionic anticommutation relations (3.9). The

impurity and bath operators act on separate fermionic spaces, meaning we can
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write all sixteen of the fermionic strings in (4.23) as two blocks of the generic

form
(O xaxXbXeXH0) (Fleechegeh | F). (4.24)

By using the fermionic anticommutation relations we can write any particular

combination of fermionic operators in this arrangement as

(XaXixexh) = (6w — xixa) (0ea — xhxe))
= (Baped — B X Xe — OeaXiXa + OadXiXe — XDXIXaXe)
— Gupden. (4.25)

The last line uses the definition of normal ordering (see Subsection 3.2.1),
which demands that the vacuum expectation value of normal ordered operators
is zero. Note that Wick’s theorem [140] makes this deduction much simpler
for longer strings of products of creation and annihilation operators, in the

case where the model is extended to more than one impurity, for example.

In deducing which terms of (4.23) are non-zero for any particular pid ., (r)
matrix element, the first step is to note that both parties of any operator
pairing in the delta-function combinations indicated by (4.25) must be either
both above or both below the Fermi sea. This means we can immediately
halve the number of terms in (4.23) by ignoring (4.23c,d,e,f k,], m n), which we
can see from the summation convention involve terms with only one operator

below (or on) the Fermi surface (e.g. c}w, in (4.23c)).

For the remaining terms in (4.23), consider first the impurity space. It is clear

from (4.25) that the possible outcomes are

<XﬁXL'XUXE> = 550’50,& (426&)
<X5XI;/XUXL> = 550’50047 (426b)

or the symmetrically opposite outcomes in «, 3, remembering that a # (§ by
definition from (4.11). These are the conditions for the expectation values of
the string of impurity operators to be non-zero. From (4.24) it is clear that
the conditions (4.26) must coincide with the instances where the expectation
values of the fermionic bath operators are also non-zero. We can apply the

same reasoning for the bath operators as for (4.25) to get:

<Cka02r7,6m,yc;ga> = 5k15mp, (4.27&)

<CkaC;7/Cm,yC;ﬂ> = 5kl(5mp, (427b)
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and again with the symmetrically opposite expressions in «, 3. Note that for
(4.27a) to be non-zero, we must also have 7/ = v = «, and similarly (4.27b)
demands 7' = «a; v = . For the equations (4.27) it is again important
to consider the position of the operators relative to the Fermi sea. That is,
(4.27) is only non-zero for the terms (4.23g,h,0,p) where all operators are
above the Fermi sea. It would seem that we should have to discount the terms
(4.23a,b.1,j), because (4.27) demands 00y, which we know must yield zero
since k and p are above the Fermi surface while [ and m are both below (or
equal to) kp. However, we must consider the implications of the Fermi sea
itself. Because the bath operators in reality act on the Fermi sea and not
the vacuum, we will show below that for (4.23a,j) it is possible to pair the
operators c}v, and ¢,,, with their counterparts from the Fermi sea, leaving the
possibility of ¢, to pair with c;f,a. The terms (4.23b,i) can, however, never
exist even in this instance, because it results in an attempt to pair ¢, with
cz,ﬁ (and cxp with c;,a), which is precluded by the fact that oo # 3 by definition.

Until now we have considered the Fermi sea |F) to be a pseudo-vacuum,
whereas in fact it is a product of fermionic operators up to the Fermi sur-

face, one of which would match the indices [ and m from (4.23a,j):

<F| = <O|CN...CZ...01
|y = c...d ...clo). (4.28)

m

Since the operators in (4.28) anticommute we can move ¢; and ¢ to the right
and left of their respective strings of operators, taking account of the sign

changes to become
(FIF) = (Oley .. .cre (=)' (=1)™ el e oo el o). (4.29)

This means that the expectation value (ckaclz,cmycgﬁ in (4.23a) (and its sym-

metric in 3 counterpart (4.23j)) can be written:
(FileiCraCly CmnChaCh, | Fn). (4.30)

where the shorthand (F;| and |F},,) has been used to indicate that the respective
operators ¢; and ¢} are missing from each. Now remember that in (4.23a) and
(4.23j) the indices k,p > kr and I,m < kp, meaning that we can use the

anticommutation relations for their respective operators to write (4.30) as

(Fileic] /CraChoComn | Fin) = (F110u0kpOmm | Fin)- (4.31)
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This is clearly zero unless [ = m (which importantly also requires that ' = =),

so for (4.23a) and (4.23j) we can effectively write

<ckac;7,cmvc;a> = 0kpOim.- (4.32)
We have now deduced the full set of conditions for any terms of (4.23) to
be non-zero, which provide the elements of the generalised density matrix
for the system. We have argued that only six terms from (4.23) need to be
considered, (4.23a,g,h,j,0,p), and we have shown that the expectation values in
these remaining terms can each be written as products of four delta functions.
These delta functions indicate how the matrix elements depend on the specific
a, f subsystem of interest. Specifically, we can see that (4.23a) requires (4.26a)
and (4.32) (and similarly (4.23j) requires the corresponding conditions for

a instead of (). As such, these terms will appear in the matrix elements

red _ red red _ red
Poyo'y = Ppy,py ov,0'y = Payay

(4.26) and (4.27) (and their respective symmetric counterparts), and thus these

(and p ) only. Similarly, (4.23g,h,0,p) require
terms appear only in the matrix elements p 5, IS 50, Phe g and pig s,
respectively. Together, these terms populate the general 9 x 9 reduced density
matrix for the three-level system for all o # [ as follows:

red

P11,11
Pﬁ%(,jlz 0562?21
Pﬁ%?ls Pi%(,isl
Pgi,lz /?561?21
prEd = P53,22 ) (4.33)
053?23 PE%%z
Pgef}m pgel(,i?)l
Pg}zi& P§e2,32
PE%(}?,:’,

where precise expressions for the matrix elements are calculated from (4.23),

as discussed further below.

It is clear that for any particular «, (3 subsystem only one of the three off-
diagonal pairs will exist, and one of the 3 x 3 diagonal blocks will have all zero
elements. As a simple guide to which elements are non-zero, we can further
simplify each of the remaining terms in (4.23) by noting that the respective
delta-functions imply that

red

paﬁ,aﬁ(r) = prﬂeo?ﬁoa (T) s

= _paﬁﬂa(r) b

= _pﬂmaﬁ(r) = f7 (434)
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with

=10 =g ]&V > e T, (4.35)

k.p>kp

and density-like terms are found when the exponentials are unity from &;,,:

Privan (1) = pligsy (1) = d, (4.36)

where

k
d=—=>"T7Y 1=—1>"T% (4.37)

Expressions (4.34) and (4.36) thus provide a straightforward recipe for deduc-
ing the non-zero elements of the reduced density matrix for any particular
a, 3 subsystem. For the three-level model in question, the subsystem density
matrices are provided explicitly in Appendix C. The reduced density matrix
can be used to deduce many physical properties of the system, but in par-
ticular we are here interested in the entropy measures with a view to finding

entanglement criteria.

4.2.2 Entropy measures

As discussed in Section 4.1, the density matrix and reduced density matrices

can be used to find the corresponding Rényi entropy (4.1):

1
Sr(p) : InTr(p?), &> 1.

T 1-%

This provides a generalised entropy expression for the system, and provides a
strong condition for the presence of entanglement via the violation of (4.7).
On inspection of (4.33) for the current generalised three-level system, it can
be shown that for all possible a, 3 subsystems with « # 3 (see (C.2), (C.4),
(C.6) in Appendix C), the trace of the reduced density matrix raised to the

power ¢ can be found by the succinct closed expression:
°L 72\ o
T red\d — d5 = : dﬁ—i 7 4.
r((p)°) =6 +Z~El<i!)—(5_i>! I (4.38)

where f and d are given by (4.35) and (4.37) respectively.
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For example, the Rényi entropy (4.1) with 6 = 2 for all «, 3 subsystems is
found to be:

Sr(p™?) = —In(6d? + 4df + 4f?). (4.39)

As mentioned in the introduction, the popular von Neumann entropy measure
Sun(p) is the § = 1 limit of the Rényi entropy, and is given by (4.2). For
the current three-level system the von Neumann entropy for the possible «;, 3

subsystems is

Syn(pY) = 5dIn(d) + (d + 2f) In(d + 2f). (4.40)

The expressions for subsystem entropy contributes to the criteria for entangle-
ment in the system via (4.7). Notice that we started with the three-level singlet
state analogue (4.11), and traced out all of the bath except for a single bath
fermion. Using only this information to provide entropy measures, we find
an expression for the entanglement between the original whole bath-impurity
system and a single bath fermion plus the impurity. In this case, the criterion
can be expressed using the Rényi entropy for the maximally entangled state
(4.12), which will be zero since this is a pure state, and the entropy for the
«a, f subsystems, which is calculated by combining (4.1) and (4.38). The crite-
rion for entanglement between the whole bath plus impurity and a single bath

fermion plus impurity is thus the violation of the following inequality:

1 5 (2 Ol 5i i
5o (6d +;(ﬁ) (5_2_)!d f>, (4.41)

valid for any 6 > 1, or alternatively for 6 = 1 we replace the right hand side
of (4.41) with the von Neumann entropy limit (4.40).

0>

Since we showed with (4.14) that the impurity is maximally entangled with the
entire bath, it would seem reasonable to expect that the inequality (4.41) will
be violated for most values of the parameters. Perhaps the more interesting
criterion is therefore for the entanglement between the single bath fermion and
the impurity. In this case we use the density matrices represented by (4.33)
(see (C.2), (C.4), (C.6)) to represent the entire system, and note that the effect
of tracing out the impurity from this joint system produces the same density

matrices as was calculated for (4.13), which gave an entropy value of In(2).
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Thus the criterion for entanglement between the single bath fermion and the

impurity in this model is found by the violation of the following inequality:

1 4 - 2 o! §—i i
s n | 6d *;(5) (6_2,)!d f1] > In(2), (4.42)

which is again valid for any § > 1, or alternatively for § = 1 we replace the left

hand side of (4.42) with the von Neumann entropy (4.40). This is a powerful
criterion for entanglement, and allows numerical solutions for entropy measures
and hence entanglement criteria in the model to be found given estimates of
the variational parameters I'y, I',. Although it was reported in [101] that there
is no entanglement between the impurity and the single bath fermion in the
two-level case, it is not immediately apparent that this will be the case for
(4.42). We leave this important question open to consideration in further

work.

4.3 Feynman-Hellmann method

In the introduction to this chapter we outlined the method of using entropy as
a criterion for entanglement, and in Section 4.2 we applied this to an estimate
of the ground state of the bosonised ACS model using the variational principle.
This produced entropy measures in terms of quantities that were dependent on
variational parameters. As discussed in Sections 3.1 and 4.1, exact values of the
ground state, and indeed all the energy eigenstates of the model, may be found
by means of the Bethe Ansatz. While the results of the Bethe Ansatz are not
presented in this thesis, we show in the current section that, where an exact
ground state is available, the method for finding the correspondingly exact
values of the entropy can be extended to the case of the three-level dissipative
system of Chapter 3. We shall refer to this method as the Feynman-Hellmann
method, and the exposition follows the general argument outlined for the two-

level system in [92, 88].

For two-level systems, the expectation values of spin operators can be com-
bined to produce an expression for the density matrix of that system via
Y > (ow) (4.43)
P=73 0i)0;. .

i:xvyzz
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As discussed in the introduction to this chapter and in Section 4.2, the density
matrix provides a wealth of information about the system, and can be used to
find entropy measures which may in turn be used as entanglement criteria and
also to indicate the degree of entanglement in the model. In the two-level case,
the Feynman-Hellmann Theorem has been used to find expressions for the ex-
pectation values of the spin—% operators for the Spin-Boson Hamiltonian (3.1b)
92, 88]. The Feynman-Hellmann Theorem states that the partial derivative
of the energy E(7) of a system, with respect to some variable 7, is equal to
the expectation value of the partial derivative of the system Hamiltonian with

respect to that same variable (see for example [32]):

8?57) - <ag—f)>. (4.44)

When an exact eigenstate of a model is available, by solution of the Bethe
Ansatz for example, the Feynman-Hellmann Theorem thus enables exact cal-
culation of the expectation values derived from the system Hamiltonian. This
was done for the ground state of the delocalised phase of the two-level case in
[92], for example. Therein, entanglement measures for the Spin-Boson model
(3.1b) were found using the von Neumann entropy (4.2), which is easily cal-
culated in the two-level case, once the density matrix has been diagonalised,
to be

Sun(p) = —p+Inpy —p_Inp_. (4.45)

Here py = (1 £ /(0.)% + (0,)% + (0.)?)/2 are the eigenvalues of the density
matrix, and o, . are the usual Pauli matrices (2.1). Notice that the expecta-
tion value (o,) = 0 because the SB Hamiltonian (3.1b) is invariant under the

transformation o, — —o,.

From the analogue expression for (4.43) in the three-level case we can find the
density matrix corresponding to the exactly solvable three-level Hamiltonian
(3.63) from Chapter 3. In the following subsection we will present the deriva-
tion of this three-level density matrix and in Subsection 4.3.2 we will discuss

the nature of the roots and the entropy calculation.
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4.3.1 Finding the three-level density matrix

For the three-level quantum dissipative system that was introduced in Chapter
3, the Feynman-Hellmann method of finding exact values for the entropy has
the same overall structure as for the two-level case but increases in complexity.
The 3 x 3 density matrix can be found by the analogue to (4.43) as the sum

of the expectation values of the Gell-Mann matrices Ay (see (B.7)) as follows:

p=sI+ Z (M)A, (4.46)

A=1.8
where s is a constant that normalises the trace of the density matrix to one,

and I is the 3 x 3 identity matrix.
Recall the Hamiltonian for the three-level dissipative system (3.63):

HSDS = £33 + £gAg + A(A1+Ag+cos (e + sin (A7) +

Z hwp(bgprerb;prp) +Z hC3pAs(bsp + bgp) + hCspAs(bsp + bgp)‘

p p

It is immediately clear that by discrete parity symmetry the Hamiltonian is
invariant under Ay — —JX; and A\s — —A\s, meaning the expectation values
(A2) = (As) = 0. The main problem for finding the density matrix (4.46) for
this system is thus that the matrices \¢ and A\; come weighted by trigonometric
factors. To deal with this, let us define another pair of matrices Ay and A},

which remain orthogonal to the standard Gell-Mann matrices:

0 O 0
s = cosCle+sin(Air=| 0 0 e |,
0 €< 0
0 O 0
A7 = —sinQle+cos(Ar=|[ 0 0 —ie” % | . (4.47)
0 e 0

It is straightforward to show that the combination (Ae) A¢ + (A7) A7 that is
required as a component of the density matrix (4.46) is identical to the combi-
nation (\g) Az + (A\;) A, However, since the Hamiltonian (3.63) contains only
Ag and not A, we can argue by the same token as for Ay and \s that the
Hamiltonian is invariant under A, — —\,, meaning we can set (A7) = 0. This

leaves the following terms in the density matrix:

= s+ (A)A + (Aa)As + (M) As + (Ag) A + (Ae) As. (4.48)
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In order to find an explicit and exactly calculable expression for (4.48) we
use the Feynman-Hellmann Theorem (4.44) to find the required component
expectation values. By differentiating (3.63) with respect to A, €3 and eg

respectively we obtain the following expectation values immediately:

OF

A = ((A1 4+ Ag+cosChe +sinCA7))

OF

oo ~

OF

8_68 — D). (4.49)

Observe that the expectation value of the sum of operators in the first term is
linear and may therefore be separated to give:

0E

A = (A1) + (Ag) + cos (Ag) +sinC (A7), (4.50)

= ()\1> + <)\4> + <)\g> ) (4.51)

We can further simplify the expression (4.48) for the density matrix of this sys-
tem by noting that the Gell-Mann matrices A\;, Ay and \j satisfy the following

symmetry. For the operator U and inverse

0 01 010
U=|100], U'=|001], (4.52)
010 1 00
we have
U)\]_U_l - )\5, U)\sU_l = )\4, U)\4U_l = /\1. (453)
Consider now the matrix R(¢) and its inverse:
1 0 O 1 0 0
RO=(01 0 |, RO=(01 0 |. (4.54)
0 0 €e* 00 e %

Using the operators U and R(() in combination shows that we can transform

matrices Ay — Ay — Ay — Aq:
R(QOUMUT'RTHC)=Xs, RQOUANUTR™H(¢)=As, R(QOUAUTR™H(()=A1.

This means that we can effectively write (4.51) as

OF

a—A—3<>\1>

3 ()

3 (L) . (4.55)
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With these simplifications the density matrix (4.48) can now be written in
terms of precise values, which we know may be calculated exactly by the
Bethe Ansatz:

p = 1I + <)\1>)\1 + <)\3>)\3 + <)\1>)\4 + <)\1>)\’6 + <)\8>)\8

3
1 10F or or
= T4+ -———(A A A\l —A —A
3T+ 398 Mt hatde) + 520+ 520
1I b+ \/% . a a .
= = a b+ % ae™
3 " z(\/g —2c
a ae %
1
where we have used the shorthand notation
10F or oF
=—— b=— and c= —. 4.
“T30A VT 9e MM T Be (4:57)

Note also that for this 3 x 3 system we have Tr(p) = 3s and so to normalise

1
3

Tr(p) = 1 we have set s =
In finding the exact values of the entropy using the derivatives that make up
the components of the density matrix, it is important to remember that ¢
is not a free parameter, but in fact sets the limit within which the model is
exactly solvable via the relation (3.72):

sin2 J| I

COtQ(C) - Sin(JJ_—l—JH) Sin(JJ__J”)‘ (4'58)

In Section 3.4 we found the relationship between the coupling parameters
Jy, J1 and the calculable components A, Cp3 and Cpg of the three-level dissi-

pative system.

We have now found the density matrix for the three-level dissipative system
Hamiltonian (3.63). In the following subsection we will find the nature of
the roots of this matrix and outline the method for finding the corresponding
entropy, which provides an in-principle exact upper bound on the inequality
(4.7), the violation of which indicates entanglement. We will conclude the

chapter with some observations and suggestions for further work.
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4.3.2 Nature of the roots and entropy measure

In order to find the entropy measure for use in the entanglement criterion
(4.7), we find the roots of the density matrix (4.56) of the three-level Hamil-
tonian (3.63). We may find the nature of the roots of this density matrix by
considering the characteristic polynomial corresponding to p from (4.56), for
ease of calculation. The characteristic equation for p with eigenvalues z is the
following cubic function:

2® — (3a* + b* + )z — <£2C - 2—03 + 2a° Cos(g)) =0 (4.59)
V3 3V3 ’ '

where a,b and ¢ are given by (4.57). Notice in particular that the diagonal
elements in p sum to zero, meaning there are no quadratic terms in x in (4.59).

We can find the nature of the roots of (4.59) by differentiating, which gives
322 —3a2 - b - =0, (4.60)
and corresponding discriminant
36a” + 12b% + 12¢°. (4.61)

Since the Hamiltonian (3.63) is hermitian, we must have real parameters a, b, ¢,
and consequently we can see that the discriminant (4.61) of the derivative
of the characteristic equation (4.59) must always be strictly positive. This
confirms that p from (4.56) must always have three real roots. Moreover,
since we know that the density matrix (4.56) must be positive we can say that

the three roots must always be greater than or equal to zero.
The characteristic equation (4.59) has the generic form
2° —ar —b=0. (4.62)

Cardano’s method [36, 37| provides a straightforward method for solving such

cubic functions, yielding roots:

a
= — 4.
x u+3u, (4.63)
where
3 b [12 (13
— A —— 4=+ . 4.64
! \/ 2 VT T (4.64)

In the current case there are three distinct real roots x1, x9, x3, which can be

found by considering the three cube roots in u, i.e. the primary root, and the

primary root multiplied by the factors (—% + @) _ ot



106 4.3. FEYNMAN-HELLMANN METHOD

Explicit calculation for zero bias

If we consider the case of zero bias (e = €g = 0), the characteristic equation
(4.59) becomes

2® — 3a*r — 2a® cos(¢) = 0, (4.65)
which we know from (4.63) and (4.64) will have roots
2
r=ut (4.66)
u

with

u = {’/a?’ cos(¢) £ \/a® cos?(¢) — ab
= ac*s. (4.67)

Explicitly, the three distinct real roots x1, x5, x3 are found by considering the

three cube roots in u, from the primary root (4.67) and the primary root

multiplied by the factors —e* 5 :
w = ae*s,
vy — —aeii(cgw),
uz = s (4.68)
Combining (4.68) with (4.66) gives the final solutions for the eigenvalues x:
T =a <e% + e’%> = 2a cos (%),
Ty = —a (ew + e_w> = —2acos (@),
r3 = —a <e@ + 6_@> = —2a cos (@) (4.69)

Since the matrix p in (4.56) differs from p by a third times the identity matrix,
it is clear that the eigenvalues r1, 79, 73 of p are given by the three real, positive

eigenvalues x1, xy, x3 of p:

ry =3+ 2acos (%) , T3 =1 — 2acos (@) , T3 =3 — 2a.c08 ((C;”)>.(4.70)

From this one can deduce the Rényi entropy from (4.1):

1
Sr(p) = T In(r 4+ 73 +13), (4.71a)

= 1 i 5 ln(@ + 2a cos (%))5—#(% — 2a cos <(<J§w)>>5
+<§ — 2a cos ((ng) )) 5) , (4.71b)
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and the corresponding von Neumann entropy from (4.2):

Sun(p) = =Tr(plnp)
= —(rilnr; +rylnry +r3lnrs) (4.72a)

(% + 2a cos (%) ) In (% + 2a cos (%) )

—|—<% — 2a.cos <—(<Jg”)>> In (% — 2a.cos <—(C§”)>)

—|—<% — 2acos <@)) In (% — 2acos (@)) (4.72b)

The Rényi entropy (4.71b) provides the upper bound for the criterion on en-
tanglement by (4.7) in the case of zero bias, where a violation of the inequality
for any ¢ > 1 indicates entanglement, and similarly the von Neumann entropy
(4.72b) provides the upper bound for the case § = 1. For the general case
of characteristic equation (4.59), the expressions (4.71a) and (4.72a) give a
direct, and in principle exactly calculable, upper bound for the criterion for

entanglement in the three-level dissipative system from Chapter 3.

4.4 Discussion

In Chapter 3 we developed a new exactly solvable three-level dissipative sys-
tem by bosonisation of an Anisotropic Cogblin-Schrieffer (ACS) model. The
development followed the analogous case of the bosonisation of the spin—%
anisotropic Kondo model, and we were investigating this family of exactly
solvable models to expose the details of the interaction between a quantum
and a classical system. In the current chapter we have broadened the analysis
of this quantum-classical interaction by extending two existing methods for
calculating measures of entanglement in bipartite system-environment models
to the three-level case. In the first instance we generalised a method relying
on a variational approximation to the ground state of the model in Section
4.2, and in Section 4.3 we demonstrated the in-principle exact calculation of
entanglement measures using the Feynman-Hellmann method. Both methods
are experimentally accessible, and both have previously been used to study

entanglement in the bipartite case.

The development of the variational approach in Section 4.2 found the 9 x 9

reduced density matrix of the system and found all of its non-zero elements
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explicitly by utilising the anticommutation relations of the fermionic operators
involved, and the possibility of pairing with operators from the Fermi sea.
From the reduced density matrix we found a closed form for its trace to a
general power for use in the Rényi entropy in Subsection 4.2.2. An expression
for the von Neumann entropy was also calculated, as this is often quoted
as an entanglement measure in the literature, and gives the entanglement
criterion for the case § = 1. Using the pure state density matrix for the
entire bath and impurity system to provide the upper bound for the entropic
inequality (where a violation of the inequality demonstrates entanglement),
the criterion for entanglement between this whole composite system and the
system of a single bath fermion plus the impurity was presented. Furthermore,
the criterion for entanglement between the single impurity and a single bath
fermion was presented, where the entropy for the reduced density matrix of the
impurity alone provides the upper bound of the inequality. Numerical results
for these entropy criteria may be calculated experimentally with estimates for

the variational parameters.

The variational approach to entanglement is by its nature a numerical approx-
imation. It was shown in Chapter 3 that the ACS model was exactly solvable,
and to make use of this we found analytic expressions in Section 4.3 from which
the density matrix could be calculated exactly. The Feynman-Hellmann the-
orem was used to find the density matrix of the three-level dissipative system
Hamiltonian in terms of derivatives of the ground state energy, which is in
principle exactly calculable from the Bethe Ansatz. Clear expressions for the
density matrix and its components were given, and we demonstrated the en-
tropy calculations explicitly for the case of zero bias. These entropy measures
can again serve as the upper bound on the entanglement criterion. As men-
tioned in the introduction to this chapter, entropy measures can be used to
give a measure of the degree of entanglement, which is an exciting prospect
for further work on this model, promising more insight into the relationship

between the system and its environment.

We have argued that the Rényi entropy is adequate as a criterion for en-
tanglement. In consideration of the above suggestion to extend the work of
this chapter to discuss entanglement measures, it is of course important to

establish conclusively the validity of the Rényi and von Neumann entropies
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for this purpose. This would require a detailed examination of their handling
of the structure of entangled states. The non-locality suggested by a violation
of the CHSH inequalities might, for example, indicate that some non-additive

entropic measure such as the Tsallis entropy [126] is a better choice of measure.

There are a number of other possible further extensions to the methods and
models discussed in this chapter. In Section 4.2 we used an extension of
the two-level singlet state with variational parameters as the approximation
to the ground state of the three-level system. Alternative representations of
low-lying states include the symmetric (sextet) analogue of the antisymmetric
triplet which we have studied, and an anonymous reviewer has suggested that

using a hole wavefunction

U) = Trcraxh|F), (4.73)
a,k

which is an SU(3) singlet, might have lower energy and thus be a better ap-
proximation to the ground state. In further work it would thus be informative
to find the entropy and entanglement measures relating to these alternative
starting points. Furthermore, the careful exposition of the details of calculat-
ing the non-zero elements of the reduced density matrices can also be adapted
easily to alternative system-environment Hamiltonians, and include multiple
impurities, for example. Similarly, the Feynman-Hellmann method for deduc-
ing the exactly calculable elements of the density matrix as described in Section
4.3 can be extended to other exactly-solvable system-environment Hamiltoni-

alns.
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CHAPTER 5

Conclusion

This thesis in theoretical physics has investigated quantum entanglement with
specific examples of the relationship between quantum and classical systems
in order to help clarify the transition from quantum to classical theory. We
motivated this investigation in the Introduction by highlighting the lack of
consistent fundamental theory as demonstrated by the EPR paradox. Exper-
imental confirmation of the entanglement phenomenon confirms the tension
between the uncertainty principle and special relativity, compounding the need
to re-assess the approach to the quantum-classical boundary, which this thesis

begins to address.

5.1 Chapter summary

We began, in Chapter 2, by outlining the construction of experimentally verifi-
able tests of the EPR paradox. We demonstrated how the exact, mathematical
transcription of the paradox could be given a regularisation to facilitate com-
parison with current experimentally accessible states from quantum optics.
We showed that current tests using bipartite NOPA-states approach the same
EPR limit as the exact transcription, with the same maximum level of locality
violation as measured by the CHSH inequalities through their Wigner function
transcription. Furthermore, we proposed a regularised mathematical tran-
scription of the EPR paradox extended to tripartite continuous variable states
(n-states). We demonstrated carefully the structure of these states and again

compared them with their GHZ NOPA-type quantum optics counterpart. In
111
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this case, we showed that the GHZ NOPA-type and regularised 7-states have
significant differences in their structure, and their mathematical transcriptions
do not approach equivalence. Whereas the GHZ NOPA-type states approach
maximal inequality violation for a single value of the regularisation parameter
(corresponding to infinite squeezing), the regularised n-states exhibit two re-
gions of violation. This opens the question as to whether there are alternative

experimental ways to approach CHSH and locality violation.

The locality violation demonstrated in Chapter 2 highlighted the curious clas-
sical interpretation of the effects of a quantum phenomenon. In contrast, we
considered the effects of classical phenomena on quantum descriptions in Chap-
ter 3. This included a discussion of the examples of the Spin-Boson and Kondo
models in which a quantum impurity interacts with an environment or bath.
The exposition followed the explicit mathematical development of the models
in order to reveal the details of this interaction. We demonstrated the well-
known equivalence of the Spin-Boson and spin—% X X Z-type anisotropic Kondo
model for the special case of ohmic coupling, and used this established method
of relating a fermion gas-impurity model to its dissipative system counterpart
to investigate an extension of the equivalence to other exactly solvable models.
The careful re-examination of the link between these models used the meth-
ods of constructive bosonisation and unitary transformation, with emphasis
on the role of the Klein factors and coupling coefficients in the interpretation
of the structure of the model. The details revealed a previously unreported
observation regarding the fully anisotropic XY Z-type Kondo model, which
we showed corresponds to an exactly solvable, extended two-level system with

the upper and lower levels having infinite degeneracy.

The analysis of fermion gas-impurity models continued in Chapter 3 by show-
ing that an extension of the methods to exactly solvable three-level quantum
dissipative systems (3LQDS) was possible. This was demonstrated in detail
starting from an Anisotropic Coqblin-Schrieffer model, using the methods of
bosonisation and unitary transformation. As in the XY Z-type case, partic-
ular attention was given to the role of the Klein factors, and the coupling
parameters. The model was shown to be exactly solvable by demonstrating
that the scattering matrix of the model could be reparametrised in terms of

the trigonometric R-matrix for the A} series which obeys the Yang-Baxter
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equation.

In Chapter 4 we found expressions for the criterion for entanglement in the
three-level dissipative system discussed in Chapter 3. We demonstrated the
construction of a reduced density matrix from a proposed ground state wave-
function, using a variational Ansatz as an example. Recognising that an exact
solution to the 3LQDS model is in principle calculable by the Bethe Ansatz we
found the exact joint system density matrix directly from the model Hamilto-
nian via the Feynman-Hellmann Theorem. In both instances we extended the
explicit procedure for the methods involved from the known two-level case to
the three-level model in a way that may be extended further easily to a range
of other systems of interest. In each case we gave entropy measures for these
density matrices to provide a criterion for entanglement in the model, and
laid the foundations for developing entanglement measures in the three-level

model.

5.2 Discussion and further work

This thesis has examined and extended in intricate detail some well-known
models from theoretical physics, to help bring some further information to the
debate regarding the quantum-classical transition. Throughout the develop-
ments we have been careful to include frequent indicators of the experimental
accessibility of results, in recognition of the importance that such corrobora-
tion has for scientific advancement. The discussion sections of each chapter
provide several suggestions for practical applications and further work, some

of which we will summarise here and provide some further comment.

The emergence of differences between the tripartite EPR-type n-states and the
GHZ NOPA-type states in Chapter 2 suggests the possibility that these may
translate into experimental differences. The theory that led to the develop-
ment of the tripartite n-states may be extended with relative ease to include a
whole family of such potentially interesting states. Firstly, note that the pre-
sentation discussed the canonically conjugate pair of difference in position and
total momentum. A parallel exposition may easily be presented for the alter-

native starting point of difference in momentum and total position, along with
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the tripartite counterpart to this example. Moreover, the n-state regularisa-
tion parameters can be exchanged for any other regularisation parameter that
preserves the state symmetry, and can include cases where the regularisation
weighting of each mode is considered independently (i.e. three regularisation
parameters for the tripartite state). In Subsection 2.3.2 we examined a few
clear choices for phase space parameters to extremise the CHSH inequalities
using the n-states, but a fuller investigation could document the behaviour of
these inequalities for the entire parameter space. A similar analysis can also

be conducted with the N-partite state generalisation.

We have chosen to present in this thesis the CHSH violation of the Gaussian
limit n = 0 for the EPR-type states, as this is required for current experimental
protocols. However, it may well be of theoretical interest to examine the full
non-Gaussian expressions in more detail, and they may in the future provide
some experimentally accessible information. To further develop the practical
applicability of the current results it will be instructive to formalise the re-
lationship between the Bell-operator notation for the CHSH inequalities and
the variance calculations used in quantum optics, as well as the experimental

interpretation of the new regularisation parameters and their limits.

In the thesis we used the EPR example with CHSH inequality violation to
highlight the inconsistency in current fundamental theory. In terms of the
interpretation of this inequality violation, we mentioned in the Introduction
that it is regarded as a violation of locality, and that there is some contro-
versy over what this means in practical terms, with the distinction between
locality and causality. The EPR experiment, which gives rise to correlations
repeatedly confirmed by experiment, is simply a mathematical consequence
of entangled states, and in itself offers no explanation of its relationship to
classical environments or special relativity. Nevertheless the example is clear
in its confirmation of a paradox in fundamental physical theory by juxtapos-
ing the clear understanding of the mathematical structure of entangled states
and the strange consequences for classical interpretation — that locality can be

violated.

Having seen the effect of quantum structures on classical interpretation, we
continued the investigation into the quantum-classical relationship by study-

ing the effects of a classical environment interacting with a quantum system in
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Chapters 3 and 4. In the process we demonstrated the utility of the construc-
tive bosonisation method for relating fermion gas-impurity models to their
quantum dissipative system counterpart, and exposed the intricacies of the
technique. It is worth noting that while we applied the bosonisation proce-
dure to Hamiltonians in this thesis the method applies equally well to the
bosonisation of states, and it may be informative to bosonise the fermionic

bath from the Kondo model, for example.

The re-analysis of the well-known XY Z-type model in Subsection 3.3.2 us-
ing the detailed bosonisation procedure showed the model corresponds to an
exactly solvable, extended two-level system with the upper and lower levels
having infinite degeneracy. This may facilitate new developments for quantum
random walks, where each step of the walk is interpreted as a jump to a neigh-
bouring site on the lattice. Bethe Ansatz methods may provide new analytic
insight into the walker behaviour, and further investigations may reveal the

details of the influence of the oscillator bath on the walker performance.

The analysis of an Anisotropic Cogblin-Schrieffer model in Section 3.4 led to
a new exactly solvable three-level dissipative system. [t might be possible to
map the bosonised ACS model to other dissipative systems through alterna-
tive standard R-matrices. Since the ACS Hamiltonian is only one of many
possible Fermi-gas starting points for the bosonisation procedure, it could be
expected that the same method might reveal more exactly solvable dissipa-
tive systems. The range of applications and importance of such models in
condensed matter theory makes this an exciting prospect indeed. The theory
for the three-level system discussed herein applies to any triatomic triple well
potential, such as ammonia, the methyl —C Hs and Bose-Einstein condensate
atomic transistors, to mention only a few. Due to the many applications of
models similar to the bosonised ACS model, there are a wealth of different ap-
proaches to their analysis in the literature. The ACS model deserves a rigorous
contextualisation within this greater body of research, but this is beyond the
scope of this thesis. A review of the models and the relationship between their
mathematical descriptions would require a detailed analysis, but the yield in

terms of interpretational clarity may well make the task worthwhile.

It was demonstrated in Subsection 3.4.1 that the ACS model is exactly solv-

able. The consequence is that one of the most important extensions to the
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work on the ACS model is finding its exact solution by the Bethe Ansatz.
Not only does this enable the calculation of a range of useful dynamical and
thermodynamical quantities such as magnetic susceptibility and specific heat,
but also the exact values of entropy calculations through the derivatives of
the energy eigenvalues as indicated in Chapter 4. For the cases where an
exact solution is not known, we showed in Section 4.2 that useful entropy
measures may be found nevertheless, using a variational approach. We gave
clear procedures for calculating these, and calculations of the reduced den-
sity matrices showed a more subtle dependency on the particular states of
the impurity and bath than was apparent in the spin—% Kondo case. Explicit
numerical evaluation of the entropy measures can be done by finding the val-
ues of the variational parameters involved. Moreover, the investigation can
be extended by considering alternative possible ground states for the model
and finding the corresponding entropy measures. A most interesting extension
for both the variational and Feynman-Hellmann approaches is the calculation
of entanglement measures, rather than simply entanglement criteria from the
entropy. However, as mentioned in Section 4.4, the validity of any particular
entropy measure for dealing with the structure of entangled states should also

be considered in more detail.

So far we have mentioned a range of generalisations and suggestions for further
work for each of the investigations covered in this thesis. The overarching topic
of this thesis — the quantum-classical transition — is of course so wide that we
could never hope to touch on every facet in one thesis. We have only very
lightly introduced the concept of decoherence, and discussed its relationship
to dissipation, but it is clear that a fuller investigation of its relationship with
all the parameters in the models is of crucial importance to the topic. In that
regard, one might also want to consider the relationship between all four of the
canonical system-environment models used to discuss dissipation and decoher-
ence. The four include spin-boson and spin-spin models as discussed herein, as
well as boson-boson models (quantum Brownian motion) and boson-spin mod-
els [111]. Much work has been done in formalising the relationship between
the Spin-Boson and Kondo models, but the details of this fuller canonical set

of models may contain further insights.

The emphasis of this thesis has been on exposing explicit details of simple mod-
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els relating to the quantum-classical interface. The investigation has revealed
new insights and the development of new models, and we have suggested sev-
eral possibilities for practical applications. Particular focus has been on high-
lighting the tension between quantum and classical theory and establishing
the structure of entangled states, using quantum system-environment models
to reveal details of their interaction, and providing a means for investigating
their entanglement relationship. The further work suggested in this chapter
— in particular solving the Bethe Ansatz for the ACS model, finding explicit
and exact values for the entanglement criteria, and extending the investigation
to precise entanglement measures — shows great promise for further develop-
ing the examination of the quantum-classical transition. As such the work
presented herein provides a firm foundation for the re-examination of this re-

lationship more generally.



APPENDIX A

Additional notes and working to
Chapter 2

A.1 Normalisation of bipartite |n),

The regularised bipartite EPR-state transcription is given by (2.8):

e = Ny ezl inat—dnotedatel g

In order to normalise we first find

1, 7%
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We inset a complete set of coherent states (2.42) to get:
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We rearrange the exponentials in the integral to fit the form required for

Berezin’s formula (2.46) to get:
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with the result

[N =

A.2 Normalisation of tripartite |n,7',n"),

The normalisation of the tripartite state (2.30) proceeds in the same way as
the construction of (A.1), by inserting a complete set of coherent states (2.42)
and integrating using Berezin’s formula (2.46). In this case the relevant inverse
matrix and determinant are the same as shown in-text for the tripartite Wigner
function in (2.48) and (2.49) respectively. This leads to
N2gb 1
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from which we deduce
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APPENDIX B

Additional notes and working to
Chapter 3

B.1 Charge sector projection

This section of the appendix is a reproduction of the original appendix which
appeared in J.Phys.A 43(25):255305 [78].

It was pointed out in the text that the bosonisation transcription was carried
out to the neglect of various terms accumulating fermion-number (charge)
dependent factors. For example the longitudinal couplings in the three-level
model (3.57) certainly amount to a sum over not only the bosonic modes,
which is of course one source of the dissipative coupling, but also contain an
explicit number operator term. Similarly the standard expression for the bi-
linear fermion kinetic energy term (involving as it does a derivative of the
fermion field, albeit evaluated at zero) is known to contain a term quadratic
in the respective charge operators (in fact the coefficients can also differ for
different fermionic boundary conditions, but we do not need this option for
our basic derivation). Overall we assume that the residual fermion number

terms amount to an additional contribution from these sources of
CY N2+ 3 CuN, =C(NZ + NZ) + (CsNs + ColNg) + (CNZ + Colp).

As mentioned already, total fermion charge is conserved, so for N, taken fixed

at eigenvalue N, say, the last term is an additive constant. For the remaining
121
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terms we turn to the relative conserved quantities Ns + Ss, Ns + Sg and to
the projections onto fixed eigenspaces with eigenvalues Mz, Mg, respectively.
Introduce weight labels |m, y) for the basis of the three-dimensional represen-
tation of SU(3) corresponding to the the impurity system states, where m,
y are the eigenvalues of A3, g (so that %m, %y are the correctly normalised
eigenvalues of %)\3 = 53 and %)\8 = Sg, or isospin and hypercharge, respec-
tively). Imposing the projections, we see that for the total states |m,y; 1), the
fermionic part |¢)) must have charges N3 = M3 — %m, Ng = Mg — %y and the

charge dependent piece becomes on these states

C(M5 + M) + 1(m? + y?) + (CaMs + CMs)

Finally note that the weight basis of the three-dimensional fundamental repre-
sentation is [£1,1/v/3) and |0, —2//3), so that by construction (m?+y?) = 3
for all states. Thus the first line of the transcription is a further additive
constant, while the second line amounts to an external ‘magnetic’ coupling
and hence an adjustment to the detuning parameters 3, €g, by a shift of
—(CM3 + %C3), —(CM8 + %Cg), respectively.

B.2 Equivalence of SB Model and X X Z-type
spin-% Kondo model

B.2.1 Constructive bosonisation

Here we demonstrate the equivalence of equations (3.35) and (3.36), setting
h = vgp = 1 for convenience in this intermediate working. The emergent
exponential damping term dependent on the regularisation parameter a is
commonly ignored in the literature, as Leggett et al discuss in [95] that the

free Hamiltonian may be left unrestricted when the cutoff is imposed on the
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coupling terms. Starting with (3.36) we find:
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Note we dropped the ¢ subscript on the n since it was superfluous in the

calculation. Looking at the individual parts of the integral we see that:

L/ 2wz (m—+n L . .
/ . 2 (L+ )d33 - = [€z7r(m+n) _ e—m(m-&-n)} =0, m,n>0.
—L)2 2mi(m + n)

L/2 2wz (m—n)
/ e L dr = 0, Vm#n
~L/2

= L, if m=n.

Thus we have remaining terms for the case m = n only, giving:

HP = ——Zne £ [~ Lbpabl, — L boa] -
n>0
= —Zne g 21) bm}:
n>0
= > pbl b, (B.2)
p>0

Here we used the fact that bb! is b'h in normal ordered form.
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B.2.2 Unitary mapping

Here we provide further calculational details for the derivation of equations
(3.41) and (3.42) in the main text. See also Appendix B.1 for comment on the

fermion number dependent terms which are omitted here.

Unitary operation with operator U = e?V25°¢s(0) on the free Hamiltonian H,

from (3.37) produces

UHUT = Hy + [iﬁschs(O) H}
g V2 thz ( » 5(0), (Oups(2))’] d$>
_ o+ ‘[“)Fhs ( (2mi6(0— x)@mgos(x)—i—(?xgpg(x)Qmé(O—x))da:)
~ fZ“FhS VIR (it p4(0)

= \/_UFhS aﬂc@S( )

= Hy - 2ivphS. Y ,/ *W pS - bps) (B.3)

p>0
where we have used the fact that charge/spin combinations commute and

0 1

P 75 (#10) = 21(0)

= E Zn; Zipe~ap/? <pr - b;T — by + b;l>
p
2rp . _,
= ) 4 /Tze P12 (bys — bl ). (B.4)
p

The perpendicular term (3.38) requires the BCH rule and exponential expan-

9es
ox

sion to remove the exponential factors. We have made use of the commutation

relations

5.,5] = -5
[SZ,[SZ,S,” = [Sz,—S,]ZS,, (B5)

in the exponential expansion showing unitary transformation of the spin op-
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erators results in

1 1 ,
Us_Ut = s (1 — V205 + 5(2'\/5905)2 - g(i\/ips)g + .. ) — Vs g

(];Sti,l']-r = eiﬁ¢5(0)5+. (B6)

B.3 Gell-Mann matrix notation for
Section 3.4

Gell-Mann matrices A\, are one of the many possible representations of the
special unitary group SU(3), and are the 3 x 3 equivalent of the Pauli matrices
(2.1) as used in the two-level cases outlined in Subsections 3.3.1 and 3.3.2
because they are traceless, hermitian and 7r(\;A;) = 26;;. The group has

dimension 8 and the standard representation is:

010 0 —i 0 1 0 0

M o= (100, =i 0 o0], x=[0-10],
00 0 0 0 0 0 0 0
00 1 00 —i 000

M= (000, ={00 0|, xe=[001],
100 i 00 010
00 0 L (10 0

o= (00 =], =—=[01 0 (B.7)
0 i 0 V3lo o —2

Any 3x3 traceless matrix x, with elements z,3, can then be expressed in terms

of orthogonal coordinates x, via
Tag = 3D a_iTa ()\A)aﬁ’ xy = 5Tr(z)y), (B.8)

including of course the elementary matrices themselves. Quantities may also

be manipulated using the completeness relation

Oapdns = 504505 + 5 2oacy (M) 5(M) s (B.9)

The right hand side may be written uniformly over an extended set of \-
matrices \y, A =0,1,2,---,8 by introducing \y = \/g 13,3 to stand in for the

identity matrix.
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Note now that an alternative form of (3.33) is

Haxnr Z hvpp: cpacpa + JHZ o(02)aa/ CpartS,

p,a,p’ o

+3 JJ_Z aa’cpa/S++c (O-Jr)aa/cp/a/si). (BlO)

p,a,p’,al

In interpreting one-particle operators in second-quantised form, when consid-
ering 3 states |a) := c/|0) associated with a fixed fermionic creation mode it

is clear that

(7lclcsl6) = 05005y = (€ap)sys (B.11)

— that is, that the combination ¢l cg plays the role of elementary matrices on
such labelled states. By extension, the Gell-Mann matrices play the role of
the Pauli matrices in (B.10) for the three-level model in Section 3.4. A term
in the particle-impurity interaction such as Ay ® Ay may be written (omitting
the ®):

1 1
A ® A — Z éTr()\Aeag)chB Ay = 3 Z ch (M)asCs - M- (B.12)
a,f af

B.3.1 Algebra of S/

oy Onp OPerators

This appendix will confirm the algebraic structure of the operators defined in
(3.62):

S'ap = —FFaSas,  Saa = F\FaSaa = Saa.

In order to satisfy the usual closed SU(INV) algebraic structure, operators must

obey the commutation relation:
[Oijv Okl] = jkOi[ — 5ilij.

Since these are composite operators, we note the useful commutator identities

for combinations of operators:

[AB,A'B| = AAB,B'|+ A A|B'B
[A,BC] = |A,B|C + BIA,C).
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Explicit calculation of the following commutators will thus check whether the
operators satisfy the SU(3) algebra. Due to the symmetries of the commuta-
tion relations, these are the only combinations that require explicit calculation.
It becomes clear immediately that the operators S,3 must be elementary ma-

trices, so that we can also apply the condition e;;jer = 0;x€i.

[ ;om ég} = [Saou _fgfa]saﬁ - fgfa [Saom Sa,@]a
= —FFuSas = Slp.
(St Sha) = FAFaFiFslSap, Spal + [FiFa, FLF5)SsaSas,
= Saa — S3s-
[ l/)éﬁ’ ’/YOJ = fgfaleV[SOCﬁ? S’Yoé] + ["T‘gfaaflf'y]s'yasaﬂy
= _}-lfvsvﬁ = _S;ﬂ
[Sess i) = FEFaFF,[Sap, Sys] + [FiFa, FAF31S,550s
= 0. (B.13)

It is thus clear that, provided the S, are elementary matrices, the operators
Sha and S, 5 satisfy the SU(3) algebra.

[e7e3



APPENDIX C

Appendix to Chapter 4

C.1 Explicit 9 x 9 subsystem density matrices
for three-level dissipative system

This appendix provides the explicit form of the three possible subsystem den-
sity matrices for Subsection 4.2.1. For each particular subsystem, the elements
are calculated using (4.33), (4.34) and (4.36). Note that we consider only the
cases o < [ since the cases o >  are equivalent to their symmetric counter-
part, and o = 3 is precluded by the definition (4.11).

Reduced density matrix for a = 1,3 =2

Using the recipe for finding the non-zero elements of (4.33) we find that for
a=1,0=2,(4.34) and (4.36) become

Pieiilz(r) = Pgi(,im(r) = _0562?21(77 = _Pgelc,lm(r) =/,

Pt () = p5,(r) = d, (C.1)
to give
d
d+f —f
d

—f d+f

pred = d (C.2)
d
0
0
0

Note that this is equivalent to the case « = 2,3 = 1.
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Reduced density matrix for a =1,3=3

The non-zero elements for the subsystem with o = 1,5 = 3 are found from
(4.34) and (4.36), which become

Pﬁ%(,ils(r) = Pgﬁ(}gﬂr) = _Pﬁeg(??,l (r) = _Pgﬁc}m(r) = f,
pli(?y(?l'y(r) = pg?y%d’y(r> = d? (Cg)
to give
d
d
d+f —f
0
pred = 0 : (C.4)
0
—f d+f
d
d

Note that this is equivalent to the case a« = 3,3 = 1.

Reduced density matrix for o« =2,5 =3

The non-zero elements for the subsystem with a = 2,3 = 3 are found from
(4.34) and (4.36), which become

,053(,123(7”) = 053?32(@ = _szc,iw(r) = _Pgezc,lzzs(?“) = f,
pg?y%Z'y(r> = pg?y%3'y(r> = d? (C5)
to give
0
0
0
d
pred = d . (C.6)
d+ f —f
d
—f d+f
d

Note that this is equivalent to the case a = 3,3 = 2.
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