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Abstract

We develop tools apt for the quantitative study of the dynamical emergence of Spectral Broadcast
Structures (SBS) due to environmental monitoring. In the past, efforts have been made to bound
the proximity of an arbitrary state undergoing non-unitary evolution to the nearest SBS state (in the
trace distance sense). This dissertation presents the first of such bounds which has been substantiated
as well as provides sufficient conditions under which a broad family of multipartite states converge to
SBS states asymptotically in time. We also develop an SBS theory for continuous variables (SBSCV);
i.e. the dynamics will now be generated by self-adjoint operators with purely continuous spectrum.

We create a theory for SBSCV that parallels that of SBS and develop tools for its quantitative study.



Too often the mathematicians think it’s physics, and the physicists think it’s
mathematics.

-Barry Simon.



Introduction

The emergence of the classical world, with its objective properties, from the quantum world has
been a conundrum since the genesis of quantum theory [31][18][12]. If quantum mechanics is indeed
a more fundamental theory of nature than classical mechanics (Newtonian mechanics), then why can
we not see matter behaving quantumly in our everyday lives? The superposition principle says that
states of matter may in a sense be delocalized [6] [69]. But we never see such delocalized states of
matter in our quotidian life. So what happens to the quantumness of matter? Where does it all
go? More importantly, why is the world around us classically objective (i.e. when multiple observers
measure the same system they observe the same state of said system) in spite of it having to obey the
laws of quantum mechanics which would appear to be highly non-objective? In this dissertation we
study a relatively novel theory, known as the theory of Spectrum Broadcast Structures (SBS) theory
[38] [39] [10] [53], developed for the purpose of taking on such questions. The theory of SBS being
rather young (about 10 years old), it has yet to reach mathematical maturity. The bulk of the original
work presented in this dissertation will consist of tools/techniques for the quantitative study of these
so-called SBS states and their dynamical properties. We will also generalize the existing SBS theory
to a new theory that includes states and dynamics hitherto not studied with mathematical rigor in

the literature, namely the theory of SBS for continuous variables.

This dissertation contains four main parts. The first consists of a detailed synopsis of key concepts
and tools from the theories of Quantum Open Systems, Quantum Information Theory and Operator
Theory that will be essential for the development of the main results of this work. Chapters 1 and 2
will be consecrated to the introduction of all of these concepts and tools. In Chapter 1 we introduce
the concepts of quantum open systems, quantum information theory, and operator Theory; focusing

on Quantum Maps, distance measures, and relevant operator inequalities in Chapter 2.
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The second part (Chapter 3) introduces the optimization problem of Quantum State Discrim-
ination (QSD) [22][23][70][61][25][27][65], an active field of research within the theory of quantum
information whose focus is estimating the probability of measuring the correct state of a quantum
system when said system is in a mixed state. This section will serve us in future chapters since tech-
niques and concepts from QSD will play an important role in Chapters 4 and 5. In Chapter 3 we
introduce some of the main results of QSD for countable mixtures and introduce the concept of QSD
for uncountable mixtures. We study dynamically evolving mixtures, both uncountable and countable,
and deduce novel results regarding their QSD problems in the asymptotic regime (large-time dynam-

ics); see Propositions 3.5.1 and 3.7.1, Theorem 3.6.2, and Corollary3.6.1.

In Chapter 4 (Part 3 of this thesis) we focus on the theory of Spectrum Broadcast Structures
(SBS) [38] [39] [40] [53]. Informally, a SBS state is a special type of quantum state that exhibits
classical-objectivity properties. As mentioned, these states are used to study the emergence of clas-
sicality from the quantum, a theme that is ubiquitous in the field of quantum-to-classical transitions
[12]. Interacting systems such as a multipartite network of a system and multiple observers (observers
of the system) will always exhibit objectivity in the classical regime; i.e. all observers will find the
system to be in the same state. One would expect an analog of such a notion of objectivity to exist
in the quantum regime. In Chapter 4 it will be argued that in order to prove the latter is indeed the
case, quantum analogs of the networks hitherto discussed (i.e. one system with multiple observers.)
will necessarily have to converge dynamically to an SBS state (4.1.2. We build tools apt for studying
the dynamical convergence of certain multipartite quantum states to an SBS state (Theorems 4.2.2
and (4.4.1)) and discuss sufficient conditions for a broad family of multi-partite states to converge to

an SBS state (see Corollary 4.8.1)

Chapter 5 constitutes the fourth and final part of this dissertation. In this chapter, we generalize
the theory of SBS to include the case where the systems in question are taken to live in an infinite
dimensional Hilbert space, and the dynamics are assumed to be generated by self-adjoint operators
with continuous spectrum (what we will call the Spectrum Broad Cast Structures of continuous
variables theory (SBSCV)). Such cases are not supported by the already existent theory of SBS which

shall be discussed in Chapter 4 and the novel results presented therein. The leap in difficulty from SBS

11



to SBSCV is considerable; we, therefore, consecrate a lot of the space in Chapter 5 to the formidable
task of creating the tools necessary for the proper analysis of the emergence of SBSCV states (see

5.4.15.3.1 5.3.1).

12



Chapter 1

Open Quantum Systems

1.1 Closed vs Open

The central focus of introductory quantum mechanics is the study of closed quantum systems.
Although the closedness of any physical system is an idealization, and in reality no physical is ever
closed except perhaps for the entire universe [1], assuming closedness may nevertheless lead to useful
models that shed light on fundamental properties of nature. The Energy spectrum of the hydrogen
atom, for example, may be deduced by considering the hydrogen to be a closed system [(]. The
equation of motion governing closed quantum systems is the Schrédinger equation ih8t|wt> = ﬂ|¢t>,
to be discussed in detail below. Schradinger’s equation (SE) generates unitary evolution, forgoing any
description of dissipative and decoherence effects [12]; processes where energy, information, and other
agents of "quantumness' are not preserved. Decoherence and dissipation are nevertheless inevitable!

A model that does not account for such a phenomenon can therefore not be complete.

One of the conundrums out-flowing from the modeling of quantum scale phenomena with the SE is
the seeming non-physical nature of its solutions, in the sense that linear combinations of measurable
properties of an observable are viable solutions to SE. This is of course the superposition principle of
quantum mechanics [(], something whose interpretation foments contention amongst scientists till this
day. The superposition principle [6] [L0] is arguably the needy-greedy when one discusses quantum
mechanical phenomenon, and indeed this is what is alluded to when the term "quantumness" is used
in this work. In everyday macroscale physical experiences, one does not carry out measurements that

result in more than one outcome, hence the dilemma.

The non-local description of nature emanating from early quantum theory was not met with a
favorable reception. In fact, quite the opposite, the immediate impulse of some of the great physi-
cists of the 20th century was to navigate around this apparent inconstancy of quantum theory and
our apparent reality. Consensus was more or less met but there was one question that still left the
physics community puzzled. This was the question of measurement, i.e. if quantum theory is cor-

rect then how is it the case that measurements always lead to definite outcomes? To answer this
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question Niels Bohr annexed a supporting theory to the already-existent quantum theory. The idea
consisted of a model where upon being measured, a quantum system evolving unitarily via SE would
instantaneously collapse to a definite eigenstate of the observable being measured. This collapse was
assumed to occur with some probability distribution governing the "collapse'[9]. The latter take on
quantum theory became known as the Copenhagen interpretation [7]. Although various aspects of the
Copenhagen interpretation are criticizable, we will stop at one, namely the instantaneous aspect of
the collapse which is assumed. This is at odds with the nature of the time-continuous world we live in,
there must surely exist some time scale within which these "collapses" take place, leading one to guess
that the Copenhagen school of thought has missed something fundamental. It is now understood that
"collapse" or loss of quantumness, is not a phenomenon that occurs instantaneously. This loss of quan-
tumness is the study of the theory of decoherence [12] [18] and decoherence time scales which vary from
system to system [18] (pg 66) may be estimated via considering the more realistic setting where the

system in question, and the associated environment, are both treated as interacting quantum systems.

By considering a larger closed quantum system, which includes both the system of interest and
its environment, one may use SE as a starting point, and later compute the reduced dynamics of the
system. Ideally, we hope to obtain the unitary evolution for the total dynamics and deduce the local
dynamics of the system. However, as will be seen in what is to come, this is no easy venture. In this
chapter, we will give an overview of the mathematical theory for closed quantum systems, introduce
the theory of open quantum systems, and discuss applications to canonical decoherence models of

decoherence [18] [12].

1.2 Unitary Evolution For Finite Dimensional Systems

In quantum mechanics for closed quantum systems one is tasked with solving SE; we will express it

here with units of A = 1.

0|ty = H|ih) (h=1) (1.1)

where the state |¢t> is a vector in some Hilbert space, call it j‘?ﬁg, and H is a self-adjoint operator,

which we will call the Hamiltonian, acting in .#%. For the cases where dim{#s} < oo, ’(/Jt> will
represent a column vector, making <1/Jt| = ’1/1,5>T a row vector. The solution to equation 1.1 is
e~ |yp) (1.2)

where |10) € % ({to|tho) = 1) is the initial state of the system. Invoking Stone’s theorem [3] we

know that the operator e~*H is a strongly continuous one-parameter semigroup acting in the Hilbert

space €5, with t being the parameter, and hence <¢t’1/1t> = 1 (Vt). However, the story does not end

there. We would like to understand the effect of the unitary operator U, = e—itH upon acting on

|1/Jo>. One approach is to simply use the Taylor expansion of the exponential function e”.




However, this will require one to take arbitrarily large powers of the matrix H. Inevitably, there will
be some approximations involved since one can not take an infinite sum, and taking greater powers
of H becomes ever more costly. There are nevertheless cases where this path is fruitful; one of them
being when the operator norm ||[tH| is small. In such a case one can get away with truncating the
sum and keeping a minimal amount of terms. Or, the Hamiltonian could have small dimensions, in

which case computing powers are not too costly.

There is one case where the sum (1.3) is trivial to compute. This is when the matrix H is diagonal.

Assume that H is diagonal with respect to the orthonormal basis {|¢)n>}n, then

and therefore

= ' (ZA’”W”X%D _ (15)
n=0 : n=0 m
m\ﬁi’m (¢m]| = "m!¢m><¢m| = (1.6)
n=0 m n=0

Z Zt ZA |6 %!—Ze*m |6m ) {Dm|- (1.7)

Assuming that the operator H is full rank, its eigenspace {|¢n>}n will span all of J#; hence we
need only decompose any arbitrary vector |1ZJ0> in 5 with respect to the eigenbasis of H and then

calculate exactly the evolution of |yp). i.e.

U, |tpo) = “HZanm = ane™|n), {on = (d|to) (1.8)

It is a basic result from linear algebra that any normal matrix H (fITfI = ItIIfIT) is diagonalizable
[9] (section 2.1.7). Owing to the fact that self-adjoint matrices are also normal, we conclude that any
self-adjoint matrix H is also diagonalizable. Obtaining a diagonal representation, however, remains a

challenging problem. In this case we must solve the following vector equation.

H|¢) = A|o) (1.9)

which is only possible if the matrix H — Al is singular. From basic linear algebra, we know that
ensuring the matrix H — A to be singular is equivalent to finding the roots of the characteristic
polynomial

det (H - /\11) = 0. (1.10)

The hurdles are now that of computing a determinant, finding the roots of the resulting polynomial
in order to obtain the eigenvalues, and finding the associated eigenvectors. These three processes are
well understood theoretically; computationally they are costly and even intractable for large enough

dim{.7#5}. Although the equation (1.10) in general poses an ill-conditioned problem there are many
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algorithmic techniques designed for the computational estimation of the solutions to this equation [54].

We have of course omitted discussions on the slew of eigenvalue approximation techniques that
exist out there. Perhaps the most popular one amongst physicists being time-dependent perturbation
theory. Nevertheless, the discussion herein, in a sense, summarizes the mathematical aspects of
finite dimensional quantum theory for closed quantum systems. At a mathematical level, if we can
diagonalize the Hamiltonian of the system we are interested in, then we know just about everything. Of
course, anyone who has read more than the introductory chapters to a first-year quantum mechanics
course knows that even the simplest non-trivial Hilbert space C?, simple as it may be, affords a
framework that supports volumes of interesting physics[10] [6] [13] [9] [8]. Two-level systems are the
basis of quantum information and quantum computation theory after all[9], and two-level systems are

just the tip of the iceberg!

1.3 Unitary Evolution For Infinite Dimensional Systems

Let us now pass to the case where dim{.#s} = co. Unless mentioned otherwise, we will constrain
ourselves to the Hilbert space L? (R) (square-integrable functions over the reals) for this section. In
quantum theory, observables are described with self-adjoint operators. The expectation value of some
arbitrary observable H for some system in the state ‘¢> being <Ifl>w = <w|ﬁ|w> = <¢, ﬁ1/)>, ‘¢> now
represent square-integral functions v (z) and <¢| their complex conjugate ¢*(z). Physically speaking,
if the state of the system we are studying lives in L? (R), we are only going to concern ourselves with
states |1/1> that yield defined expectation values for all observables of the system. For the case of some
observable H acting L? (R), we hence know that

(H), 1=/Rw*(x)ﬁw(x)dfc (1.11)

is a well-defined quantity. If the operator H is bounded then we have nothing to worry about since
<IfI>w < ||fI|| < 00, which follows from the result supuﬂ‘:lH(:c,Axﬂ = ||AJ], for a bounded and self-
adjoint A, consult [21] chapter 8. For the case where the observable in question, ﬂ, is an unbounded
operator the latter will not be the case for all |1p> However, the well-deifinedness (1.11) can be
guaranteed by restricting ourselves to |1/)> satisfying fI|1/)> € L? (R), ie. fR |ﬂ¢(x)|2dx < oo. This is
immediately clear by making use of the Cauchy-Schwarz inequality;

[ v @ < \/ / w*<x>2dw\/ JAL O \/ [ @ )

Let us call the subset of [¢)) € L?*(R) satisfying ﬁ|1/}> € L*(R) the domain of H, and name it

D(ﬂ) c L? (]R) In quantum theory, we are only concerned with Hamiltonians H having a domain

D(ﬂ) which is dense in the Hilbert space of interest; i.e. any state in the Hilbert space of interest
may be approximated by elements of D(ﬂ) This is a point in which the mathematics for infinite-

dimensional quantum systems diverges from that of finite-dimensional systems. For physical systems
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living in a finite-dimensional Hilbert space, one need not worry about domain issues; the inner prod-
uct (1.12) in such a case will simply be a finite sum of finite values and will therefore be well-defined
regardless of the operator and vectors involved. Furthermore the domain of some observable A in the

finite-dimensional case may always be treated as the entire Hilbert of interest.

Any operator H acting in L? (R) will have a domain D(fl) and its adjoint H' will have its own
corresponding domain D(IA{T), D(ﬁT) C L*(R) and D(ﬁ) C L?(R). For an operator H in such a
setting to be self-adjoint it is a necessary and sufficient condition that D(ICI) = D(fIT). Drawing a
comparison with the finite-dimensional case, notice that for the latter one need only check that the
matrix in question is equal to its complex transpose. Even at the level of identifying whether or not an
operator H, which we would like to use for the modeling of some observable, is self-adjoint, one is met
with a challenge far greater than just simple matrix manipulation. In the non-relativistic quantum

theory of closed quantum systems, the operators of interest have the following structure
H=H,+V(X) (1.13)

where Hy := - ﬁ@fk and X := (%1, ...,Rg,..). Testing whether or not D(ﬂ) = D(ﬂT) is of
course not a simple matter, but thanks to theorems such as the Kato-Rellich [4] the self-adjointness of
operators of the form (1.13) is fairly understood. When an operator of the form (1.13) is self-adjoint,

it is referred to as a Schrodinger operator [5].

Let us now look at a concrete example. We will consider what is perhaps the most famous
observables in quantum theory, namely P:=—io, (the momentum operator). We remind the reader
that the Hilbert space of interest shall be L? (R) In such a case it is easy to see that that there

exists W> € L*(R) such that —id,1(z) ¢ L*(R). For example, let ¢(z) = Sllrij;) This function is

square-integrable since it is dominated by an L?(R) function H%’ ie. |Y(a)] < H% Vo € R (the

argument follows from application of the Dominated Convergence Theorem [2]). However, consider
the derivative of ¥ (x).

(1 + 22) cos(e®)e® — sin(e®)2x
(1+22)2 ’

Dtp(x) = (1.14)

For large z, |0,¢(x)| ~ 1_?%, a function which is clearly not in square-integrable. However, D(P) is
a dense subset of L? (R), which means that any physically relevant function living in L?(R) may be
approximated by functions in the domain of P. This will allows us to make sense of <f’> v for any

physically relevant |7,/1>

Given a Hamiltonian H acting in an infinite dimensional Hilbert space, Schrédinger’s equation
(1.1) again has the solution e’”ﬁ|w0>, with |¢0> the initial state. This time however, the opera-
tor H has domain restrictions which may be transmitted to the operator e~ itH, Deffering nuances
regarding domains to the great expositions in [4] [3], the generalization of Stone’s theorem tells us

—itH il again be a unitary operator governing the dynamics of any initial state

—itH

that the operator e

|¢0>. Here we are once again faced with the challenge of figuring out how the operator e acts on

an arbitrary state }¢0>. Once again, one might be tempted to expand the operator e—itH using the
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Taylor series of e*. If we were to do this, even for a simple case of the Schréodinger operator (1.13), say
H= fﬁag + V(X), we would quickly encounter non-linear terms such as 8§V(X) to(z). These non-
linear terms would grow in complexity and we would have to compute an indefinite amount of them.
Also, given that the operations involved are derivatives and multiplication by functions, we would not
be able to simply take various powers of the operators showing up in the series, e.g. {8§}m{V(X) }n,
and store them in some computer program subroutine for computing the effect on an arbitrary |1/10>.
This is because the way differential operators act will be intrinsically dependent on the vector they
are acting on. We are worst off here than we were in the finite-dimensional case. Unless ¢t is very

small and we can truncate the series, one must take a different approach.

To make progress in the matter of making sense of e_itﬁ|wo> for the case at hand, we need
a notion that generalizes the concept of an eigenvalue and eigenvector. This is the notion of the
spectrum of an operator denoted Spec{ﬂ} for some operator H[3] [1][16] [¢]. Given that we are
solely interested in self-adjoint operators, we will be narrowing our attention to the spectral theory
of self-adjoint operators. We warn the reader that our treatment will be a non-rigorous one. There
are four main kinds of infinite-dimensional self-adjoint operators that we shall be working with in this
thesis. Namely, those that are trace class, Hilbert-Schmidt, bounded and unbounded operators. Given
an infinite-dimensional Hilbert space 7 we will denote the corresponding spaces of bounded, trace
class, and Hilbert-Schmidt operators respectively as B (%ﬂ), 5% (%” ) and %% (%” )

B(A) = {ﬂ:%%%’ L) < oo} (1.15)

So() = {0 = o | \JTr {A} < oo} (1.16)

A1) = (A8~ 2 | Tr{ VAT < oo (1.17)
It is useful to note that
F(%”) Cﬂl(%ﬂ) CYQ(%”) CB(%”) (1.18)

where F' () are the finite rank matrices acting in .. Above, the map Tr{} is the trace of an op-
erator, which is equivalent to the sum of the eigenvalues of the operator being traced[16]. There
are two things that the attentive reader might have noticed. The first one is that there is no
mention of the case for unbounded operators in the list above. This is because, unlike the sets
B(%),f@ (jf), 5% (%),F(Jf) which are a special type of Banach space called a Banach algebra
[3], unbounded operators do not form an algebra, nor a linear space, because each is defined in its own
domain. The second thing one might have noticed is that there was no mention of compact operators.
Indeed the space of trace class operators as well as the space of Hilbert-Schmidt operators are families
of compact operators. However, we will seldom be needing the concept of a compact operator in any

greater generality than that of trace class and Hilbert-Schmidt operators.

Heuristically speaking, finding the spectrum of some self-adjoint operator in the infinite-dimensional
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case is paramount to finding objects ’s> so that the relationship
I:I’s> = u5’s> (1.19)

holds. The problem here is that in this case the objects |s> may not be elements of the Hilbert space
in question. They may belong to the space of distributions for example. e.g. consider the position

operator X. This is an unbounded operator which may satisfy an equation akin to (1.19). Namely,

A

X‘x> = m|x> (1.20)

where the objects |x> are Dirac delta distributions written in ket form, we will refer to such eigenstates
as generalized eigenstates; one might correctly guess that Spec{X} = R in this case. However, d(x)
is not in L? (Q) for any 2 C R, so it would seem that this relationship will not be too useful. However,
taking the physicist approach, one may write X = fR x’m><x‘dm (Spectral Theorem [3]), and noticing
that X" = fR x"|w><m|d:r one may therefore conclude that

efitxz/efitz|1:><x|dz (1.21)
R

Now, for an arbitrary |1/)> € L?(R) we may operate with (1.21) to get
e_itXW) = / e_im‘x><x’1/}>dx = / w(x)e_itz|a:>dx (1.22)
R R

which is just the L? (R) function e~%y(x). But this is what we expected since e~ X was evidently a
multiplication operator to begin with, and we can always write our sates as functions of x € Spec{f(}.
Another example from physics is the quantum simple harmonic oscillator (QSHO). Such a system is

described by the Schrédinger operator

X2 (1.23)

Although quite innocuous-looking, such an operator does not lend itself to exponentiation right away.
One needs to find its spectrum and associated spectral decomposition akin to what we saw in (1.21).

To do this we must solve an equation of the form

1 4, mw? 9
(%P + TX )|s) = msls)- (1.24)
Forgetting for a moment that the solutions for (1.24) are amongst the most widely known in quantum
theory, one must admit that solving this is no more straightforward than solving a differential equation.
We were lucky in the case of X7 where the spectrum was trivial to find. For the general case, some
clever methods must be devised; such is the case for the QSHO. Via clever manipulation of ladder

operators, it was discovered that H could be diagonalized with Hermite functions, also known as
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number states,

n) with respective eigenvalues w(n + 1) [6] [15] [10]. Where

=L (M et (i) (Hermite Functi 1.25

(x|n) = NoT <7) e n (Vmwz) (Hermite Functions) (1.25)
n_ z2 dr g2 . X

H,(z)=(-1)"e dx—n(e ) (Hermite Polynomials) (1.26)

With this in mind, we can now write

—it(ﬁf’z-&-m;"?f@) >

= Ze‘”“(""’%)’nxn}. (1.27)

e

Let us compare (1.22) and (1.27). Both operators are diagonal in a sense, with respect to their
eigenvectors and generalized eigenvectors. We know exactly how (1.27) and (1.21) act on any given
vector in their respective domains. What differentiates these two operators is the type of spectrum
they have. While Spec{f(} = R, we have Spec{ﬁf’2 + mT‘*PXZ} = {w(n + %)}zozo. The latter is
a set of isolated points while the former, R, is a connected set! These are cases of what is known
as absolutely continuous and point spectrum respectively. The spectrum of any self-adjoint operator

may be characterized by three subcategories.

DEFINITION 1.3.1 (THE SPECTRUM OF AN OPERATOR)

Let H be an arbitrary operator acting over some Hilbert space #; the spectrum of said

operator is the union of following complimentary sets.

e point spectrum of H = Spec,, (ﬂ) : The closure of the set of eigenvalues of H, ie.
Spec,, (ﬂ) is the set of eigenvalues of H (this is called the pure point spectrum [3]).

e continuous spectrum of H = Specc(ﬂ) : Consists of all scalars, A that are not

eigenvalues but make the range of H-)\a proper dense subset of 7.

e residual spectrum of H = Spec, (ﬂ) H - Al s injective but does not have dense

range.

It is important to note that all of the sets defined in Definition 1.3.1 are disjoint, whence the spec-
trum of an arbitrary operator F may expressed as Spec (ﬂ) = ﬁpp(ﬂ) U Spec,(H) U Spec, (H).
Note that for the case were H is self-adjoint Spec, (H) is empty [3]. Hence, when for self-adjoint
H, Spec (ﬁ) = %pp(ﬂ) U Spec,(H). There are indeed other ways to partition the spectrum of
a self-adjoint operator but we will stop at this for now, recommending to the interested reader the
discussion in chapter 9 of [4] for yet another partitioning of the spectrum using the notions of discrete
and essential spectrums. In Section 5.8 we will introduce yet another decomposition of the spectrum

that will involve two types of continuous spectrum, absolutely continuous and singular continuous.

Returning to the position operator X and the QSHO ﬁfﬂ + mT“’QXQ, note that for the latter case
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the equation

is a bonafide solution to the eigenvalue problem since the states ‘n> are square-integrable functions.

1 a0 mw2 &2 . 1
B X )n) = w(n+ 5)|n> (1.28)

Therefore it is clear that Specp{ﬁls2 + mT“’z)A@} is not empty. Furthermore, we mentioned earlier
that Spec{f(} =R, and we also mentioned that Spec{f(} = Specc{f(}. We will now shed light on

these claims.

First consider the operator X - A, we will not prove that the range of said operator is dense in
L? (R) but this can be shown. Let us act on some arbitrary ’¢> in the Hilbert space with X. The
result is (Jc — )\)w(x). We can always choose a (z) € L? (R) so that for a given ¢ > 0 we have
[(z — N ¢(z)||r2®) < ¢, e.g. by letting ¥(z) € {¢,,(x — \)}, where ¢,,(z — A) is a delta sequence cen-
tered at A we may pick an appropriate n that satisfies the desired bound € > 0. This, of course, entails
that <w’ (X — /\H) |1/)> may be made arbitrarily small, which in turn implies that <1/J|(X — )\]I)_1|1/)>
may be made arbitrarily large; making (X — )\]I)_l an unbounded operator. i.e. even though X has
no eigenvalues, it behaves quite singular in some sense. Now, using the fact that the range of X =)l
is dense in L? (R) this operator is basically singular in the entire Hilbert space. Since the latter may
be argued for any A\, we conclude that Specc{f(} = R. Furthermore, since self-adjoint-operators
have real spectrum we conclude that Spec{X} = Specc{f(}. Given that both the position operator
and the QSHO operator are unbounded operators, one might have suspected some similarities in the
nature of their respective spectrum; yet nothing is further from the truth! As our analysis of the
position and QSHO operators exemplifies, spectrum type need not be correlated to operator type in
general. For the general setting of unbounded and bounded operators, the latter holds true; however,
for the more specialized case of trace class and Hibert-Schmidth operators, it turns out that they have

only point spectra [3].

Much more can be said about the spectrum of self-adjoint operators and finding the corresponding
eigenvectors/ generalized eigenvectors but we will stop here for now. The hope is that the reader gets
a sense of the complexity invoked when working with operators acting on infinite-dimensional Hilbert
spaces. Not only is finding the spectrum of a given Hamiltonian computationally more daunting in
such a case, but in general, it is also very difficult to categorize the spectrum such a Hamiltonian
might have. There exist plenty of results in the literature of Schrédinger operators whose aim is to
categorize these sorts of operators based on the spectral properties afforded by their potentials; the

interested reader on these matters may consult [1] for a phenomenal exposition on this subject.

1.3.1 The Density Operator

Let us take a step back and rewrite the Schréodinger equation in a form that will be more practical
for the study of open quantum systems. Starting with a Hilbert space 7 and some Hamiltonian H
acting in S, we have been interested in the equation (1.1) i8t|wt> = ﬂ|wt>, the solution of which is
e’”ﬁ|¢0> = ‘¢t>. Let us now call p, := |¢t><¢t|- Taking the time derivative of this object one gets
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the following.

0ub, = (Ou]e)) (el + ) (90wl ) = L[ ) (] + [whe) (o |iFL = (1.29)
—ifp, + pyH = —i[H, p,]. (1.30)
Opy = —1 [ﬂ, p.] is called the Liouville-von Neumann equation (LV). The operator p, is an instance

of what is known as a density operator [J] (chapter 2), also known as a density matrix for the case
where dim{j‘f} < 00.

DEFINITION 1.3.2 (DENSITY OPERATOR)

Density operators are positive trace class operators with trace 1. This set forms a convex
subset of the relevant Banach algebra that they live in. Assuming that we are working in
some Hilbert space 7, we will denote the space of density operators acting in 72 as S(jf )

Positive in this context means that given some density operator p, and for any MJ) S

(¥]pl4) = 0.

For the case of closed systems the density operator starting off in a pure state at time ¢ = 0, i.e.
some |¢> in the relevant Hilbert space, has a corresponding time-evolved density operator p, which
is always a projector. We mentioned the trace earlier when defining trace class operators. The trace
is a linear operator which we shall be using frequently, therefore a detailed treatment is in order. We

begin with one of the more standard definitions of the trace.

DEFINITION 1.3.3 (TRACE)

Let 4% be some arbitrary Hilbert and assume that & € B (%” ) Furthermore, let {‘wn>}n be

any orthonormal basis of . Then the trace is defined as follows.

Tr{&} :=> (¢nl6[tn)

n

The value of the trace, assuming that it exists, is independent of the basis chosen.

Assuming that p, 6 € S (%) for some arbitrary Hilbert space ¢, and ’¢> € J, the following

list of properties are true.

1) Tr{ap+b6} =aTr{p} +bTr{é} (1.31)
2) Tr{p} = Z An(P) (Sum over eigenvalues) (1.32)
3) Tr{ps} = Tr{6p} (1.33)
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4) Tr{ép} < Tr{6}Tr{p} (1.34)

5) Tr{|e){(6|} = [(s]®)|" (1.35)

Assuming that we have a quantum system in state p, we may compute expectation values of an

arbitrary observable A as follows.

6) <A>ﬁ = Tr{ﬁA} (Expectation Value w.r.t state p) (1.36)
When a density operator is a projector we will call it a pure state, otherwise, it will be a convex
mixture of density operators & = > p,6,, &, are density operators and ) p, = 1. Such states
will be referred to as mized states. Mixed states of course live in the space S(%” ) Owing to their
projective properties, any pure state & will satisfy the the equality Tr{é'2} = Tr{é'}; on the other
hand, for a mixed states Tr{&2} < 1 [J] (Chapter 2). The map v(A) := Tr{A?}is known as the
purity [9] and it is one of many measures of mixedness for density operators. For any density operator

p acting in a finite-dimensional Hilbert space 7, the purity will always be bounded as follows.

1

G (] <Tr{p?} <1 (1.37)

Mixed states have a natural interpretation as a probabilistic ensemble. This comes about physically
when the system is known to be in, say, one of the states of a given ensemble {pn, 6'”} but there is

no definite knowledge as to which of these elements it is other than a probability distribution p,, [9].

The concept of mixed states may also be used to quantify the quantumness of a system in the
following sense. Consider a quantum system in the pure state p, = |1/)t><1/1t| at time t, and consider
a situation where we are interested in measuring some observable X. For simplicity assume that we
are working in a finite-dimensional Hilbert space and that the observable X has full rank. We may

then diagonalize X and use its eigenvectors {|¢n>}n to represent the density operator p, as follows.

P = an(t)ah, (t)|én)(dm. (1.38)

where a,(t) := <¢n’1/1t>- In the case where |1/Jt> is an eigenvector of X, say |¢)j>, (1.38) is equal to
|9;)(¢;| as expected. If we however assume that |¢;) is not an eigenvector of X, then in such a case
(1.38) will have off-diagonal entries in the {|¢n>}n representation. This structure will persist so long

as the system is described by a superposition state. To see this note that (1.38) is just

(1.38) = (Zﬂ:an(t)‘¢n>> (;<q§m|afn(t)> (1.39)

which is a diad of superposition states. The off-diagonal terms of the density are therefore an inherently

quantum feature, making the case where the off-diagonal entries are zero minimally quantum. The
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off-diagonal terms of the matrix will not be zero in general. In particular, under unitary evolution
(1.38) will always have off-diagonal entries. In cases, which we will be discussing shortly, where the
dynamics are not generated by a unitary group (1.2), the off-diagonal entries «, (t)a, (t) will decay

m

with respect to t. For large ¢ we would therefore have
> an()ag, ()| én)(bm| = Y lon(®)|én)(én] (1.40)
n,m n

which is a mixed state of a family of orthogonal projectors. Such a state represents a classical
probability distribution since the different states |¢n> are distinguishable amongst one another. Note
that there is no way to represent the right-hand side of (1.40) as a pure state. The mixture (1.40) is a
minimally quantum one with respect to the observable X. Mixtures need not be minimally quantum
in general, specific types of dynamics are required to achieve this. We have been using the term
quantumness in a vague sense up until this point, now that we have the tools to formalize what we

wish to convey with such a word we present a mathematical definition for quantumness.

DEFINITION 1.3.4 (QQUANTUMNESS)

Let 2 be an arbitrary Hilbert space and consider a general quantum state p € S (%”) A
general quantum sate p may always be written in the convex linear combination p = 3" pnp,,.

The quantumness of a density operator p will be defined as

‘% Zn Zm;m;ﬁn PanTT{ﬁnﬁm}‘ (Mw:ed ﬁ)
Q(p) = { (1.41)

L (pure p)

which is a representation-independent quantity. Indeed 0 < Q(ﬁ) < 1.

Quantumness may also be defined in terms of the purity v.i.e.

‘7 (B) = XY (Pn)| (Mized p)
Q(p) = { (1.42)

1 (pure p)

To make sense of the value of Q(p) = 1 for pure states consider the mixed state p, = %6’1 + %6’275,

with & a pure state and &5, := &ij:ﬁ (f) an arbitrary density operator). Then
. AN s A o 1 .2 ~ 0]
lim Q(p,) = lim ‘TT{UIO'Z&} = lim -—— (Tr{al} +€T7“{0m}>‘ = (1.43)
Tr{é3} =1 (1.44)

This means that pure states may be approximated by mixed states with quantumness arbitrarily close

to one. This is in line with our intuition of pure states being the most quantum-like. Now, consider
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the right-hand side of (1.40) again. In this case

Q(Zlan(t)l2\¢n><¢n|> :%‘Z > pnpm{<¢n\¢m>|2’: (1.45)

n n. mim#n

%‘Z > Papmbum| =0 (1.46)

n m;m#n

which is minimal quantumness as per Definition 1.3.4. Mixed states allow us to estimate the level
of quantumness in a system to the extent that we are able to express the state in question as a
mixture, which is always possible. Quantumness may be used as a measure of decoherence [12] which
is the theory concerned with studying the transition of quantum states to classical probability states
as noted in (1.40). The measure we have defined in Definition 1.3.4 allows us to study the latter
but in an inverted sense. i.e. minimal quantumness will correspond with maximal decoherence and

vice-versa. We now present a mathematical definition for decoherence.

DEFINITION 1.3.5 (DECOHERENCE MEASURE)

Let 5 be an arbitrary Hilbert space and consider a general quantum state p € S (ﬂiﬂ ) A
general quantum sate p may always be written in the convex linear combination p =" pnp,,.

The decoherence measure of a density operator p will be defined as
DK(p) :=1—Q(p) (1.47)

Indeed 0 < DK (ﬁ) < 1. Maximum and minimum decoherences occur when DK (ﬁ) =1 and
DK (p) = 0 respectively.

1.3.2 Trace for the Infinite-Dimensional s# Case

Let 4% be some infinite dimensional Hilbert space and let Kes (%ﬂ ) Therefore
Tr{K} = (¢n|K|on) < o0 (1.48)
n=0

since density operators are trace class, where {|¢n>}§ib°:0 = . Recall that trace-class operators have
only point-spectrum (eigenvalues). Therefore, if the set {’¢n>}$f:0 is taken to be the set of eigenvectors
of K , then

Tr{K} = i A (K). (1.49)

This sum produces no issues since the spectrum of compact self-adjoint operators is always absolutely

summable.

As we discussed in the previous subsection, calculating the spectrum of an arbitrary trace-class

operator is in general an arduous task. Here we would need an infinite amount of eigenvalues and

25



eigenvectors in order to calculate the trace. In some instances, however, the trace class operator K
will be an integral operator, and the theory of traces for integral operators has some useful results
that we may tap into. The following is a direct consequence of Mercer’s theorem from functional

analysis [30].

THEOREM 1.3.1 (COROLLARY TO MERCER'S THEOREM)

Suppose K (z,y) is a continuous, symmetric positive-definite kernel that is compactly sup-

ported; define
K:#— 4= ”(/J> — /}R/]RK(x,y)|x><y’¢>dxdy (1.50)

then
TT{R'} :/K(x,x)dx (1.51)

The way integral operators come about in closed quantum systems may be exemplified by the
following. Consider the case where J# = L? (R), and let |1/)><¢‘ € S(L2 (R)) . Let us now act on both
sides of |1/)><1/}| with the identity ( where we use some conventions from physics [6] Chapter 6) .

([ 1a)alde) o)l ( [ foalis) - (152

/ / 6 (@)6 ()| ) (| dady (1.53)

In function notation such an operator acts on an arbitrary function f(x) € L? (R) as follows.

) (W]« F(z) = b(z) /R ¥ () F(y)dy. (1.54)

In physics, assuming that the states 1(x) are compactly supported and continuous is usually physically
reasonable and more faithful to reality than otherwise. Hence, Theorem 1.3.1 is truly all we need for
the physical case. However, Theorem 1.3.1 was generalized by Brislawn to include a wider family of
kernels K (z,y); this includes any Hilbert-Schmidt Kernel [3], which will be our primary focus. This
means that we may work in the more general setting allowed by Brislawn’s results [417] and rest at ease
knowing that such generalities include the physical setting encompassed by Theorem 1.3.1. Rather
than cite all of the relevant papers that Brislawn published, the interested reader is recommended to

consult [17](Addenda D) for a succinct discussion and detailed list of references.

1.4 Open Quantum Systems and the Partial Trace

The point of departure from closed to open quantum systems takes place when one assumes that
the system of interest, which we will refer to as S, is interacting with another system/ other systems
which we will call the E* for the kth systems. We use the letter F to emphasize the dichotomy
between System and Environments. The total dynamics of the system S and the environments E*

will not be our focus, but rather the local dynamics pertaining to S. To treat compound quantum
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systems, one must construct bigger Hilbert spaces. i.e. let 5 and %« all be arbitrary Hilbert spaces
and let pg € S (%”S), ﬁEk €S (%”Ek) (This superscript and subscript convention will make things
easier to organize later). Furthermore assume that H,,; is a Hamiltonian acting in A5 ®Q), H .. The

Liouville-von Neumann equation (1.30) then has the following solution.

o~ itHior (ﬁs ﬁEk)eitI:Ito,«, (1.55)
k

In principle, the state (1.55) contains all information about the state of the system S and all environ-
ments E¥ after time evolution. In the case where some scientist conducting experiments on S has no
means by which to measure the properties of the E*, such a state (1.55) includes more than can be
known. The state of the object the scientist is observing might live only in 7%, but due to the lack
of knowledge regarding the correlations of S to the E* the state of S will now evolve in a non-unitary
fashion since information and energy and perhaps other things might be traded between S and the

E* as time evolves. If the E* are large enough, such an evolution may become irreversible!

How does one isolate the local dynamics pertaining to the system S? The answer is simple, we
take a trace! But not over all of .73 (%’fg Q) %”Ek), we trace only over the stuff we cannot physically
track, in this case, this is 5”1(®k %Ek) This brings us to the definition of the partial trace. We
write the definition in a way that is suggestive of the models we shall be working on.

DEFINITION 1.4.1 (PARTIAL TRACE)

Let s ® @, k= be some arbitrary tensor product Hilbert space, and assume that & €
B(% ® Qy %”Ek) Furthermore, let {|¢Ek>}n be any orthonormal basis of #%x. Then the

partial trace over B(.#z) is the linear map
Trow: B( s © Q) Hiwn ) > £ (Hs 0 Q) Hi )
k kAL
defined as follows

Tr{s} =Y (oF|6vE")

where Z() refers to the space of linear operators acting in . The value of the partial

trace is independent of the basis chosen.

If we specialize the partial trace to only the space S (4%”5 Q) %”Ek), then all of the partial traces

will exist and will be once again density operators.

Why the partial trace?

To assure ourselves that the partial trace is the appropriate mapping to use in the deduction of the

local dynamics consider an arbitrary observable Ag acting in ##%. There is a natural embedding of
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such an observable that extends it to the space of observables acting in 775 ® ®ka1 g .

Ng
As— As @ Qg (1.56)
k=1

where I« is the identity operator of B(#7%). Viewing Ag ® ®ka1 Ik as an observable acting in the
total Hilbert space % ® ®£I:El HEr one can obtain the expectation value using the total system’s

density operator using (1.36) as follows

NEg

- TT‘S{TTEl {TE2 {...{TTENE {ﬁSE (As 2 &) HEk) }}}}} (1.57)

Ng
<AS ® ® I > .
k=1 Pse k=1
In the usual closed quantum systems setting there are no correlations assumed between S and any E*
in the universe. The total state pgy must therefore be a product state; for the readers knowledgeable
of quantum entanglement we briefly comment that an uncorrelated state is forcibly unentangled,
quantum correlations being more general than entanglement (see [45] chapter 4). Hence, pgp has the
form pg ® ®5€le Ppr, with pg € B(#%), ﬁEk € B(#%~). We now compute (1.57) to obtain

trol T {Teo {Trps {0 @pp (Aso @) I = (9
k=1 k=1

TTS{TrEl{TEQ{...{TrENE {ﬁSAS ® (%E)ﬁm}}}}} = (1.59)
k=1

Ng
Trs{,sSAs} [[Tre{pp} = Trs{,sSAS} - (1.60)

k=1
<ﬁSAS>A (1.61)

Ps
We, therefore, conclude that

Ng
AsoX)1 = {psA 1.62
< s g Ek>ﬁSE <ps S>ﬁs ( )

Meaning that the information needed to compute the statistical properties of some observable in S

are completely contained in the reduced density operator

TrEl{TE2{...{TrENE {ﬁs®(1§ﬁm}}}} - (1.63)
k=1

In this discussion, we have assumed a tensor product structure for the environmental degrees of
freedom, this was not a technical assumption, however. We may arrive at the same conclusion (1.62)

without the latter assumption via an identical approach.
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Non-dynamical example

To understand the effects of the environments E¥ on measurements being conducted in S, let us
take the environment to be a single E in the state ﬁE € S(%”E), where 7% is an arbitrary Hilbert
space. Let us assume that the sate f)E is diagonal with respect to some basis {‘EZ>}1 Finally, let
us assume that the state of S is pure, namely |1/)><w|, for some vector |1/1> € Hs ( an arbitrary
Hilbert space). Consider an observable X with countable Spec{f{} which is all point spectrum, and
associated eigenvectors {‘771>}1 that span J¢5; for the case where 75 span will of course refer to the
closure of the span of {|771>}7 We may represent |1/)><z/1| in such a basis as ), Zj a;a ‘77¢><17j |; where
;= <77i|1/1>. Furthermore, consider a state pgp € S(%”s ® %”E) with the following representation.

Psg = Zaia;|77i><7]j| ® |Ei)(E;|- (1.64)

2%
Such a state is non-separable, i.e. it may not be written as a tensor product pg® py where pg and pg
are respectively elements of S(.#%) and S(#%); such a state (1.64) therefore describes correlations
between S and E. As before, given some local observable Ag of s, we would like to compute its

statistics; starting with the expectation value. The density operator we need is the reduced state of
(1.64). i.e.

Tridpsp} = Tre{ 3 awojln) (| @ | B (B || = (1.65)
Zaia;TrE{|Ei><Ej]}|m><77j} = Zaia;@ﬂmﬂm’ = (1.66)

Z il |7i) (i | (1.67)

This is a noteworthy result for two reasons. First, the resulting density operator is diagonal. Taking the
partial trace over the perfectly distinguishable environmental degrees of freedom has induced minimal
quantumness (Definition 1.3.4) and therefore maximal decoherence (Definition 1.3.5). Second, at the
risk of being redundant, one should remark that the resulting density operator is a mixed state in
spite of |1/J><w| having been pure to begin with. It is the correlations with E and our ignorance of the
information of the state of E that induces maximal decoherence and leaves us with a state that is de

facto a classical probability distribution.

1.5 Environmentally Induced Non-Unitarity

We have seen that the correlations between some quantum system S and its environmentsFE*
are the source of decoherence. The imminent question is now, how do such correlations arise? To
shed light on this question consider once again a total Hilbert space 5 ® #% and let fltot be some
Hamiltonian acting in such a Hilbert space. Since we are only interested in the creation of correlations,
as opposed to the time-evolution of pre-existing correlations, we will narrow our attention to initial
states Ppgp, € S(Hs ® Hp) that are separable. ie. pgp = Pg, ® p™°. The time-evolution operator
—itF ot

obtained from solving the LV equation (1.30) in such a case is U,=e . The local time evolution
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of the open quantum system S is hence
ps, = Tre{U.(ps, @ p™)0}}. (1.68)

Now, assume that the environment E is in the diagonal state p=° = > | Ey) (E;]; this assumption
does not affect generality since one can always use the invariance of the trace under unitary trans-
formations in order to diagonalize the state ﬁEO, such a diagonalization will, of course, change the

representation of Fyo. The state (1.68) can now be expanded as seen below.
Trp{0, (,350 ® Zai|Ei><Ei\)fJI} (1.69)
=" Va5 04 (s, © 1B (B:]) OF | 2;) v/ = (1.70)
P

=222 000 V(B[ Oul i) (B (s, ® 1B [B)(BO] By var = (171)

i
ZZ;XZ: Vai( B 0| ) (s, (Ex [ ENE| B1) ) (B[ OF | B ) v/ = (1.72)

i
> Zk: zl: Vai(E; |0, Ey) (ﬁso5ki5z‘l> (Bi|O|E;)v/ai = (1.73)

i g

ZZ\/071'<Ej‘ﬁt|Ei>ﬁso<Ei|ﬁI‘Ej>\/OTi (1.74)

The operators
Mj. ¢ = \/072<Eg|ﬁt|Ez> (1.75)

have some interesting properties. The first is the resolution of identity in the following sense.
SO = T (1.76)
i J

Proof.

Z Z l\A/IIj7t1\A/I¢j,t = Z Q5 Z <El|ﬁI|Ej><E]‘fjt|El> = (177)
i J

K3

(3

SB[ O]Is © (3 [E,)(B)| ) 0| E:) = (1.78)

Z%<Ei{sz]ls ® 150 E;) (1.79)
Zai<Ei’]Ig®]IEfEi> :]ISZa,; =g (1.80)
O

The second interesting property is that the operators I\A/Iij (t) will, in general, generate non-unitary

evolution; with the exception of very special I:Itot, these maps will induce decoherence. To see this, let
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us specialize the above to a simple case where the Hamiltonian ﬂm = As ® ZZ EZ’EZ><EZI Where

Ag is an observable acting in J#s. With such a Hamiltonian it can be easily shown that

Mij,t = \/aiefitEiAs&;j (181)
and hence
(1L.74) =) > aie "FRsG;pg B As g = (1.82)
i g
Z aiefitEiAsﬁSO oitBiAs (1.83)

The density operator (1.83) is mixed for all ¢ ( unless [AS, ﬁS(O)] = 0). This means that the purity
of pg, will not be preserved and thus the non-unitarity dynamics. For all ¢, the operators {I\A/Iiﬁ}ij
are an instance of what is referred to as a family of Kraus operators in the literature of quantum
information and quantum computation[9] [15]. Non-unitary evolution will always be generated by a
family of Kraus operators. The maps generated by a family of Kraus operators are what is known as
a Quantum Map in the theory of quantum information and quantum computation [9] [45], a concept
that we will develop further in the following chapter. The hurdle that comes from this approach to
the modeling of open quantum systems is two-fold. Firstly, one must compute the inner products
l\A/Iij_yt = <EJ|IAJ,5|E1> Secondly, assuming that the explicit nature of the map l\A/IiM is known for all
ij, it will remain a difficult task to understand how these operators act on pg, from the left and from
the right. Both of these aforementioned hurdles will require us to understand the spectral decompo-
sition of the operator ﬂwt in order to understand the explicit nature of Ijt; a task that we concluded
to be in general intractable earlier in this chapter in sections (1.2) and (1.3). All hope is not lost,
however, formidable estimation techniques may be implemented in order to tame these hurdles. For
the cases where the environment F is very large compared to the systems S, one may implement the
so-called Born-Markov approximations [17][12][45] that yield a relatively wieldy equation called the
GKLS (after its creators Gorini-Kossakowski-Sudarshan-Lindblad) [15] that generalizes the LV equa-
tion for the case of the non-unitary dynamic generated by a semigroup. Such an equation allows an
indirect estimation of the associated Kraus operators. We present the GKSL equation here, although
the models pertaining to the main results of this work will not require us to utilize GKSL equation

in any practical sense other than to exhibit some physical examples of non-unitarity in the next section.

Let the total Hamiltonian ﬂtot have the following structure.
H;,: = Hs + Hp + H; (1.84)

i.e. it will be a linear combination of the self-Hamiltonians of S and E respectively as well as an
interaction term H;. Under necessary assumptions required by the GKSL [17] framework one may

transition from (1.74) to the following; i.e. (1.74) is a solution to an equation of the following form.

. TR A £ oA ot Llfere o
Ops, = —Z[HS7PSJ + Z%’ (LiPsth - i{LjLiaPstD (1.85)
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This is the GKSL equation, the operators L, are referred to as collapse operators with respective
rates ;. The elements involving the collapse operators on the right-hand side of (1.85) will constitute
the non-unitary dynamics. These collapse operators will induce dissipation and decoherence. The
Liouivillian term—i [I:IS, 0:pg,] will induce the unitary self-dynamics of the system S. Equation (1.85)
was originally developed for the case of bounded collapse operators in [48] but recently it has been
formalized on equal theoretical grounds for the case of unbounded collapse operators in [49]. In the
next section, we will show some physical examples of non-unitary evolution, two of which will arise

from solving the appropriate GKSL equation.

1.6 Physical Examples of Open Quantum Systems

Quantum mechanics is a theory of matter which is more fundamental than the classical theories
afforded by Newtonian dynamics and Maxwell’s equations. Quantum mechanics is therefore the
correct theory to describe anything around us. In this sense, everything is a Quantum Open system
because everything we deemed to be a system will sit within a larger system. If the latter were not
to be the case we would inevitably have to face the Heisenberg-Cut dilemma [34] which asks "where
does one draw the boundary between the classical and the quantum?'. Classical beings nevertheless
exist in a realm where so-called quantum effects may be negligible and classical mechanics is enough
to aid us in understanding our environment. However, recent interest in technology which is on the
Nanoscale has functioned as the impetus of a deeper interest regarding the non-unitary (open systems)
dynamics of quantum mechanical systems. Some Quantum computers constructed by IBM [35], for
example, are built from tiny Quantum circuits which are highly susceptible to minuscule disturbances
coming from its entourage. In order to truly understand these Quantum circuits and their dynamical
properties, a strong understanding of the non-unitary evolution must be taken into account and this
requires us to consider the quantum system as open. The latter is also true for any system; as the
size of the system becomes smaller the necessity to include interaction terms between the system
and its environment becomes greater. We will give three examples of open quantum systems in this
section. The first will be the spontaneous emission of a two-level atom. This model exemplifies both
dissipative and decoherence effects via the study of an atom, initially in an excited state, interacting
with the vacuum. One expects that owing to the vastness of the vacuum compared to the smallness
of the atom, the atom will emit a photon and lose its energy to the vacuum. Such a physical system
therefore cannot be modeled via the unitary evolution afforded by the LV equation. We will therefore
make use of the GKSL equation appropriate for this system in order to study dynamics that are
more physically grounded. Next, we will look at another one of the canonical models of decoherence,
namely scattering decoherence. This model will be used to exemplify the fact that decoherence need
not be accompanied by dissipation whilst dissipation is always accompanied by decoherence. The
model will consist of a mesoscopic-sized sphere being bombarded by a field of monochromatic light.
We will see that under a very short time scale, virtually full decoherence takes place. The last
model we will present will be a monitoring model akin to the main item of study in this thesis (see
Chapters 5 and 6). Here we will study a multipartite/multifaceted (we will use both of these terms

interchangeably) open quantum system model. Up until now, we have considered S to be one entity;
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the formalism we have developed nevertheless allows for pg, to be a separable tensor product state
at t = 0 (multipartite/multifaceted). We may also evolve this multipartite state non-unitarily by

considering dynamics between this multipartite system S’s state and some environments E*.

1.6.1 Spontaneous Emission

Consider a two-level atom coupled to a bath in the vacuum states. Such a system may be modeled
with % = C? and #% = L? (R) for the system S and the environment E respectively. We will let
the total Hamiltonian modeling the dynamics be that which is used in [15] chapter 3. i.e.

A Wa ~ g r PN A .
Hio = 516+ ; wib] by + Xk}gkbk +gkb})(6 4 +6-) (1.86)

For an introductory synopsis on spin algebras for the two-level system and/or the ladder operators of
the quantum harmonic oscillator being used here, we recommend the introductory quantum textbook

[6]. The respective GKSL equation of such a model may be computed to be

. —1i A A A 1A
Oips, = — (Wa + Awa)[6, ps,] +7DI6-1Ps, - (1.87)

where D[6_](p) = 6_p64 —1(6,.6_p+p6.6_), [15] for a derivation. & is an element of the Pauli
matrices. The constants Aw, and + depend on the environmental frequencies wy and the coupling
parameters gi. Letting ’O>, and ’1> be some basis for C2, the Pauli matrices will have the following
representation.

&, =[0)(1] +[1)(0] (1.88)

(
&, = i|0)(1] —i[1){0] (1.89)
&. = [1)(1] —[0)(0| (1.90)
(

5, +i6,) (1.91)
& =26, —ib,) (1.92)

The operators b and b' are the ladder operators for the QSHO discussed in (1.24) and have the
following properties for an arbitrary number state |n>

b|n) = vn|n — 1), b[0) =0 (1.93)
bi|n) =vn+1|n+1) (1.94)
We now solve (1.87). The most general form a the density operator pg, € S((CQ) can take is
N 1 ~ . A
Ps, = 5lls +a(t)Ga +y(t)&y + 2(8)5] (1.95)

Coherences (off-diagonal entries) are present because of the &, and &, terms. We will therefore be

able to monitor decoherence by analyzing the functions z(t) and y(t). The scalar functions z(t), y(t),
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and z(t) are computed in the following way.
o O2(t) =Tr{6.0ips,}
o Ouy(t) = Tr{6,0:ps,}
o Qux(t) =Tr{6.0:ps,}

Using the GKSL equation to substitute for %ﬁst and pg, using (1.95) and the above differential

equations for z(t), y(t) and 2(t) we have
o« O2(t) = —y(2(t) + 1)
 Oy(t) = (Awa)z(t) — 3y(t)
o Ox(t) = —(Awa)y(t) — Fa(1).

Assuming that the atom is initially in the excited state, i.e. x(0) =0, y(0) = 0 and 2(0) = 1, we get
the following solution to (1.87).

o 2(t) =2 -1
o y(t) = —e 7 sin((wq + Aw,)t)
o 2(t) = e % sin((wa + Aw,)t).

The solution to the GKSL equation in the spontaneous emission case is therefore the following density

operator. )
ps, =e 11|+ ! _QF Lo sin ((wa + Awa))[1)(0]+ (1.96)
! ; L~ sin ((wa + Awa))[0)(1] + (1 —e77*)[0)(0| (1.97)

Notice the exponential decay! This was to be expected! Also, notice the decoherence, i.e. DK(pg,) —
0 as t — oo (using the decoherence measure defined in Definition 1.3.5). The off-diagonal entries
decay as expected. In the limit ¢ — oo this state converges the ground state |0><0’ A caricaturistic
depiction of this setting is exhibited on the following page (Figure 1.1). Notice that had we ignored any
interactions with the vacuum, the two-level atom would have evolved unitarily via the Hamiltonian
Hg = % However, due to the initial state being ‘1><1
excited state is an eigenvector of the Pauli matrix & .

, there would be no dynamics because the
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Figure 1.1: A caricaturistic depiction of a single energized spin in a bath of oscillators. The vast bath of
oscillators greedily yearning for the energy hw of the spin system. Greatly outnumbered and outmatched, the
spin system has no choice but to give up its energy. Artwork by Timothy Martinez @timbosculpt.
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1.6.2 Collisional Decoherence

Let ‘m) represent the generalized eigenvector of the position operator X of a mass point of some
mesoscopic object (system) S, |E> will represent the state of a scattered particle or particles (envi-
ronment) E. We will consider a simple case where the system S is large enough that it experiences
no recoil from the scattered particles constituting the environmental degrees of freedom E. Some
examples of systems with no recoil would be large molecules, dust particles, or even something like
a bowling ball scattering photons (although describing a bowling ball with quantum mechanics is
rather tenuous). The photons in all of these cases will have virtually no effect on the trajectory of
the systems due to the size disparity between the systems in question and the scattering particles;
a recoilless approximation is therefore appropriate. The recoilless scattering dynamics will now be

summarized by the appropriate S — matriz (scattering matrix) as it is done in [18] [12].
|2y @ |E) & |2) © |E,) = |2) © S, | E). (1.98)

The S — matriz, S, is a unitary operator that maps some initial state of incoming particles, say
photons, to the final state (scattered state). The nature of the S — matriz will indeed depend on the
type of particles being scattered off the center x, the type of particle doing the scattering, the forces
involved, and the initial velocities; the details regarding generalities of S — matriz theory lie beyond
the scope of the present discussion so we will omit them referring the interested reader to the relevant
discussion in [18] [12]. In [18] such a scattering setup is considered in order to compute decoherence
time scales for mesoscopic systems. There, an arbitrary wave function of the total system S and E
evolves as depicted below, for S in the initial states ¢(z) € L?(R) and E in the initial state |E) € 5.

([o@ln)izeiEr b [o@le) @ 8,18, (1.99)

the associated time-evolved density operator is therefore

[ [ e @l @ |E) (5| dody. (1.100)

The reduced density operator may be easily computed to be

TTE{//¢(x)¢*(y)|x><y| ® ’Ex><Ey|dmdy} = (1.101)

[ [ @ wlaolrre{| £, Yty = [ [ 6@ @B |E) o) sldody. (1102

The kernel <Ey |Ez> will yield non-unitary dynamics, the nature of which will depend on the properties
of the particles being scattered; this includes the state of particles at ¢ = 0 amongst other things.
If the initial state of E belongs to the subspace associated with the absolutely continuous spectrum
of S,, then in such a case the kernel <Ey|Ew> will only yield decoherence (See section 5.8). More
generally, if the initial state of E' belongs to the subspace associated with the Rajchman [58] spectrum

of 8, then once again we will only see non-unitary dynamics involving decoherence (See Section 5.8).
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The latter details will be formalized in Chapter 5, for now, we will focus on the physically derived
case where <Ey|Ez> is a function that becomes small as |z — y| becomes large; this follows from the

relevant discussions in [18] [12].

Photon scattering, Long-Wavelength limit

Let us fix z and z’ for the moment. Assume that E are environmental photons and S a sphere so
massive that it undergoes no recoil when scattering photons; if the wavelength of the incoming photons
satisfies A >> |z —a'|, then a single scattering event will not resolve the distance |x—2'| i.e. coherences
of distances on this order will not instantaneously disappear. They will decay exponentially. Using

photons restricted to the above condition it can be shown [18](other zeh and joos paper) that
(E|8],8,|E) ~ e M=)’ (1.103)
for n photon scattering events, where the term At depends on n. i.e. the number of scattering events
n is directly proportional to t. The relationship is the following, t = #ﬂm, L is the length used to
normalize the momentum wave functions [18]. The termA is the scattering constant, it represents the
physical properties of the system-environment interaction. This constant is proportional to the size of
the systems, i.e. a bowling ball will have a A that is significantly greater than the A of a dust particle.

Details regarding the computation of A may be found in [18]. In the density operator representation,

we can summarize the dynamics for the state of the systems ¢(z) € L? (R) at t = 0 as follows.

Ps, = //¢(x)q5*(x')‘x><x’|dxdyi)ﬁst = //(b(x)qb*(x')e_“(x_z/)z’x><x’|dmdm'. (1.104)

In Figure 1.2 on the next page, we present a fun caricaturistic interpretation of this model.

Focusing on the kernels, the time-evolved kernel is.

2

Ks(w,a',t) := ¢(x)¢" (a)e M=) (1.105)
A time derivative of the latter yields the differential equation
0 Ks(z,2' 1) = =Nz — ') Kg(x, 2, t). (1.106)

Which is equivalent to the following density operator equation.

A

aibs, = —A[X, [X, pg,]] (1.107)

This is indeed the nonunitary part of the master equation of the recoilless scattering model. As
evidence, look at the kernel 1.105. It is clear] that the off-diagonal entries are decaying exponentially
(i.e. @ # ). If the latter is not a satisfactory argument, one may compute the purity of pg, to find
that it is less than 1 for ¢ > 0, unfortunately computing DK (Definition 1.3.5) is not an easy task in
this case; it may nevertheless be done.

Tr{ps,} = (1.108)
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Figure 1.2: A caricaturistic depiction of collisional decoherence. The superpositional nature of the large
oscillator is suppressed by the interaction (via elastic scattering) with the smaller environmental oscillators.
Artwork by Artwork by Timothy Martinez @timbosculpt.

1 [ [ [ [ ot e e )66/ 0 o) (o) e’} = (1100
Tr{///¢(x)¢*(x/)e_At(z_wl)Z(b(m/)éﬁ*(y/)e_At(ml_y/)Q|17><y/|dxdm/dy/} _ (1.110)

/ / 16(2)[2]6* (/) [2e= 2022 4! — / / Ks(@, 2, 0)2e M= o’ <1 (L111)

where we have used the generalization of Theorem 1.3.1 discussed in [17] when going from (1.110) to
(1.111). The exponential term damps the integrand in the latter. Hence, for large ¢ the integrand
approaches zero and therefore y(pg,) = Tr{ps, } — 0.

Since the scattering process does not affect the trajectory of our system particle we may include

the intrinsic dynamics ﬁs = ﬁfﬂ into the latter equation to render the full master equation
A . 1 4 2 A < oA
ps, = —i[5-P% ps,] — A[X, [X, ps,]] (1.112)

Notice that the position operator X above is the only collapse operator. Values for A are given in
Table 2.1 for two differently sized dust particles undergoing scattering interactions with varying envi-

ronments. Table 2.1 has been taken from [18] chapter 3.

Prior to scrutinizing equation (1.112) further, let us refocus our attention back to the case where
there is no self dynamics for the system ﬂs; this encapsulates the non-unitary dynamics pertaining

to the recoilless processes. As expected, the recoilless aspect of this interaction means that there is no
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Table 1.1: A in em 25! for two sizes of "dust particles’ and various types of scattering processes
evolving according to (1.112). This quantity measures how fast interference between different positions
disappears for the long-wavelength limit. The figure is taken from [18] chapter 3 page 66. CBR below
is an acronym for cosmic background radiation.

Environment A for dust grain, 1073c¢m | A for dust particle, 10~%cm
CBR 108 106
300k photons 101? 1012
Sunlight on earth 102 1017
Air molecules 1036 1032
Laboratory vacuum 10% 1019

dissipation; but as we have already mentioned, this does not mean that decoherence is not present.
We have already elucidated on this comment by computing the purity of the evolved state in (1.108),
however, to further illustrate the effects of decoherence let us take a generic state for some mesoscopic

system to be in a simple superposition at ¢ = 0 as is done in [18] chapter 3.
¢(x) = Nye~(#=0)" 4 Nye~(#=02)° (1.113)

Such a state characterizes a typical non-local state of matter. Assuming that our sphere S is in such
a state, we can study the decay of the "off-diagonal" lumps of the associated density operator’s kernel
after scattering has taken place for an amount of time ¢. In Figure Figure 1.3 below a depiction of
the time evolution of this Gaussian superposition (1.113) is provided. Figure 1.3 is taken from [18]
chapter 3. Note the decaying in the off-diagonal entries Kg(z,2’,t), in particular those belonging to
the off-diagonal lumps. A decoherence time scale may be defined as 7o, := m, Az = |z—1'|, this
encapsulates the rate at which decoherence takes place. Smaller decoherence time scales correspond
to larger separations Ax. The larger the particle is, the larger A is, and therefore the smaller 7o, is for
a respective Az. Notice the differences in the values for A of dust particles of diameter 10~2cm and
10~%cm presented in Table 1.1. In contrast to A, it was shown in [31] that the 7, in units of seconds,
pertaining to the case of the larger dust particle are at least four orders of magnitude larger than the
corresponding values pertaining to the smaller dust particle. In Table 1.2 a single size for dust particles
is selected, this time login in values of 7a, for a fixed value of Az. Notice how fast these coherences
dissipate, even a vacuum would decohere any positional coherences of sizes comparable to the size
of our particle S in 107 seconds, and these are decoherence time scales for a dust particle of size
10~3em. Decoherence time scales for objects much larger, or much more classical, would be many or-
ders of magnitude smaller. This is consistent with our day-to-day classical world experiences, in which
we never perceive any macroscopic object or mesoscopic object to be in a superposition; although the

superpositions exist in theory, their lifespans are too short for us to perceive them with the naked eye.

Let us now return to equation (1.112) which more generally describes the dynamics of a free particle
undergoing scattering interactions with some bosonic environments. As we already showed, the non-

unitary term will dissipate the off-diagonal terms of the density operator pg, as time progresses; the
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Table 1.2: 7a, is seconds for a large dust particle, Az is equal to the diameter of the particle, and
various types of scattering processes. This table is taken from [12] chapter 3 page 135.

Environment ‘ Taz for Dust grain, 10 3cm
Cosmic background radiation 1
Photons at room temperature 10718
Best laboratory vacuum 10714
Air at normal pressure 1031

Figure 1.3: From Schlosshauer’s paper "Quantum Decoherence" 2019. Collisional decoherence of a density
matrix representing a Gaussian wave packet as generated by equation (1.107) with the initial state (1.113).
The images a) and b) represent |Ks(z,z’,t)|* before and after decoherence respectively.

unitary evolution term —i [%fﬂ, ﬁst] from (1.112) will then be respounsible for the free spreading of
the wave packet. It can be shown that the free particle Hamiltonian has the effect of spreading localized
wave packets in z ([6] chapter 6) into highly unlocalized ones. As seen in figure 4, a symmetric Gaussian
initial state will become flat in the off-diagonal entries + = —z’ and will extend along the diagonal

2 = 2’ which represents the probability distribution of our particles position P(z,t) := Kg(x, z,t).

Short-wavelength limit

If the wavelength of the scattered environmental particles is much smaller than a coherent separation
Az = |z — x/|, then these environmental particles can resolve such a separation in a single scattering
event. This in turn leads to maximum spatial decoherence per scattering event [12] [18]. In this limit,

the decay of the coherence terms of the density matrix will not depend on |z — 2’|, instead we have
Kg(x,2',t) = Kg(x,2',0)e ot (1.114)

where T’y is a global decoherence rate. (1.114) should not come to us as a surprise since we have

already seen it when dealing with spontaneous emission.

For both, the long-wavelength and short-wavelength limits of scattering decoherence there is one
conspicuous property of the time-evolved states. This is the narrowing that takes place along the
diagonal (z = ') of the respective kernel. Were the off-diagonal entries to truly vanish completely

this would imply that full decoherence with respect to the position basis had taken place. However,
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as the collisional model of decoherence exemplifies, energy is needed to induce decoherence; te energy
in this case is expended by the colliding photons. Recalling that ¢ was directly proportional to
the number of photons scattered one may deduce that it would take infinite energy to induce full
decoherence (i.e.an infinite amount of time). Furthermore, excluding the self-dynamics of the system
S and the photonic field E leads us to overlook any coherences that might ensue dynamically from
the latter. If one were to take a much more descriptive model, one that included the self-dynamics of
both S and E, then one would not see the indefinite narrowing along the diagonal of Kg(x, 2’ t) as ¢
became arbitrarily large; in lieu of this one would see a steady state solution to the master equation
arise, one with a limiting narrowing along (z = ') which is referred to as the limiting coherence
length. A study of such models may be found in [32][33]. For many mesoscopic physical systems
which scatter light, the decoherence time scales are so small that one may simply introduce a cut-off
time 7' comparable to the decoherence time pertaining to any resolvable coherences; within such a
time domain the decoherence dynamics will be approximately faithful to the actual dynamics so long
as the self-dynamics of S and E are much slower than the dynamics induced by decoherence. In order
to further motivate the collisional decoherence model we will present the Quantum Brownian Motion
[31] in what follows. We will not be solving this model nor discussing its limiting decoherence length

here.

Quantum Brownian Motion

Possibly the most celebrated decoherence model is Quantum Brownian Motion (QBM). This is
a model describing the dynamics of a particle weakly coupled to a thermal bath of non-interacting
harmonic oscillators. The self-Hamiltonian of the environment being a linear combination of QSHOs
(1.23)

1 A 1 A
Hp = Z(2mi P} + gminZQf), (1.115)

where m; and w; are the mass and natural frequency of the ith oscillator while QZ and 13,- denote the

canonical positions and momenta operators. The interaction Hamiltonian is taken to be

Hy :X®ZCiQi7 (1.116)

a bilinear coupling of the system’s position X to the positions Q; of the environmental oscillators.

Finally, it is assumed that the system (the particle) S will have oscillatory self-dynamics. i.e

1
Hs = ——

N 1 ”
= 2MP2 + §M(22X2, (1.117)

where M is the mass of the particle and 2 is its natural frequency. Using the Born and Markov
approximations as well as some approximations analogous to what was done for the case of spontaneous
emission (see [12] chapter 3 and [18] chapter 3 )it can be shown that the corresponding Master equation

is the following.
N 1 ~ ~ N A
Oups, = —i[Hs + 5 MATR, pg | —iv[X, (P, ps }] - D[R, [X, b5 ]| -/ [X. [P s ] (1118)
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Following [31], we present below a list defining all of the constants present in such a master equation

where J(w) is the spectral density of the environment.

« v(7) = ;7 dwJ(w) coth(5725 ) cos(wT), noise-kernel.

e (1) = [y dwJ(w)sin(wr), dissipation kernel.

o AZ=—2 [Fdrn(7)cos(Qr), the square of the shifted natural frequency of the particle.
7= fooo drn(7)sin(Q7), damping rate due to dissipation effects.

« D=+ fooo drv(T) cos(QT), scattering constant analogous to A in the previous section.

o f=—15 fooo drv(7)sin(Qr), also represents decoherence but usually negligible, especially at
high temperatures.

It can be shown that dispersion in position may be given by (AX)%(t) = ﬁ [12] [31] [18]. The
ensemble width AX(t) (the variance of the operator X with respect to the state p s,) therefore scales
asymptotically as v/t which is the scaling behavior seen in classical Brownian motion, hence the
name QBM [31]. Notice that in the regime where dissipation affects, v, and low-temperature effects,
f, may be neglected (1.118) is approximately the collisional decoherence master equation seen in
(1.112), but now with a QSHO self-Hamiltonian for the system S. However, if the mass of the S
is large enough, then Hg may be approximated by a free-particle Hamiltonian. We, therefore, see
that collisional decoherence (1.107) is just a special case of the QBM model (1.118). It is in this
sense that the interaction von Neumann (quantum measurement regime [31]) interaction Hamiltonian
H =X® > cvai, which will be the regime of focus for the main work in this thesis, is seen as
physically viable. i.e. in the sense that H, ~ ﬂtat, where H,,; is the total QBM Hamiltonian for

appropriate time domains.

1.6.3 Multipartite Open Quantum Systems

Let 55 ® ®iv:1 Hgrx be some arbitrary tensor product Hilbert space. Let us consider a separa-

ble density operator as the initial state of some multipartite quantum system evolving in S(ﬁfs ®
®sz1 Hr ), namely
N X N
p=ps, ®R) " € S(Hs & R Hpn). (1.119)
k=1 k=1

Here we consider a quantum system S interacting with N macroscopic environments E*: we write
the subscript 0 in Ef in order to emphasize that this is the initial state of the kth environment E*,

similarly, we use the subscript Sy to highlight the initial state of the system S. We will assume that

the time evolution of (1.119) lies within the quantum-measurement limit regime [31], i.e. H,,, ~ H;.,.
Let us assume a von Neumann type interaction Hamiltonian (this definition is taken from [18]). i.e.
N
Hin =X® ngBk (1.120)
k=1

42



where the operators X and By, above are respectively the position operator and some arbitrary ob-
servable; each acting on its respective Hilbert space, i.e. all of the B, act on different Hilbert spaces.
The constants gi are coupling strengths between the position operator X of S and the observable By,

of the kth environment E* . The corresponding time evolution operator is therefore
A - 2 N »
0, = e 1K@, 9B (1.121)

We evolve our total initial state using the evolution operator (1.121).
% N N N ® N N ~
ﬁt _ (eztx®zk1 ngk> ﬁSO ® ® ﬁEO (eti@)Zkl ngk> ) (1122)
k=1

We will now do something which is divergent from the methods applied up until now for the study of
quantum open systems. Rather than trace out all of the environmental degrees of freedom, we shall
be tracing out only a subset of these. i.e. we shall be studying the state of the subsystem formed
by the system S and the first Ng environments. We shall take the partial trace of the time-evolved
density operator (5.4) over the remaining Mg := N — Ny environments. We present this partial trace

as a lemma.

LEMMA 1.6.1 (MULTIPLE PARTIAL TRACES)

Ng
k
Trgng+s pup+z, gy {Pr} = U (ﬁ (5s) @@ pE) (1.123)
k=1
Where
Un 1 (A) = e71HHESn (A) XS0 (1.124)
Sp=> B (1.125)
k=1
and
516} = [ [{al6n)Cara 8.2 o yldzdy. (1.126)
where
L 5 5 k. "
T (b, x,y) = H Try {e_m”g’“B’“ pro eitygrBr } (1.127)
k=Ng+1
Mg = N — Ng, the number of traces being taken in equation (1.127).

Proof.
TTENE+17ENE+27~~-7EN{ﬁt} = (1-128)
—itX@> Y giBi [ A Al AEE | XYY g B
TTENE+1,ENE+2 ..... En {6 k=1 IREH Pso ® ®P o e k=1 I k} = (1129)
k=1



N

N

S N ~ & N ~ E

—itX@y kB [ gk tXey 95 By, Bk

UNg ¢ (TTENE+17ENE+2 ~~~~~ Ew{e k=Npti Psy ® ® po Je FNE ®p 0
k=1

k=Ng+1
(1.130)

Let us now use the generalized eigenvectors of X in order to write pg = [ J Ks(z,y)|z)(y|dedy where
Kg(z,y) = (z|ps|y). Using the latter,

% N - N N\ L0 N -
oKDYy 9B <ﬁ50 ® ® ﬁE(’)‘)eti@ZkNEﬂng’“ = (1.131)
k=Ng+1
—itz Y B i B ity SO B
//Ks(x,y)lwﬂy(e g & po e S O ’“)da;dy: (1.132)
k=Ng-+1
N . X
//Kg(x,y)|z><y| ® ® e~ tegkBr pFo pityarBr gy, (1.133)
k=Ng-+1
Furthermore
N - )
TTENE+1,ENE+2,..A7EN{//Ks(x,y)|x><y|® ® eZtmg’“B’“ﬁEOe”kaBkdxdy} = (1.134)
k=Ng+1
N - X
//Ks(x, y)|x><yTTENE+17ENE+2a<-~7EN{ ® e~ itz Bi G itygiBu }dmdy — (1.135)
k=Ng+1
[ [ Est@atas ol pldody = 5% (ps,) (1.136)
Finally, using (1.130) and (1.136), we have
Ne
(1.130) = XN, (éatME (Ps,) ® ®f’E°> (1.137)
k=1

O

The density operators (1.137) describe a simple case of a multipartite open quantum system. We
call them simple because there are no interactions between the environmental degrees of freedom.
Such states are useful for the description of multiple observer monitoring states; these are states
where each of the environmental degrees of freedom in (1.137) represent some physical system that
the kth observer conducts measurements on in order to indirectly learn about the system S [28]. The
dynamics of states of the form (1.137) will be the primary focus of this thesis; in particular, we shall
be interested in answering the question of whether or not such a state converges to a so-called SBS

state within some time domain of interest (See Chapters 4 and 5).
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Chapter 2

Quantum Maps, Distance

Measures, and Inequalities

This chapter is dedicated to introducing and motivating many of the tools that will be needed
in proving the main results of this thesis. The three topics to be discussed here are quantum maps,
distance measures, and relevant inequalities. Quantum maps play a key role in open quantum systems;
these are maps that take density operators as inputs and return density operators as outputs whilst
accounting for effects such as dissipation, decoherence, unitary evolution, and even a combination of
all these. In close quantum systems, one encounters such maps when solving the LV equation. The
solutions to this equation are a density operator which has been unitarily evolved from some initial
state (1.30); such evolution is a basic example of a quantum map. In open quantum systems the
notion of a quantum map is more nuanced due to its various applications. We will begin this chapter
by formally defining the notion of a quantum map and discussing physical motivations. We will then
continue with a discussion on various norm and metric inequalities that we shall be needing to study
proximity between density operators being evolved by different quantum maps respectively; this will

play a key role in the rest of this thesis.

2.1 Quantum Maps

Let us right away define a quantum map. We follow closely the definition presented in [9] (where the

terminology quantum operation is used in lieu of quantum map.).
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DEFINITION 2.1.1 (QUANTUM MAP)

Let A and 7% be two arbitrary Hilbert spaces. We define a quantum map & as a map from
the set of density operators of the input space S (%”1) to the set of density operators for the
output space S (%”2), with the following three axiomatic properties.

« Al: Tr{&(p)} is the probability that the process & occurs, when the p is in the initial
state. Thus, 0 < Tr{éa(ﬁ)} < 1 for any state p.

e A2: & is a convez-linear map on the set of density operators, i.e. for a probability
distribution {p;},
(X wibs) = St (2) (21)
i i

e A3: & is a completely positive map. i.e., if & maps density operators of S(,}fi) to
density operators of S (%‘é), then & (A) must be positive for any positive operator A.
Furthermore, let .#3 a third arbitrary Hilbert space. It must then be true that (Z&&) (A)
is positive for any positive operator A c B(jﬁ ® ffé) where Z is the identity map on
B(A).

In mundane terms, quantum maps are maps that respect the rules of quantum mechanics. Perhaps
with the exception of the second half of A3, all of the properties in Definition 2.1.1 are quite natural.
To understand the completely positive criteria let us first convince ourselves that complete positivity is
more restrictive than positivity. Let p € S((CZ), using the basis {|0><0|, |1><1|} we have the following
representation

p = a|1)(1] +b|0){0] + ¢[1){0] + ¢*

0)(1]. (2.2)

From basic linear algebra, we know that a matrix and its transpose have the same eigenvalues, .7 (ﬁ) =

p~ is therefore also a positive operator. The transpose of a matrix is hence a positive map. Now,

consider the density operator
&= %(|00><00| + [00)(11] + [11)(00] + [11)(11]) € S(C? @ C?) (2.3)

where ’00> is shorthand for ’0> ® ‘0> Acting on (2.3) with the map .7 ®Z, which executes a transpose
in the subspace pertaining to the left-hand side of the tensor products |O> ® |0> ... etc, while 7 is the

identity map of the complementary subspace,

(7 ©1)(8) = 5 (J00)(00] + [10)(01] + [01)(10] + [11) (11]). (2.4)

1
-3

We, therefore, see that complete positivity is a stronger condition than positivity. We have yet

This matrix is known to have eigenvalues % and which means that it is not a positive matrix.

to motivate why complete positivity is compulsory. The physical motivation is this. In quantum
open systems, dynamics will be generated by quantum maps. Consider some time-dependent trace-

preserving quantum map &%, i.e. this map will be a bonafide trace-preserving quantum map for all
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t > 0. Let this map evolve a quantum system S7. One can embed such an open quantum system into
a larger quantum open system, now including another system S which is static in time and does not
interact with S;. The total dynamics of this larger quantum open system will now be described by
& ® T where 7 is the identity quantum map of the subsystem S;. The map & ® Z will of course be
expected to map the density operator to another density operator, it will be a positive map, hence
the necessity for complete positivity.

In the previous chapter, we alluded to the fact that environmentally induced non-unitary dynamics
(1.69) characterized by a family of identity-resolving operators (1.76), called Kraus operators, consti-
tutes a quantum map. We have already seen examples of such maps and have seen that they respect
the rules of quantum mechanics. Nevertheless, it would be a worthwhile exercise to prove that the
axioms Al — A3 of Definition 2.1.1 are satisfied by maps generated by a family of Kraus operators
(1.75).

Let S be some arbitrary Hilbert space and let p € S(%ﬁ) Now, let {1\7[1}1 € B(%ﬂl) be a family
of Kraus operators, i.e. >, l\A/Ijl\A/IZ = [, then the map éa(ﬁ) = l\A/IZﬁl\A/II satisfies A1 — A3 of
Definition 2.1.1. Al is trivial to verify; the key element in the proof is the cyclicity of the trace (1.33).

Tr{&(p)} = Tr{ ZMmMj} = ZTT{Mi,sMZT} = ZTT{MI VIp | = (2.5)

TT{ZM}M,S y=Tr{p} =1 (2.6)
Proving A2 is also simple. Let {pi, ﬁz}l be an ensemble of density operators, then
5(21%/%) = ZM](ZP’Lﬁl)M; =Y pi Y Mp N = "p& (). (2.7)
i j i i j i
Finally, and most importantly, we will prove A3. We will first prove positivity. Let |1/)> € A,

7 K2

(IDoMpMw) =3 (U [NLpN [v) = (61l Bléi) = 0 (2.8)

where |¢Z> is the image of M acting on |1/J> Owing to the positivity of p, all of the elements of the sum
> (#:]p|¢i) will be positive, leading us to conclude that &(p) is positive (2.8). To show complete
positivity we first let 73 be an arbitrary Hilbert space and let ’n> eB (%ﬁl ® %’é,) Furthermore,
consider an arbitrary positive operator AenB (%”1 ® %’é) Then,

(@@ &) (A)n) = (n] 3 (b & M)Al @ M) ) = (2.9)

> (nl(L © ML) A (L © M) [n) (2.10)

Letting ’X1> = (H1 ® 1\7IZ) ’17> (‘a ket in s ® J43) we see that (2.10) is just

> (ilAlx) =0 (2.11)

7
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which is obviously a quantity greater than or equal to one owing to the positivity of A. Since the
family of identity-resolving operators M, were taken to be general, we have actually proven that all
trace-preserving (also known as quantum channels [9]), identity-resolving families of operators {MZ}Z

generate a quantum map. We have therefore proven one direction of the following theorem.

THEOREM 2.1.1 (QUANTUM CHANNEL REPRESENTATION)

A trace-preserving map & is a quantum channel (i.e. trace-preserving) if and only if
£(p) = Y WANE] .12
i

for some set of operators {1\7[1}Z which map the input Hilbert to the output Hilbert space, and
SN =1

For the cases where we consider maps & which do not preserve the trace, Theorem 2.1.1 may be

adapted to the following.

THEOREM 2.1.2 (QUANTUM MAP REPRESENTATION )

A map & is a quantum map if and only if
E(p) = NN, (2.13)

for some set of operators {1\7[1}1 which map the input Hilbert space to the output Hilbert
space, and 0 < ). MIMZ <I

Note that the case where there is only one operator M, pertains to the unitary map case. i.e.
if there is only one l\A/Ii7 namely 1\7[, and we require that MM = I, then forcibly M will be a
unitary operator. In section 1.5 we saw that open systems evolve non-unitarily via the quantum map
generated by the Kraus operators obtained from the partial tracing over the environmental degrees of
freedom E. The Kraus operators were shown to have the identity resolution property (1.76); therefore
preserving positivity and the unit trace property. More generally, the family {M;}; does not need to
be countable. i.e. we could have a quantum map defined as .% (ﬁ) =/ ML, ﬁMLdQE Such a map may

be easily shown to preserve the unit trace and positivity properties.

GKSL Generator

There are cases where a time-dependent quantum map &;, such as the ones generating non-unitary

evolution discussed in the previous section, will satisfy the following semigroup properties.
e & is strongly continuous.
o 86 = Eiqs, foralt,s >0
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When the above properties are satisfied, one may invoke the celebrated Hille- Yosida theorem [414]

which states that there exists a densely defined generator £ defined as

R 1 ~ A
Lp = lim —(&(p) — ) (2.14)
such that
&, = LE (2.15)

together with the initial condition lim;_,¢ &p = p. For unitary dynamics the generators £ will just be
those generated by some Hamiltonian. However, in the non-unitary case £ may be the GKSL super

operator that we have already seen in (1.85). i.e.
i S S R QPR
£(.) = —i[As,.]+ Z’y (Li(...)LZT — i{LjLi, }) (2.16)

We now see the tightly knitted connection between the GKSL equation and quantum maps, and
may further appreciate the significant role that quantum maps play when modeling general quantum

dynamics.

2.2 Quantum Map Examples

We will now present various examples of quantum maps, some of which we have seen already,

highlighting their quantum map properties, and others which we will see in what is to come.

2.2.1 Phase Kick Decoherence

Let s = C2?, and consider the an arbitrary state |7,/)> € C? ie. |w> = a|0> + b|1> where |0> and
|1> are the eigenvetcors of the Pauli matrix .. Such a state may experience an environmental kick
emanating from environmental particles which interact deterministically with S. Such a kick may be
generated by the unitary operator R. 0) := e’%&Z; in this case the kick is a rotation along the z-axis
of the Bloch-Sphere by 6 degrees [9] [15]. Assuming that some experimentalist is taking a measurement
of S, subsequently after the phase kick, has no knowledge of the state of the environment interacting
with S. Furthermore, assume that the statistics of the parameter 6 are pg = 0 and o9 = v2X. The

experimentalist would then be conducting measurements on the state

R 1
Pri= vVar )\

/_OC R.(0) ) (6| R (0)e~F d. (2.17)

Notice that (2.17) has the structure which is necessary and sufficient to generate a quantum map per
2 A
Theorem 2.1.1. In this case, the Kraus operators consists of the 6 dependent family e‘gTRz (0), where

0 € R. Notice that the identity resolution property is easily verified.

1 A N 02 1 e 02
R.(ORI(0)e =do = 7/ e =xd)l=1 2.18
VA /—oc (OYR:(0) (\/47r)\ — ) ( )
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Furthermore, it can easily be shown that
5y, = [al?0)(0] + [b]*|1)(1| + ab™e | 1)(0] + a*be*[0)(1] (2.19)

which clearly exhibits the damping of the off-diagonal terms, a phenomenon characteristic of deco-
herence. If A is large this in turn will mean that the randomness in the environment is large; if
A is arbitrarily large all quantumness (Definition 1.3.4) is wiped out prior to the experimentalist’s

interacting with S.

2.2.2 Colisional Decoherence as a Quantum Semigroup

In the previous chapter, we studied collisional quantum decoherence (1.104). Clearly, such a model
induces time evolution which follows the rules of quantum mechanics. Therefore, (1.104) should be

representable in the form required by Theorem 2.1.1. Let us start by rewriting (1.104) in a more
//¢ e M(a—a')? |2) (@' |dwda’ = (2.20)
* T _m2e2 mil(z—x’
//d)(x)gb (x')(/R,/t—Ae fad e 2miE( )d§)|x><x'|dacdx’ (2.21)
/1/6— (//¢ Je~2mit(e=a)| ><x'|dxdx’> d¢ (2.22)
tA Jr
/T / S =4 ( —2mieX / / oz z)(x ydg;dx’e“‘mfx> d¢ (2.23)
tA Jr
1 / 67%52 <€27rz§5(|¢><¢|627m§x> df (224)
VA Jr
4 ™ T2 2 T2
/( /Je Fmt® o2 £X)‘¢><¢’( /76 Fm? 2 5X)d§ (2.25)

where |¢) := [ ¢(z)|z)dx

The density operator (2 24) is now confirmed as the non—unltary evolution of the pure state ’¢><¢|
by the quantum map defined by the Kraus operators \/7 e~ %m Ze? e~ 2miEX  The density operator (2.24)
is very much like the density operator we saw in the previous example ( 2.17) in the sense that they

suggestive way.

are both averages of unitary dynamics (which result in non-unitary dynamics).

2.2.3 POVM

We have already seen plenty examples of how the environment induces non-unitary dynamics onto
some system of interest S. It is an inherent property of measurement processes for the measurer to
disturb the system being measured. For classical systems, these disturbances are often inconsequential.
However, in quantum mechanics, one works with systems whose observable properties are much more
susceptible to disturbance. Measurement is hence naturally described by quantum maps generated
by a Positive Operator Valued Measure (POVM) defined below. The difference between a POVM and
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a family of Kraus operators is simply that the Kraus operators generating the POVM are positive
semidefinite operators. From the point of view of POVM measurement theory, one may therefore
consider environmentally induced decoherence and/or dissipation as a form of measurement performed
by the environment, we will call this environmental monitoring. A subset of these POVM corresponds
to the case of Projector-Valued Measures (PVM). The theory of quantum measurement as developed

by von Neumann utilizes solely PVM [18].

DEFINITION 2.2.1 (POVM)

Consider an arbitrary Hilbert space 5. A POVM is a set of semi-definite operators {MTMZ }l

(2

acting in J7 that sum to the identity operator. i.e.
ZM}M,. =Ly (2.26)

The POVM may consist of an uncountable set of semi-definite operators as well. In such a
case the analogous set of operators, e.g. ML, (z € R) must meet the same constraint. i.e.

/M;Mzdx =Iw (2.27)

DEFINITION 2.2.2 (QUANTUM MEASUREMENT)

Consider a POVM {l\A/Ij I\A/Il}z acting in some Hilbert space of arbitrary dimension. Furthermore,
consider a density operator p which acts in the same Hilbert space. Given a quantum system
in state p, the theory of quantum probability treats the 1\7[31\7[1 as events, while the traces
p; = Tr{ﬁl\A/Ijl\A/Iz} are postulated to be the probabilities of the ¢ the event occurring after
conducting a measurement on the system designed to read out the events modeled by the
POVM. The operators M, are therefore Kraus operators of a quantum map. If one conducts
a measurement on the quantum state p and the outcome is that which is indexed by 4, then

the post-measurement state is postulated to be

ML AN

i B 2.28
Tr{NIL;pM! } (2:28)

The state above is the resulting state assuming that one has "read out' the measurement.

However, if one does not read out the results of the measurement, what one has is a mixture

MlpM
Z —Tr{szMT} (2.29)

Given that p; = Tr{E;p}, the unread state of the system is

IVLPIVI t ZpI\/I AL A
Ej— E:TMM— > N pML 2.30
Tr{NIL;pM! } . r{Mip }T (N1 pNI] ) p (2:30)

%
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The map (2.30) is clearly a quantum map.

DEFINITION 2.2.3 (VON NEUMANN MEASUREMENT)

The theory of von Neumann Measurement is just the theory of quantum measurement described
above but specialized to the case where the POVM in question are Projector Valued Measures
(PVM).

2.2.4 Weak Measurement as an Example of POVM Measurement

An observer monitoring the system S may have at their disposal a POVM that measures the
spectrum of the position operator X, however, due to resolution limitations one expects that any
realizable POVM will have finite precision. An example of a viable POVM for estimating the position

of some quantum mechanical object can be constructed from Gaussian functions as follwos.

Mq = (277’02)_1/4/67

"Ma'|da'. (2.31)
Note that this family of projectors forms a resolution of the identity.
/ M} M,dq = L.

We will refer to the parameter o' as the measurement precision. It can be shown that limy_,q M, ;f M, =
|q><q| and limg_y oo MJMq = I in the weak sense; these are the max and min precision limits. For
finite and/or large values of o we enter what is known as the weak measurement regime. For a detailed
discussion regarding weak measurement theory please see [55]; the interested reader may also look at
the theory of Gentle Measurement [11] which generalizes weak measurement. We will be interested
in measurements that are approximately non-disturbing, for the case of continuous variables we will
adopt the Gentle Measurement Principle [11] to define approximate non-disturbance. i.e. a measure-
ment is non-disturbing if a set of states can be distinguished with high probability; i.e. they can,
in principle, be distinguished by a measurement that does not disturb the state. Indeed, for a given

infinite dimensional state matrix p with kernel K, using the POVM {M,}, we have

/Mlﬁl\?lqdq=(2m /{// S K(x,y){@(yldfﬂdy}dq: (2.32)

_ // {(277‘772715)_5 /€_<q47)2 e_(q;Ty)z dq}K(a: Y ’ ><y‘daxdy = (2.33)

// -5 y2) K(z,y)|z)(y |d:cdy~//K z,y)|z)(yldzdy o — oo (2.34)

o need not be infinite for the latter approximation to be valid, it need only be large enough to maintain

the decoherence kernel above approximately constant within the support of K (x,y). The larger o is

the weaker the effects of the quantum map generated by the Kraus operator 1\71q will be.
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2.3 Quantifying Disturbance/Noise with the Trace Distance

To quantify how much a quantum map disturbs an arbitrary quantum state, we will be using the
trace distance. We will define the trace distance shortly, but before this, we need to define the trace

norm.

DEFINITION 2.3.1 (TRACE NORM)

Let 2 be an arbitrary Hilbert space and let p € S (%‘) . Then, the trace norm of p is defined

as
16|, = Tr{ ﬁTﬁ} (2.35)

Now we define the trace distance.

DEFINITION 2.3.2 (TRACE DISTANCE)

Let 5 be an arbitrary Hilbert space and let p and & € S(L%ﬂ ) The trace distance between
the density operators p and & is defined as follows.

D(p,8) = |lp— 5|, (2.36)

Although structurally simple, the trace distance is generally intractable for the same reasons
solving the Schrodingers question is (1.1), i.e. the complexity of the eigenvalue problem. To see this
more clearly let us look back at equation (1.49) and the preceding discussion. For the case of density
operators, the trace is equal to the trace norm so the situation is simpler because we do not need to
worry about taking a square root of an operator as required by Definition 2.3.1. In the best of cases,
we know the entire spectrum and we are done! However, differences of density operators p — & will
not be positive operators in general and will yield further complexity when computing the trace norm.
In fact, even if we know the spectral decomposition of p and & respectively, this does not mean that
we will know the spectral decomposition of p — &, i.e. not unless [f), 6'] = 0. p— & is also a trace
class operator, the spectral theory for compact operators, therefore, tells us that there exists a basis
{|¢1>}l that diagonalizes p — &. With such a basis it can be shown that

=&, =>_In(p—a)] (2.37)

Finding the eigenvectors { |(;5>Z}Z is nevertheless a complicated affair, as already discussed in Chapter 2,
and should be avoided if possible. The only case for which the trace distance may be easily calculated

is when both p and & are pure states. We present this result as a lemma.
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THEOREM 2.3.1 (TRACE DISTANCE OF TWO PURE STATES [9])

Consider two pure states ‘w><w} and ’¢><¢‘ Their trace distance is the following.

)

D(Ju)v

6)(9]) = V1= [(¢lo)]” (2.38)

In the finite-dimensional case, dim (%” ) < 00, it is helpful to note that the trace norm is equivalent

any other Schatten norm, e.g. the Hilbert-Schmidt norm [9].

DEFINITION 2.3.3 (SCHATTERN NORMS [47])

Let # be an arbitrary Hilbert space and let p € S(#). The p—Schatten norm is defined as.

1], = Q/Tr{( ﬁ*ﬁ)p} (2:39)

An interesting property of the Trace Idelas [17] corresponding to the respective Schatten norms

|| ...Hp is that they satisfy an operator version of Hélders inequality. Namely, the following theorem.

THEOREM 2.3.2 (SCHATTEN-HOLDER)

Let 4# be an arbitrary Hilbert space and let p ,6 € S(%) Then,

lp&l, < llall, &1, (2.40)

whenever zl) e % =1.

These Schatten norms induce a metric, and for the finite-dimensional case, they are all equivalent
in the following sense. Let p and & be two finite-dimensional density operators. Then, for all p and

q, there exists constants C7 and Cs such that
Cilp=6llp <llp—6llqg < Callp— & (2.41)

The constants depend on p, ¢ and on the dimension of the Hilbert space the operators p and & act
in. The Hilbert-Schmidt norm is the case where p = 2. i.e. HﬁH2 = \/Tr{f)Tﬁ}. Notice that even if
we do not have knowledge of the spectral decomposition of the operator p, we may nevertheless easily
compute ﬁT p and subsequently calculate the sum of the diagonal terms in order to obtain the trace;
so long as we have a representation of g, it is relatively simple to proceed. This equivalence between
the Schatten norms in the finite-dimensional case allows us to estimate trace norms without worrying
about the square root in the definition of the trace norm. This approach is unfortunately not viable

for the infinite-dimensional case; when dim (H) = oo there is no longer equivalence amongst Schatten
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norms. What is more restrictive is that for an arbitrary trace class operator A,
1Al < .. < [|A]l, < [IA]]- (2.42)

This means that we have little room to estimate the trace norm; any of the popular trace norm bounds
will require us to estimate an equivalently difficult quantity. One of the most popular bounds for the

trace distance is the following [9]
1-/F(p.6) <

|p—6ll, <\/1-F(p,6) (2.43)

where F(, ) is the quantum fidelity defined as follows.

N | =

DEFINITION 2.3.4 (QUANTUM FIDELITY)

Let ¢ be an arbitrary Hilbert space and let p ,6 € S(#°). The quantum fidelity between p

and & is defined as
F(p,6) = |VpVeE|’ (2.44)

or equivalently

F(p,6) = Tr{ \/Ea\/E}Q (2.45)

Notice that the quantum fidelity is no simpler to compute than the trace distance in general.

However, when at least one of the states g, & is pure, the calculation is simpler. i.e.

F([9)(v],6) = (v|&[v)l. (2.46)
The fidelity for two pure states is therefore
F(lo)(w],16)0]) = Klo). (2.47)

2.3.1 Contractivity of Quantum Maps

An important result exhibiting the effects of quantum maps on a trace distance is

THEOREM 2.3.3 (CONTRACTIVITY OF QUANTUM MAPS)

Let p and & be two density operators and & a quantum map acting on these states. Then,

D(S(p), 6(6)) < D(p,5) (2.48)

2.3.2 Disturbance Due to a Quantum Map

How can one tell if a quantum map preserves information? Assume that we have some density
operator p € S (%” ), € arbitrary, and some quantum map & : S (%” ) ) (jf ) If the trace distance
D(p,&(p)) =0, then this means that the operators p and p are indistinguishable!
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Proof. Let D(p,@@( )) = 0 and assume that p # &(p), i.e. p— &(P) # 0 ( the zero operator acting
in ). Note that D(p, &(p)) = 0 implies that

Z Xi(p—&p))| =0 (2.49)

This implies that all of the eigenvalues \; (ﬁ - & (f))) = 0. Owing to the fact that the operator
p—&(P) # 0 is trace class, we may write any vector in J# as a linear combination of the eigenvectors
of p— &(p) (call them {‘gbl)} This means that for any |¢) € #

(p=&@)]w) = (p—E(B) 3_cilo) 20xc1|¢1 =0. (2.50)

Hence
plv) = EP)|v), (2.51)

which is a contradiction! We hence conclude that D( ) = 0 implies that p = & ( ) O

For the finite-dimensional case, one may always utilize the Hilbert-Schmidt distance in lieu of the
trace-distance in order to forgo the eigenvalue problem. For the infinite-dimensional case, we will have

to get creative.

Disturbing pure states

A relatively simple case of disturbance estimation pertains to the case where the initial state is pure
and the quantum map in question is trace-preserving. i.e. we begin with some density operator of
the form ‘¢><¢| To estimate how much & disturbs |@[1><w’ let us compute the trace distance. Here,
using (2.43),

D) w] & ([e)(w]) < /1 - F(jw)(w

Proof. All we need to show in order to prove the above is that F’ (’w> <w
To this end, we will use (2.45).

F(l9) (@l & ([9)(w)) Wﬁé@ [)(]) /o) |} (2.53)

Tr{¢vw><w1£<vw><wr>|w><wr} =<¢|€<|¢><¢|>|«»>Tr{ r¢><w|} (el (o) )]

(2.54)
O

E(0)D) =1 - [@lE(e) )] @52)
(W) ) = [(w|&([w) (] ).

Quantum Maps that preserve eigenvectors

Perhaps the simplest case of disturbance estimation is the following. It could happen that the

quantum map in question, &, simply rotates the eigensubspaces of some density operator p of interest.
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i.e. say p has the spectral decomposition

p= Zai|¢i><¢i| (2.55)

K2

and define the quantum map & as follows.
E(p) = Zﬁz’|¢i><¢i| (2.56)

In this case

D(p.£(p)) =Z|Oéi—ﬁi|- (2.57)

Quantum map acting on a general mixed state

If we now consider an arbitrary initial mixed state, i.e. a density operator whose purity may be
less than one, things become drastically more difficult. For the infinite-dimensional case, there really
is no simple approach. As an example, let us return to the weak measurement case. Consider a
situation where the system being monitored S is described by a state undergoing decoherence. i.e.
let & be some trace-preserving quantum map inducing decoherence. Let p be some density operator

with kernel K. Assume that the effect of &; on p is the following.

6(6) = [ [ K@t - p)le) yldody. (2.58)

Where I'(t(z — y)) — 0 as |t(x — y)| = co. Now, recall that the weak measurement POVM quantum

map in this case can be shown to act as follows

AE@) = [ g ) da = [ [ Ka)e ST -yl bldady. (259)

To measure the disturbance induced by the quantum map A we must estimate

|6(6) - A& (0))]| = | / / Ko y)D(te — )1 — e ) ) yldndy| - (260)

(w—y)?
To proceed one would need to diagonalize the kernel K (z,y)I'(t(x —y))(1 —e™ 822 ) or use numerical

techniques to estimate the trace norm of such a kernel, a formidable task.

We now conclude this chapter, having introduced almost all of the theory necessary to build the
novel results of this thesis. In the following chapter we will begin to present original results; prior to

this we will introduce one final bit of crucial theory, i.e. the theory of Quantum State Discrimination

(QSD).
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Chapter 3

Asymptotic QSD for Countable and

Uncountable Mixtures

Quantum State Discrimination (QSD) is the problem of minimizing the error in distinguishing
between the elements of a mixture of density operators ) . p;p;. To understand what is meant by
distinguishing we must refer back to the concepts of a POVM and quantum measurement discussed
in the previous section (Definitions 2.2.1, 2.2.2, and 2.2.3). The QSD optimization problem [66] [72]
[25] [22] [23] may now be defined. Let J# be an arbitrary Hilbert space and let .7 be the space of
density operators acting in .77. Given a mixture of density operators,

N
p=>_pib; (3.1)
=1

where Zf\ilpi = 1, the theory of QSD aims to find a POVM {E;}}<, c B(#) (K > N, E; = Mng
where the M are the corresponding kraus operators[31]) which resolves the identity operator of B(#),

and minimizes the object below which we will be referring to as a probability error.

N
pe{{pi A}y (NI}, ) =1 > pr{NLp, NI ) (3.2)
=1

To see what is the error that (3.2) measures let us consider the unread measurement state (2.30)
corresponding to the mixture vazl p; after having undergone a measurement generated by the POVM
Artose VN
{Ml Mi }i:1 :

N N
Z M; ( Zpiﬁi)M; = (3.3)
j=1 i=1

N N N

ZPiMiﬁimj + Z Z piMjﬁiM; (3.4)

i=1 G=14i#j

From the definition of POVM provided, it is clear that Tr{ Z;V:1 M](ZfilplﬁJl\A/Ij} = 1, hence
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from (3.3) and (3.4)
1= szTr{M A MY + Z Z pTr{NL;p, NI} (3.5)

J=1 i1

The term T7{NL;p;M!} is the probability that the system modeled by the mixture (3.1) was in the
s1.( D, )
rr{ N1, (Z_l piﬁi> Nt }
that SN | pTr{N,;p, N} is the probability that POVM chosen perfectyl discriminates between the
different p; of the mixture (3.1). The term 1 — Zil piTr{l\A/Iiﬁil\A/Ij}, the probability error, is hence
the probability that the POVM fully fails to discriminate between the elements of the mixture (3.1).

Using (3.5) it may also be expressed as

state p, given that the outcome of the measurement was the state , meaning

N N R R
§ § Tr{MjﬁiM;}
J=1 iij

In what follows we will just write pg in place of pE{{pi, PN, {Ml}ll;} as a shorthand when
the context is clear. With this notation, the QSD optimization problem is the problem of computing
the following minimum.

P%I\I/HMPE (36)

The QSD problem will be called fully solvable when minpoy s pg = 0.

In this Chapter we consider an Asymptotic QSD: let &; ,, be a family of completely positive linear
transformations, mapping density operators p acting in a Hilbert space 7 to density operators
& n,(P) acting in a Hilbert space /% (equal to # or not). These operators depend on parameters
n;, and we consider the QSD problem for the mixture of the operators &; ., (ﬁ) The object of our
interest is the asymptotic behavior of the minimal error (3.6) corresponding to this QSD, as some
or all n; — co. We will say that the asymptotic QSD problem fully solvable with respect to the

parameter n; when

A, K
Jim o min pe{{pis €, () 0 (ML}, } = 0 (3.7)

the minimization above is understood to be taken for every n;.

Asymptotic QSD arises naturally in the study of quantum communication, quantum to classical
transitions and quantum measurement, just to name a few applications [61][10][22] [26]. As an example
consider the case where a state is redundantly prepared by some party A in the state p; with probability
pi, n copies of each state being made prior to being communicated to another party. From the
perspective of some party B, receiving the state prepared by A, the received state would be a mixture

of the following form

sz py" (3.8)
In such a case the corresponding maps &; ,, have n; = n for all < and are the map p to pe" for all 4.
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Now, define minpoy pp pe(n) := minpoy pE{{pi,ﬁZ@" N, {Ml}fil} In [61] it was shown that

log ( minpovmp PE (n))

teaes({1}),) < - 1m < gaen(10),) (39)

n—00 n

where {gcp is the quantum Chernoff bound for an N mixture, defined as

Socs ({A),L,) = minacs (b 7;) (3.10)
where
§qon (pi p;) = —log ( min Tr{p;p;~"}) (3.11)

This gives us an idea of how the minimum error probability drops off asymptotically as the redun-

dancy n grows. Indeed as n — oo we have minpovy s pg — 0.

One may also use a Quantum Chernoff-bound-free method for the computation of

N
2 3 e

by applying a bound to the minimal probability error in [27] (Theorem 3.2.3 in the following section).
Let HAHl = Tr{\/ ATA} be the trace norm of the operator A Applying Theorem 3.2.3 we have the

following result.

: < o /@n\/@
P%lxl/nMpE(n)_ZZ ”pp]H Pi VP

N IvEC

(3.12)

n
1

X5 A

which decays to zero as n — oo when H\/ﬁi‘/ﬁj

aspects of such a result is the state-independent nature of the convergence, i.e. so long as the fidelity

) < 1 for all 4,5;j # i. One of the remarkable

condition stated in the previous sentence is satisfied, the type of states are irrelevant; e.g. they can
be finite or infinite dimensional density operators. QSD will nevertheless be dependent on the states

p; constituting the mixture in general. Our next example exemplifies this.

More recently, and more pertinently to the theme of this paper, asymptotic QSD has made an
appearance in the theory of Spectrum Broadcast Structures (SBS) [10] for quantum measurement limit
type interactions (see section 2.4 in [31] for a discussion on quantum measurement limit). In the SBS
framework, a notion of objectivity is introduced which postulates that a specific type of state, called
an SBS state [10] [39] [38], will emerge from the asymptotic dynamics. The definition of an SBS state
stipulates the calculation of a problem related to that of QSD when proving that a state of interest
converges one of these so-called SBS state. The relevant optimization problem is now the super QSD

problem (SQSD) which is just a simple upper bound of the QSD problem. i.e.
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SQSD := mln Hl - ZpZTr{MlpZMT}H P%l\l/nM (1 — iplTr{l\A/[lﬁzl\A/Ij}) =QSD (3.13)
i=1

In [38] [39] [10], special attention has been given to SQSD problems of the following form.
P%l‘l/% Zp He—ztach A itz;B M e—zthBﬁeztx,Bl\A/Il'Hl (314)

where x; # x; for all 4, j; j # 4 and B is an arbitrary self-adjoint operator; the state being discriminated
here is of course ), p;e ””’Bﬁeme. Such unitarily related mixtures, with a parameter t, arise as a
direct consequence of the aforementioned quantum measurement limit assumption made in [38][39][40].
The super QSD problem (3.14) is asymptotically fully solvable with respect to t only if the associated
QSD problem is fully solvable. Unlike example (3.8), where the asymptotic full solvability of the
respective QSD problem was independent of the nature of the states involved, here this is not the
case. It is easy to find examples where SQSD optimization problems of the type exhibited in (3.14)
does not vanish as t — oco. e.g, let B be equal to the Pauli matrix &, and let p = |zl><zl| with

{|zl>}z the eigenvectors of the Pauli matrix & .. It is easy to show that

e—itaciamﬁe—itaciam —_ (3.15)
cos?(ta;)| 21 ) (21| + sin®(ta;) | 22) (22 |+ (3.16)
i cos(ta;) sin(ta;)|z1) (22| — i cos(ta;) sin(tw;)|2z2) (2 | (3.17)
Now consider the mixture )

Zpie—itrio'm ﬁe—itrio’m (3.18)
and let p; = % for i = 1,2. An application of a result by Hellstrém [66], discussed in the next section
leads to )

_ - _ = —itr10, A —itx10, _ —itx10, A —itx10, _ 1
Join po(t) = 5 = 7 le pe e pe , (3.19)

2‘ \/(0052(7531:1) — cos? (txg)) ( sin?(tz1) — sinz(t:vz)) - (| cos(txy) sin(tz1) — cos(tzz) sin(txs2) ’2)‘ (3.20)

Clearly (3.19) does not converge to zero as t — 0o, ergo asymptotic QSD is not fully solvable and, by
consequence of (3.13), neither is the associated asymptotic SQSD problem.

In this Chapter, we will be focusing on the QSD of unitarily related mixtures (URM); i.e. mixtures
of the form ), piUs(t) ﬁIAJj (t), where U;(t) are all unitary operators with the same generator. We will
provide a necessary and sufficient condition for the asymptotic full solvability of the QSD optimization
problem for a broad set of URM; this condition will depend on the spectral properties of the generator
of the unitary group characterizing the URM and the nature of the initial state, i.e. the state of the

mixture when t = 0. In Sections 2, and 3 we will give an overview of some important results from
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the literature that we shall be using and give further motivation. In section 4 we present one of our
main results (Theorem 3.6.2 and Corollary 3.6.1) which gives necessary and sufficient conditions for
asymptotic QSD optimization of unitarily related mixtures to be fully solvable in a broad setting. In
section 5 we shall introduce the optimization problem of Uncountable Quantum State Discrimination
(UQSD); a framework that generalizes the problem of QSD. Drawing parallels between QSD and
UQSD we prove a necessary condition for UQSD in the unitarily related mixture case to be fully
solvable in the asymptotic regime with respect to a dynamical parameter ¢. This condition will again
depend only on the spectral properties of the generator of the unitary group characterizing the URM
and the nature of the initial state. We conclude this discussion by conjecturing that the analog
of Theorem 3.6.2 is true for the UQSD case in the unitarily related mixture setting; we follow this
conjecture with some motivation and intuition. Furthermore, we provide examples of QSD and UQSD

for a variety of settings and discuss the case where B is finite rank.

3.1 PVM Quantum State Discrimination
Let us consider agin the minimization problem

N
. N
Join {1 - z;piTr{MipiMi}}. (3.21)
1=
The minimization in (3.21) is taken over all POVM which which maps from S(J2) to S(5¢) . Let
us now narrow the set of possible POVM to just those of the projector type. To emphasize this we
will change our notation from B, to Py, and owing to the facts that projectors are self-adjoint and
P2 = P, the respective measurement operators of N, will just be P,. Let us rewrite the probability

error using this new notation.
N
min {1 - ;piTT{Pipi}}. (3.22)

In the above, we have made use of the cyclic property of the trace (1.33). In (3.22) and (3.21) we are
minimizing over all PVM and POVM respectively. Furthermore, (3.22) bounds (3.21) from above due
to the latter term being a minimization performed on the same objective function as (3.21) but over

a smaller set. i.e.

N N
« ~t N
i 1- ; P M.} 5 < mi - Tr{P;p, .
Prél‘l/nM{ 2p,Tr{szzMz}} < 121/_1}1\14{1 §pZTT{ Zpl}} (3.23)

In some cases, working with PVM is simpler and suffices. The optimization problems (3.22) and
(3.21) will, in general, be intractable; exact solutions exist only in a few specialized cases [22] [23].
The most famous of these cases pertains to the the so-called Hellstrém bound [60]. It is a funny name

because it is not a bound. We present the exposition found in [22] below.
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THEOREM 3.1.1 (HELLSTROM BOUND)

Let 47 be an arbitrary Hilbert space. For any mixture of the form

p1P1 + p2py € S(H). (3.24)
Then,

POVM leﬁl _p2ﬁ2||1~ (3.25)

DO =

A 1
min pE{{pi,ﬁi}?:lv{El}?zl} =3

where the optimal POVM leading to the minimal error are the projectors 15+ and P_ onto the

positive and negative subspaces of the operator pi1p; — p2ps.

Due to the optimal POVM yielding minimal error in the Hellstr 6m bound being a set of projectors,

we know that for mixtures of two elements Z?:l pip; both PVM QSD and POVM QSD will be equal.
i.e.

2 2
: A oA ot 1, R . 5 A
Jmin {1 - E_l piTT{MZ—piMi}} =5~ §||p1p1 — pabyl|, = min {1 - E piTT{PZ‘pi}} (3.26)

3.2 Some Useful Theorems

Lower and upper bounds for the probability error in the case of a general mixture exist. Some of

. . AN . .
the more famous ones are the following. For any mixed quantum states { pi}¢:1 with respective

probabilities {p;};, the minimum-error probability minpov s pr may be bounded as follows for an
arbitrary Hilbert space 2.

THEOREM 3.2.1 (L1 AND QIU BOUND [25])
: 1 1 . X
A PE 2 5(1 TN 1) Z Z |pib; — pids,) (3.27)

N E

THEOREM 3.2.2 (MONTANARO BOUND [72])

. 1 A A
Juin pp > 5 Z glpiij(pnpj) (3.28)
v J30F

THEOREM 3.2.3 (KNILL AND BARNUM [27])

Jmin pe <D0 VEipiy F(bi b)) (3.29)
i gijFAl
Proven for the case where the underlying Hilbert space is assumed finite-dimensional in [27].

We provide a proof of the same result for the case where 57 is infinite-dimensional in subsection
3.2.1.
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In [25], necessary and sufficient conditions are introduced in order to arrive at a generalization of
the Hellstrom bound. Unlike the proof by Hellstrém for the two-state mixture, Qiu does not provide
a constructive proof. We, therefore, do not have explicit knowledge of the POVM minimizes pg
although [25] is the work known to the author that makes the greatest advances in this direction. If
the inequalities above are not enough for our needs, there also exist convex optimization techniques
that may be employed in order to find a global min for the objective fiction pg (3.2) [22][70] , but
we will not be entering this realm for two reasons. Firstly, the mixtures that we shall be studying
will be dynamic. i.e. ), p;p; ;- The mixtures of this type that we will be interested in shall have the

following asymptotic properties.
F(ﬁi,t?ﬁj,t) - 07 Z#]’ t Large (330)

The latter means that their support will become asymptotically non-overlapping very quickly with
respect to the relevant time frame. These dynamics will make the aforementioned linear program-
ming techniques quite more complex than the static case; also unnecessary since we will be primarily
interested in the asymptotic regime for ¢t. The second reason we will not be utilizing the linear pro-
gramming schemes mentioned is the dimension of the density operators we shall be working with, i.e.
dim(s7) = co. In this case, the set of possible PVM or POVM is unwieldy in the sense that it will
not be parametrizable like the finite-dimensional case. Although infinite, the set of PVM mapping
S(C?) to S(C?) may be parametrized by a finite number of parameters; such is not the case when
dim (%) = oo.

To conclude this section we shall present some key results pertaining to the quantum fidelity.

THEOREM 3.2.4 (PURIFICATION DEPENDENT VERSION OF THE FIDELITY)

The quantum fidelity F(ﬁ, &) is equivalent to the following [9].
F(p.6) = max |(¢x)[" (3.31)

where |1/J> is any fixed purification of p, and the maximization is over all purifications of &.

THEOREM 3.2.5 (SUBCONCAVITY OF THE FIDELITY; A GENERALIZATION FROM THE EQUIV-

ALENT THEOREM FOR SINGULAR DISTRIBUTIONS IN [9] )

Let [ p(z)p,dz and [ ¢(z)6.dx be two uncountable mixtures (p(x) and q(x) are probability
distributions). Then,

\/F( [r@pde. [a@euds) = [ Vo@a@F (b 62)do (3.32)

Proof. The proof herein follows the standard methodology seen in [9] Chapter 9 for the countable

mixture case. Begin by letting |1/)x> and |ax> the purifications of p, and &, which satisfy the maxi-
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mization version of the fidelity; i.e. F(ﬁz, 6'1;) = |<@Dz|¢m>|2. We now define
W> ::/\/p(x)’¢w>‘x>dx (3.33)
|(;5> ::/\/q(x)|¢z>|m>dm. (3.34)

|1/J> and |¢)> are purifications of the operators [ p(z)p,dz and [ ¢(z)é,dz where the ancillary space
is taken to be L?(R). Using Theorem 3.2.4 we now have.

\/F( [p@pedo, [ a)d.iz) = (ofu)] - (3.35)

[ o) el

- ‘ [ [ Voo - (3.36)

‘ / V@U@ (| b )| = / V@@ F (B, 60)da (3.37)

The latter gives us the means by which we may bound fidelities of mixed state from below. There

is a useful corollary that follows immediately from Lemma 3.2.5. We present it here below.

COROLLARY 3.2.1 (SUB-CONCAVITY IN ONE ARGUMENT)

Let [ p(z)p,dz be some uncountable mixture, and & be some arbitrary density operator (p(x)

is a probability distributions). Then,

\/ F( / p(x)p, dz, &) > / p(z)F(p,, &) dx (3.38)

Proof. Note that & = [p(x)6dz. The proof follows from applying Lemma (3.2.5) to the Fidelity

\/F(fp(x)ﬁzdfcaqu)&dx) 0

Note that the probability distributions p(z) and ¢(z) found in the results above pertaining to
the quantum fidelity may be singular; Dirac measures for example. If p(x) and ¢g(z) are taken to
be singular measures then we may obtain the countable versions of the Theorem 3.2.5 and Corollary

3.2.1 ubiquitous in quantum information theory texts such as [9].

Before ending this section, we dedicate a subsection to proving that Theorem 3.2.3 can indeed be

generalized to the case of mixtures of infinite dimensional density operators.
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3.2.1 Generalizing the Knill-Barnum Bound

Recall that for a mixed state, EZ\LI pip; of finite rank density matrices, the QSD problem may be
bounded from above as follows (by Theorem 3.2.3).

N N N
win (1= pTr(NLp, ML) < 303 s [F 6 b)) (3.39)
i=1 i=1 ji

Before we can use this result in all generality we have to reassure ourselves that this bound will
work for the case where the density operators in question, i.e. p, are infinite-dimensional. The
verification is necessary because the proof of (3.29) in [27] uses techniques that involve inverting
linear combinations of the operators p,, and as is known from functional analysis, infinite-dimensional
compact operators are not invertible. Hence, it is necessary to ensure the extension of Theorem3.2.3
to the case of infinite-dimensional density operators. Before we move on to the proof, we will first

prove a Lemma that will be useful in proving the upcoming theorem.

Let p; 4 = ZZ::{ Aki|¥ri) (¥ri| be a rank d approximation of the operator p; . Then

A Nortow R VA o0

Proof.
. A . B ~ [l | <
i o2, - VAol < 4y
dhm H\/ﬁi,d\/ﬁj,d - \/ﬁi\/ﬁj < (3.42)
— 00 1

—~

3.43)

Jim H\/ﬁi,d\/ﬁj,d —V/Piy/Pja|| + lim H\/;i\/ﬁj,d - \/;z\/f’»]
—00 1 d—oo
Jin oo = V3| 1ol i || foa = /o] VAL <

<
1

—~

3.44)

Jim H\/ﬁi,d — V|| + lim H\/ Pja—\/Pj|| = (3.45)
— 00 2 d— oo 2

i b , li by Al = 4
Jim >V il (Wi 2+ Jim > VA 1) (s | ) (3.46)

k=d+1 k=d+1

lim ( Z Aki + Z /\kj> e dlLII;O Z (\/ ki + /\kj) =0 (3.47)

d—o0
k=d+1 k=d+1 k=d+1

O

We are now ready to prove that Theorem 3.2.3 may be generalized to the case of mixtures of

infinite dimensional density operators. .
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THEOREM 3.2.6 (KNILL AND BARNUM BOUND [27] GENERALIZED)

Let Zf\;l pipi be some finite mixture of infinite dimensional density operators, then the Knill

Barnum (3.29) bound applies to such a mixture.

Proof. Starting from the optimization problem minpoy s Zfil Z%# piTr{l\A/Ijﬁil\A/I;[}, notice that
we may rewrite each p; as the limit of a sequence of finite rank operators. To see this, first we
diagonalize the p;. i.e. p; = > poy Miltki)(¥ri|. Where the \g; are the eigen values of p;. A d rank
approximation of p; is therefore p; ; := ZZ=1 Aki| ki) (¥r:i| and indeed

oo (oo}
i ([Pia = Pif| = ] H il Vri) (Yral|| < 1 il = 0. 4
Jim 50— || = Jim || Y Awaltwa) (il | < Jim D7 | =0 (3.48)

k=d+1 k=d+1

To proceed we must first demonstrate
: (KL AN — T mi TIN5, N
P2 2 T LANGY = him i, 30 3 pTrWALNG)Y  (.49)
i=1 j;i#j i=1 j;i#j

To show the above we need only show that

Jim p%lxi/%z > pTr{N;p M) — Pgl‘i/%z > pTr{N;p; M} = 0. (3.50)
i=1 jii#] i=1 jii]
We proceed as follows.
Jmin 0 pTr{NGANTY — min S 0N pTr{Mp; MY < (3.51)
i=1 jii#j i=1 jiij
) L (5. — b o1t
Jmax | 0> piTr{N; (B — pig) M} < (3.52)

i=1 jriAj

g D pi| My (5 = pia) M| < mmax B> 'piHMjHooH(p\i *ﬁi,d)HIHM}HOO = (3.53)
i=1 jii#j i=1 j;j#i
max S w6 - pa) | =20 Y v (8- 8| = (3.54)
i=1 jijAi = '
Z Z i Z [ Aki| < NZPi Z | Aki (3.55)
i=1 jijAi k=dtl i k=dtl

and indeed

Jim. NY pi > Mi= (3.56)

i=1  k=d+1
N ) N

NZpidILm Y Mi=N>0=0 (3.57)
i=1 * p=dt+1 j=1
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Therefore,

N N

- , VL 5. VT

dlirgo PIS\I/HMZ 'Z‘plTT{M]piMj} Prg‘l/nM Z piTr{NL;p =0 (3.58)
=1 j7;5#1 1,517

which means that
. i _ P
P 2 2 T NGANE) = fim gin, 505 pTr(NGANE) (359
i=1j;j#i =T

Let us now introduce a normalization constant o; 4 = Tr{ ﬁid}. Using this normalization and the
Knill-Barnum bound (3.29) [27] we have

N N
. . 1 ~ A N
Jim min 0> paia TriNGaiap; oM} < (3.60)
i gl
N N
e 02 g, 35 5 180,09 oy
=1 7207

N N
tim max (04) D2 S VB F(n.ai a0 05.085.0) = (3.62)

d—o0
i=1 jiji

d—o0
1=1

N N
lim max (v ;)Z 2 \/EH\/Q, dpld\/a] dp]d” (3.63)

i ZN: VPip; Jim max (o d)mﬂ\/ﬂ\/anl (3.64)
i=1j;j#i
g: i \/szj( lim N max (ak d) NCIR I d)( lim H\/E\/EH ) (3.65)

N N
S5 VewiyFlpi) (3.66)

i=1 jijti

where we have used lemma 3.2.1 and the fact that limg_, oy 4 = 1 for all k in the final equality. O

3.3 Unitarily Related Mixtures

In what follows we will be restricting our attention to a specific type of ensemble {p;, ﬁi’t}zN:l.
Namely, those where

ﬁi,t — e—itxiﬁﬁeitmiﬁ (3.67)

for some self-adjoint operator B and some density operator p both acting in an arbitrary Hilbert space

. All of the operators p,;, are unitary evolutions of the density operator p, with the dynamics
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being generated respectively by the operators zB. Of particular interest to us will be the case
where the operator B has purely continuous spectrum and a non-empty Rajchman subspace ..
with p € S(.) (See Section 3.5 of this thesis) [75]; such assumptions will be necessary in order to
guarantee (3.30). A particular instance of the latter setup will be the case where B is a quadrature
operator [19], aka position or momentum operators (the quadrature operator pairs are a generalization
of these). In such a case the entire Hilbert space L? (R) will be the Rajchman subspace [58]. For
starters, let us work in the case where B is a momentum operator; we will then generalize to the
case of a general quadrature operator. In section 3.5 we will formalize the concept of the Rajchman
subspace and use this to prove asymptotic QSD for a broad family of unitarily related mixtures.

Before proceeding we present two lemmas.

LEMMA 3.3.1 (TRACE LEMMA)

Let the operator B be a momentum operator (1.20) acting in D(fi) C L%(R). We call X
satisfying [X, ﬁ] = I the conjugate of B, aka the position operator. Let p be some density
operator in S(L?(R)) with representation

p= //K(x,y)‘x><y|dxdy (3.68)
in the generalized eigenbais of X. Then, it can be shown that

emiteiB poitaiB _ / / K (2, 9)|z + ta: )y + ta| dedy (3.69)

and
Tr{e B peitriBY — /K(m — ta;, ¢ — tx;)dx. (3.70)

Proof. The proof hinges on utilizing the following decomposition found in standard quantum textbooks

[6].
|) :/e*“’z|b>db. < /|x><m|dx]l>, (3.71)

where ‘x) and ’b> are the position and momentum operators’ generalized eigenkets respectively. Fur-
thermore,

(bz) = \/%e*ibf. (3.72)

We will first prove (3.69) of Lemma 3.3.1. Notice that we may rewrite p, originally expressed in

the position generalized basis, in the momentum generalized basis.

p= / / K(z,y)|2)(y|dedy = / / / / K (2, 4)[b)(b] ) (|8 )V | dbd derdy = (3.73)

//{//K(m,y)<b1x><y\b’>dxdy}\b)(b’wbdb’: (3.74)
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{5 ][ eizenasy )iy = 5.75)
K (b,b")|b){(V|dbdb’ (3.76)
[ [ o

where K (b,) is the 2-D Fourier transform of the kernel K (z,). Now,

e—itx,-l%ﬁeitacifi _ //e—z‘taxc,-beitggib'K.(b7 b')’b><b'|dbdb/ _ (3.77)

1 ) VIR ) iy

/ / {2 / / e itwibitwib [ (p, b')e’bxe_“’ydbdb'}]@(y‘dmdy: (3.78)
Y
1 . - A

/ / {2 / / elle—tzi)bo=ily=tz)b’ (. b’)dbdb'}\xxyydxdy = (3.79)
™

//K(ac — tai,y — ta;) |z ) (y|dady = //K(:L‘, y)|x + twg) (y + to;|dady. (3.80)

The physicists reading this may simply be used to working with the operator e~ B and imme-
diately identify it as a translation operator. In such a case one may simply take for granted that

e—ite:iB |x> = ’x + txi> since it is an elementary result from introductory quantum mechanics.
Finally, proving (3.70) is easier since we may use property (3.69).

e_m”]:31661"*“]A3 ://K(x,y)|x+t:ci><y+tmi‘dxdy://K(x—tmi,y—txi)|x><y|dacdy. (3.81)

From here, (3.70) follows directly from the generalization to Theorem 1.3.1 presented in Chapter 2.
This generalization may be found in [47] ( ADDENDA D). O

LEMMA 3.3.2 (TRACE LEMMA)

Let A € R and define Py := Ja l)(x|d2z. The operator P = Sa l2)(x|dz is projector
acting in the Hilbert space L?(R). Then, for any p € S (L2 (R)) with representation p =
| [ K(z,y)|z)(y|dedy, where K (z,y) is the kernel of p,

Tr{f’Aﬁf’A}:Tr{f’Aﬁ}:/ K(z,z)dx (3.82)
A

Proof.

Papba= [ [ [ [ Kawlw)(wl) sl cldodyud: = (359
/A /A / / / K (2, y)6(w — 2)8(y — 2)|w) (2| dedydwdz = /A /A K(z,y)|z)(y|dedy.  (3.84)

Using, once again, the generalization to Theorem 1.3.1 taking the trace of

/A /A dedyK (z, )| )y|

70



simply mounts to integrating along the diagonal of K (x,y) over the set A. i.e.

Tr{/ / K(z,y)| |da:dy} /K z,x)dz. (3.85)

Tr{PapPa} = /A K(z,z)d. (3.86)

Hence, we conclude that

By the cyclicity of the trace, it immediately follows that Tr{PApPA} = Tr{f’iﬁ} = Tr{Pap} and

so we have our result. O

We now have the tools for facing the problem at hand, i.e. finding a PVM {lsl}l such that (3.22)

is approximately minimized for the case of the ensemble {p;, p; ;},, where again
piy = 1B peitaiB, (3.87)

where B is a momentum operator and p € S (L2 (R)) To that end let us partition the real line in the

following way.

Ay = ( o, t22 ;’“) (3.88)
Aiyi= (t”“"“; Ti 4% +2:”i“> l1<i<N (3.89)
Any = (tW,oo) (3.90)

Indeed Uivzl A;; = R. Letting IA)AM = XAg, (X), where X is the conjugate operator to B, ie. the
corresponding position operator, we have the following.

ZPA” Z/ <xydx—/| a|dr =1. (3.91)

To check if the POVM constructed above {Pa, , } X, is efficient in discriminating the mixture Y | p; Pi s
let us compute the Tr{ ﬁi,tf’ A, y- Computing such traces just involves a simple application of Lemma

3.3.2 and a change of variables. We present the results below and a short computational proof in the

following.

. tIQEII

Tr{Pa, P11} = / K(z —txy,x —txy)de = / K(x,z)dx (3.92)
Al,t —0o0

t’”i+12’“”'i
Tr{Pa, pis} = / K(x —ta;,x — ta;)de = / K(z,z)dx (3.93)

? ’ At tziflfzi
TT{ISANtﬁNt}:/ K(xfth,zftazN)dx:/ K(x,z)dx (3.94)

’ ’ An LEN-17FN

2
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Proof.

@1 tao
1=

Tr{lsAuﬁLt} = / deK(x —txy, @ — tx1) (3.95)

— 00

Let u(z) = x — tx1, then du(z) = dx, u(t2E22) = t2F522 — ¢31 = {22550 and furthermore u(—o00) =

r2—x]
—o0. Using this substitutive scheme we may recast (3.92) as fioj

K (u,u)du which is what we set

out to prove. In a similar fashion, one may convince oneself that equations (3.93) and (3.94) hold. O

For finite {x;}¥; all of the above integrals approach 1 asymptotically as t — co. The latter implies

that (3.22) goes to zero as well. We will state the latter as a theorem.

THEOREM 3.3.1

Consider the mixture Z —1PiP;+ where p, ; —ite:B ﬁem’B, B is a momentum operator and

p € S(L*(R)). Then

N
i —_ . P.5P. < .
min {1 ;pzTr{Pzple}} < (3.96)
trg; 1 ’L+1 00
1 —pl/ K(x,x)dx — Z pl/ K(z,z)dx — pN /T . K(z,z)dz (3.97)
e 1<i<N A

For t — oo the above upper bound approaches 1 — Zf;l p; = 1 —1 = 0 achieving optimal QSD.

. .

We have focused on the Hilbert space L? (R) but these results may be easily extended to the case
of n dimensional square-integrable functions by the same methodology.

3.4 More Unitarily Related Mixtures

Hitherto we constrained ourselves to a mixture of the form

N N
Zﬁk,t Ze ztka N ztka (3.98)

k=1 k=1

where B was taken to be the momentum operator and p € S (L2 (]RQ)). In this section, we will gradually
move toward studying more general mixtures of the unitarily related type and their respective QSD
problem. Firstly, we will study the case where the unitary evolution is generated by parametrized
Displacemet [19] operators, a generalization of the momentum operator; we will analyze such a case
for a simple coherent state as our ¢ = 0 density operator g, then we shall generalize to an arbitrary

state.

3.4.1 Quadrature Operators

A generalization of the momentum-position conjugate pair of operators may be arrived at by

recalling that the position and momentum operators P and X may be written in terms of ladder
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operators. We present them below in the ladder operator form discussed in (1.93) (1.94), including

units.
X = ﬁ(a +al) (3.99)
P=— %(a —ah) (3.100)
(3.101)

X, P] =il
where we remind the reader that the operators & and 4" may be understood by their action on number

states |n) ( (z|n), are the Hermite functions introduced in (1.25)). i.e
(3.102)

éT‘n> =vn+ 1|n+ 1>
aln) = v/n|n). (3.103)

For the following study, the unit carrying terms such as the angular frequency w, and mass m will

P |
X=-—"-(a+ah)

V2
P= —ﬁ(é—éﬁ) (3.105)

without losing anything of mathematical importance. It can be shown that the commutation relation
We now present the generalization of the position-momentum

be immaterial. The pair of equations (3.99) and (3.100) can be traded in for
(3.104)

].
(3.106)

L (%8 +eioan

(3.101) will remain unchanged |
pair (3.104) (3.105).

Q, = —(e

Qs \/Q(

(3.107)

— ,

6= 7 (e'?a —e 19 al).
Notice that the latter pair of operators reduces to the former when ¢ = 1. It can be shown that
canonical commutation relations will remain the same as those for the usual position and momentum

2w}

(3.108)

operators, independent of ¢, i.e.
[ngv p¢] = Z]Iv
meaning that the algebras {]L Q¢, f’¢} are equivalent (via isomorphism) to the algebra {]I, X, f’} for

all ¢ € R. It is interesting to note that for any ¢ € R
(3.109)

T rotations of the respective conjugate operator in some

meaning that the quadrature momenta are 5

sense.
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3.4.2 Unitarily Related Countable Mixtures. The case for Coherent States

Let 15¢ be some quadrature momentum and let p = |O><O} (the vacuum state of the Fock basis, the
underlying Hilbert space here is L2 (R) but could be generalized to L2 (R") with ease). Let us tackle
the QSD problem for the mixture

N
Zpke_itxkp¢|0><0’eitka¢ (3.110)
k=1

where all of the z; are unequal to each other. It will be instructive to reorganize the way in which the

unitary operator e~ #*+Fs is expressed. i.e.

R ) i e 4 e aa
e—itﬁfkp¢ _ efzta:k(jé(emafe 7’d’aT)) _ e%(e“ﬁafe ivah) _

_ oAl —ai () a _ twge”"?

= , where ag(t) ==
V2

The unitary operator e®s(Ma'=ar(t)"a wil] henceforth be denoted D(ay(t)). This operator is known

as the displacement operator [0] [19]. Some of its most useful properties are presented below. Let |oz>
be some coherent state [19] (also see Chapter 7 of [0]) , then

D(3)D(7) = D(B + )P /2 (3.111)

D(B)|a) = e =F/2| 4 o) (3.112)

D(a)[0) =|a) (3.113)

The final two properties above give merit to the name "displacement operator" of f)(ﬁ) Using the

latter properties, (3.110) may be shown to be a mixture of coherent states.

Proof.
N N

S e P4 0) (0] +Pe = 37 piB (1) [0) (01D (s (1) = (3.114)
k=1 k=1

> pifar(®){ax(®)] (3.115)
k=1
0

It can be shown that ’<ﬁ’o¢>|2 = ¢ |B-ol [19] for two arbitrary coherent states ’a> and ’B> The
latter implies that F<|ak(t)><ak(t)’, |ap(t)><ap(t)\) = e’g‘“’%‘i using (2.47).

Proof.
F(Jan(t))(ar(®)], [an ) {ent)]) (3.116)

(k| ap)|? = e~ ler—ea®I* — (3.117)

_l tmkefid’ _ t:cpe_i‘b |2
e V2 V2

2 2
= e Tzl (3.118)
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Due to the latter it is indeed clear that F(|Ozk(t)><ak )] |ap(t)><ap(t)|> — 0ast— oo for k #p.
This in turn means that the mixture (3.110) will be asymptotically discriminable. i.e. using the

generalization of Theorem 3.29, Theorem 3.2.6 we have

lim min {1—ﬁ:piTT{Mi‘ai(t)XOzi(t)|M:}}S (3.119)

t—o0 POV M

N N
lim >3 \ﬁpmj\/F(!ai<t>><ai<t> o) (1)) = (3.120)
=1 j;j#1
N N 2 . N N 2 ,
fim > > vppre Tl = lim B > iy lim e Tl =0 (3.121)
i=1 j;ji i=1 jj#i

3.4.3 Unitarily Related Countable Mixtures of Arbitrary Displaced Pure
Initial States

Continuing the work of the previous subsection, we proceed with a generalization of the countable
mixture (3.110). In this case, the initial state ‘¢><¢| will be taken to be pure, but otherwise arbitrary.

ie. v v
> pibr = Y kD (an(t) ) (4] DT (a(t)) (3.122)
k=1 k=1

where again, ay(t) = %. We will prove that F(ﬁk7t,ﬁp,t) — 0 as t — oo yet again via a

bound characterizing the exponential decay as t — oo; the associated QSD problem will hence be
solvable in the asymptotic limit ¢ — oco. This will consequently prove that under such a generalization
the asymptotic QSD problem is still solvable. Before we begin the proof, we must introduce a few

definitions.

DEFINITION 3.4.1 (SEGAL-BARGMANN SPACE)

The Segal-Bargmann space is the space of holomorphic functions F(z) in n complex variables

satisfying the square-integrability condition:

IF ()55 = 77_”/ | F(2)]* exp(—|2[*) dz < o0 (3.123)

Cn

where dz denotes the 2"”-dimensional Lebesgue measure on C™. It is a Hilbert space with

respect to the associated inner product:

(F(2) | G(2)) =™ / FEIG() exp(—2?) dz. (3.124)
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LEMMA 3.4.1 (SIMPLE LEMMA)

If the Holomorphic function F'(z) is in the Segal-Bargmann space, then so is the function F'(2z).

Proof. This follows from the fact that both 2 and F(z) are in the Segal-Bargmann space and are
therefore measurable with respect to the measure e*|a|2d2a, and from the fact that the composition

of measurable functions is measurable. O

We now prove that F(ﬁk’t, ﬁp’t) — 0 as t — oo, but first state it as a Claim.

CrLAM 3.4.1 (CONVERGENCE CLAIM)

F(prsrPps) =0 as t — o0 (3.125)

Proof.

A

D (0, (1) D (i (t)) = %/lA)T(ap(t))|a><a|]§(ak(t))d2a = (3.126)

L [ fo = ay(0){a - ax(0ia (3127

Where we used the resolution of the identity afforded by the overcomplete set of coherent states, i.e.
L [|a){a|d?a =1 [19]. Hence,

T~
=
w)
it
=}
S
=
w3
°
=
=
<=
~—
Il

L [ wla = ap0)a - an0lv)ia (5.128)
The functions

e P g (o — 0y)) = e Hrml” 3 () (2 _fg)*)n = (a— ax[y) (3.129)
n=0 :

where Ugp(a*) belongs to the Segal-Bargman space for an arbitrary |z/)> in the appropriate space of
square-integrable functions. We may therefore write

|<¢\15T<ap(t>>15<ak<t>>|w>|:E/ e3P ey (0 - ap) e 3 Wsp (0 — ap))dPal < (3.130)

1
- / emBlomonl e dlomen s (0 — ap) ") W (@ - ar))ld%a = (3.131)

l/ e tlo—apl?omdla—anl® o= fla—apl® o= tlo—akl® g g o (o — ap)*)|[Tsp((a — ap)*)|d?a < (3.132)
™

1
,(/e—%\a—ap\ze—%\a—aklzcﬂa)(/e—%\a—aplze—%\a—aklz|‘1/SB((a_ap)*)‘2|,1,SB((a_ak)*)|2d2a) < (3.133)

s
1 —La—ap|? —Lla—a|? 2
— e 2 ple™ 2 B d o
& Loo(C)

[wsn2a%)]|,,2 (3‘5(“(%)‘“(‘19)2) (6_;(5(%)_%(%))2) = (3.135)
Loo

2 2
e3P g p(a")? e 31w gp(a")?

= (3.134)
Li(c)

s _1 2
e ersaare
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gH(37%‘al2|\I]SB(OA*)‘2HLDO H‘IISB(2OZ*)HSB (8 %(672.?)2& (Ipzk)2> (e S(Cii(b)zi (Zplk)2) — (3136)

™

2 ) ~2 (ep-ai)”
5 e 17| g (20%)| e T\TPTER (3.137)

|wsp(2a")
Lo

sB
The fucntion ¥gp(a*) is in the Segal-Bargmann space, hence its accociated Segal-Bargmann norm
exists and the fucntion |e~1° ¥ g 5 (20*)|? is bounded and | sB(207
3.4.1. We, therefore, conclude that for k # p

)H s 18 just a constant by Lemma

N . 2
F(,(1), pi(1)) = [(4[ DI (ap(0)Dr®)]0)] < (3.139)
™ P * * _2 Tp—T 2
2l 1vsnza)P,_[wsn(zat)gy e boed) (3139
which goes to zero as t — 0 due to the Gaussian term. O

The associated QSD problem is therefore progressively more solvable as t — co. The benefit of the
approach taken in Claim 3.4.1 is the ability to bound the fidelity terms by the Gaussian term. The
weakness of Claim 3.4.1 is that it only gives a handle on unitarily related mixtures that are generated
by displacement operators. If more general unitarily related mixtures are to be studied, we will need

to introduce new ideas.

Another approach.

We have used some tools from quantum optics to argue the asymptotic decay of the fidelity of the
states p,, and p;, when k # p. However, we could also use the spectrum of the displacement operators
ﬁ(ak(t)) in order to compute F(ﬁp, ﬁk) directly as opposed to bounding it, like we did in proving
Claim 3.4.1. Recall that D(ax(t)) = e~ Po for oy (t) = trie % Phe quadrature momentum P, has

V2
purely absolutely continuous spectrum [3]. We will denote its generalized eigenvectors as |pg) (Dirac

delta distributions), where the action of p4 on its generalized eigenvectors is, of course, the following.

Pylps) = polps). (3.140)

We may now compute ﬁ(ak(t))|1p> = e*““p‘f’|w> = [e " mkPoq)(py) |pg )dpy, which leads to the

equation

2
F(py,, py) = ‘ / [¢(pg) e ErmnIPe dp,, (3.141)

which is a continuous function decaying asymptotically as t — oo due to the Reimann-Lebesgue
lemma since [1)(pg)|? is in L'(R). The hurdle of this approach is the necessity to compute the Fourier
transform of the function |1)(pg)|?, which could be a daunting task. Both approaches, the one leading
to (3.141) and the one leading to the bound (3.139) have their merit.

77



3.5 Countable Mixtures of Unitarily Related Families

In this section, we will be restricting our attention to a specific type of ensemble {p;, ﬁi,t}iliy
Namely, those where
Piy = e TBp) (et B (3.142)

)

for some self-adjoint operator B and some pure density operator ’1/}><1/1| (i.e. (|1/)><1/}|)2 = |¢><¢|)
both acting in an arbitrary Hilbert space J#. All of the operators p, ;, are unitary evolutions of the
density operator g, with the dynamics being generated respectively by the operators z;B. We will see
that the asymptotic discriminability of the mixture vazl pip;  will depend on the spectral properties
of the operators B and the nature of the pure state |w><w| Using Theorem 3.2.3 we have the
following QSD estimate.

N
Prél‘i/nM (1 - ;piTT{Miﬁi,th'}) < Z Z \/Iij\/ F(ﬁi,t?ﬁjﬂf) = (3.143)

i i
D2 > VBB (e By (3.144)
IR
If fully solvable asymptotic QSD is desired, then it is a necessary and sufficient condition that
the elements |<z/1|e_“($f_”“)]§|w>| of the sum above decay to zero as t — oo for all 4,j;4 # j; it
can be shown to be a necessary condition by using the bound in Theorem 3.2.2. With the latter in

mind, let us first introduce some elements from spectral theory in order to understand when QSD is

asymptotically possible for the setting at hand.

3.5.1 Spectral Decomposition and Spectral Measures

Given some Self-Adjoint operator A it is known that the residual spectrum of a self-adjoint operator

is empty [%][3]. Hence, given that A is self-adjoint we have
Spec(A) = Spec, (A) U Spec,, (A) U Spec,, (A) (3.145)

where the subscripts ac and sc stand for absolutely continuous and singular continuous respectively.
In order to more formally define absolutely continuous and singular continuous spectra let us consider
an arbitrary |¢> € J; A being the Hilbert space that A acts in. The spectral theory then says that

there exists a unique measure p,;, such that [3]
($|Afy) = / A (V). (3.146)
R

The measure iy is often called the spectral measure generated by ‘¢> By the Lebesgue Decomposition
Theorem one may decompose any measure of this type into its point measure, absolutely continuous

measure, and singular continuous measure components. i.e.

Py = Hop,p T [p,ac + [, sc- (3.147)
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Of particular interest to us will be the properties of the respective Fourier transforms of each of the
measures on the right-hand side of (3.147). It is a consequence of the Riemann Lebegues Lemma
that the Fourier transform of the measure piy 4. (absolutely continuous with respect to the Lebesgue
measure) is a function that decays to zero as the argument becomes large. On the other hand, It
can be shown that the Fourier transform of p , will exhibit quasiperiodic behavior while the Fourier
transform of py 5. (e.g.Cantor distribution (devils staircase), Dirac measure) is known not to decay
to zero in general; However, there exist singular continuous measures with respective Fourier trans-
form exhibiting the decay properties expected from the Fourier transforms of absolutely continuous
measures. We shall be particularly interested in the subset of measures continuous with respect to
the Lebesgue measures whose Fourier transform decays to zero. These will provide the necessary

dynamics for the bound (3.2.3) to converge to zero for the case of the mixture presented above, i.e.
N
Zizl PiPiy -

Let A be a self-adjoint operator acting in some Hilbert space 7. The Hilbert space that A acts
in may furthermore be expressed as a direct sum of three invariant subspaces; one corresponding to

each type of spectrum. Namely, from []
H = S Hpe ® Ao, (3.148)
Recall that the QSD problem may be solved asymptotically iff Vi # j
|<¢|eiit(m17“)]§|¢>} =0 (as t— o) (3.149)

Using the spectral theorem for unitary operators [3] it immediately follows that (3.149) may be written

as

[(ple=tes—o0B )| = | /R e*if(zrwduim)' = (3.150)

‘/e—it(%—xi”d%,p(/\))+‘/e—“(”f—”i)*duw,ac(»‘ +‘/e—“(“’f—”i)kduw(z()\). (3.151)
R R R

It is now clear why we are interested in the Fourier transforms of the p, ac and sc measures of the
operator B. If we expect ‘<1/J‘e_“(’”f _’“)ﬁWM — 0 as t — oo, then we know that it will be necessary
(but not sufficient!) for WJ) € Hoe ® I [58]; first and foremost, . @ . would of course have
to be non-empty. However, not all |z/1> € . ® . will yield the desired dynamics as we already
discussed; everything in 7. will yield the dynamics we want but not everything in J7;.. We must
hence constrain ourselves further the subspace 7. consisting only of the states |¢> whose associated
measure [, is a Rajchman measure [58] (defined below). The associated invariant subspace is exactly

what we need.
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DEFINITION 3.5.1 (RAJCHMAN MEASURE:)

A finite Borel probability measure p on R is called a Rajchman measure if it satisfies

lim A(t) =0 (3.152)

|t] =00

where A(t) == [ e*™@du(z) ,teR.

THEOREM 3.5.1 (THE RAJCHMAN SUBSPACE IS A CLOSED SUBSPACE)

Let A be a self-adjoint operator acting on some arbitrary Hilbert space #, then the set of
vectors in s for which the spectral measure is a Rajchman measure, i.e.

Hre:={[0) | Jm (v]e=Ap) =0}, (3.153)

is a closed subspace which is invariant under e~**A[55].

LEMMA 3.5.1 (IF gy IS RAJCHMAN, THEN p 5 IS RAJCHMAN)

Let B be some self-adjoint operator acting on a Hilbert space 7. Furthermore, let |1/J> € .
and |¢> € S, then the respective measure p4 . is Rajchman.

Proof.
[ a0 0) = (e ) = (0] (ProcBJu)) = (3.154)

((B[Pre) e [w) = (&le™"B[w) (3.155)

where f’rc is the projector onto the subspace .. and ’£> = f’rc’@ € ... We have used the

fact that the Rajchman subspace is invariant under the action of e~iB, Now, using the polarization

identity (see [62] chapter 2 Excersise 2.1) we have

(]e=*By) = i ii’“ <(<§| + (=i (] )e B (Je) + ik}q,/;))) = (3.156)

1 "
1 § i (Oxnle "B xk) (3.157)
k=0

where we have defined |ch> : |§> + ik’w>. €, is a linear space, hence |Xk> e H,. for k=0,1,2,3.
Piecing all together.

3 3
— 1 . _itB 1 . —i
/ g = 1 3 Fale B ha) = 1 0 [ e P, (V). (3.158)
k=0 k=0
Ast — oo [e " dpu,, () — 0. Hence [ e g 4 (N) = 0 as t — oo. O
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We conclude this subsection with the following proposition.

PROPOSITION 3.5.1 (FULL SOLVABILITY OF QSD FOR URM OF PURE STATES)

Consider the model described in this section by the states (3.67). |1/1> € . corresponding to
B iff

q q —itz; B ite; BN A K -
Jim min po{{pi e = Bly)ulet B} (ML) =0 (3.159)

Proof. This immediately follows from Theorems 3.2.3 and 3.2.2. O

3.6 Unitarily Related Mixtures of Finite Mixtures

Let us now consider the case where

N
p=> pip; € S(H), (3.160)
i=1
with
M
pi = Znij‘¢ij><¢ij‘ (3.161)
j=1

With all of the |q§ij><¢ij| € §(#) and Zj 7;; = 1. In such a case we may again utilize Theorem 3.2.3

to begin with.
Join pp(t) <Y Y B\ F(pi ;) (3.162)

i g3l
however, the fidelities in this case are not immediately manageable owing to the fact that both p, and
p; are booth mixed states. To overcome this hurdle we will use a bound for quantum fidelities found

in [65]. Namely,

THEOREM 3.6.1 (FIDELITY BOUND KOENRAAD AND MILAN [65])

Let >, pip; be an arbitrary countable mixture and let & be an arbitrary density operator;

both acting on the same arbitrary Hilbert space. Then,

F(Ypibid) <3 viiy/F(p:,0) (3.163)

Note that this theorem for the general case of an infinite mixture would require that /p; € Z(R)
in or more knowledge regarding the fidelities |/p;4/ I (ﬁi, 6') in order for us to profit from such a bound.

Applying Theorem 3.6.1 twice we may further bound (3.162) to obtain

Jmin pe <" VBm; Y Y iy F(|6a) ol (o) (@) = (3.164)

i i k=1k'=1
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(3.165)

M M
Z Z \/]TPJZ Z VT gk | Dik | Djnr)
=1 k=1

i gyl
We hence see that the optimal probability error may be controlled by the inner products ’<¢ik|¢j k>|

(i # j), which are relatively easy to compute. We now provide a generalization to Proposition 3.5.1.

THEOREM 3.6.2 (FULL SOLVABILITY OF QSD FOR URM OF FINITE MIXTURES)

Let 5 be infinite-dimensional Hilbert space. Let B be a self-adjoint operator acting in 7
with a non-empty Rajchman subspace. Furthermore, let p, := Zjle nij|¢ij><¢ij| be finite
mixtures in S (jf ) for each 4. Then,

—ite; B A itz BN 9, K _
Jim Prg‘l/nMpE{{pz, pie B {Ml}z:1} =0 (3.166)

iff all of the |¢Z—j> € ;. of B.

Proof. First we assume that ’¢ij> € A, of B for all ij. Now, using (3.165) we have

(Gunfe o086 )] (3.167)

M; M;
min pp(t) <D0 Y VBB Y D VTR

i jiii k=1k'=1

Since all of the sums above are finite, we need only worry about the limits

Jim [ (i [e 00 B 6] (3.168)

but by Lemma 3.5.1 these all go to zero as t — co. We have therefore proven one direction of the

theorem.

Going the other way we shall prove the contrapositive. Assume that |¢u> ¢ A, for all ij. Using
Theorem 3.2.2, followed by Theorem 3.2.5, we have

—tz; B A B tzJBA tz; B > )
Jmin pr(t) > 5 >3 z; pini P (e B piets pic =) = (3.169)
T gl

1 min {Mi,Mj} 2
—it(x;—x; £ 2
52 D Pipj ( S ] (Gule 1 CmOB g ) (3.170)
VR k=1
In this case the terms ‘<¢ik ’e‘it(g”f_“)é’ |¢jk> |2 will be bounded away from zero infinitely often. Mak-
ing minpoy pe(t) bounded away from zero infinitely often. Hence, asymptotic QSD is impossible.

The theorem has been proved. O
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COROLLARY 3.6.1 (QSD 2 WITH }_, \/fij < 00 FOR ALL j)

Theorem 3.6.2 may be extended to the cases where the finite mixtures p, are replaced by

infinite mixtures p; := >°72 1ij|®i5){%ij|, where now >y iy = 1 for all 4, if 37, /mij < o0
for all 2. The argument follows by applying the dominated convergence theorem to the first

part of our proof for Theorem 3.6.2.

Corollary (3.6.1) gives us a way to work with the spectral decomposition of the operators in the
7itd7i]§ A it:l)iB

p;e
is summable with respect to j.

mixtures ), pie , so long as the sequence /\;; of square-rooted eigenvalues of each p,

3.7 Uncountable Mixtures

Consider the case where instead of a countable mixture, as seen in (3.1), we have an uncountable

one.
pui= [ p(e)p s (3.171)

where p, ; = e‘”’fﬁ‘wxw}e”xf‘, ) (4| some initial state in S(#’), # an infinite dimensional
Hilbert space, Ba self-adjoint operator acting in . and [p(xz) = 1. The states P, are akin
to the archetypal ensembles which are the main focus of QSD. In the literature [22] [25] [72] [27]
for QSD, one almost always encounters ensembles of the form ) . p;p; ( p; is a discrete probability
distribution) and the task is of course to find a POVM that minimizes Y, p;7r{p; — NI p, M I}
while satisfying >, I\A/III\A/IZ = [. If we wanted to discriminate all of the p, from each other, with high
precision, we would expect that F(ﬁx, p,) should go to zero as t — oo for all x # y. To see that
the latter is not the case in general, recall that F(ﬁw,ﬁy) = |<¢’e‘it(y—x)]§|w>|. Indeed, for fixed
T # v, \<¢‘e‘it(y—w)]§|¢>| — 0 as t — oo whenever ‘¢> € 4. (Rajchman subspace associated with
]§) However, if we choose y and z at every t such that x —y = ¢, then it is clear that no matter
how large ¢ is there will always be x and y (z # y) such that F(p,,p,) = |<¢|e’ia]§|w>|. If o is
small, then F (ﬁw, p,) may be close to one. We therefore abandon the idea of discriminating all of
the p, from one another and will instead support ourselves on the already existing theory of QSD
for countable mixtures. We will do this by defining an N-mixture associated with the uncountable
mixture (3.171). To motivate the latter let us first consider a partition of the support of p(x) with N
terms, i.e. UN Q; = supp{p(x)}. Using this partition we may rewrite (3.171) as follows.

N
[ plrp o= > / D) (3.172)

Next we define some new terms, p; := [, p(x)dz and p(z) := p](f). With these terms we further
rewrite (3.172).i.e.

N N
> /Q p(a)py pdr =Y pilio(|0) () (3.173)
i=1 "%

i=1
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Where A; ¢ (|o)(¢]) := o, ﬁ(x)e‘itzﬁ‘wxw‘e“zé’dx = [, ﬁ(w)e‘imﬁ’w><w|eimﬁdaj. Notice that in
(3.174) p; is a discrete probability distribution and each A; (|w><w|) is indeed a density operator (not
pure). The fact that the ¢ = 0 state was defined to be pure was immaterial, so we replaced it with a
general state in the following. Let us now formally define an N-mixture of a particular uncountable

mixture.

DEFINITION 3.7.1 (N-MIXTURE)

Let p := [ p(x)p,dz be some uncountable mixture. We call the following an N-mixutre of p

with respect to some partition U ;€2; (of N elements) of the support of p(z).

N
> pibi (3.174)
=1

where p; 1= fﬂ x)dz, p(z) == p((t)) and p; 4 : fQ x)p, dx. We emphasize that this is not

an approximation but merely a way of rewriting p; also note that the p, are density operators.

Given the mixture (3.174), we can use the theory of countable mixture QSD in order to estimate
an optimal POVM that minimizes Y, p;Tr{p; , — M,»7tﬁl M t} in this case p, ;, 1= fQ r)p, dx),
and in the case where finding the minimizing POVM is not possible we may bound the min error by
making use of the Knill Barnum bound (3.29) [27] in order to study the theoretical effectiveness of
the related QSD problem with respect to t, i.e. we would like to know if the associated QSD problem
is fully solvable with respct to ¢ or not. We now formalize the QSD problem for uncountable mixtures

(UQSD).

DEFINITION 3.7.2 (QSD FOR UNCOUNTABLE MIXTURES (UQSD))

Let j‘f be an arbitrary Hilbert space. Now, consider the unaccountably mixed state p, :=
[ p(x e~it7B peiteB gy p(z) a probability density, p € S(A) some initial state, and B a self
adjomt operator (acting in 7). Furthermore, consider an N-mixture of g, with respect to some
partition of the support of p(z), UY,Q; (N elements). We call the associated optimization
problem below the UQSD problem induced by the partition UY €2,

N

min sz(l — Tr{M;p, tM*}) (3.175)

—itaB A ”””de

where now p; := fQ p(x)dz, pi(z) = pz(f) pe

= fQ pi(z)e

An uncountable number of N-mixtures may be generated for any given uncountable mixture. If no
constraints on the magnitudes of the {2; are posed, trivial N mixtures might be devised. e.g. consider
the case of a 2-Mixture for some uncountable mixture [ p(z)p,dxz. For every £ > 0 we may choose s

such that || [, p(z)p,dz|, = e. Consequently || [, p(x)p,dz||, > 1—¢ where O = supp{p(x)}—Qq.
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Using the Hellstrom bound we get the following result.

. N 2 A2 B
Plg‘l/%pE{{pi,/Q_p(w)pmdﬂc}i_l,{Mz}l_l} = (3.176)

i

1 1
—H [ wpade— [ ppin| < (3.177)
2 2 Q Qo 1
1 1 " n
{1 s <] [ sorpaa] | - (3.178)
2 2 Q1 1 Qo 1
1 1 1 1
- — = 0 —g < - —=1— ~ .
: Q'H/QIp(z)pxdx RCES 2‘1 2| ~ 0 (3.179)

We will hence only be interested in the UQSD optimization problem induced by partitions U €,
with magnitude constraints. ie. A;p < | < A,y for every i. e.g. [ > A for all . Which
N-mixtures are physical and which are not is a question that has not been addressed as of yet and
would be and be a problem best addressed through the lens of Quantum Metrology [15], a topic which
is beyond the scope of this work.

Now that we have defined QSD for uncountable mixtures, we may ask ourselves if an adaptation
of Proposition 3.5.1 is possible for this setting. Morally speaking this must be so; however, due to
the intractability of the fidelity F'(p, &) for the case where both p and & are not pure states, the
argument is not as direct as it was in Proposition 3.5.1 and owing to the uncountably mixed nature of
the operators p, ;, from (3.175) we may not apply the techniques all of the techniques used in proving

Theorem 3.6.2. We encapsulate the latter in the latter discussion in the following conjecture.

PROPOSITION 3.7.1 (NECESSARY AND SUFFICIENT CONDITIONS FOR FULL SOLVABILITY OF

UQSD ror URM:)

Consider the setup of Definition 3.7.2. We conjecture that the UQSD optimization problem
induced by a partition UY,Q; is fully solvable as t — oo iff p € S(ﬁﬁc), where 7. is the
Rajchman subspace of the operator B.

As a finishing note, we motivate Conjecture 3.7.1. For this, we will need the super fidelity.

THEOREM 3.7.1 (SUPER FIDELITY [71])

For any two density operators p and &, then

F(p,&) < Tr{ps} +1/(1 - Tr{p*}) (1 - Tr{8%}) (3.180)

Let us now consider the uncountable unitarily related mixture [ p(x)e_“””ﬁ‘wxw‘e”xﬁdx where
|v) € A of B. Let p(z) be a bimodal probability density p(z) = 2(p1(z) + p2(z)) of two probability
densities with non overlapping compact support. Let A; C R and Ay C R be their supports respec-
tively. Now, for Ay and Ay with any magnitude, i.e. §; := |A;| and 63 := |Ay| and for any £ > 0
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we may find a time domain 7 := [0, 7] so that

2
Tr{ </pz( ”””B|1/J><¢|em‘3d:zr> } >1-¢ (3.181)

for all t € 7 and i = 1,2. Furthermore, with .7 fixed, for any €2 > 0 we can choose dist (Al,Ag)
such that

Tr{/m( _7”B’1/J><¢’em}3dx/ (x)e_“’”]g‘wxz/}‘e“'tﬁdx} < &9 (3.182)

Proof. Fix €5 > 0 and let t' € .7. Now,

Tr{/pl( 1tzB’¢><w|eitzde/ (x)eitxﬁ|w><¢|eitx]§dx} _ (3.183)

//m D)pa(a ¢|e it(y— z)B{¢>’2dxdy (3.184)

|1/J> € A, of B hence limg oo <w|e*mB|1/)> = 0. This means that there exists a § > 0 such that for
all @ > § we have |<¢|e_m]§|w>| < /2. Choosing dist(A1.A3)t’ > ¢ we therefore have

//p1 z)po(z w’e_”(y 2B |y) dxdy<//p1 x)pa(z)|\/E2| P dady = &, (3.185)
for all t € [¢/,T). O

With the latter and the use of Theorem 3.7.1 we have the following result.
F ( /pl (m)e‘itmé|w><w‘eim3d9€, /pg(x)e_””é"¢><1/1|e””é’dac> <eg+eg (3.186)

meaning that we may approximately solve the UQSD problem for the 2-mixture Z?Zl pip; where
p1 = p2 = 3 and of course p; := fpi(x)e_”xi)"w><1/)‘e”x]§dx. We can proceed similarly for a multi-
mode probability density. We can always place the lumps far enough apart from one order in such a
way that we may observe decay in the optimal probability of error long before we see an error in our
bound due to our super fidelity estimate estimates. It is clear that |1/J> € H.of B plays a key role in

going from (3.184 to (3.185); without this assumption our conclusion is not attainable.

3.7.1 UQSD Using a Particular PVM

We have already seen a successful POV M scheme for the discretely mixed state QSD problem in
Theorem 3.3.1. We can adapt such a setting to the case of an analogous uncountable mixture; we
assume the same transnational dynamics for the states p, , :==e —itaB pAeMB we may apply a similar
POV M as was applied in Theorem 3.3.1, but in this case the POVM will be a countably infinite set
of projector operators, i.e. an N-mixture per Definition 3.7.1 ( N may be infinity if the support of

p(x) is the entire real line). We will assume a specific partitioning of the support of p(z) uniform in
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time. Namely A; = ((Z=3F2) (Z321)) for 1 <4 < N =1, Ay == (inf (supp(p(z))), (%)),
Ayx = ((W , sup (supp( ))) and {z;}¥ ico !is a net of the support of p(z). Furthermore
let ;4 = (H(Z=5120) ¢ (B2 ) for 1 <4 < N — 1, Q¢ = (inf (tsupp(p(z))), t(””%ﬂ))7 Oy =
(t(%), tsup (supp(p(a:)))). We will use the same N for all ¢ To tackle the uncountable

QSD problem, Definition 3.7.2, for this associated N-mixture we utilize the PVM {ISQ”}Z, which
are projectors projecting onto the subspaces generated by the subset €2; ;. Using such a POVM the

respective uncountable QSD problem is bounded as follows.

N
Prgg,r}w;mt)(l -1l [ BtV N} ) < (3.187)

tm_m
2 / / /

1—sz / pi(x )/ , K(2', 2")dz' dx. (3.188)

A Rt R
We see that as ¢ becomes large (3.188) indeed approaches 0, meaning that there exists a POVM such
that the QSD problem, Definition (3.7.2), is approximately solved with high accuracy. The latter
follows from the fact that the limits of integration t“%% — tz and tw — tz are respectively
negative and positive for all x € €Q;, (except for the endpoints, which form a set of measure zero;

causing no issues in the integration). The latter means that the sets t% — tx, t% - tx}

1+1
approaches R as t — o0o. Hence f i

Z K(z',2')de’ — 1 as ¢ — oo which leads to (3.188)
going to zero as t — oo. Although a very specialized case, this Uncountable QSD problem instills
further confidence in Conjecture 3.7.1 and gives a schematic of how one might generate estimates for
uncountable QSD in the cases where the Hilbert space in question is some space of square-integrable

functions and the unitary dynamics in question are translational.

3.8 What if the B is Finite-Dimensional

The previous discussions might lead one to believe that there is no asymptotic QSD for the case
where 7 is a finite-dimensional Hilbert paces. Indeed homologs to Theorem 3.6.2, Corollary 3.6.1,
Propositions 3.5.1 and 3.7.1 is not possible per se, but one may approximately solve the associated
QSD problem within some relevant time domain ¢ € [0,7T]. To see this let us once again consider the
inner products <"/’i,t"(/}j,t> that we scrutinized in the previous sections. In this case, however, B will

be finite-dimensional and have pure point spectrum (eigenvalues) b; with associated eigenvectors ‘bl>
(Pia|thje) = (ol @B ) =3 " emH@—wadbe (p; | ). (3.189)
l

A sum such as 3.189 is an almost-periodic function. There are various ways in which almost-periodic
functions are defined, but we will stick with the definition posed by [57] (which interestingly enough,
is a paper authored by Niels Bohr’s brother Harold Bohr.).
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DEFINITION 3.8.1 (UNIFORMLY ALMOST-PERIODIC FUNCTIONS)

A function is said to be uniformly almost-periodic if it lies in the closure of the trigonometric

polynomials with respect to the uniform norm || f||s := sup, | f(z)]

It is clear that (3.189) lies in the closure of the space of trigonometric polynomials since each of the
terms in the sum is a periodic function of ¢ which may be approximated to arbitrary precision via a
series of complex exponentials with the same period. The sum (3.189) may therefore be estimated by
a multi-indexed sum (one index for each term in (3.189)) which consists of trigonometric monomials.
In [57] it was proven that Definition 3.8.1 is equivalent to the existence of relatively dense sets of
so-called e-periods, for all € > 0; i.e. translations by 7(¢) ( a time parameter dependent on ) of the

t resulting in the following bounds.
[fE+7(e) - f(O) <e (3.190)

where f(z) is some almost-periodic function.

Our hurdles stemming from (3.189) may now be formally described. We would like to achieve an
approximate asymptotic QSD in ¢ for the case where B acts in a finite-dimensional Hilbert space.
For this to occur we will need the inner products 3.189 corresponding to each B to be small. Being
a finite-dimensional operator, B does not have an associated Rajchman subspace. We must therefore
rely on the largeness of the dimension of B and the size of the particular time domain of interest. We
have that the respective function (3.189) is almost-periodic. Hence, given some arbitrary time domain
t € [0,T] there exists the possibility that

‘Z —i0(z;—x; bl|<b |¢O Ze—w(zj—%)b]' le}O | ‘ _ (3191)

‘Zl bl|1/10 Ze—zr(xj—x i)b; |<b [v0)] ‘ = ‘ Ze—zr(acj—x )bz b |4bo) | ‘ <e (3.192)

for some arbitrary small € > 0 and 0 < 7 < T. i.e. it could be the case that our operator (4.40)
returns to the state it was in at t= 0 after having evolved for an amount 7 of the unit time. Since
the time window of interest is [0,T] and 7 < T', this would mean that we can not achieve SBS in such
a time domain. This of course follows immediately from the bound in Theorem 3.2.2. In such a case

the lower bound of Theorem 3.2.2 is maximized.

If however, we are given some time interval [0, T, where <@[J,-,t ’¢j,t> is sharply decaying with respect
to some time scale 7 much smaller than T'(the relevant time frame) and <1/)Z-7t|1/1j7t> stabilizes to zero
long before t approaches T', then we may conclude that convergence Asymptotic QSD with respect to
the time scale 7 is achievable. To see that the latter may be achieved let us consider the case where

|¢0> is some tensor product state

Nuac

|vo) = ® |v6) (3.193)
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and
Ninac

B= B (3.194)
k=1
with each |w§> € 4%, (finite dimensional Hilbert spaces) and B some linear self-adjoint operator

acting in 7. In this case

Nonae | . e
<1/1i,t|¢j,t> = ( <'¢J§‘> <61t($j$i) 1 ngk> ( ® |¢0 > — (3.195)

k=1

mac Ny, ) Nimac
( ® <¢O )( *it(%‘*fﬂi)ngk‘w ) H <w |€*1t9k($J*I1)Bk’¢ > (3.196)

k=1 k=1

Nimac

H Z efitgk(mjfzi)bf|<b§?’w§>|2. (3197)
k=1 j

Each term in the latter product consists of a bounded sum
| S emtantas—=bk () | < 1. (3.198)
1

The magnitude of (3.197) is therefore bounded between 0 and 1, since it is a product of terms whose
respective magnitudes are also bounded between 0 and 1. If Ny, is large enough, then for a given
7 € [0,T] it can be shown that ’<¢i,t‘¢j,t>| may be bounded from above via a time-independent
bound of desired magnitude. We now formalize the latter. Let 0 < ¢ < 1 and assume that for
all k, 1 — | Y, e i#or@i—20b| > ¢/ > 0 for all t € [r,T] (r > 0 and 7 << T), then the functions
> e‘itgk(xi_"ci)bf‘<b§|1/)§>‘2 do not have e-periods for € = ¢}.. i.e.

‘1 _ Ze—itgk(xj—wi)b;c|<bj|,l/}0>‘2‘ Z ‘1 _ ‘ Z e—itgk(ﬁj—ﬂii)bf |<bj|'l/}0>|2 _ (3199)
! l
1-— ‘ Z e—itgk(xg—xi,)bf |<bj‘¢0>|2 > 5;« (3.200)
l
Furthermore,
| D emtone =t | (b | [*] <1 - ¢ (3.201)
l

for all ¢t € [1,T]. Note that 1 — ¢}, < 1, hence picking up from (3.197) we have

—’tgk“a—”)bk] (B H (1= ¢h) < (1—mingj)Nree, (3.202)
We may therefore conclude that if we desire
Nonae . N
Z it —eoby | (k| yl) P | < H (1—¢e))=46 (3.203)
j k=1
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In(4)

for some small § > 0, we can choose N,qc = (I —miny, &)

in order to obtain such a bound. We,
therefore, see that the size of the parameter Ny, 4. is responsible for the smallness of (3.197). Returning
now to the question of asymptotic QSD for finite-dimensional Hilbert spaces; we have seen that such a
QSD problem may be approximately solved over a time domain [, T] in a sense, given a large enough
Ninae. Very quickly after 7 time elapses (3.197) attains the smallness desired and therefore we achieve

an approximately discriminable state for the time interval [7,T] with 7 << T.
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Chapter 4

SBS for Discrete Variables

4.1 Work by Jarek et all

In recent times significant attention has been given to a family of multipartite states named Spectrum
Broadcast Structures (SBS) [38] [39] [40] [53]. Since its genesis, the theory of SBS has been used as a
tool in the discipline of Quantum Foundations; particularly in the theories of Quantum Decoherence
and Quantum Darwinism[12][31][11][12]. Recently, quantum darwinism and SBS theory have been
shown to be equivalent under certain technical assumptions[43]. Motivating the theory of quantum
darwinism and the theory of SBS is the question of objectivity in the quantum world. To avoid
philosophical contention [38] [39] and[10] provide a definition of objectivity motivated by properties
of classical dynamical systems. The multipartite quantum mechanical state satisfying such properties

is called a SBS. The definition of objectivity proposed in [38] is:

DEFINITION 4.1.1 (OBJECTIVITY [38][39][40])

A state of the system S exists objectively if many observers can find out the state of S inde-

pendently, and without perturbing it.

There are two clauses in the definition above that are ambiguous, namely, "can find out the state of
S" and "without perturbing it". The first of these means that any of the observers may locally solve a
QSD (3.21) estimation problem that allows the observer to identify the state of the system S by proxy.
The second clause, "without perturbing it" may be formalized by introducing a distance measure. We
will only be using the trace distance, but different distance measures may be more relevant in other
scenarios. The following definition proposed in [38] is a mathematical formalization of Definition 4.1.1

and is what we will refer to as a SBS.
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DEFINITION 4.1.2 (SBS [38][39][40])

A Spectrum Broadcast Structure is a multipartite state (also called joint state) of a system S

and an environment E, consisting of sub-environments E', E?, ..., EN#:
Ng
& o\ D
Psps = Y _pili)il @ Q) pi (4.1)
i k=1

where {[i)}; is some basis in the system’s space, p; are probabilities summing to one, and all

states ﬁfjk are perfectly distinguishable in the following sense:
k k
F(p .py ) =0 (4.2)

for all 4 # j and for all £k = 1,..., Ng. Recall that F(...,...) is the quantum fidelity, and is
defined as F(p, &) := ||\//_3\/§||f (2.44).

In [38] it is argued that SBS satisfies the desired definition of objectivity and that it is the only
structure that satisfies such a definition. The argument for why the observer monitoring (i.e. employ-
ing measurements characterized via a POVM) E' may find out the state of S independently is the
following. Let us analyze the local state pertaining to E'; to do this we partially trace out the degrees
of freedom pertaining to the system S and all of the environments E* with the exception of the Ith

environment. i.e. from (4.1) we obtain

ZPi(HTTEk{ﬁf’“}> Wpf = pibt (4.3)

i k#l

Notice that this is a mixed state. If F(ﬁfl,ﬁfl) = 0 for ¢ # j then the QSD problem may be opti-
mally solved. This means that there exists a POVM which the observer monitoring the environment
E' may utilize to conduct measurements on E' yielding perfect distinguishability between the possi-
ble outcomes of the mixture (4.3). Furthermore, the state ﬁ? " is correlated with the state |z><z’ of
S in the sense that when S is found to be in the state |i)(i| the Ith environment will be found in
the state ﬁf , Owing to the perfect distinguishability between the states ﬁf for all 4, there is no
ambiguity regarding the state of S given that E' is found to be in the state ﬁ? . Since [ was taken to
be arbitrary it is clear that any environmental observer may find out the state of S faithfully so long
as F(ﬁiEl,ﬁfZ) =0 for i # j is satisfied.

To argue non-disturbance (a similar approach follows for approximate non-disturbance) we first
re-emphasize that the "can find out" in Definition 4.1.1 formally means that for every E* there exists
a POVM {Efk }; that solves the respective local QSD problem, i.e. that discriminates perfectly the
mixture (4.3). {®ka1 E{ik Vit sin,..in, Will hence be a POVM acting on S(HA% ®ivfl Hpr). If the
POVM optimally solving the local QSD problem for each environment E' does so in a non-perturbing

way, i.e. not changing the state after the associated measurement quantum channel has been applied
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in the trace distance sense, then the measurement associated with the POVM {Q),* Ne EEk b,

may be shown to also be non-disturbing with respect to the trace distance. i.e. it can be shown that

;H;piliﬂil @ Y% Z(sz |®®ME AEk(ME’C)T)

= Zl ’LQ

i2,--iNg

=0 (44)

AEkTAEk SERE . . .. . o1s ~EF
where (Mik ) M;> =E; . i.e. Given the perfect distinguishability of the p;" for each k, a POVM
{Eik }i, may be devised such that

~ ke gk o\ T
M py (M’i) = 8iyi- (4.5)

With (4.5) in mind, we may estimate the trace distance in (4.4).

~ T
;HZMIWI ® DI Z(Zm |®®M5kﬁ{; (M‘i) ) - (4.6)
i k=1 i i ing
1 Ng s Ng b gk (e i
QHZMIDQ'@@@ =Y wilile @™ B (M) | < (4.7)
‘ k=1 i k=1 1
1 Ng Ng - AEk o i
5 27| Q7 ®M (%) 1 (4.8)
i k=1 k=

To proceed we introduce the following lemma.

LEMMA 4.1.1 (TELESCOPIC INEQUALITY [40])

Let A¥ and B* be trace class operators for all k. Then,

N N
Ak Dk
H@A —@B H1 < (4.9)

N J—1 . . . N R
> (TLIA41, ) <142 =87, < (TT 18, ) (110
Jj=1 k=j+1

Using Lemma 4.1, (4.8) may be bounded as follows.

(4.11)

AEk NI Bk AE* AEkT
-M; p; (Mz )

1
5;1%

" - @ ()| =135
=1 =1 @

1

We claim that the distinguishability criterion F (ﬁfk, ﬁfk) =0 (¢ #j) for all k is a necessary and
sufficient condition for (4.11) to vanish. For the case of perfect distinguishability, the sufficiency is

A k
immediately clear since each EF i may be chosen to be a projector onto the domain of ﬁf respectively,

A i\ T
meaning that ME AEk (MlEk) = ﬁlEk which in turn implies that HﬁlE MEk AEk (MEk) H1 = 0.
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k
The argument becomes more transparent in the case where all of the ﬁfﬂ are projectors. In such a
. Rk A~EF
case we simply choose E;* = p;

The distinguishability condition F (ﬁlE k,ﬁfk) =0 (i # j) for all k is of course an idealization; in
practice there will always be some error involved in the distinguishability measures F’ (ﬁjLJ k, ﬁf k) =
e for all k where e > 0 will depend on dynamical parameters such as time. In such a case we
must tread more carefully. In the previous paragraph, we did not need to calculate or estimate the
trace norm present because we showed that the operator in the trace norm was the zero operator.
If the perfect distinguishability condition is not satisfied, then we will need to compute/estimate

the sum over ¢ of trace norms in (4.11). Although we may use Theorem 3.2.3 in order to bound

N k[ A T k
minpoy ZipiTr{ﬁiEk - Mfk prY (Mfk) } by fidelitites of the set of density matrices {pF" }; , i.e.

. ~EF Ak gk [ A e\ T —
win, Tr{pF W o ()} < 0 VB (412

POVM —~ —
i gigFl

AEE N ER AER (orER )|
P; *MzE Pi (M?) Hl

It is clear by (4.12) that if the fidelities F(ﬁfk,ﬁfk) (i # j) are arbitrarily small, then for all k

for all k&, we do not yet have tools that aid us in the estimation of Zz i

. N oL “rEF AE* “rEF T . . .
the local QSD error minpov ar Tr{p,; — M p; (Mz ) } will also become arbitrarily small. To

show that a similar argument holds for the right-hand side of the inequality (4.11) we will prove in
the following section a bound for (4.8) that will depend only on fidelities between the set of density
operators {ﬁlEk}Z, and vanish as the fidelities F(ﬁfk,ﬁfk) (i # j) decay to zero for all k.

4.2 Bounding the Super Quantum State Discrimination Prob-
lem (SQSD)

In this section, we shall be simplifying our notational conventions since we shall not need the
superscripts on the density operators used in the previous section. Consider the mixed state Zi\; DiP;,
where Zf\; p; = 1 and the p,; are pure states in a Hilbert space of dimension greater than N, i.e.

, where {’zﬁ»}il are normalized vectors. Assuming that ’1/11>

one-dimensional projections W)i><1/}i
are linearly independent, we may use the well-known Gram-Schmidt procedure to define the associated

orthonormal set.
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THEOREM 4.2.1 (GRAM-SCHMIDT PROCEDURE)

Assume that the set {|w> } r of vectors in some vector space V, is a linearly independent

set. Then the following construction yields an orthonormal set.

|p1) = |v1) (4.13)

|p2) = aig <|1/12> - <¢1|¢2>|¢1>> (4.14)
1 N-1

lon) = E(M’N Z (S |vn)|or) ) (4.15)
k=1

Here «; := H|1/)1> — 22;11 <¢k|wi>‘¢k>” = \/1 - 22;11 |<¢k‘¢i>|2 for ¢ > 1 and a1 = 1 are the
respective normalization constants. We have Span{{}wi>}ij\;1} = Span{{ ‘¢1>}ZI\;1}

The orthonormal set {|¢1>}5V:1 may be used for the construction of a PV M, namely

{lo0)(ai }:1 {H—Z}@ i } (4.16)

which we will use to estimate minpoyv s Zf\il p,”ﬁl — l\A/[lﬁll\A/IZH1

min lem{m - MM} < min sz 16, — NMLp, M ||, < (4.17)

Zpl

for a judiciously chosen PVM {|¢i><¢i‘ }Z

= [ea){@ilpile:) (el |

(4.18)

LEMMA 4.2.1 (TRACE DISTANCE LEMMA)

Let g, and |¢>Z> be defined as above; also let ¢ > 1, then

16 = 16:) (sl Bl di) (@], < 2Z| Prelbi)] (4.19)
Proof.
b |oy(adbilosyanl | = |lwawdadwiul - o) (@ilalonail], = (420
| (ol = le o) awed el + loa) (oo ([l = le@l)| < @2
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H (|¢z><1/h| - |¢z><¢z’)ﬁz|¢z><¢z| .t |¢z><¢z|ﬁz(|”¢%><¢z| - }¢z><¢z’> ) < (4.22)
[l = Loy ol [[ailwsdiud |, + [loa s [lwdtwd —loaad | = @28
“7/11><¢1| — i) (i 1( Pyl i) (Wi . + ||| 0i){¢i| ps 1> < (4.24)
Jgcod-topton], (o o], + lleocedl Jot) < o

[a) (] = [:) (@]

:2,/1— (i) i) |? = (4.26)

(4.27)

2
1
2J1—
a;

1—1
— <1 - Z |(r|s) |2
k=1

‘ (1= 0 Konwl?) P
\/12211<¢k|1/’ )

i—1

i—1
:2\11—1+Z<¢k|¢¢>|2 \JZ<¢k|¢z |2<22‘<¢k|¢1 (4.28)
k=1

k=1

The term Y, |(¢x|1;)| may be understood in terms of the related Gram Determinant. We

present this as a lemma.

LEMMA 4.2.2 (GRAMM DETERMINANTS)

(Gulvr)  (ale2)

. <¢2W1> <1/)2W2>

|¢J> = mdet : : .
<¢j*1|¢1> <'l/1j71|1/)2>
|¢1> |1/12>
where
(Wrl1)  (Wrlye) ...
D; :=det <¢2w1> <¢2!¢2>
(Wilhr)  (Pslb2) ...
where Dy := 1.

(¥1|v;)
(W295)
: (4.29)
($i-1]¥;)
%)

(¥1]15)

<¢2M ) (4.30)

(¥5|5)

In determinant form, <¢z‘|¢k> may now be written as follows.
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(iln)  (Gafee) - (Unfn)
(a]t1) (Paltra) oo (ha|ton)

(il dr) = L et

(4.31)
Dy 1Dy

<¢k—.1|?/11> <1/Jk—.1|1/12> <1/Jk—.1|¢k>
{(i]h1) (il o (Wilvw)

The power of viewing the states |q§z> in their determinant form is that now we need only compute inner
products between elements of the set { |1/)l> }iV:l in order to estimate the solution of the PV M (4.16) via
an approximate solution to (4.8) problem with a particular PVM, i.e. minpy s Zivzl i Hﬁiff’,-ﬁilsi || L
Recall that the states {|z/)1>}ji1 are normalized and let us consider the case where <¢i|¢j> = ¢;; for
all i # 5 € {1,..., N}, where ¢;; are complex numbers satisfying |e;;| < § for all i # j € {1,..,N},
where ¢ is small. Since, under this assumption, all entries of the last column of the matrix (4.31)

Pi—|0i)(Dil ;| i) (bi

are small, this would also imply that

is small for all 4, thanks to Lemma 4.2.1.
1

The above estimates imply the following theorem.

THEOREM 4.2.2 (BOUND FOR THE SUPER QUANTUM STATE DISCRIMINATION OPTIMIZATION

PROBLEM)

Consider a mixed state of the form Zf;l DiP;s Zf\il pi = 1, where p, := ’1/)Z><1/)1’ are pure
states acting on a Hilbert space of dimension greater than N. Furthermore, assume that the

states {|1/Jz>}1 are linearly independent. Then

o o Nl
p%l%/%;pi p; — Mip; M, 1 = ;Pi; ‘m (4.32)
where
(1]th1) (P1l2) ... (Yrlor)
(alp1)  (Yalth2) ... (Yalthr)
My, = 2det : : : (4.33)
(Wr—1lt1)  (Wr—1lb2) .. (r—1lvw)
(ilth1) Wile) o (Yilth)
(Y1lv1)  (Wr1lh2) - (Yrleh)
Dy = det <¢2!¢1> <¢2!¢2> <"/}2|.1/}k> (4.34)

(Wrlr)  (Wrlv2) .. (Yrlvr)

Proof. The proof follows directly from Lemma 4.2.2 and Lemma 4.2.1, and the fact that for ¢ = 1 the
corresponding projector is simply |1/)1><’lf)z| making the ¢+ = 1 term zero. O
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It is with the bound provided by Theorem 4.2.2 that we may estimate the right-hand side of
(4.11). Notice that the magnitudes of the elements of the determinants found in (4.32) and (4.34) are
all bounded by the square root of the respective fidelities. i.e noting that [9]

(tlws) < Kol = (ol o) (1.3

With the latter relationship, it is clear that the bound of Theorem 4.2.2 will consist purely of fidelities

as was alluded to in the previous section.

4.3 Dynamical Monitoring for Discrete Variables

We have been studying properties of SBS states as introduced in Definition 4.1.2. In the present
section we will focus on the convergence of a time-dependent density operator p, to an SBS state
under quantum-mechanical time evolution. If we knew a priori that a certain type of multipartite
quantum-mechanical system behaves objectively per Definitions 4.1.1 and 4.1.2, then the states of this
system should converge to an SBS state as ¢ — oco. Time evolution may in general be described by
an arbitrary time-dependent quantum map. We will focus on the quantum maps obtained by partial

trace from unitary evolution corresponding to a Hamiltonian specified below.

4.3.1 Quantum-Measurement Limit

The principal models studied in SBS literature [38][39][10] are of the quantum-measurement limit
type, meaning SBS that arise from dynamics generated by Hamiltonians in which the interaction term
between the system S and the environment E dominates, i.e. fltot = IfImt + ﬂE + ﬂs =~ I:Imt (here
tot means total and int means interaction terms). Such an approximation is valid when the system
and the environments evolve with respect to a time scale that is much larger than that of the time
scale corresponding to that of the interactive dynamics; these type of dynamics are central to the
theory of quantum decoherence [31] . In this work, we will furthermore narrow our focus to interaction

Hamiltonians of the von Neaumann type [18]
N
Hin=X® Z 1Bk (4.36)
k=1

The corresponding time evolution operator is hence

0, = e 1XOY, L, 9B (4.37)

The theory of SBS for discrete variables focuses on the case where the system S is described by
a finite-dimensional Hilbert space [38][39][10]. In this case, the self-adjoint operator X has purely
discrete spectrum. Let {|i>}§i§1 be the set of eigenvectors of X with ; being the corresponding
eigenvalues. By, is assumed to be an arbitrary self-adjoint operator. We shall see that the spectral

properties of the operator B will determine whether or not the multipartite states converge to an SBS
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state.

4.3.2 Partial Tracing

We consider a quantum system interacting with IV macroscopic environments. We assume that the

joint initial state has the product form:
N k
A oA AEF
=Ps, ® ®P ’ (4.38)
k=1

In the state (4.38) we write the subscript 0 in E} in order to emphasize that this is the initial state
of the kth environment E*; similarly we use the subscript in Sy to highlight the initial state of the

system. We evolve our total initial state using the evolution operator (4.37).

ﬁt _ (eitX(X)Z:]lg >pSO ® ® AEk (eitX(X)Zlkvlngk) . (439)

To study the state of the subsystem formed by the system S and the first Ng environments, we take
the partial trace of the time-evolved density operator over the remaining Mg := N — Ng environments.
The result is,
ds
> 0i TG4, b)) (] @ ® pr:, (4.40)
i,j=1
where, again, {| >}Z 1 are the eigenvectors of X with corresponding eigenvalues {scl 2, and we have

use the following notation

pEe = emitzonBr pB0 citvarBr (p — 1,2, Np) (4.41)
pET = eiteanBi pFS itracBi (| = 1,2 Np). (4.42)
0ij = (ilDs, i) (4.43)

VE(t) = Tr{pL ZJ} (4.44)

N
L(,j,.t):= [] @ (4.45)

n=Ng+1
We may also write (4.40) as
Ng
Ay (ﬁso ® ® AEO) Z o, 1(i, 3,8)]i) (4] ® ®p77,'r] (4.46)
k=1 1,j=1

where A; is a quantum channel (see [9] for a discussion on quantum channels) defined as follows.
A(p) = % o 6(p) (447)
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where
R N A s N A~
U (A) = e 1XOLE 0B (R)XDY 5 0B (4.48)

acts non-trivially in S (%% ® ®ka1 Jﬁg) and &; acts non-trivially only in S (Jffg) as follows.

ds

&(C) = > (iCIHT (i, 4,)]i) (5] (4.49)

ij=1

In words, the trace-preserving quantum map A; is a composition of two trace-preserving quantum
maps %; and &;: a unitary map acting on S and the environmental degrees of freedom that were not

traced out and a non-unitary map acting locally in S.

4.4 Monitoring the Process of System Information Broadcast-
ing

In [10] the goal was to show that (4.40) converges to an associated SBS state as ¢ goes to co. For a
given ¢ > 0, one can create an SBS state approximating (4.40) in the following way. We first restrict
the sum of (4.40) to the diagonal terms—the terms with ¢ = j. We will label the resulting operator

as follows.

Pagt = Z oili)(i| ® ® pri (4.50)

The next step is to choose for every t a PVM acting on the space S(jfs ® ®fcvfl %Ek) ( Note that
for the case considered in [10], dim(#s) = ds < oo and dim(H#gr) = dgr < oo for all k). To
define such a PVM, the eigenbasis of the operator X is used: the elements of the PV M are of the
form ’z><z’ ® ®ivfl f’ff where the {’z><z’}j§1 and {f’ff }jil u{l- E?il f’ZEf} resolve the identity
operators in B(%ﬂs) and B(%Ek) respectively, so that, in particulaur,{f’fzc }jil U {]I — Zfﬁl f’ff} is
a PVM in the kth environment’s Hilbert space. The latter PVMs are then used to approximate the
operator (4.40) by an SBS state:

ds Ng Ng
1 N\ ko N ol
Psps, = W4 Z <|J><J’ ® ®P]'Et>pdiag,t <|J><]’ ® ®Pf‘> = (4.51)
j=1 k=1

k=1

Zal |®®< PP pT PP > (4.52)

g4

Here ./ is a normalizing constant and &; := 2. One can verify that the operator (4.52) is indeed
an SBS state as defined in Definition 4.1.2. If (4.40) converges to an operator of the form (4.52) as

t — oo, we say that (4.40) is asymptotically SBS. Convergence is meant here in the sense of trace

distance. Namely, one would like to show that

151‘1/111\14 oy — ﬁ5357t||1 —0ast— o0 (4.53)
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A Ik
where for each ¢ the minimization is taken over all projector-valued-measures {PlEt Y U I -

S5E; - . A A . A A
Z?il P;*}. Utilizing the fact that minpovas ||p, — pSBS,tHl < minpy ||, — pSBS,t||1 we may
conclude that (4.53) implies that minpovar ||y — ﬁSBs,tHl — 0 as t — oo as well. An attempt is

made in [40] to prove (4.53) but the argument provided there is incomplete. In what follows we discuss
the bounds presented in [40], as well as propose and prove an alternative bound for the trace distance
n (4.53).
In [10], the following bound is conjectured for the trace distance in (4.53).
1

5 nin ||Pt pSBSt||1 <I(t +Z Z \/CT%ZF le apxj (4.54)

2 PVM
(VENE L

where now, I'(t) :== >, >~ 03 4 HszNEH \fyf’j(t)|, and again *yffj(t) =Tr [ﬁifx]], oij = (i|pg,|7)
. This result would allow to estimate the minimum on the LHS, using the asymptotic properties of T'(¢)
and the fidelity terms in (4.54). This bound would in turn provide a way to estimate % minpovm Hﬁt —
ﬁSBS,tHl' As (4.54) is currently not known to be true, we will not be using it. Instead, we will be

utilizing the bound constituting Theorem 4.2.2 proven in the previous section.

4.4.1 A New Bound for the Trace Distance of a Multipartite State and an
Approximating SBS State

In what follows we use an unnormalized version of (4.51): ppgps, = 4 Psps, In practice it is

easier to bound Hﬁt — ﬁPSBS’tHl and then use Lemma 4.4.1, stated below, to bound Hﬁt — ﬁSBS,tHl'

LEMMA 4.4.1 (TRACE DISTANCE LEMMA)

For density operators p and 6'||ﬁ = n&Hl < L implies ||ﬁ = 6'|| < 2L for constants L > 0 and
n€l01]

Proof. Using reverse triangle inequality we see that

L>|p—néll = [1pll = [n&lh| = 6l = né]i =1 -7 (4.55)

furthermore
16— &l = 11p —n& +né — &l < 1 nélls + Ing — & < (4.56)
L+(1-n)élli=L+(1-n<L+L=2L (4.57)
O

We now prove a preliminary inequality.

16, — Prsps]l, = (4.58)
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ds ds
PIRLRINCEN) |®®pzl o — > oili) |®®P ‘ plt < (4.59)
,j=1 i=1
ds Ng . Ng .
"Zoi\i>(i|®®ﬁ£t - Zol\ |®®P Ll PP HZ ZU”F(z 301G ® Q) i ’1 < (4.60)
i=1 k=1 i=1 IV E) k=1
g N
3o l®§©m% amﬂﬂ®égﬁﬁﬁﬁﬁ?‘ HE:E:UU Y HHﬂ®Q§ﬁﬁ% ey
i=1 k=1 i i k=1
ds
Za, i><i|®(® ®E P! )H +ZZ i (i, j, ﬂ@@mm - (4.62)
i=1 i #i
" . JiJ
> o - ®P ‘ AEfP +Z Z |oi ;T (i, 4, 1)| < (4.63)
=1 k=1 R
Ng ds . . A =
ZZ@ pft Z-tAfi" it +ZZ’U” 1,7, ‘ (4.64)
k=11i=1 i JijF£

where in the last step we have used Lemma 4.1. Now, using Lemma 4.4.1 we conclude that

1 Ng ds
. E AE
— min < min E E o t By P
ZPV]\/IHpt pS’BStH1 PVM(k < i|| P
—1i=

>+r@ (4.65)

1

N NoN A
L(t) = Zl Zj;jy&i |‘7i,j|Hk:NE+1 Wﬁj(t)l’ %k,j(t) = TT[me,a;j]a and 0;; 1= <l|PSOU>- In (4.65),
I'(t) is the decoherence term which is independent of the choice of the PVM minimized over. The
decoherence term is simple to study provided that we are able to compute the traces defining the terms
v ;(t). The first term in (4.65) involves a minimization over all PVM for each value of ¢. Rather than

attempting to solve the minimization problem exactly, we shall be employing Theorem 4.2.2 to bound
(4.65).

.
In order to do this, you must assume that the initial states ﬁE" are pure; we will consider the case

k k
where these are not pure in Section 4.7. The purity of ﬁEO implies that the operators ﬁf" ( using
the notation defined in (4.42))are pure as well for all ¢ since the evolution (4.42) is unitary. We will

henceforth write ﬁEg as a projector.
k k ~EF
"(/)i,t>< Lt‘ =p;’ (4~66)

We now use Theorem 4.2.2 to estimate the first summand of (4.65), therefore obtaining the following

theorem.
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THEOREM 4.4.1 (ESTIMATING PROXIMITY TO SBS)

Using the definitions found in this section so far,
1 1 Ve ds il M*,
5 pin 16: — Psps.ll; < 3 X oy, W +I'(t) (4.67)
k=1i=2 s=11""s—1t"s,
where
(Whelwts)  (Whaful) - (E]v.)
Whevte)  (Welwss) - (U5Jvis)
M?, .= det : : : (4.68)
(WS 1|98e) (Wiorele) - (Wh1.|vdy)
(Whlvke)  (WhlwE) o (Whlek)
(Whwte) (whulvds) - (Wf]ek)
k |,k k |k k |apk
D’;,t — det <"/J2,t!wl,t> <7f’2,tW’2,t> . <¢2,t!ws,t> (4.69)
(Whlvte) (WFelwss) - (0ha]wss)

Given that computing determinants is a difficult task, one might wonder if there is a way to avoid
doing so via further bounding the term (4.67) with another term that does not involve determinants.
It turns out that such an approach is possible and if the entries <’(/J§t”(/Jlkt> are small enough, the
process is even easier to handle. We will develop such an approach in Section 4.5 of this chapter.
The bound (4.67) may be used to dynamically monitor the convergence of some multipartite quantum
state undergoing non-unitary evolution to an SBS state. Regardless of whether (4.54) is viable or not;
the bound (4.67) gives us a way to monitor convergence to SBS in a way that is independent of the
optimization problem over all PVMS and/or POVMS.

It is with Theorem 4.4.1 that we hope to mitigate the gap in [10]. Although Corollary 1 of [40] is
not substantiated by a correct proof at the moment, we present Theorem 4.4.1 as a viable alternative
to Corollary 1 of [10]. If fate should have it that Corollary 1 is shown to be fundamentally untrue,
then Theorem 4.4.1 would be the only tool for us to choose from ( i.e. to the extent of the author’s

knowledge).

4.5 Further Bounds for Theorem 4.2.2

As mentioned in the previous section, taking determinants is in general computationally costly. If
one could find an estimate that allowed us to avoid computing the determinants of Theorem 4.4.1
this would be of great utility. We are typically interested in asymptotic behavior; in particular, we
are studying cases where the minimization terms of Theorem 4.4.1 are expected to become small with
respect to the relevant time scale of the dynamics in question (usually the decoherence time-scale is

used). So long as we find a bound that shows the same asymptotic dynamics as the upper bound of
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Theorem 4.4.1, such a bound may also allow us to estimate the smallness of the minimization terms
in (Theorem 4.4.1) as t gets large with respect to the relevant time scale. To begin our search for such

an estimate we introduce three results that we shall be using.

THEOREM 4.5.1 (HADAMARD’S INEQUALITY FOR DETERMINANTS [16])

Let A be some arbitrary N x N matrix with entries A; ;. Then

det(A) < 1]_:[1 <i|Aij|2)%.

p=il

THEOREM 4.5.2

[16] Let T+ B be an N x N matrix with entries 0i; + B;j where B;; = 0 for all . Then

N
det(I+B) =[] (1+ );(B))

=1

THEOREM 4.5.3 (GERSCHGORIN THEOREM [54])

Let A be an arbitrary N x N matrix with matrix elements A; ;. Now, define

P = {zEC:|Z—Aii| < Z |Aij}'

Jig#i

Then, all of the eigenvalues of the operator A are found in the set %y := Ufil 2;. The sets

9; are known as Gerschgorin discs.

We now use these theorems to prove the following. Using the notational conventions of the previous

section,
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THEOREM 4.5.4

EF \EF

ds
. ~EF Ef
. t _ P t Pt < .
g%;ff Pot P PP < (4.70)
BE ail(wh )]
dg <1+dstS(t)> > — L LA (4.71)
iy Migeg, ‘1 - |:l:||
where .
4.=J 2 (4.72)
=1
D7 = {x ER:[z|< |B;j,t|} ie{l,..k} (4.73)
Jii#i
Mg (t) := Kk 4.74
w(®i=  max [kl (4.74)
and
0 (W1 05 1) (WF el 1)
By — <¢§,t!¢’f¢> (? <w,2c,t.|¢§,t> (4.75)
(WFdvte) (W5 dvse) 0
Proof. Assume that s > 2. Then, using Theorem 4.5.1
CC T Y R 1 [ ) (V108 )
S YR 1 [ ) (V505 0)
A = |det < (4.76)
(Vo1 l0te) (W5 1v8,) (i1l
(Widvts)  (WOFE,) (W e
II ( IAn,mIQ) (4.77)
n=1 m=1
Where
Apm = (W 0k, ) for ne{l,..,k—1} me{l,.. .k} (4.78)
and
Anm = (W0 ) for n=k me{1,.. .k} (4.79)
Therefore,
s s 1 s—1 s 1 s 1
IT (30 1) =TT (S0 1kleto?) (3 Hwkilot o) (4.50)
n=1 m=1 n=1

m=1

105

m=1



Nl

<ne{f1af§ 1}Z| ot ¥ >'2 <ZS:|< tlmnt)l) (4.81)

m=1

s—1

<1+ne{{na}§1} Z ‘< 5,t|¢fn,t>|2> 2 <Z |< f,t|wfn,t>2> S (482)

m=1;m#n m=1

Nl

N

ds i%;i s
(14 om0 > ekdeho?) (T lwklboR) < s

m=1;m#n m=1

ds—1 s
(XSGR R O WIC AT (4.8

Now, let us shift our attention to the terms vat in Theorem 4.4.1.

WFavr,)  (WEevl) o (Wl

RN L MR N e )

A Ry 1) B (4

o)

Using Theorem 4.5.2 we have that

t|_

H (1 + 2 ( ) ‘ (4.86)

where again
0 (relhas) oo (1elvse)
g [ WAL 0 e .

WFout)  Whvs,) - 0
Now, using Theorem 4.5.3 we know that the eigenvalues of Ef lie within the Gerschgorin discs
7= {x €C:lz[< ) Bm} ie{l,..,k} (4.88)
Jig#i

where we have made use of the fact that B, ; = 0 for all 7. The superscript of & is used to highlight

its pertinence to the determinant Ds’t. Now,

|D t|_

f[<1+)\ )‘ H;HA (B))| (4.89)

J=1

S

> min |1 —|—x| = mln |1 —|—;1c| (4.90)
iZ 1:1:6(4

Here we remind the reader that ¢, := |J;_, Z;. Minimizing over a larger set yields a smaller minimum,
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hence,

m1n|1+m| > mln }1+x| > mm |1f|x|| (4.91)
zeY z€Y z€Y,

Using (4.84) and (4.91), we may now further bound the determinant-including terms in result (4.67)

to obtain
~EF  SEF pFAsEF
3 px: - P; pw:P

7 K3

< (4.92)
1

ds ai <1+dst5(t).) dsl(lzjnl |s< 5t|¢f§1,t>|> ) o

— =]

ds—1 ds i—1 s k k
(1+dSMdS(t)> oy (| < (4.94)

i=2 s=1m=1 mlnxegd ’1 - |.’E||

ds—1 ds i—1 i—1 k k
<1+dsts(t)> ooy Y (Wl — < (4.95)

=2  s=1m= lmlnme%’d ‘1—|Z‘H -

NS e S £t Y
14 dgMgy(t) doii-1)> — — < (4.96)
i=2 m=1 MNgzeg, |1 - |x\|
ds—1 ds i—1 |< k |’1/ch >|
dg (1 + ds My, (t)) oy ptizmt/ (4.97)
i—2  m=1Milgey, 11— ||
ds—1 ds ds . k: k?
ds (1 +dgMy, (t)) > . oil{Vilvie)] — (4.98)
T Jai Mingey, |1 [2]]
O

We follow up Theorem 4.5.4 with the following corollary.

COROLLARY 4.5.1 (BOUND FOR SMALL dgM, (t))

Assume that dsMg, () < 1, then

t AEtP

mln E o

< (4.99)

ds—1
s (1 + dsMas (t)) as_ a5
DD ail(whi[vl)] (4.100)
<1 —dsMy; (t)> =1 jijFi

Corollary 4.5.1 and Theorem 4.5.4 give us a non-computationally heavy way of estimating the
bound of Theorem 4.4.1.
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4.6 Case Where Df,t Are Determinants of Circulant Matrices

Before moving on to the more general case where the density operators ﬁiEf are taken to be mixtures,
we will consider a special case where the bound of Theorem 4.4.1 may take a simpler form. i.e. let
us return to the determinant term in (4.69), this time however we will assume that ()F,[¢F,) is
characterized by a function of t[i — j|. i.e. fi(tli — j|) := (¢F,|¢F,). Using this, we rewrite D¥, from
(4.69) as follows.

fr(0) fr(t) v fr(t(s—1
DF, := det fk.(t) fk.(o) N fk(t(s. -2 (4.101)
G =1) fiG-2) .. £(0)
(4.101) is a determinant of a circulant matrix and such determinants may be calculated exactly with
ease [60]. Namely,
Di, = 1:[1 i Fr(tn)e™ == (4.102)
m=0n=0

4.7 Mixed Environmental States

Recall that we named the sums over 7 in (4.65) the SQSD problem for the mixture ), O’iﬁf; .

~EF ANEF pFAEF
p:l?it _P tP

5 pELp] (4.103)

k k ds k k k ds

N NE ~El  PBE{ AEFAEY

pE{pl7 Pw: ) Pz ‘ } = E O.iTT{pm: - PZ ! pwz‘t P’L ! } < 2 :O-i
i=1

i=1

1

where we have used the fact that |TT{A}| < HAHl

The theory we have developed so far considers only the case where ﬁffc are pure states for all ¢ and
k. In this section, we will provide the analog to Theorem 4.2.2 for the case where the environmental
degrees of freedom are finite mixtures of pure states. Using a simpler indexing scheme, consider a
mixed state of the form Y2 | p;p;, where SN | p; = 1 and the p; are all countably-mixed states; i.e.
p; = 21&1 MikP;, Where all of the p,, are pure states and 2221 Nit = 1. Let us now consider the
QSD problem

N
i N {A-—MK-MT}. 4.104
PrglvnM;p s b p: M| (4.104)

We obtain an upper bound on (4.104) if we minimize over all PVM instead of all POVM.

N N
w S pte - SLANITY < i S g NLp) <
Pr(I)l‘lf%2plTT{pl MZpZMl}Igr‘l/l]rvljzlpzTr p; —M;p,M; » < (4.105)
N
min ;pi p; — M;p, M| (4.106)



The left-hand side of (4.105) can be bounded from below using Theorem 3.2.2 . Namely,

*Z Z plpj p'L’pJ < mln sz

=1 jij#i

Pipi_ (4.107)

Expanding the p; we see that

M; M; rmn{M“M }
F(ﬁi?ﬁj) = F(kaﬁikvznjkﬁjk) =z \/ﬂzk%k\/ pzk’p]k (4.108)
k=1 k=1

where we have used Theorem 9.7 of [9] in (4.108). (4.107) now implies that

1 N N mm{M M}
52 Z pin( VTikMjk \/ijk> < min Zpl

=1 j;j#i

P, (4.109)

This inequality shows that a necessary condition for fully solving the optimization problem (4.109)
is that F(ﬁik7ﬁjk) = 0 for all 4, j, k where i # j. Otherwise, we run into the possibility that this
minimum is bounded away from zero. For the case where the p, are not mixed states the respective
relationship is F(p;, p;) = 0 for i # j, which is what we expect for the states studied in the previous
section and those to be studied. For the case where the p,; are finite mixtures of pure states, one
will be required to analyze the fidelities between elements of any two different mixtures, say p, and
Pj, in order to determine the discriminability of the mixture Zf;l p;. We will analyze these types of

mixtures in the following.

We will be estimating the right-hand side of (4.109). Our approach shall be an adaptation of the
methods employed in the proof of Theorem 4.2.2 and Lemma 4.2.1. Constraining to the case where
P, are projectors will yield a bound that will be useful for the cases where F' (ﬁik, ﬁjk) =0 for all £
when ¢ # j and F (ﬁik, ﬁ“) = 0 for all 7 when [ # k hold exactly and/or approximately.

We begin by noting that

P;p,P (4.110)

N M,
BB sz < i 22> v~ P
i=1 k=1
This looks very similar to the PVM QSD problem for pure states tackled in the previous two sections
(note that p;n; is a probability distribution, where leqi < N and 1 < k < M;) except that now each
element of the PVM {151}1 multiplies all elements p;;, of the ith mixture. Following the methods from
the previous section, one might suggest implementing the gram-schmidt procedure once more in order
to obtain an orthonormal set of vectors |<;S,;>, one for each i. However, in this case, the operators p,
are mixed and therefore do not have a representation as a vector in the corresponding Hilbert space;
being able to view the mixture ), p;p; as a single index ensemble of pure states was one of the key

assumptions that lead to Theorem 4.2.2.
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We now assume that the P; have the following structure.

f> (4.111)

M:

P, =

~
Il

1

In order to guarantee that the Zk 1 P, is a projector, we will assume that the ranges P, are

orthogonal to each other, k varying from 1 to M;.

Since all of the p,; are pure states, we may apply the Gram-Schmidt process in order to construct
a PVM {f)ik}ik' With the inclusion of the completion element I — Zl Zk f’ik, operators f’ik form a

PVM that resolves the identity. There are Zivzl M; states p,;,, let us now arrange them in a sequence.

Tim(pu o buar, P o ban o Pxi e Prary ) - (4.112)

Let us name the sth component of this sequence 7; := ’§5><§S’. Since the cardinality of the sequence
(4.112) is the same as the cardinality of the set {p;.}ix, (1 < i < N,1 < k < M;), there exists
a bijection .# mapping every vector (i,k) (which we write in shorthand as k) to a unique s and

viceversa.

Assuming that the |§S><§S| form a linearly independent set we now apply the Gram-Schmidt

process to obtain the family of orthonormal states

|p1) = |&1) (4.113)
’¢s> = :{’§s> - Z_:<¢k‘§s>‘¢k>}a s e {172a 7ZM1} (4'114)
s k=1 i=1

and as before o; := H’§1> — 22;11 <¢k‘§i>|¢k>“ = \/1 - ;;_:11 |<¢k’£i>|2 for i > 1 and ay = 1 are the
respective normalization constants. An identity resolving PVM {|¢S><¢s |} U {H > |¢s><¢s |} has

thus been constructed, defining ws := p;n;k, where s = A ((z, /’c))7 we may now rewrite and bound

N M;

Z mez‘k

i=1 k=1

(4.115)

Pir — Pip;

as follows.

D
S

€ )(&

_ ( ZZ ’¢l><¢l|> §s><§s ( ZZ ’¢l><¢l’)Hl = (4.116)

Projeq (%71(l)): Proje, (-ﬂil(l)):
proje, (41 ()) proje, (4 1(s))

>l ) el =) oues) (el (o~ lz o) (@l ) e (e lz ;¢l><¢ly)1s
S proje, (#s 91(l>) proje, (#S 91<l))
projes (41(9) prose (41()

(4.117)
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D ol (Es |~ @s Y (s 5 ) (85|05 ) +ng ( > ]¢z><¢z|) ss><£s|( > ]¢l><¢z])Hl
s l#s > I#s >
proje, (a1 () = projey (. 1(l>)
Proje, (.//[71(5)) Projeq ( ))
(4.118)
s—1
I BCADIED S ( S [leterde)eon) (o ) (4119)
s k=1 s l#s > k#s 2> !
proje, (4 1(1)): proje, (4 1<z>)=
proes (A1) projer (41

s—1
2 Zws Z |<¢>k
s k=1

£s>‘ + Zws Z ( Z ‘<¢l
s l#s > k#s >
projey (41 0) = proje; (71 1))=
proje, (4 71()  proje, (#1(s))

where we have used Lemma 4.2.1 in going from (4.118) to (4.119). Using Lemma 4.2.2 we may

€ )(&

¢k>|) (4.120)

explicitly write the terms |<¢l’§S>| as Gram-Schmidt determinants and use these to estimate the
efficacy of the PVM built from (4.113) and (4.114). (4.120) may be further bounded by the following

term.

(4.120) 3> we Y [{en]és)] (4.121)

s Lils#s
where the only restriction on the sums is that [ # s. As already mentioned, this may be better

estimated using Lemma 4.2.2. We state the result (4.120) as a theorem.
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THEOREM 4.7.1

Consider a mixed state of the form 1| pip;, S| p; = 1, where p; are all countable mixtures
of pure states,i.e. p, = 22/21 nik}zpik><wik| where 22/21 nit = 1. Furthermore, assume that
the set {|1/Jik>}ik is linearly independent. Then

PpPi|| < (4.122)
1

min E
Py 2P

22w5§|<¢k\§5>|+2w3 > ( > |<¢l153><gs|¢k>|> (4.123)

I#s > k+#s >
proje, (4 l(z)): proje, (4 1(1 )=
proje, (1)) proje, (#7(5))
where
€)= 1% 4 () (4.124)
A (defined in the discussion following (4.112)) (4.125)
|p1) == |&1) (4.126)
1 s—1 N
|ps) = a—s{|gs kZ:l (B1]&s)|dn) } 36{1,2,...,5::;Mi} (4.127)
and

a—1 i—1
ai = [||&) = Y (brléa) o)l = |1 = D (bl (4.128)
k=1 k=1

for i > 1 and a3 = 1 are the respective normalization constants.

Proof. The proof may be found in the preceding discussion.

O

As a final remark, we point out that a more general mixture of non-pure states ) . p;p; may be

obtained by considering the case where p, := é"i(ﬁo) (o is a pure state); &; being arbitrary quantum

maps for all 7. In general the p; := éai(ﬁo) will not be expressable as finite mixtures. If such a case is

encountered we may use (4.120) only if the p, := &; (ﬁg) may be approximated by countable mixtures.

In Chapter 5 we will study a case where a mixture of the type ), p;&; (po) is encountered. However,

for some of the cases to be studied in Chapter 5, the &; will be approximately unitary maps and so

we use this to approximate E D& (po) with a countable mixture of pure states. More general cases

are still open to further investigation.

4.8 How General May the B, Be?

We conclude this subsection with the following Theorem. The question it sheds light on is the following:

"How general may B whilst still inducing dynamics (4.46) which are convergent to and SBS state?"
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THEOREM 4.8.1 (SUFFICIENT CONDITIONS FOR THE CONVERGENCE TO SBS FOR A BROAD

FAMILY OF MULTIPARTITE STATES)

Consider the setup spanning equations (4.38) through (4.46). If for all k, B has a non-empty
Rajchman subspace #%» ... ([75]), and Y * is a finite mixture of pure states in S(gx ), then

p converges asymptotically in ¢ > 0 to an SBS state with respect to the trace norm topology.

ds

1=

AEF  ASEF AEFAEF . .
Pt —P;" p. Pt || may be estimated using
1

inner products of distinct Wik) ( see (4.34) and (4.33)). Furthermore, for all i # j, I'(i,j,t) (4.45) is

a product of inner products. The inner products featured in both diagonal terms

Proof. Using Theorems 4.4.1 and 4.7.1, ZkN:El

17

Ng ds

DD o

k=11i=1

A Tk A 1k
pE ~EFASE]

~EF
Pt — PP Py

1

and the off-diagonal terms ), Z‘;Sﬁéz |0'7;’j1—‘(7;7j, t)‘ have the structure <1/1|e’“0‘]§’°|¢> with |w> €
Hr . which implies the claim (using the fact that the Rajchman subspace is a reducing sub-

sapce). O
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Chapter 5

SBS for Continuous Variables

In this Chapter, we will generalize the concept of SBS to the case where the operator Xisa position
operator acting in % = L? (R) Whilst studying SBS theory in such a case, we shall be interested
in the decoherence of superpositions of the general eigenstates of X. In particular, let pg, be state in
S (L2 (R)), we will be keen on studying the behaviour of

(@'|&(ps)|z) (5.1)

as t becomes large within a specified time frame of interest, where &; is a quantum map that pro-
duces decoherence effects [12]. Notice the continuous nature of the coherence terms (5.1), i.e. for
any z,2’ € R (5.1) is a coherence term vs the analogous case studied in the previous chapter, i.e.
(4.49), where there was a countable amount of coherence terms. We henceforth will be referring to

the case where X has purely continuous spectrum as the SBS theory for continuous variables (SBSCV).

Let us assume the gquantum-measurement limit, hypothesis discussed in Subsection 1.6.3 with
dim(%ﬂs) = oo and dim(%Ek) = oo for all k. i.e.

Hior ~ Hine (5.2)
We will also assume an interaction Hamiltonian of the von Neumann type. Hence,
N
Hin =X @) 9By (5.3)
k=1

We already mentioned that X will be taken to be the position operator for now. The By, will, in
general, be taken to be self-adjoint operator with a non-empty Rajchman Subspace (Theorem 3.5.1);
each acting in its respective Hilbert space, i.e. all of the B, act on different Hilbert spaces. An

example of the latter, and one which we will explore in-depth, is the case where all of the B, are
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position or momentum operators. The time evolution operator corresponding to (5.3) is the following,.
O, = ¢ XKOY L, 9B (5.4)

Considering a product state as our initial state, as we did in (4.38), acting on the appropriate product

Hilbert space, we apply the time evolution operator (5.4).

N
o= (ORI B (g, 00 Q" ) (KRB ), (5:5)

In order to study the state of the subsystem formed by the system .S and the first Ng environments,
we take the partial trace of the time-evolved density operator over the remaining Mg := N — Ng
environments. Using Lemma 1.6.1 and (5.5), the following state is the result of partially tracing Mg

environments from (5.5).

Ng
Uny 1 (&ME (hs,) ® X ﬁEo’> (5.6)

k=1

Where
%n,t (A) e—ti@Sn (A) itX®Sn, (5 7)
S, = ngﬁk (5.8)

k=1
and

57746} = [ [(@loli)Tasy (.l yldzdy, (5.9)

where

N . A k . A
Pa(try) = ] Trk{(e_mg’“B’“) PG (e”yg’“B’“)} (5.10)
k=Ng+1

Mg = N — Ng, the number of traces being taken in equation (5.10). To simplify the notation, we
shall forgo all but two environments, i.e. N =2, Ngp = Mg = 1. Generalizing everything to a general
Mg, Ng and N is trivial. In such a case, after partial tracing over one of the environments we obtain

the following density operator.
Py = U1 (6{ps, } ® P™). (5.11)

The map & is a decoherence quantum map and % ; is a unitary map obtained from the Hamiltonian

(5.3) for the case N = 2. Again, all of the ensuing results may be easily generalized to a general Ng.

The primary divergence from the techniques presented in the previous section will be the necessity
to partition the operator é”tl{ﬁso}. For the case where X is a position operator, the partitions of

interest are those of the following.
EHPs,} =D D Pa 6 bs, }Pa,, (5.12)
i g
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where the operators f’AM are projector operators defined as follows. f’Ai‘tX = XAi. (X) (xa.., (gc)
are indicator functions and the A;; are subsets of the real line). This is akin to what was done in
the previous section to obtain (4.40), where in lieu of the projectors f’AM, projectors onto the eigen-
subspspaces corresponding to the eigenvectors {‘Z>}fi1 are used (see discussion following (4.40)).
Although using projectors onto the generalized eigensubspaces of X (now a position operator) is the
most natural means of generalizing (4.40), there are limitations. The projectors P A, will be in gen-
eral time-dependent, and the size of the A;; will be restricted by quantum-metrological and other
physical limitations [15]. We will not explore the quantum-metrological aspects of SBSCV in this
work; we simply highlight the fact that the size of the magnitudes of the A;; may be bounded from
below and from above by parameters depending on quantum-metrological physical limitations. A
physical interpretation of the limiting smallness of the subspaces A;; may be deduced within the
context of von Neumann’s theory of quantum measurement (2.2.3). The set of f)Ai,t is a PVM and
therefore characterizes a von Neumann measurement on the system S. With the latter in mind, the
sizes of the A; ; may be interpreted as resolution limits. Indeed, resolving the position of an arbitrarily
small particle would require arbitrarily larger amounts of energy as the size of the particle becomes
smaller. Due to the technological limitations of monitoring apparatuses, there will always be a limit
to the smallness of the resolution A;;. When introducing the approximate SBS state for continuous
variables, a specific PVM acting on the system .S will be assumed for every ¢ prior to estimating the
respective optimization problem that ensues (see 5.19). It is there where the partition (5.12) will play

a key role.

Assuming that we have an appropriate partition (5.12), we may now mirror our work from the
previous Chapter in order to define an appropriate SBS for the CV case. We then develop tools to
study the convergence of (5.12) to such an SBS state in ¢. First, we present a definition that generalizes
Definition 4.1.2 to a definition that supports the CV setting. Namely,
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DEFINITION 5.0.1 (SBS, A MORE GENERAL DEFINITION)

Let #5® ®g=El Hzr be some tensor product Hilbert space. 75 will correspond to the system
while g1, Hp2, ..., # vy will all correspond to environmental degrees of freedom. A SBS
state acting in S(#% ® (TN Hpx) is any density operator of the form

NE NE
Psps =Y (PSi ® ®HEk> ﬁ(PSi ® ®HEk> (5.13)
i k=1 k=1

satisfying the following properties.
Property 1)

k k . .
F(p7 ,p] ) =0V i#j (5.14)

where {1531 }Z is a PVM acting in %5 and

NE NE
k A A
pr = TS{TEk,#{ (Psi ® ®]1Ek> p <P5i ® ®]1Ek> }} (5.15)
k=1 k=1

(T'r ge'2 means that we trace out over all environments with the exception of the kth

environment).

Property 2) Trg{ﬁ} is a separable state. i.e. it is of the form

Trs{p} = Zpi%ﬁfk (ZPZ = 1) (5.16)

% k
or

Ng
rsiPr = B =" T x)dr = .
Trs{p) /p<>(§pwd ([ plaras=1) (517)

Indeed, Definition 4.1.2 satisfies the properties of Definition 5.0.1. Furthermore, for every ¢ > 0
one may deduce an approximate SBS state, in the sense of Definition 5.0.1 from p, (from 5.11) as
follows. Let the PVM {f’ A }Z and {f’?tl }Z be PVM characterizing von Neumann measurements for
the system S and the environment E' respectively. We may use the PVM in (5.12) acting on S for
generating a partition (5.12) as the PVM associated with the von Neumann measurement being made
on S at time ¢t. The post-measurement joint state of the system and environment are expected to be
in agreement with respect to the value of i, we force this as follows;

1 . A A A
N (t) Z (Pa,, @ Pfg)ﬁt (Pa,, ® Pftl) (5.18)
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where .#(t) is a normalization constant. The latter is an SBS state which approximates p, at time ¢.

To get the SBS state, constructed via the algorithm described in the previous paragraph, closest

(in the trace distance sense) to g, for a fixed ¢ > 0 we must solve the optimization problem

1

in - 1
PV 2 (5.19)

A 5 5ENN A (D 5E!

Pt — —( 7~ Z (PAi,t ® Pi ‘ )pt (PAi,t ® Pi t)
; 1
7

where the minimum is taken over all PVM acting on the environmental degree of freedom. In general,

it will not be possible to solve these sorts of optimization problems (5.19). We will only be interested

in the asymptotic behavior of (5.19) with respect to ¢, hence we seek only to bound (5.19) by some-

thing resembling (4.65) in the previous chapter for the analogous problem in the discrete variables case.

Making strides towards an analog of (4.65) for the CV case we bound (5.19) as follows.

1), 1 A AEL o n N oh
P S (o o PE)au(Pa, 0 BF)| = (5.20)
in © P pD ! . oD )5 (Ps 0P
w5 S PaiPa - i N (Pa, 0 PTaBa 0P|
which in turn may be bounded by two terms as follows.

i L b 5D 1 5 5T A (B 55}
1131‘1/1& 5 Zi:zj:PAi,tptPAj,t - T(t) XZ: (PAi,t ® Pi )pt (PAi,t ® Pi ) ) < (522)

. 1 5 A D 1 A SEIN A 1 Nk
1£1‘1/111\14 <2H ;PAi,tptPAi,t - T(t) ; (PAi,t & Pz )pt (PAi,t & Pz ) 1+ (523)

) = (5.24)

>+ (5.25)
1

PSP IR

i i

. 1 . s 1 A N .
min (2” zi:PAi,tptPAi,t - T(t) 27: (PAi,t & Pf} )pt (PAi,t ® PzE )

PVM
S s past,

i Al

(5.26)

1

The approach we present here for tackling the SBSCV problem is that of studying the bound above
consisting of the terms (5.25) and (5.26). In what follows we will dedicate a separate section to each
of the terms (5.25) and (5.26) respectively. We will refer to the term (5.25) as the diagonal term and
to the term (5.26) as the off-diagonal term (aka the coherence term). Before getting into the fact of
the matter, we will briefly comment on the main mathematical difficulty arising in SBSCV theory;
motivating the partition (5.12). We will then present useful bounds that will aid in studying the
diagonal and off-diagonal terms (5.25) and (5.26) respectively.
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5.1 Problem With Definition 4.1.2 When Introducing Contin-

uous Variables

With this section, we hope to shed light on our reasoning behind the new definition for SBS pre-
sented in Definition 5.0.1.

There are dire hurdles that arise when attempting to define an SBS state for the case where
continuous variables are involved. To appreciate them, let us examine the state (5.11) in such a case.
The system’s state is now a density operator pg  in an infinite-dimensional Hilbert space; for our
purposes, it will be convenient to take this space to be L?(R). Analogously to (4.36), we define the

interaction of the system with the environment as
Hyi =X o B (5.27)

for simplicity; where X is the position operator. Being a trace-class operator, pg, can be represented
as an integral operator, whose kernel we denote by K(z,y). The expansion analogous to (4.40) is the

following:
b= | [ K, @ o pF) dody (.29

where as expected ﬁff; = e~ i1Bt 5B iy B o 72,0t = Tr{ﬁxfy}. Unlike the state (4.40), the
state (5.28) does not have a clear decomposition into diagonal and off-diagonal terms using the spectral
decomposition of the operator X in terms of generalized eigenvectors |:E>, which we have employed
to expand % (& (ps,) ® pre) = (e*it'YX@P’) (& (ps,) ® ™) (e*i”X@g); herein we have dropped the
subscripts and superscripts indicating that we have traced over one environmental degree of freedom
per the notional conventions prescribed in equations (5.6) through (5.10). We shall forgo usage of

such superscripts and subscripts from now on unless the values of Mg and Ng are relevant.

In the finite-dimensional case, we could clearly distinguish between diagonal and off-diagonal
entries in order to deduce an SBS structure approximating the state in question (see the work leading

to 4.65 ). In the continuous variable case, this approach breaks down since the diagonal term is now

b= [ Kole)al @ pEida (5.29)

which is not a trace class operator, since it is unitarily equivalent to a tensor product of a multipli-
cation operator and a trace class operator—thus it cannot represent a quantum state. Being able
to separate between diagonal and off-diagonal terms in Chapter 4 was a key step in our estimation
process (what led to 4.65), to proceed similarly for the CV case we must partition the state (5.28)by
applying the partition (5.12) to the system’s degree of freedom.

Another difficulty in moving into the continuous variable case is an increase in complexity when
dealing with trace norms; starting from the fact that H ’:c><y| ||1 is undefined for generalized states |x>
and |y>

119



5.2 Partitioning (5.11)

To formally introduce our approach for the study of SBS in the CV case we will first discuss the
phenomenon of decoherence and its ramifications to our model (5.11). In this case, decoherence arises

from the quantum map &; in:

o= (e R (61(ps,) @ ) (X4P) (5:30)

0

For the remainder of this chapter we will be assuming that the states pg, and ﬁE are pure. As

we have done in (5.28), we use the representation
Ps, = //K(x,y)lw (y|dzdy (5.31)

using the generalized eigenvectors of the position operator X. Using representation (5.31), and refering
back to (5.9), the effect of & on pg, is hence

& (Ps,) ://K(I,y)F(t,z,y)lwxyldwdy (5.32)

where I'(¢, 2, y) is a kernel yielding non-unitary dynamics obtained via partial tracing as seen in (5.10).
Substituting this into (5.30) we obtain

pi= / / K (2. y)T(t2,y)|2){y| @ pr}ydedy (5.33)
where we remind the reader that ﬁfty = e_mmgﬁE" eit1B,

For fixed t > 0 we adopt a partition characterized by a PVM f)Ai,t = XA, (X) acting on the

degree of freedom pertaining to the system, as was done in (5.12), in order to express (5.33) as follows.

po=> > Pa.( / / K (o, y)T(t,2,9)|2)(y] @ oL, dady ) Pa,, = (5.34)
iog

ZZ (//K(m,y)F(t,x,y)f’Am}z><y|13AM ® ﬁﬁ;dxdy) = (5.35)

ZZ/A /A K (2, y)0(t, 2, )|yl © by dady (5.36)

Once again, we call the elements of the sum (5.36) for which i # j the "off-diagonal terms" and the

terms for which ¢ = j "the diagonal terms".
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5.3 Estimating the "Off-diagonal Terms" (5.26)

Given a multipartite of the form prescribed in (5.36), the off-diagonal terms, i.e. i # j, may be

estimated as follows. Focusing on (5.36) with ¢ # j, some elementary work leads to

> /A /A K (a,y)T(t, 2, y)|)(y| ®ﬁ§§,dwdyHl = (5.37)

i g3

W((ZE; [ K mi)jin) @ﬁEo>eith®f3 - ew
(=2 [ [ seoreonn)em]| - am

H 22 Lo (w0 T o)) ol < (5.40)

ZE; /A /A K <wvy>F<t,x»y>\x><yldwdyHl = (5.41)

33 [Paudibs)Pa| (5.42

(IR
where again f)Ai,t = XA (X) = fAY , |x><x’dw, i.e. the spectral projector of X projecting onto the
subspace corresponding to the set A;;. The trace norms Hf)Ai&(ﬁso)f’Aj ||, are in general quite
difficult to estimate. We present below two approaches; one is an adaptation of the work in [16] and

the other is an application of the main theorem of [50].

5.3.1 Bounds of the Kupsch Kind [46]

One approach to estimating the trace norms in the inequality (5.43) below invokes some ideas from

Kupsch’s seminal paper on decoherence [46], where it is proven that
1Pa & (Ps,) Pa; | < C(+8%0() ™ (5.43)

for intervals A; and A; separated by a distance ¢ > 0. Where 1 (¢) > 0 is a function that diverges for
t — oo, v an exponent which can be large, and C' is some constant; unfortunately there is no proof
of this claim present in [4(], the author is therefore led to believe that there is perhaps something to
do with the Paley -Wiener theorem [3] working in the background, or maybe some basic Harmonic
Analysis. Given that we will not be using (5.43), but a variant rather, we will not worry too much

about deriving (5.43) ourselves.

We now present the variant to the bound found in the appendix of [16]. Again, we will focus on

the case where X is the position operator.

121



THEOREM 5.3.1 (ADAPTING KUPSCH’S BOUNDS [46])

Let us fix ¢ > 0 and let p, be some density operator which may be represented, using the

generalized eigenvectors of the position operator X, as
pr = //F(t, ,y) K (z,y)|z)(y|dzdy (5.44)

where I'(¢, z,y) and f)Am are defined here as they were in (5.12); K(z,y) is the kernel of g.
Then,

1Pa..pPa,.li < sup (ZIF(taxyy)l + IAj,tllayF(tyw,yH) (5.45)
(z,y) €At X Aj ¢
when
Ai,t X Aj,t N Supp{r(t7 Z, y)K(.’ﬂ, y)}‘ 7& 0 (546)
otherwise
Hf)Ai,tﬁtPAj,t ”1 =0 (547)
Proof. CASE 1)
If Ay x Aj, is such that
‘Am x Ajy N supp{T'(t,z,y)K (z, y)}( =0 (5.48)
then
Pa,.py H / / T(t, 2, 9)K (2, y)|x)(y|dzdy|| = (5.49)
At 1
H / / y|dxdy =0 (5.50)
’L t
CASE 2)
Now we assume that
‘Ai,t X AjN supp{I‘(tw,y)K(x,y)}‘ #0 (5.51)
Let us begin by considering the operator
T:(y) :=/ F(t,x,y)}x><x|da@. (5.52)

i,t

Where i is fixed. T; (y) is a differentiable family of operators, with respect to y, with the operator
norm estimate

|T:(y)|| < sup |T(t,2,y)| (5.53)
TEA; ¢
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The latter follows from the calculation below.

[T)|* = sup |[Tuw)|e)|” = (5.54)
) I=1
\||w)\| 1/”/” (t, 2", y) T(t,z,y <1/)|x e ’x< ”L/)>d$ dr = (5.55)
sup / ID(t,2,y) > (|e)(z|v)de < (5.56)
HyYll=1J A
sup |I(¢,z,9)|*> sup / |¥(z)Pde < sup |T(t,z,y)? (5.57)
TEA; ||\¢>|\ 1 €A,

In a similar way, we may bound the operator T (y) := fAi r'(t,z,y )|)(x|dz. Where L'tz y) =

0,I'(t, z,y). ie.
[Tl < sup ['(t,2.9)] (5.58)

Furthermore, define J;(y) := Ty (y)p, and J,(y) := T,(y)p,. These operators also have uniform
estimates; using the estimates computed above, and the inequality |AC|; < ||A|||C|l1 one may
easily show that

3wl < s 0, = sw w69 (5.59)

and that
Hjt(y)||1 < sup T (t,x,y)|||ﬁ0||1 = sup [T (¢, z,y)| (5.60)
TEA; ¢ TEN; ¢
We now clarify the relationship between the operator T;(y) and the weak derivative 8y<1/1|’i‘t(y)|¢>>.

WO =0, [ Tea )l el .61

Assuming that I'(¢, z,y) is C1(A; ) with respect to y we may now swap the order of the integral and

the derivative.

Oy / T(t,z,y) ¢| ><x|¢>dx=/A. ayf(t,z,y)<1/z|x><x|¢>dx: (5.62)

[, Ttmp@le) el = @l( [ el = elitiol) 6o

We therefore have
0y (| Tu(y)|0) = (V| Ti(y)]0) (5.64)

A

Now, for all intervals A;;, we have fA_tjt(y)|y><y|dy = PAi,tﬁtf’AJ,t- Let us define A;; :=
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[a;(t),b;(t)]. We will show that the following identity holds.
/ Ty (yldy = To(b; ()P (—oon; 1y — Te (@i ()P (—o0.0,0)) */ (WP woydy.  (5.65)

In what follows, we will use the purity of p, and write it in bra-ket notation, i.e. let ’§0><§0| = Po-
Now, For arbitrary ‘¢> and ’¢>

Wl [ Bl lano) = [ @3l (ulo)d. (5.66)

gyt

By the definition of J;(y) one has

(W|3w)|y) = (| Tew)poly) = (| Te(y)]0)(&o|y)- (5.67)
Picking up from (5.66).
(5:60) = [ (0l Rwleo)6oly) (v]6)dy = (5.68)
(o] - [ (] wmuiom)o(smon)
(@I T4(y)]é0) (o) dy'[y') ] (Goly' ) (y'|o)dy’ )d| (| Tu(y)|é0) ) =
B a;(t)
(5.69)
by (1) , ,
<7/)}Tt(y)|§o><§o|P(oo,y]|¢>] - (&ly Y (W |o)dy') | (¥|Te(w)|€o) ) dy = (5.70)
a;(t) /Aj't(/ >< >
b;(t) ,
<1/}|Tt(y)|£0><£0‘15(—oo,y]|¢>] —/A (<¢‘Tt(y)|fo>) <§0|f’(—oo,y]’¢>dy: (5.71)
a;(t) It
b ()
(¢| Tt(y)’50><50‘p(m,y]] |o) — (¥ (/A T:ﬁ(y)}€0><€0‘f)(oo,y]dy> l¢) = (5.72)
a;(t) ot
b, (1) / )
<¢|<Jt Pow| — | TWPwydy)|s) = (5.73)
a1y TR
(Y| <Jt )P (oo,b; (1)) — J1(aj ()P (Zooa; ) */ j;(y)ﬁ(—oo,y]dy> 9) (5.74)
A
and so

/ Ty (yldy = Te(b; ()P (—oon; 1)) — Te (@5 ()P (—oo.a, 1)) — /A WP woydy.  (5.75)

Js Js

Consequently

= (5.76)

Bas.pPa, ||, = H 3wy
gt 1
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Fi(0; ()P (oo, 1)) — Te(a; ()P (Zooa; 0] — /A F(W)P (o ydy

J.t

< (5.77)
1

< (5.78)

3,08 oo+ s DB ol + | [, H0B et
gt 1

Hjt(ba‘(t))HlHf’voo,bj(t)]H+Hjt(%(ﬂ)HlHf’woo,aj(t)]H+/v 3@ Pyl dy = (5.79)

Hjt(ba'(ﬂ)HﬁHjt(aj(ﬂ)Hﬁ/A 13, 1P (o, dy = (5.80)
3,0, + 3oyl + [ 3] < (5.81)
[T, + ([ Teaz ()], + 14,4l sup 13 )| dy < (5.82)
Y gt
sup [T(t,z,b;(t))| + sup |T'(t,z,a;(t))] +|Aj¢ sup |0,I(t,z,y)| < (5.83)
TEA; ¢ TEA; ¢ TEA; 4
yGEZKj,t
sup (2000 12508 () (5.8)
(z,y)€
it XA ¢

5.3.2 Another Way to Estimate the Off-diagonal Terms (5.26)

In the previous section, the kernel term I'(¢,z,y) characterizing the non-unitarity evolution of the
density operator in the hypothesis of Theorem 5.3.1 was treated in rather general terms. However,
if more is known about the kernel I'(t,z,y), then one may employ yet another technique for the
it Hl Namely, we will utilize the following theorem from [50] in order
to bound the non-diagonal terms for the case where it is known how to express P N (ﬁSO)lAD A 38

estimation of HPA“& (ﬁso)f’A,

a product of two trace class operators acting in some measurable L? (M , p). We will focus on the case

where M = R and p is just the Lebesgue measure.
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THEOREM 5.3.2 (THEOREM FROM STOLZ ET AL [50])

Let A(x,z) and B(z,z) € L>(R) V2 € R and
J14C, 2 1B ez < oo (5.55)
Then there is a trace class operator AB acting in L?(R) with kernel
AB(z,y) = /A(x, 2)B(z,y)dz (5.86)

such that
IAB], < [ 14C, el B Meagds (5.87)

The kernel operators A and B also act in L2(R) and have respective kernels A(z,y) and
B(z,y).

The first step toward the employment of Theorem 5.3.2 to the estimation of the terms (5.42) is
rewriting lsAué"t(ﬁSO)lsAN as a product of of two operators. Let us fix ¢, and note that the main

challenge is the kernel I'(¢, z,y). Expanding, we see that

A

P, 6 (ps,)Pa,, = / / D (¢, 2, y)se (@05 W)xar s (2)Xa, ) |2) (y]dedy.  (5.88)

Where ¢5 (2)s,(y) = K(x,y) is the kernel of pg, . If the kernel T'(t, z,y) were to have a decomposi-

tion of the form

Dit.o,y) = [ ot (e, 2z (589)
with
/|n(t,x,z)q§(t,y, 2)|?dz < oo (5.90)
for all (¢,z,y) € R2, then Theorem 5.3.2 would be applicable for any ¢. Assuming (5.90) we have
Hf)Ai,t‘g)t(ﬁSo)lsAj,t”l = (5.91)
/ ([ [lott.a s @a P | n(zzy,zwsO(y)xA,,t(y)de}>dz _ 59

/] ([ [ 1ottt )P m,(xmi,t(m)2|wso<ymj,t<y>|2)dxdy < (593)

[(max / ¢<t,x7z>n<t,y,z>|2dz] I/ (wsoumi,wws()(y)mj,xy)ﬁ)dxdy: (5.94)

z,y)ER?

|, [t o Fa| ([ ws@Pa) ([ wswPa) s 69)

(z,y)R?
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max /|¢(t,w,Z)n(t,y7z)|2dz < oo (5.96)
(z,y)ER2

The Hypothesis of Theorem 5.3.2 is therefore satisfied, for all t > 0, and we conclude that
|‘f’Ai,tgt(ﬁso)f’Aj,t ||1 < / ”Ai,t(': Z)”Lz(R)”Bj,t(Za ')||L2(R)d2 (5~97)

with A; ¢(z, 2) := ¢(t, 7, 2)s, (¥)xa, . (7) and Bj (2, z) == n(t, 2, 2)P5, (x)xa,; . ().

We now formalize the above as a corollary to Theorem 5.3.2.

COROLLARY 5.3.1 (COROLLARY TO THEOREM

If the kernel T'(¢, z, y) has a decomposition

L(t,z,y) = /qﬁ(t,z,z)n(t,y,z)dz (5.98)

with
/ Int, @, 2)(t, y, 2)|Pdz < 00 (5.99)

for all (¢,z,y) € [0,00) x R?, then

[P, 6(s,)Pay.ll, S/”Ai,t(':Z)”L2(R)”Bj,t(zy')||L2(R)dz (5.100)

with A;+(z, 2) == ¢(t, z, 2)s, () XA, . (%) and Bj (2, ) := n(t, z, z)wgo (T)xa,,(2).

Proof. The proof is in the preceding discussion concluding with equation (5.97). O

Example

For the case where the kernel T'(¢t,z,y) = e*tno‘(z’y)z, n > 0,t > 0, we may express such a function

as a convolution of Gaussians. Namely,

n tn n n
L(t,z,y) =€ " a(z—y)® QHJ/B_% o(z=2)" =2 aly=2)" g, (5.101)
T

In this case the ¢ and 7 from (5.90) are just
tn n
Bt @, 2) = [ 2y] —e 2" ole=2)? (5.102)
T

tn n
n(t,y,z) =1/2 22 em2taly=2)?, (5.103)
T

and
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Notice that here

4¢m n n 4" n
/|¢(t7xaz)n(tay7z)‘2dz - 7/6_4t a(w—z)26—4t a(y—z)zdz = 017\/7? e 2t a(z—y)? =

3
2

T 22/t
(5.104)
V2 arate-y)? o (5.105)
LS

for all t > 0 and (z,y) € R?. With such a ¢ and 7, we can bound the corresponding inequality (5.97)

as follows.
P, 6 (Ps,)Pa,. |l < (5.106)
I/ ([ [ tott.z it P |wso(x)m,t<z>|2|wso<y>xAj,t<y>|2>dxdy (5.107)

2t" o otz —1)2
/] <ﬁ 202 g, (@), (0) 2, (9) X, ()2 ) dardy = (5.108)
2t" otz —1)?
| (Ve 0G0y, () P, () | dady (5.109)
NN VT

The Kernel 7”\};5‘6_%%‘(“9)2 is a delta sequence with respect to t. Therefore, as t becomes arbi-
trarily large, the support of the integrand of (5.109) narrows along the diagonal elements x # y of
Ay x Aj;. Hence, whenever z € A4, y € Aj;, and (A;; N A, = 0), (5.109) vanishes as t — oco.

Gaussian states are popular enough that the latter discussion merits emphasis as yet another

corollary of Theorem 5.3.2.

COROLLARY 5.3.2 (THEOREM ( ) WITH GAUSSIAN ASSUMPTIONS FOR I'(¢,2,y) )

Fix t > 0. Now let

L(t,x,y) = et"el@—v)® = 2”25”_04 /e_%no‘(m_z)ze_QtHO‘(y_z)zdz (5.110)
™

where n > 0, and assume that A;; NA;; = 0, then

2 A V2 _ogin(m—)?
1) ||Pa,.&(hs,)Pa,.|l, < / / e e ()2, () |* | ddy
Age JAG g \/E

(5.111)
S
2) lim [P, (0, Pa ]l =0 Ga12)
Proof. The proof is in the preceding discussion concluding with equation (5.109). O
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5.4 Estimating the Diagonal Terms (5.25)

We have hitherto developed the tools necessary to estimate the trace norm of the off-diagonal terms
(5.26) arising from estimates of the optimization problem (5.20). To conclude our estimation of the
optimization problem (5.20) we now study the diagonal terms (5.25). i.e.

3 (Ban, o0 (P 01) - 41 S (P, B (B 0P

min

min (5.113)

1

The minimization is taken over all PVMs resolving the identity operator of the space associated with
the environmental degrees of freedom. Recall that >, >~ (ISA“ ® ]I) Dy (15 Ay ® ]I) is just another
way of writing g, (see 5.12). The use of the PVM {PAi,t }i in the first term of the difference in (5.113)
is just technical. However, the usage of the same PVM on the second term in the difference of (5.113)
does imply measurement of the von Neumann type performed on the system; i.e in a local sense in
the sense Definition 2.2.3. When estimating the off-diagonal terms (5.26), we were only tasked with
studying its asymptotic behavior with respect to ¢ since the families of PVM acting on the system’s
degree of freedom, ISAM were assumed to be predetermined. For the case of the diagonal terms
(5.25), we are now tasked with studying the limit as ¢ goes to infinity of a term which depends on a
minimization optimization, namely (5.113). This is now a more challenging problem since a way to
estimate the optimal PV M acting on the environmental degrees of freedom in (5.113) for each value

of t > 0 is needed to understand its asymptotic behavior.

One might have already noted that the map 3, Pa,, @ PP (..)P4,, ® PP is unlike the related
measurements of von Neumann type seen in Definition 2.2.3 since they do not preserve the trace.
Both are indeed completely positive maps, but the latter map turns out to reduce the trace in general,
i.e.

TT{ > (Pa., 2 PF)p,(Pa,, 0 PFY) } <Trip) =1. (5.114)

Indeed, the PVM {PA, ® PP}, by itself does not describe a measurement for the product of the
system’s and environment’s Hilbert spaces because it does not resolve the identity operator acting
over the entire Hilbert space s ® % but rather the identity of a subspace of 7% ® #%; hence the
need for the normalization constant .4'(¢) in (5.113). The associated PVM, which preserves trace,
and resolves the identity of J¢5 ® %, is indeed the family of projectors {f)Am ® f’ft}i7j.This set
includes outcomes pertaining to the case where the environment E is measured to be in the state
labeled by the index j which differs from the outcome measured by the system S i # j. Hence, we
exclude the i # j terms when constructing the approximating SBS state (5.18).

Let us now estimate (5.113). We begin by rewriting the operator ), (f’A“ ® ]I) Py (f’AM & H) in
the form described by the following Lemma:
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LEMMA 5.4.1 (REWRITING ( )

> (Pan. ®1)p(Pa,, o1) =S m)%(4(ps,,) © 5™) (5.115)
where
//Klt x,y)|x)(y|dzdy (5.116)
L, (@)9(@) 1a,, (9)¥" ()
K; ' 5.117
S AR T 0] o
pi(t) := K(z,z)dx, (5.118)
Agt
P(@)y*(y) = K(z,y) (5.119)
and recalling that
Uy(A) := e~ 17XEB } citrREB (5.120)
Proof.
P I P I K Tr ¢ dxdy = 5.121
;(w@)pt(m@) Z/ | Kl © ey = (512
o [ 01,0, )l ol @ Py drdy = (5122)
Ajy pz
where
pi(t) := K(x,x)dx. (5.123)
AV
That is,
(5.122) //Kt 2, )T (t, z,y)|z) (y| ® pL dwdy (5.124)
recalling that K(x,y) = ¢ (x)y* (y) owing to the purity of pg , we define
K(z,y) _ 1a,,(@)(@) 1a,, (y)¥" (y)
Kii(z,y) =14, , (@)1, , (y) —2LL = 220t E 7 . 5.125
,t(x y) Ay, ($) Ay, (y) D ( ) m \/m ( )
Furthermore, let us define
¥s, . (x) = A t(_xwx) (5.126)
pi(t)
and write
Kio(z,y) = ¥s, (2)V5,,(y) (Kernel of [s,,)(vs..| ) (5.127)
Finally,
(5.124) = > pi(t) % (&1 (ps, ) ® p™) (5.128)

i
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where we define R R
A PAi tﬁSOPAit //
= — — = K;(x, dxd 5.129
Ps.., Tr P pobad  Jule i.t(2,9)|x) (y|dady (5.129)

and utilize the definition of %; presented in (5.6) with g = v and Ng = 1, i.e.

U(A) = e~ 17REB § (it7X®B, (5.130)

Employing Lemma 5.4.1 we may now write

> (Pa @PF)p,(Pa, @ PF) = S 50 (10 PP )% (6(ps,,) @ 6™) (10 P*) - (5.131)
i %

Finally, normalizing the operator (dividing by its trace) (5.131) we obtain an approximate SBSCV
state to p,.

Pspscvi = %@) Zﬁi(t) (H ® f’ft)%(éi (Ps,,) ® p) (H ® f’iEt). (5.132)

Just as we did for the case of discrete variables in the previous chapter (see equations (4.58) through
(4.65)) we will be estimating Hﬁt —/(t)ﬁSBSCV7t‘|1 first, and then, using Lemma 4.4.1 we shall bound
||ﬁt - ﬁSBSCV,tHl-

The representation (5.132) makes transparent the structure of the dynamics being imposed on the
total initial states pg, ® ﬁEO by making explicit all of the quantum maps generating the dynamics,
ie.

Ao %o (8 9 Tx) (ps, © ™) (5.133)

where Zg is the identity map on the environmental degrees of freedom and
- 1 . o N
MA) =S hi) (To PP A (1o PP, 5.134

It is clear that the quantum maps A; and & ®Zg commute due to their respective non-trivial influences
taking effect only in complementary subspaces. What is more interesting and less obvious is the
commutativity between & ® Zg and the unitary map %;. Proving this is the content of the following

lemma (Lemma 5.4.2); a lemma that we shall need for the proof of the main result of this chapter.

LEMMA 5.4.2 (COMMUTATIVITY OF &; ® Zy AND %)

%o (6 Tx) (s, ® 6™) = (& ©Tn) o % (ps, ® 5™) (5.135)

Proof. We remind the reader that we are always working within the framework discussed in the
introduction to this chapter (see equations (5.3) through 5.11)). With this in mind, define % (A) :=
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ity Xlp @B’ (A) ¢ty X@Is®B’  Thep
U o ((g;5 ®IE) (ﬁSo ® ﬁEO) = U (TTE/ {%(ﬁso ® ﬁEO by ﬁE()) }) = (5136)

(@/t ®IE,) ° (ISE ® TrE,) ° 74(,350 ® pP @ ﬁEé) (5.137)

Where Zgg is the identity quantum map acting in the combined degrees of freedom of the system
S and the environment E. By virtue of the fact that the quantum maps Zgg ® Trg and % Q Lg:

produce non-trivial effects only on complementary subspaces, these two commute. Hence
(5.137) = (ZSE ® TTE/> o (024 @IE,) o %(ﬁso ® pP @ ﬁEé) (5.138)

Furthermore, it is easy to see that the generators of the unitary maps % ® Zg: and ¥ commute.
Namely X @B ®Ig and X @ Iy @ B’. We therefore have the following.

(5.138) = (Zsp @ Trw ) o %o (% 0 Tu ) (ps, © 9™ © p7) = (5.139)
A ACACE Y A (5.140)

Trod (% (ps, 0 0%) 0 0%) | = (60 7o) (4 (ps, @ 7)) = (5.141)
(60 Tw) o % (ps, © 5™ (5.142)

O

Note that this proof is independent of the states pg, and ﬁEO.

The following corollary follows from Lemma 5.4.2.

COROLLARY 5.4.1 (A &; INDEPENDENT ESTIMATE)

‘ > (Pai.@1)p,(Pa, ®1) = 3 (Pa,, PP )5, (Pa,, @ P)|| < (5.143)
i 9 1
50| (os,, © %) - (1 PEV (s, p™) (10 PP (5.144)
7 1
Proof.
| (Pacen)a(Pon91) = X (P, 0P ) (Pa, 0PF)| = )
i 7 1

< (5.146)




> 0i| %6 (bs,,) © p™) — (L& PE)% (6 (ps,,) © p7) (T PFY)|| < (5.147)
i 1
Yafe <% ps,, 05" )—(H®f’ft)0?/t(ﬁsi.t®ﬁE°)(H®f’iEt)> < e
1
| (s, @ ) — (L0 PE)#(ps, @ 6% (10 PF) (5.149)
1

where we have used Theorem 5.4.2 going from (5.147) to (5.148), and in going from (5.148) to (5.149)

we used the contractivity property of quantum maps (see Theorem 2.3.1). O

Without the effects of the quantum map &}, the term %(ﬁsw ® ﬁEO) in (5.144) is now pure;
(5.127), where ’1/151.> is a pure state. To

in place of pg. ,, and we use the definition of the

Eo

recall that p™° was assumed pure and pg,, = |wSi,t><wSi,t

accentuate the latter we write pg. , = |¢Si,t><¢5i,t

map %; to express it as a left and right product of unitary operators.

%(ﬁsm ® ﬁEO) =0, (|¢5i,t><wsm

® v (s, | ) OF = (5.150)

(ﬁt(!wsi,J ® |¢Eo>)) (ﬁt(wsi,) ® |¢EO>)>T (5.151)

where of course U, := e~ #X®B Tt therefore follows that

(]1 ® lsft)%t(ﬁsi ® pr) (]I ® f’ft) - (5.152)

(H ® ﬁftﬁt(!wsiﬁ ® !¢E0>)) (]I ® f’ftﬂt(!ws@ ® "(/1E0>))T (5.153)

We are now ready to present the main theorem of this section.

THEOREM 5.4.1 (ESTIMATING THE DIAGONAL TERMS (

1 » pEt )5 (P pEt
P 2” Z (PA : ®H>pt (PA@ ¢ ® ) T ) Z (PA' ®F )pt (PA“ eRT)||, < GBY
) E R
1511‘}?44\/27;1@ (1 - Tr{P A, z( ¢E0><¢EO‘>P1 }) (5.155)
Here we have defined A;; as follows.
+(p) /\1#51 t(ﬂf)lz emit1eBp ”“’“”B)d (5.156)

Proof. First, we will compute the following traces. Recall that K;:(z,y) := vs,, (2)V5, , (y)

Hi(t) = Tr{ (1 PP % (ps,, © p™) (10 P) } = (5.157)

133



(s, @ (Vr, O] (L@ PP )0 ¢s, ,) @ [¢E,) = (5.158)

(/ws |dy®<¢E0{> (IePF)O </¢S )|z)dz ® |¢E0>> = (5.159)

/ / s, Jylz) (o, e BBE e 7By ) ) dudy = (5.160)
/ s, ( <¢ e VBP B |y >)da:: (5.161)

/ s (@) (WEO|eit7y]§f’ftf’ft6’“m§|wEO>)d:c - (5.162)

/ ¥s,, (x)]? <Tr{lsffe””‘§ |, Y (s, [T BPE! }) dr = (5.163)
T?“{f’zEt(/st,-,t(m)IQ(e—itva’¢E0><wEoIe“’””‘g)d:c>f>ff} = (5.164)
Tr{f’f"Ai,t(leo><wEo!)f’ff} (5.165)

Here the quantum map A, ; is defined as follows.

p) = [ 1 @) (7B pet ) s (5.166)

Now let us compute the following trace distance via an employment of Lemma 2.3.1.

1
Hi(t)

A

(L& PE)% (ps,, © p™) (10 PE)

U (ps,, ® P™°) —

1

H (Ijt(w&)»@’w%») (ﬂt<|wsm>®‘wo>>>+_(ﬂ®15fiﬁt(\wsi,t> ® |wE0>)> <H®ﬁffﬁt(|¢siyt> ® |¢EO>)

m i (1)
(5.168)
(¥s,,| ® (V5| 0} (H ® f’zEt)thWSi,J ® [¢m,) |
_ - (5.169)
Ai(t)
2
2,1 ‘ S P w77y (5.170)
Ai(t)
Recapitulating, we have
Ai(t) = Tr{lsf‘/\z—,t(w%)(wo !)f’ft} (5.171)
and
1 A A
\ U(ps,,. ®P7) — s (O P U(ps, @ p7) IO PF) | =21 - A1) (5.172)
i 1

Using Corollary (5.4.1), our only task in proving Theorem 5.4.1 will be to estimate (5.144). Using
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(5.171) and (5.172) we get the following.

1 .
5 250|405, 2 5) - (19 PF) (o, 57 (1 P

1 — A ~Fq DE: A ~Eo t
30 [#(as, ) - 510 BE (s, 0715 2E)

1 1 . . . N N . . .
| PP o, 0 9) 0 PE) - (10 PEYUi(ps, 0 (1 PE)

] = (5.175)
1

1
Hi(t)

;Zm(w[

(5, 257) s (P )0 5, 255) (1)

H 1] o) (s, 0% (8
1

-

Ai(t)
(5.176)

! 1+\J%1(0—1|m(t)] = (5.177)

1 _ n ~ DE: A ~FEo D Bt
3 Xi:pi(ﬂ U’%(psi,@p%)— i WOPP) % (ps, 80" (I9P)

> pilt) [2\/1 — () + 1~ «/Vi(t)‘| <> pilt) [2 1- e/%(t)] = (5.178)
22@@)\/% < 2¢Z;ﬁi(t)(1 — (1) = (5.179)

2\/2 i(t) (1 - Tr{f)f’fAi,t (’¢E0><1/JEO |)f>ft }) (5.180)

Here we have employed Jensen’s inequality for concave functions in (5.179).
By virtue of Corollary 5.4.1 we therefore have

1 D A (D » » A (D DE:
2” Z (PAi,t ® H)pt (PAM ® H) - Z (PAz‘,t ® PiEt)pt (PAM ® PZE ) < (5181)

1

4\/2; (1) (1 - TT‘{PiE”Ai,t (1¢E0><¢EO |)f>ft }) (5.182)

Finally, a simple application of Lemma 4.4.1 leads to

;H > (Pa 91)p(Pa, 01) = =3 (Pa 0 PF)p (Ps, 0 PF)

i

< (5.183)
1

4\/21_: pi(t) (1 - Tr{f’f%i,t (!¢E0><¢Eo I)f’iEt }) (5.184)

Taking the minimum over all PVM acting on the environmental degrees of freedom on both sides of

inequality (5.183) (5.184) we get the result we set out to prove. O

Theorem 5.4.1 may be easily generalized to support the setting where Ng environments are present

and Mg environments have been traced out as previously mentioned in the discussion spanning

135



equations (5.3) through (5.11). We present this without proof since the steps are analogous to all

of the steps involved in proving Theorem 5.4.1.

THEOREM 5.4.2 (ESTIMATING THE DIAGONAL TERMS ( ) FOR Np ENVIRONMENTS)

Ng Ng
1 o [ 1 o AER\ | (o A EF
min > H > (PAM ®11) pe (PAM ®11) =70 > (PAM 2P, )pt (PAM 2P, ) < (a83)
i i k=1 k=1
Ng i Ng Ng X
g = BET A BE;
g o (1-1{ Qe a (@l v| ) @2F}) s
i k=1 k=1 k=1
Here we have defined A;; as follows.
—5 NE B ; Ng A
Aie(p) = / [0, )2 (1 2an s 6B et 2 Ty B ) g (5.187)
All of the By, act on their respective Hilbert space.

A little thought convinces one that if we were to constrain ourselves to the case where all of the
|¢E§><wE(’§} are identical and all of the g,By are identical, then Theorem (5.4.1) would take the

following simpler form.

COROLLARY 5.4.2 (ESTIMATING THE DIAGONAL TERMS ( ) FOR Ng IDENTICAL ENVI-

RONMENTS WITH IDENTICAL Bj; AND IDENTICAL g;,‘)

< (5.188)
1

Ng Ng
t A . - 1 a AEf A AE;C
pin 5| 32 (Paot)a(Baot) - 7 3 (o QP! )ou(a “QP! )
i =1 =1

A

Jmin 2\/ Z pi(t) (1 = / s,., @)[2 (¥, (@) |PE 4, (@) ° dw) (5.189)

where

|5, (@) = e~i298 |y, ) (5.190)

Notice that the object in the square root of (5.189) is the general case of the bound encountered
in (3.188) where Ng = 1, the ambient Hilbert space was L?(R) and the equivalent in (3.188) of the
kernel K (z,z) was compactly supported; this in turn lead to a finite set of partitions A; ; and a specific
PVM {f’lEt }l which grew more optimal (in the sense of fully solving the respective QSD problem) as
t grew large.

Theorems 5.4.1 and 5.4.2, and Corollary 5.4.2 are tools that may aid in the estimation of the
diagonal term (5.25). The drawback to these bounds is that they require one to find an approximately
optimal PVM acting on the environmental degrees of freedom, this is in contrast with the discrete
variables, where we devised a PVM independent bound ( 4.2.2 ). It is important to note that the
density operators A;; (ﬁEO) are not pure, we may therefore not apply Theorem 4.2.2 in this case.

In order for 4.2.2 to be applicable, the A, (ﬁEO) must be approximately pure. To see this let us

consider the term in the square root of (5.186). Now, define pL* := e~i@iBpFoeityeiB  where
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i := [ x|ig, ,(z)|*dz. We have the following.
LT BE (5B <

A; t(ﬁEo) - pft/\i,t(ﬁEo)pEt

)

HAi,t(ﬁE) po+pt —PEpIPE L PEpIPE DB, (pP)PE

1

1

+ — Pl plipl

HAi,t(pE ) - p
1

DE: AE:DE DE AEO\NDE
+ HPZ P P P tAi,t(p O)Pi '
1
"Et PEt tPEt

1

+

8sa00) - ot
1

st - o

1

+ "Et PEt t PEt

1

zHAi,t(ﬁE ) - p
1

With this result, we now bound (5.186).

2 min ¢ >_nilt) (1 —Tr{P7 Ay, (p™) P }) <

AF, PEt pE' PEt

+ 1Pz,

1

+2 mln \/Zpl ‘

2 min \/ >_wilt) (2HAi,t(ﬁE° — P!
K3
2\/221%'@)“/\1‘,:&( °) - prt

We will write the latter result as a lemma.

)=

PEt Et PEt

<

(5.191)

(5.192)

(5.193)

(5.194)

(5.195)

(5.196)

(5.197)

(5.198)

(5.199)

LEMMA 5.4.3 (DIAGONAL TERMS OF THE SBS PROBLEM FOR CONTINUOUS VARIABLES, FUR-

THER EbTIMATEb)

This can be easily extended to the case where we have more than one environmental degree of

freedom. In such a case, Lemma 5.4.3 becomes the following.
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COROLLARY 5.4.3 (DIAGONAL TERMS FOR CONTINUOUS VARIABLES Ngp MACRO-

ENVIRONMENT CASE; FURTHER ESTIMATES)

Ng Ng
1 A AER\ (A oL
%MHZ (Baco1)a (P 01) - 5y 3 (Pa. 0@ P (P 0 QP | <
(5.202)
Ng Ng N . Ng .
4|25 Af*(@ﬁ’*) o P NI [~ T <L
i = k=1 i k=1 k=1 1
(5.203)

Using Corollary 5.4.3 and Lemma 4.1, we obtain the following useful corollary.

COROLLARY 5.4.4 (FURTHER ESTIMATES)

Ng
1 A A 1 A
— i ) 3) ) - ) <
L[ (B ) 0) s 3 (B 0G0 (Ba 0G02) =
(5. 204)
NE k k A k
_ LEF A Ek E}
4 221)2 Z/|1,/}S”(x —pml dac+4 mln . pi(t)z_: pPai — P, m;1P )
(5.205)
Proof. First note that
Ng N Ng N Ng ®
Ai,t( ﬁE°> - R sk H/W&t ( ft)dx— pE | = (5.206)
k=1 k=1 k=1 k=1 1
H/WS” |2< ® ) (5.207)
1
k
/ |wsi,t<x>|2'( P ®px ) o (5.208)
k=1 1

Using the latter, the proof follows directly from Lemma 4.1 and Theorem 5.4.3 by noting that
k
162" ||, =1 (5.200)

for all £, k and . O

If the first term of (5.205) is small then we may benefit from the use of Theorem 4.2.2 in estimating
the second term of (5.205).
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5.4.1 How General Can X Be?

The operator X may be taken to be a more general self-adjoint operator; so long as it has purely
continuous spectrum, and in particular a non-empty Rajchman subspace, then all of the above work
of this chapter has an analog with some modifications. To see this we write X in its spectral decom-

position form, using the spectral theorem, i.e.
X = / AE, (5.210)
o(X)

where dE, is a PVM. Now, notice that the operator (5.30) may be expressed as

(¢ 7K9B) (61 (p,) .9 (¢155P) — (5211
| [ aps) G e B B (5.212)

Using this operator and developing the respective appropriate partition, as we did for the position
operator in (5.36), we may attain analogs to all of the theorems in the previous subsections of this
chapter. This includes Theorem 5.4.2. Care must be taken in making sense of the terms % however.
For the case where X is simply assumed to be a multiplication operator with a purely absolutely
continuous spectrum, the treatment becomes virtually identical to that of the case where X is a
position operator which was the focus of this chapter. In future work, we might push toward further

generalities.
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Concluding Remarks and Future
Work

In this work the central object of study has been
tXoS N g B O\ ke gB
TTENE+17ENE+2;~-7EN{€_Z ®y ., 9By bs, ®®ﬁ 5 | eitX@d S, o k} (5.213)
k=1

In Chapter 5 we have made significant strides in defining what the associated SBS state of (5.213)
should be (SBSCV), and developing techniques for estimating the proximity between (5.213) and
its associated SBS state. We have done the analogous work in Chapter 4 for the case of discrete
variables; albeit a formulation of SBS for discrete variables predates this dissertation. However, there
is much left to be desired as the form of (5.213) is rather restrictive. In future work, we would like to
consider the cases where the quantum-measurement limit and the von Neumann interaction operator
assumptions are relaxed. i.e. we would like to consider the case where H,,; is not approximately
I:Imt and the interaction term I:Imt does not have the tensor product form (von Neumann interaction)
X ® Zgzl gk]gk. It would be interesting to find out for which families of ﬂm one is able to prove

that there exist time domains for which the dynamics push the state

N
7 E\ o
Py = TTENE+1,ENE+27~».,EN {eltHwt (pSo ® ® pEO ) et } (5'214)

into an SBS/SBSCV regime. Of course in this case estimating the respective SBS proximity will be
much more daunting since we will in general not be able to execute the decompositions (5.4) (4.40)
which were key in estimating the SBS and SBSCV problems for the von Neuman type interactions
case in Chapters 4 and 5. If progress could be made in estimating 5.214 with a more general ﬂtat,
then a next step of interest would be to relax the separable initial state condition. i.e. rather than
considering the case where pg ® ®£{:1 ﬁEg as our total initial state, we could consider an arbitrary
P €S (%S ® ®,ivfl %Ek) as the total initial state. It would be very interesting to prove that SBS

states arise for a broader family of dynamics and initial states.

As a parting remark, we heuristically discuss what we have learned from our SBS studies for (5.214).

We have learned that even simple purely decoherent dynamics ( no dissipation/ no exchange of kinetic
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energy) is enough to render classical objectivity (Definition 4.1.1) from the quantum. Macroscopic
systems such as human beings are perpetually scattering smaller particles such as air molecules,
and photons; scattering events that may be modeled by recoilless-scattering-models such as those
afforded by von Neumann-type Hamiltonians (1.98). It would seem that classicality at the macroscale
arises from the quantum due to the gargantuan quantity of interactions classical objects have with
their environments. It would therefore seem that as classical beings we can never find ourselves in a
superposition whilst living. These are indeed questions for physicists to grapple with and beyond the
scope of this dissertation but thought-provoking and not fully out of place. Rather than concluding
this dissertation with a thousand words we shall conclude it with a picture. We present in the
following page an artistic interpretation of quantum to classical transitions as characterized by SBS
theory (Figure 5.1).
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Figure 5.1: An artistic interpretation of quantum to classical transitions as characterized by SBS theory.
The author of this thesis described SBS theory to artist and this beautiful
artistic interpretation resulted. The author omits his own interpretation of this gorgeous work, leaving the
reader to insert their own.
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~

A:= operator.

p:= Density operator (Definition 1.3.2).
Pag.1:= See (4.50)

Psps.i= See (4.51)

Ppsps. =N Psps.

TT{A} := Trace of some trace class operator
A. See Definition 1.3.3.

Trgk {A} := Partial trace of the kth environ-

mental degrees of freedom. See Definition 1.4.1.

S(%):: Space of density operators acting in
H.

7¢:= Hilbert Space.

Hs:= Hilbert Space of the system.

H 1= Hilbert Space of kth Environment.
H:= Hamiltonian.

I:Imt:: Interaction Hamiltonian.

|1,b> := Vector in some Hilbert Space.

U, = Unitary operator.
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Appendix A: Notation

Herein we present some of the notational conventions of the Thesis in order to aid the reader.

I:IO = Zk ﬁaﬂ%k
Spec{A} := Spectrum of an operator A. See
Definition 1.3.1.

é"(ﬁ) Quantum map. See Definition 2.1.1.

M := Krauss operators 1.75.
IA]|, == r{VAA}
F(p.8) = |VaVa|;

POVM and PVM:= Projective operator valued

measure and projector valued measure respec-

tively. See 2.2.3 a discussion.

pe:= Shorthand for

p%l\i}}wa{{pi’ pitict, {Ml}l]il} =

minpov {1 — Zivzl pzTT{Mzﬁ,Mj}}

QSD:= Quantum state discrimination. See the

intro to Chapter 3.

D¥ ;:= See (4.69).



Appendix B: Gap in Corollary 1 of

[40]

Let {El}l be a POVM. The operators E, act over some unspecified Hilbert space. Indeed, ), B = I,
||El|| <1 and E; are positive operators that may be written as B = MZer where M, are bounded
operators. Now, let p be a density operator acting over the same Hilbert space as the POVM {ﬁ]l} -

A question arises regarding the positive semidefiniteness of the operator p — M, ﬁl\A/I;r

CLAIM 5.4.1 (NON POSITIVITY OF A PARTICULAR OPERATOR)

A

p— M, ﬁM;r is not positive semidefinite in general

Proof. Counter example.
1-6 0

Consider the 2 dimensional case where p = 0 6) (0 < § < 1) and we have a POVM

0.5 05

characterized by the operator My =a
0.5 0.5

) (a < 1) which is a scaled projector. The PVOM in
question is
{1\7{31\7[0, I— 1\7[31\7[0}. (5.215)
Let us take a look at the operator

p — Mo pM, (5.216)

Expanding things out this looks as follows; in matrix notation.

S 1-6 0\ a1 1 1-5-o o
p—MopMOZ 0 5 —Z 11 = _§ 5_% . (5217)

For this operator to be positive semidefinite we require that <q§’{ p— 0;31\7[0}’@ > 0 hold for

all |¢)> in the Hilbert space in question. Let us use the unit vector & = (0,1)*. In this case

CL2

(3l {p — MopNo f[3) =5 — - (5.218)

But notice that if § < ‘Z—Q, which is a viable possibility, then we do not have positive definiteness
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for p — NypM,. O

That is it for the counter-example. Notice that in the case where a = 1, M, is a projector, and
even then we do not have positive definiteness for p — 1\7[0;31\7[0 in general since this breaks down for
§< 1.

Now, in the paper [40] the authors provide a proof for equation (5) on page 2 of said paper. This
proof involves the computation of a trace distance of the form Hﬁ — PpP||; (where P is a projector)
; see page (1) of the appendix of the same paper and look at the sentence preceding equation (4) of
page one of this appendix. There the authors implicitly argue that ||ﬁ - 15ﬁ15||1 = Tr{ﬁ(]l — 15)} in
general. This, however, is only true if p — f’ﬁf’ > 0, and this in turn is true only when P commutes
with p. It looks like, tacitly, they are assuming that the PVMS, amongst other assumptions, have the
special property that ( now I use their notation) the P, projector commute with the g, terms of the
mixture ), p;p; where P, is an element of a POVM used to discriminate the mixture >; pip. This
assumption however need not in general be true and the bound by Knill and Barnum [27] does not

assume commutativity for their result that bounds the trace
TT{Zpiﬁ— ZMmMj} (5.219)

to hold when minimizing over appropriate POVM, {I\A/IZ}Z, schemes and neither do they assume
that we discriminate with projectors, their result uses the objective function which minimizes over all
POVM. This means that the assumption that P; commutes with p; makes the minimization calculated
in [40] an upper bound to the one proven by Knill and Barnum [27]. Unfortunately starting from

1p; — lslﬁzf’lﬂl and bounding such an object by fidelities is significantly harder.
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