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Abstract

We analyse a formulation of the quantum Wasserstein distance of order 1 and
set up a general theory leading to a Wasserstein distance of order 1 between
the unital maps from one specific algebra to another specified algebra. This
gives us a metric on the set of unital maps from one composite system to
another, which is deeply connected to the reductions of the unital maps. We
use the fact that channels are unital maps with extra structure, to systemati-
cally define a quantum Wasserstein distance of order 1 between channels; i.e.,
a metric on the set of channels. Lastly, the additivity and stability properties
of this metric are studied.

Keywords: quantum optimal transport; quantum Wasserstein distance of
order 1; quantum channels; quantum states; composite systems
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Index of Symbols and

Conventions

Standard norm, sometimes denoted with a subscript.
Field of real numbers.

Field of complex numbers.

Standard set of all natural numbers.

Abitrary field, in this dissertation, this represents

C or R.

Shorthand notation for the infimum of set A.
Shorthand notation for the supremum of set A

limit of (x,) as n tends to oo.

Modulus of complex numbers.

The algebra of n x n matrices with entries from

a C*-algebra A.

The algebra of n x n matrices with complex entries.
The algebra of n X m matrices with complex entries.
14 is a unit of an algebra A and I, is the unit of
M,,.

The adjoint of 2z € A for A some *-algebra.

The set of all invertible elements of some algebra A.
Spectrum of an element x of some algebra.

Space of linear maps A — B.

Shorthand notation for L(A, A).

The composite map of linear maps 7, and 7,

see for example Eq.

Algebraic dual of an algebra A.

Short for completely positive map.

Short for unital completely positive map.

Direct sum.

Span of some set over scalars from field F. If there is
no subscript, take the span over the field of the
vector space containing the set.
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Inner product.

A Hilbert space and a Hilbert space of some system
A respectively.

The set of all bounded operators of some Hilbert
space H.

Algebraic tensor product between spaces or algebras
A and B.

Complete tensor product between spaces or
algebras A and B.

Elemenetary tensor of two elements from some
vector spaces over [F.

Cartesian product of spaces A and B.

Standard d-dimensional complex vector space.

A vector and its adjoint in Dirac notation.

Inner product in Dirac notation.

An operator in Dirac notation defined by

(I} (1) [6) = (¢l0) [¢) for any |6)

in some inner product space.

The set of the positive elements of some algebra A.
The usual trace of a matrix.

The partial trace, see Eq. .

The convex hull of some set C'.

Wasserstein distance of order 1.

Tensor product space with jth factor left out.
Restriction of a map to the subspace As.

A map 7 restricted to a map between tensor product
spaces that have the jth factor left out, see Eq.
The usual transpose of a matrix A.

Partial transpose, see Eq.

The Kronecker delta.

The identity map on algebra A.

Space of u.c.p. maps between C*-algebras A and B.
Set of pointed maps, see Defn. .

The identity map on algebra A.

A distinguished element of the space A.

The pointed (W7, n) structure, see Defn. .
Operator defined through (z x y)z = zv({y, 2), )

for all z € G, see the proof of Prop. |7.1.1}
Collection of non-empty proper subsets of {1,...,n}.
The complement of a set J € P,,.

The cardinality of a set J € P,.
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Tensor product of A;’s for all j € J and any J € P,,.
The reduction of a map to any J € P,,.

A set of maps that are reduced to any J € P,,.

Tensor product indicating a specific order, see page
An ordering maps for tensor product algebras,

see page .
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Chapter 1

Introduction

Recent developments in quantum computing stimulate the growth of quan-
tum information theory, with one of the aims being the comparison of quan-
tum states. In classical information theory, two probability distributions can
be compared through something called optimal transport. Optimal transport
deals with finding the optimal cost of changing a probability distribution A
into another probability distribution B. A nice way of visualizing how the
transport part comes into the picture (making this a dynamical situation) is
by letting the probability distribution A be a pile of balls while B is a pile of
holes and assuming that moving a ball from A into a hole in B is associated
with some unique cost. In this case, the main aim of optimal transport would
be to compute the minimum (or lowest) cost of moving the balls (all of them)
from A into the holes in B. The minimum cost is what is used to define the
Wasserstein metrics (or distances).

In classical optimal transport, Wasserstein metrics have a wide range of
applications, from physics to artificial intelligence. This leads to the expec-
tation that these metrics will be equally important in quantum physics.

A number of approaches to formulating the quantum versions of the
Wasserstein metrics and quantum optimal transport are under active devel-
opment and being intensively investigated. See for example [12], [13], [14],
[18], [16], [20], [29], [30], [33] and [68]. Every approach has its own advantages
(the major differences will be covered towards the end of this introduction).

The framework provided by operator algebras and functional analysis is
a natural setting for much of this development. For finite dimensional state
spaces, the special case provided by linear algebra is sufficient as a framework
for developing quantum optimal transport. For the infinite-dimensional case,
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CHAPTER 1. INTRODUCTION

the theory of operator algebras and functional analysis become indispensable
(this dissertation is a clear example of this).

Reference [29] (referred to as the DMTL in the remainder of this disser-
tation) introduces a quantum Wasserstein distance of order 1 between the
states of a composite system with a finite dimensional state space, as a nat-
ural and very effective distinguishability measure with a number of desirable
properties.

This dissertation is devoted to devising a distance between channels which
is natural in the context of composite systems by analysing [29]’s approach.
The ability to distinguish and quantify how far or different a real quantum
channel is from an idealised channel is of great interest in quantum informa-
tion theory. There are various other measures for this, each with its pros and
cons [37]. In the DMTL approach the quantum W, distance has properties
that are desired for quantum channels [11].

The metric resulting from the DMTL approach can be viewed as a quan-
tum version of Ornstein’s d distance [58]. While we use some of the core ideas
of the DMTL approach, the extension to infinite dimensions and to unital
maps (including channels), involves significant changes in the approach, in-
cluding concepts and techniques not present in the finite dimensional case for
states. Although the term Wasserstein distance is typically used for states
(or probability distributions in the classical case), we nevertheless continue
to use the term in the cases of unital maps and channels as well.

The infinite dimensional setting of this dissertation is expressed in terms
of C*-algebras as a generalization of the matrix algebras M, (Chapter [l is
a clear outline of this). We obtain a metric on the set of all channels from
one composite system to another, where both consist of n systems. The case
of states is obtained when the channels are taken to map to the complex
numbers. In particular, the DMTL approach is recovered when restricting
to finite dimensions, specifically to the algebras Mj.

The DMTL approach starts with the concept of neighbouring states, a
form of which was introduced earlier in [I]. Broadly speaking, our approach
is to extend the idea of neighbouring states to neighbouring channels. This is
done through the reduction of channels. Given a channel from one composite
system to another, choose the j’th system in each, and reduce the channel
to the remaining systems. If two channels give the same channel after this
reduction for some j is applied to both, we consider them to be neighbouring

© University of Pretoria
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CHAPTER 1. INTRODUCTION

channels. I.e., two channels are called neighbouring if they coincide after
the removal of two corresponding systems from the two composite systems
respectively. The neighbouring channels are then used to build a unit ball
leading to a norm on a certain space of linear maps and ultimately to a dis-
tance between any two channels. More precisely, we obtain a metric on the
set of channels from the one specific composite system to the other. All this
is illustrated concretely in finite dimensions in Chapter

One of our intentions is to highlight the general mathematical structure
behind the quantum Wasserstein distance of order 1, through an abstract
approach (with the metric obtained in Chapter [2as the starting point). This
involves first setting up the theory in general vector spaces, and subsequently
algebras, without reference to any positivity conditions on the maps between
these spaces. The C*-algebraic framework, with the maps taken as chan-
nels (unital completely positive maps between C*-algebras), is obtained as a
special case of the abstract setup. This clarifies the overall structure of our
approach, in particular, where and how complete positivity is used, and po-
tentially allows for cases other than C*-algebras and channels between them.

In order to clarify our basic approach, we give an abstract DMTL ap-
proach in the next chapter. We then discuss the finite dimensional cases of
states and channels. The C*-algebraic framework is a generalization of the
finite dimensional cases, and is very natural and relevant from the view of
quantum physics. The dissertation is written in such a way that the main
thread and results in the C*-algebraic case can be followed without going
through the more abstract approach mentioned above. The finite dimen-
sional situation is in turn obtained as a simple special case of the C*-algebraic
framework. The proofs of our results do depend on the abstract development,
though.

Chapter 2 defines an abstract norm, as a result of analysing the mathe-
matical structure of the DMTL approach. This includes the necessary back-
ground in relation to unit balls and norms that features throughout the rest
of this dissertation. Chapter [3| introduces the operator algebraic framework
(a summary, for cases where a reader is not that familiar with operator al-
gebra theory).

For the case of states, Chapter [4] gives an alternative but equivalent way

of defining the quantum W distance between states (when compared to the
DMTL approach).

© University of Pretoria
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CHAPTER 1. INTRODUCTION

Chapter [5| gives an outline of our approach for channels in finite dimen-
sions, in a form that allows for a clear comparison to the DMTL approach.
It can be viewed as an extension of this introduction, explaining some of the
goals and motivation for this dissertation, but it also serves as an overview
for readers whose main interest is the finite dimensional case. Section [5.1] re-
views basic background related to channels, while Sections and take
an initial step in developing the theory behind the Wasserstein distance of
order 1 between channels.

Chapter [6]and chapter [7]develop the abstract theory to obtain our Wasser-
stein distance of order 1. The reader can in fact skip these two chapters upon
initial reading, and go directly to Section [7.3] There the definition and main
results leading to the Wasserstein distance of order 1 between channels in
the C*-algebraic framework, are presented with no reference to Chapters [6]
and [7], although the proofs depend on those two chapters. Note that we’ll
usually simply say “Wasserstein distance” instead of “quantum Wasserstein
distance”, since our theory contains the special case of abelian C*-algebras.

The dissertation then proceeds to the behaviour of the Wasserstein dis-
tance of order 1 with respect to subsystems of the composite systems, i.e.,
when we consider smaller composite systems consisting of a subset of the
original systems. The main result here is that this Wasserstein distance is
additive over tensor products of channels between such subsystems, with
stability as a special case. Again this result is first approached abstractly in
general vector spaces, before the C*-algebraic case is presented. As before,
the reader can page directly to Section after Section [7.3] to see the C*-
algebraic results with a minimum of direct reference to the abstract theory,
although the proofs again rely on the latter.

To conclude this introduction, we briefly discuss previous work.

The study of quantum channels, including mathematical techniques to
analyse them theoretically, remains undeniably important. Refer for exam-
ple to [15] 43, 50] for an overview of a variety of aspects of quantum channels
and their significance. In particular, there have been other approaches to
distances between channels, in relation to channel discrimination. For ex-
ample, the diamond norm, also called the completely bounded trace norm;
see [48, 3] for early work in connection to quantum computation, and [69,
Section 3.3] for a more general finite dimensional overview in the context of
quantum information. Refer to [37] for a broader perspective on distances
between channels.

© University of Pretoria
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CHAPTER 1. INTRODUCTION

On the other hand, there has also been much effort to obtain quantum
(or noncommutative) Wasserstein distances between states. Papers obtain-
ing Wasserstein distances (with a focus on order 2) which are actual metrics
on sets of quantum states, include [5, 12, 13], 14, 16} 18, 20, B3] [44], [70]. These
papers follow different approaches from this dissertation and [29], and to a
large extent from one another. Broadly speaking there have been two main
approaches, in analogy to the classical case: a coupling (or transport plan)
approach [5l, 20, B3] and a dynamical approach [12], [13] 14} [16, [18] [44], [70].
The book [67] includes a nice introduction to the former, while [4] is the
origin of the latter. The DMTL approach and this dissertation, can roughly
be classified as part of the coupling approach. Other papers using the cou-
pling approach, though not obtaining all the usual metric properties, in-
clude [30, 38, B9, 40]. Papers treating various other approaches than [29]
to noncommutative or quantum Wasserstein distances of order 1, include
[2, 14, 17, 36l 57, 60, 63, 68]. Some of these use a dual formulation of the
coupling approach, which is closely related to Connes’ spectral distance in
noncommutative geometry, first introduced in [21], and studied further in
[22, 23, 27, 59], among others.

It seems that a theory of Wasserstein distances, by any approach, has
not before been extended from states to channels in the literature. This is
of course aside from attempting to apply the former directly to the latter
via the Choi-Jamiotkowski duality between states and channels. This dual-
ity holds under quite general conditions and could be applied beyond just
the finite dimensional case; see in particular [34, Section 3|. However, the
intention of this dissertation is rather to systematically rebuild such a the-
ory for the channels, which is not equivalent to merely translating via the
Choi-Jamiotkowski duality.

© University of Pretoria
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Chapter 2

An abstract approach to norms
from unit balls

One should note that some background in functional analysis and linear al-
gebra is assumed throughout this chapter and the rest of this dissertation.
This chapter sets up some basic notions and elementary results for later use.
This is mainly done for easy reference because the references providing this
background in the preferred or needed form appear to be scarce. A some-
what different presentation of the following chapter is offered in [7, Section
[.1] and [55, Chapters 4 and 5.

One of the main aims of this chapter is to define a norm from an abstract
unit ball. It can be viewed as an abstract version of the corresponding ideas
in [29]. Most of the general background definitions and results regarding
analysis that are stated in this chapter, come from [51, [55 62]. However,
the notions “absorbing set” and “ray-wise bounded set” are introduced in a
slightly different manner here than in other texts 7, [55], while the definition
and analysis of the norm ||-||, are adapted in part from [29], all motivated by
the goal of obtaining an abstract form of [29]’s approach. We start with the
definition of a norm and a metric.

2.1 Norms and metrics

This section is merely a review of some basic definitions and facts about
seminorms, norms, pseudometrics and metrics.

© University of Pretoria
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2.1 Norms and metrics

Definition 2.1.1 (Seminorm and norm). A seminorm ||-|| on a vector
space X over some field [F is a real-valued function on X whose value at each
x € X is denoted by ||z|| and has the following properties for any =,y € X
and o € F:

N.1. ||z|| € [0, 0)

N.2. ||az| =|al||z] ‘Homogeneity’

N.3. [z +y| <llz| +]yl ‘“Triangle inequality’.
If in addition ||-|| has the following property,

N.4. if [|z|| = 0 then z = 0,
then ||-|| is called a norm on X. In this case, the pair (X,|-||), or even X
itself when there is no ambiguity, is called a normed space.

We are interested in using our norm to induce a distance and we know
from functional analysis and topology that the abstract definition of a dis-
tance is that of a metric, and this is what we define below.

Definition 2.1.2 (pseudometric and metric). A pseudometric on a set
X is a real-valued function d on X whose value at each pair z,y € X is
denoted by d(x,y) and has the following properties for any x,y,z € X"
M.0. d(xz,z) =0
M.1. d(z,y) € ]0,0)
M.2. d(z,y) =d(y,x) ‘Symmetric’
M.3. d(z,y) <d(x,z)+d(z,y) ‘Triangle inequality’.
If in addition d has the following property,
M.4. if d(z,y) = 0 then z =y,

then d is called a metric. In this case, the pair (X, d), or even X itself when
there is no ambiguity, is called a metric space.

Remark 2.1.3. A note to make here is that the field of scalars F represents
R or C throughout this dissertation. In this chapter, we mostly use F to
represent R, the reason why we do not use R directly is to emphasise that
the definition or property in question also applies to C. By real or complex
vector space we refer to a vector space over R or C respectively.

In standard functional analysis literature they often show how a norm in-
duces a metric, but they rarely show how a seminorm induces a pseudometric,
hence we will show both in the following theorem.

© University of Pretoria
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2.2 Unit balls

Theorem 2.1.4. Let X be a real vector space with a seminorm ||-||. defined
on 1it, then

d(z,y) =z —yllc
is a pseudometric on X for all x,y € X. If |||, is a norm, then d is a
metric on X.

Proof. Assume that ||-||, is a seminorm defined on some real or complex
vector space X', and define

d(z,y) =[x —yle,

for any x,y € X. A vector space is by definition closed under addition, hence
r—y € X. M.O follows from N.2 since||z — z||, =1/0]|o =|0[]|0]|o = 0. M.1
follows from N.1. We also have that N.2 implies M.2 because d(z,y) =
Iz —yllo =|[(-1)(y — ZL')HC =|-1||ly — z||o = d(y, ). Lastly, we also have
that N.3 implies M.3 since

d(z,y) =z —yllo by the definition of d
= llz—y—2+z|, for any z € X
= [@=2)+ -y,
<l = zlle +llz = vlle by N.3 of |||
= d(z,z) +d(z,y) by the definition of d.

Since M.0 - M.3 hold true, Definition implies that d is a pseudo-
metric on X. If we assume that ||-||, is a norm, i.e., N.4 holds true, then we
have that if d(x,y) = 0 then ||z — y||, = 0 with N.4 implying that z —y = 0,
hence = y. So in conclusion, if |||, is a norm, then d is metric on X. O

2.2 Unit balls

This section introduces the notion of an abstract unit ball.

In [29], they use the so-called set of neighbouring states to define their
norm, so the first question one may ask is what properties must a ball have
(in an abstract sense) to give us a of a norm? The following definitions are
the answer to this question, we in fact need to define a set similar to what’s

known as unit ball (similar in a general sense) in introductory topology (see
[25]).
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2.2 Unit balls

Definition 2.2.1 (Absorbing set). A subset C of a real vector space X is
said to be absorbing (for X) if for every x € X there is a number 7 > 0 such
that rx € C.

Definition 2.2.2 (Convex set). A subset C of a real vector space X is
said to be convez if for any z,y € C we have that ax 4+ (1 — a)y € C for
Va € [0,1] C R.

Definition 2.2.3 (Symmetric set). A subset C of a real vector space X is
said to be symmetric if C = —C, in other words if € C then —x € C.

Definition 2.2.4 (Ray-wise bounded). A subset C of a real vector space
X is said to ray-wise (or radially) bounded if for any non-zero x € X there
is a number sy > 0 such that sz ¢ C for all s > s.

Using the above definitions we can define an abstract semi unit ball and
unit ball as the following.

Definition 2.2.5 (Semi unit ball and unit ball). A non-empty subset C
of a real vector space X, is called a semi unit ball of X if it is absorbing,
convex and symmetric. If in addition C is ray-wise bounded, then we call it
a unit ball of X.

We will later show the connection between a standard definition of a unit
ball from [25] and our Definition [2.2.5] Our definition is more general, in
the sense that it doesn’t require a prior norm or metric to be defined on the
vector space in question.

Lastly, we mention a result that will allow us to make the above connec-
tion.

Proposition 2.2.6. Let C be a semi unit ball in some real vector space X,
then 0 € C.

Proof. Let x € C since C is non-empty by Definition [2.2.5, By the same

definition, we get that C is symmetric and convex, hence —z € C and
ar 4+ (1 —a)(—=z) € C for any a € [0, 1] respectively. Thus, for a = 1/2, we
get that

ax+(1—a)(—x):%w+ (1—%) (—x)=0eC,

hence 0 € C as required. O
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&
&

UNIVERSITEIT VAN PRETORIA

UNIVERSITY OF PRETORIA

Qe YUNIBESITHI YA PRETORIA

2.3 Norms from unit balls

2.3 Norms from unit balls

The main aim of this section is to obtain a norm from a unit ball through
what is known as a Minkowski functional or gauge function in a topological
space (see [55]). Given that our focus is on vector spaces, we define a gauge
function in our preferred setting as below.

Definition 2.3.1 (Gauge function). If C is a subset of a real vector space
X, then the Minkowsk: functional or gauge of C is defined to be the function
|-lc : & = Ry, given by

|z||o ;== inf{t > 0: 2 e tC}
for every x € X, where R, = {t e R: ¢ > 0}.

The following definitions and lemma are needed to prove that the above
gauge function is a norm under certain conditions and to show that our
norm is more general when compared to [29, Definition 6] (in a mathematical
sense).

Definition 2.3.2 (Lower bound). The lower bound b of a non-empty sub-
set ¥ of Ris b € R such that b < z,Vx € F.

Definition 2.3.3 (Infimum). The infimum of a non-empty subset E of R
is the greatest lower bound of E, denoted as inf (£).

Remark 2.3.4. In a similar way (as in Definition [2.3.2]), we define the upper
bound by replacing ‘<’ with ‘>’. Then the supremum (denoted as sup) is
just defined as the least upper bound.

Remark 2.3.5. The minimum (denoted as min) of a non-empty subset F of
R is the greatest lower bound b of E such that b € E, i.e. when an infimum
is contained in the set that it bounds it is called the minimum element of
that set.

A note on the generality of our norm, Definition [2.3.1] uses an infimum of
the set while [29, Definition 6] uses a minimum instead. The above remark
shows that from a mathematical standpoint Definition is a generalisa-
tion of [29, Definition 6] in the sense that a minimum of a set is a special
case of the infimum.

10
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Lemma 2.3.6. If P C R and the inf(P) exists then there ezists a sequence
() € P such that (z,,) converges to inf(P).

Proof. Assuming P C R has a lower bound, |41, The completeness axiom]
implies that P has an infimum in R, ie., m := inf(P). Definition [2.3.3]
implies that for any n € N, there exists z,, € P such that

m< x, <m-4+ —,
n
now taking note of the following

. 1 .
lim m+—=m and lim m =m,
n—oo n n—oo

[41l, Sandwich rule| implies that

lim z,, = m = inf(P).
n—oo

So there is a sequence that converges to the infimum. O]

Proposition 2.3.7. Let C be a semi unit ball in a real vector space X, then
its gauge function||-||, is a seminorm on X. If C is a unit ball in X, then its
gauge function |||, is a norm on X.

Proof. Assuming that C is a semi umit ball in some real vector space X', then
for all x,y € X and o € R we prove the following about the gauge function
Nl
N.1. |z|, € [0,00):

For any x € X there is an r > 0 such that rz € C, this follows from
Definition m and Definition m Hence x € %C , and therefore
{t > 0: 2 € tC} is a non-empty set with 0 as a lower bound. Hence the

infimum will be greater or equals to 0 because the infimum is the greatest
lower bound. In addition, inf{t > 0:z € tC} < % < 00.

N2 ozl =|alll]l:
Let t = |a|s for s > 0 and « # 0 then
|z, =inf{t > 0: ax € tC}
= inf{|a|s > 0: ax € |a|sC}
= |a]inf{s > 0 : ax € |a|sC}

= |a]inf{s >0:z € MSC}

a
= |a|inf{s > 0:2 € sC} C is a symmetric set by Definition 2.2.5
=lafllz]lc -

11
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For a = 0, it follows that ||0z||, =|0||., but 0 € OC thus ||0]|, = 0 =|0]||z||.,

so the homogeneity of the norm holds true.

N3z +ylle <llzlle +lyll:
Definition [2.3.1] implies that

|zl =inf{t >0:2 €tC} and |y, =1inf{u>0:y € uC}.

If x =0o0ry =0, then x € 0C or y € 0C implying that ||z||, = 0 or
lyllc =0, hence ||z +y||. =|z||; +llyllo. Thus, without any loss of generality
we may assume that z # 0 and y # 0. By Lemma [2.3.6| we have that there
exists sequences (t,,) and (u,) in {t > 0: 2z € tC} and {u > 0 : y € uC}
(respectively) that converge to ||z||. and ||y||. respectively. For ¢, # 0 and
u, # 0, we have that =, £ € C. Given that C is a semi unit ball, i.e., a

oy tn, Un
convex set by Definition we have that

tn n
)+ (= 4 ec,

which simplifies to

r+y € (t, +u,)C.

So by the properties of the infimum we have the following
lz+yll, <t,+u, YneN

hence,

e+ ylle < Tim (o + )

= lim ¢, + lim w,
n—o0 n—oo

=llzlle +llylle -

For t, = 0 or uw,, = 0 we have that x € 0C or y € 0C, implying that
x=0c=0 or y=0c=0 for some ¢ € C which clearly leads to
lz +ylle =llzllc +lvllc as explained before.

Since N.1 - N.3 hold true, we have by Definition that [|-||, is a
seminorm in X when C is a semi unit ball. If in addition, we have that C
is also ray-wise bounded (i.e., a unit ball by Definition , then we can
show that the following is true for any z,y € X

12
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N.4. If ||z[|; = 0 then z = 0:

We can follow the contrapositive statement and assume that x # 0 to
prove that if z # 0 then ||z[|, # 0. Since C is ray-wise bounded, there is
an ro > 0 such that rz ¢ C for all r > ry. Hence z ¢ +C for % > 1> 0,

implying that ||z||, > % >0, i.e, [z # 0.

This now implies that IN.1 - N.4 hold true in this case, hence by Definition
we thus have that ||-||, is a norm on X when C is a unit ball. O

To summarise Proposition [2.3.7, C being absorbing ensures that ||-||, is
well-defined and finite at every point of the vector space, convexity implies
the triangle inequality, symmetry implies the homogeneity, while ray-wise
boundedness guarantees that © = 0 whenever ||z||, = 0.

The assumption that C is a unit ball in a real vector space X implies
that X' is a normed space with the norm ||-||, defined on X as in Definition
2.3.1l The next proposition mentions an interesting property and result of
this norm and unit ball.

Proposition 2.3.8. Let C be a unit ball in some real vector space X and
define ||-||. as in Definition then
fweX: ol <1} CCC{red: |, <1k
Proof. Let a € {x € X : ||z||; < 1}, then||a||, < 1 implying that there exists
some t € [0,1) such that a € tC. For t = 0 we have that a = 0 € C (see
Proposition [2.2.6). Assuming that ¢t > 0 implies that there is a vector b € C
such that b = %a. Since C is a convex set we have that
a=tb+ (1 —1)0 e C.
Hence, {z € X' : ||z]|, < 1} CC.
Assume a € C, then Definition implies that
lall, =inf{t >0: a ctC} <1,

implying that a € {x € X : ||z||, < 1}. Therefore,
CC{zxeX: ||zl <1} O

Remark 2.3.9. From Propositionit is clear that C = {z € X' : ||z, <
1} is the closure of C, while ¢ = {z € C : ||z||, < 1} is the interior of C. The
definitions and properties of the closure and interior that make these results
clear are in |64, Chapter 2|. This can be viewed as part of the motivation
behind our definition of the abstract unit ball.

13
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Chapter 3

The operator algebraic
framework

This chapter is devoted to gathering (or summarising) some of the impor-
tant definitions and results for our operator algebraic framework. In the first
section of this chapter we focus on important definitions from the theory of
operator algebras. Our focus in the subsequent sections is on the relevant
results. The majority of this chapter comes from [0}, 10, (54 [66], where oper-
ator algebras are discussed in more detail.

A note to make here (as mentioned in Remark is that every vector
space or algebra discussed in this chapter is over C, that is F = C in cases
where the field F is used. In those cases, F is mainly used to emphasise that
the definition or result also works for R.

3.1 Elementary definitions

We start with a few definitions. These are algebraic structures that result
from vector spaces that have more structure to them.

Definition 3.1.1 (Algebra, commutative algebra and unital algebra).
An algebra is a vector space A over C that is equipped with a multiplication
law or product A x A — A : (z,y) — xy, with the following distributive and
associative properties:

Al z(y+z2)=xy+axz
A2 a(ry) = (ax)y =z (ay)
A3 z(yz) = (2y) 2

14
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for all z,y,z € A and a € C. In addition, if zy = yx,Vz,y € A, then A is
called a commutative algebra and if A has a unit (or multiplicative identity)
denoted 14, i.e., 14 € A such that for all x € A we have that 1420 = 21, = =z,
then A is called a unital algebra.

Definition 3.1.2 (Inverse and spectrum). Let A unital algebra over C.
An element x € A is said to be invertible if there exists another element
y € A such that

Ty =yr = 1y.
y is unique in this case and is called the inverse of x denoted by z—!. The
set of all invertible elements of A is denoted by

Inv(A) = {z € A: x is invertible}.
The spectrum of x € A is defined as the set

olx)={AeC: A4 —2x¢Inv(A)}.

Definition 3.1.3 (*-algebra). An involution on an algebra A over C is a
map *: A — A:x+— x* which satisfies the following properties:

L (%) ==z,
2. (zy)" = y'a*,
3.

(ax)" = ax*,

for all z,y € A and aw € C. A *-algebra is an algebra A with an involution
defined on it. If in addition, 14 € A such that 1% = 14, then A is called a
unital *-algebra.

Let (x,) be any sequence in some metric space (X, d). (z,) is a said to
be a Cauchy sequence if for every € > 0 there exists N, € N such that for
all natural numbers n,m > N, we have that d(z,,x,,) < €. A metric space
(X,d) is called a complete metric space if every Cauchy sequence converges
to some point in X under d. A metric d is called a complete metric if (X, d)
is a complete metric space and a complete norm is a norm that induces a
complete metric.

Every finite dimensional vector space is complete (see [51, Theorem 2.4-
2]). This is not always true for infinite dimensional spaces. In this disserta-
tion, we are interested in spaces that are not necessarily finite dimensional.
Hence the role of completeness will be discussed clearly (for example, see

Section [6.2)).

15
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Definition 3.1.4 (Submultiplicative norm and normed algebra). A
norm ||-|| defined on some algebra A is said to be submultiplicative if

lzyll <ll=[llyl

for all z,y € A. A normed algebra is an algebra A with a submultiplicative
norm ||-|| defined on it.

Definition 3.1.5 (Banach *-algebra). A Banach *-algebra is a *-algebra
A with a complete submultiplicative norm ||-|| defined on it such that

[l = [l

for all z € A. In addition, if A has a unit 14 € A such that ||[14]] = 1, then
A is called a unital Banach *-algebra.

Definition 3.1.6 (C*-algebra). A C*-algebra is a Banach *-algebra A
which satisfies
« 2
" ]| = [|]] (3.1)

for all x € A. Equation is sometimes referred to as the C*-property,
while a norm that satisfies this property is called a C*norm. Additionally,
if A is a unital Banach *-algebra with the C*-property, then A is said to be
a unital C*-algebra.

The following examples are standard but important results that will also
play a role in Chapter [4

Example 3.1.7. C is a unital C*-algebra.

Proof. By [51,, Theorem 1.4-4] we have that C is a metric space with a metric
induced by the modulus. It’s straightforward to verify that the multiplication
of complex numbers satisfy Definition 3.1.1]s A.1 - A.3. The involution is
simply the complex conjugate of each complex number (i.e., for any z € C
we have that z* = Z). The modulus is the norm, and it has the following
properties:

|2 =z] =[2"| and |yz| =|yl|=],

for any y,z € C. Hence we have that, |2*z| = |2*||z| = |2|*>. Hence the

modulus is a complete submultiplicative C*-norm, implying that C is a unital

C*-algebra with 14 = 1 the unit (or multiplicative identity). O
16
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Remark 3.1.8. Looking at the definition of a field [41], Section 2.2], we can
say that every field is an algebra, but an algebra is not necessarily a field.

In the following example, one should note that we define and denote
M, (A) as the set of all n x n matrices with the entries being elements of A.

Example 3.1.9. Let A be any C*-algebra, then M, (A) is a C*-algebra.

Proof. See the proof of [54, Theorem 3.4.2.]. O

In particular, the set M, (C) (which we simply denote as M,) of n x n
complex matrices is a unital C*-algebra.

Lastly, from the examples in [9 p. 20] and [66, p. 4], we arrive at the
well-known conclusion that B(H), the set of all bounded linear maps on
some Hilbert space H is a unital C*-algbera, when it’s equpped with the
norm

Tl gy = sup {I T2l @ €H, |2l =1}, (3.2)
for any T' € B(H), with||-||,, being a norm defined on .

Definition 3.1.10 (Adjoint, self-adjoint and positive). Let A be a C*-
algebra. For any element x € A, the element z* € A is called the adjoint
of x. If x = z* then z is said to be self-adjoint. If in addition to being
self-adjoint, o(z) C [0,00), then z is said to be positive and is denoted by
x> 0.

Remark 3.1.11. Let A be given as in Definition [3.1.10] then for any = € A,
we have that x*z > 0 and for any y € A such that y > 0, we have that there
exists z € A such that y = z*z. These results come from [54, Section 2.2].

We are now interested in maps between any of the above algebraic struc-
tures, the reasons behind this interest will become more evident in Chapters

[ and Bl

17
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Definition 3.1.12 (Linear maps). Consider any two vector spaces A and
B over the same field of scalars F. A linear map from A to B is a function
A that maps the elements of A into B with the following properties for any
r,y € Aand a € F,

L Mz +y) = M) + My),
2. Max) = a(x).
We denote the set of all such linear maps by L(A,B). A linear map is

sometimes referred to as a linear operator. If B = A then L(A, B) is simply
denoted as L(A), and is called the set of all linear operators on A.

Remark 3.1.13. If we consider three vector spaces A, B and C' over the
same field of scalars IF, then a bilinear map ¢ : A x B — C'is defined as a
function ¢ that maps the cartesian product of two vector spaces A and B into
another vector space C, such that ¢ is a linear map in each of its arguments
separately. This is analogously extended to a definition of multilinear maps.

The following definitions will play an important role when it comes to
connecting the DMTL approach [29] to our work in Chapter

Definition 3.1.14 (Linear functionals and algebraic dual space). A
linear functional is a linear map from a vector space A to its field of scalars .
The algebraic dual space of A is the set of all such linear functionals denoted

by A”.

Remark 3.1.15. It is easy to show that L(A, B) is a vector space over the
field F, one just needs to use the properties from Definition to show
that the axioms of a vector space as given in [51, pp. 50-51] are true for this
set. This also applies to the algebraic dual space (see [51], pp. 106-107]).

Next, we expand on our notions of maps as follows,

Definition 3.1.16 (morphisms). Let A and B be algebras, then a ho-
momorphism 7 is defined as a linear map from A into B that preserves
multiplication (i.e., m(ajas) = 7w(aj)w(az) for all a;,as € A). In addition,
when A and B are *-algebras, if 7 preserves the involution, then it’s called
a x-homomorphism. Additionally, a x-isomorphism is defined as a bijective
x-homomorphism.

18
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Definition 3.1.17 (Positive map). Let A, B be C*-algebras. A positive
map is linear map ¢ € L(A, B) such that ¢(x) > 0 for any x € A such that
x> 0.

Remark 3.1.18. An alternative but equivalent definition of a positive map
is that it is any ¢ € L(A, B) such that ¢(z*z) > 0 for any x € A (This is a
clear consequence of the results mentioned in Remark |3.1.11)).

Definition 3.1.19 (Unital map). Let A, B be unital algebras. A wunital
map is linear map w € L(A, B) such that w(14) = 15.

In the case of C*-algebras, we are mainly interested in the following linear
maps.

Definition 3.1.20 (States). A state w of a unital C*-algebra A is a linear
functional that maps A into C satisfying the following properties:

1. w is a positive map,

2. w is a unital map.

Remark 3.1.21. We use the term “state” in Definition [3.1.20l because those
linear maps represent the states of a physical quantum system (see Theorem
4.1.4)).

Definition 3.1.22 (Completely positive map). For A and B some C*-
algebras, let ¢ be a linear map from A to B, then ¢ is said to be completely
positive if the induced map

0"+ My(A) = My(B),

which is obtained by applying ¢ entrywise is positive for all n.

Remark 3.1.23. It’s clear that a completely positive map is a positive map
(when n = 1, since 1 x 1 matrices can be treated as the field of entries). We
will sometimes use c.p. to refer to completely positive maps. If in addition ¢
is a unital map, then we will use u.c.p. to denote a unital completely positive
map. According to [0, 11.6.9.6], a state is a u.c.p. map to C, hence states
are a special case of u.c.p. maps. In a C*-algbera setting, [0, 11.6.2.2 and
I1.6.9.2] implies that states and completely positive maps are bounded linear
maps. Hence, they are continuous (see [51, Theorem 2.7-9]).

19
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The following is a crucial result. It simplifies working with c.p. maps
in the context of Chapter . Before that, one should note that by M, ,, we

denote the set of all n x m complex matrices and by M,,, we denote M, (C)
(which is a C*-algebra by Example [3.1.7)).

Theorem 3.1.24. Let ¢ be a linear map from M, to M,, then ¢ is completely
positive if and only if it admits the expression

k
B(X) =Y VXV

for all X € M, where {V1,...,Vi} C M, for any k € N.
Proof. See [19] for the proof. O

Remark 3.1.25. From [19, Remark 4], we get that we may in the above
theorem, require that {Vi,...,V;} be linearly independent. In such a case,
we get that £ < nm.

3.2 Composite spaces and algebras

Following the DMTL approach, we are also interested in composite spaces
(or algebras), i.e., larger vector spaces that are a result of combining smaller
vector spaces. In this section we introduce two ways in which one can con-
struct these composite spaces. The first part focuses on direct sums and
representations while the second part is on tensor products. Tensor products
play a big role in the DMTL approach, so we will use them for most of our
composite spaces. We will only use direct sums to combine representations
into larger representations.

3.2.1 Direct sums

This subsection is devoted to summarising direct sums to an extent that
is sufficient for the remainder of this dissertation (this is mostly aimed at
addressing some of the definitions that we need in the next section). We
start with a definition that’s motivated by [49, Section II.6].

Definition 3.2.1 (Direct sum). Let A and B be some vector spaces over
F, then the (external) direct sum of A and B, denoted A & B, is a vector
space that is defined as follows: The underlying set is the cartesian product,
that is the set A x B of ordered pairs (a,b) for a € A and b € B. Addition
and scalar multiplication are defined by:

20
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1. (al,bl) + (ag,bz) = (CLl + as, bl + bz),

2. alay, by) = (aay, aby),

for a; € A and b; € B and o € F. It is thus clear that the above is a vector
space that can be defined as

A® B :=spang {(a,b) : a€ Abe B}.

Remark 3.2.2. Direct sums are associative, i.e., A1 ® Ay @ Az = (A1 D Az) D
A3 = A1 @ (Ay @ A3z), with the elements of A; @ Ay @ Az being the triples
(ay,as,as) for all a; € A;.

From [46] p. 121], we can conclude that, if H; fori € A = {1,2,...,n} is
a family of Hilbert spaces, then elements of the direct sum H = @, ., Hi =
H1DH2®- - -®H,, are denoted by the n-tuple (h;)ien = (b1, ha, ..., hy). This
direct sum space is itself a Hilbert space with the following inner product

LIS

for any z = (2;)ien € H and y = (yi)ien € H, With (-,-),, as the inner
product on H; for each i € A. The case of an infinite number of Hilbert
spaces is discussed in [24] p. 24] and [46, p. 123]. In such a case, we simply
set A = {1,2, ...} in the above arguments and assume that ), [|7:][,, < oo,
for any x = (2;)ien € H. A note to make here is that ||-||,, is a norm on H;
for each ¢ € A and H is still a Hilbert space (see [24, Proposition 6.2] and
[46, pp. 123-124)).

The ideas about apply to bilinear maps as well, that is if ¢; is a
bilinear map for each ¢ € A, then equation gives a bilinear map on
H. The above is easy to verify, we will show the linearity of one argument,
the second one follows in a similar fashion. Assume that ¢; is a bilinear
map for each i € A, then for any = (2;)ien € H, ¥ = (Yi)ien € H and
2 = (2i)ien € H define

o(z,y) == Z Gi(i, yi), (3.4)

1EA

then
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Pz +y,z2) = Z ¢i(i + yi, 2i)

1EA
= Z (gb,(x“ zi) + ¢i(yi, z,)) since ¢; is a bilinear map

ieA (3.5)
= Z Gi(xi, zi) + Z Gi(Yi, 2i)

i€A €A

= ¢(z,2) + 6(y, 2).

From the above ideas (3.5]), we can also conclude that ¢(ax, z) = agp(zx, z)
for any o € F.

3.2.2 Representations

This subsection describes and summarises representations of algebras, this
includes the role played by constructions when it comes to representations.
As mentioned before, this is not an in-depth discussion, so we will mostly
focus on relevant definitions and results.

Definition 3.2.3 (Representation). A representation of a C*-algebra A
is a pair (H,m) where H is some Hilbert space and 7 : A — B(H) is a *-
homomorphism. (H, ) is said to be a faithful representation if 7 is injective.
If there is a vector €2 in H for which the linear subspace

T(A)Q = {r(a)Q : a€ A}

is dense in H, then the triple (H,m, Q) is called a cyclic representation of A,
and € is termed a cyclic vector (or generating vector) for .

In the above definition, one should recall that a set S in some metric
space (M, d) is said to be dense in M, if for all m € M and any € > 0 there
exists s € S such that d(m, s) < e.

Remark 3.2.4. If A is just an algebra then the pair (#, 7) will be considered
a represention if 7 is a homomorphism (a note to make in this case is that
M is not necessarily a Hilbert space, in Chapter [7] we will construct such a
representation).

One may now ask if any arbitrary C*-algebra will always have such a
representation or not, the GNS construction is a well-known answer to this
question (see the following results).
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Theorem 3.2.5. Let A be a C*-algebra and consider ¢ as a state of A,
then there exists a representation (Hy, my) associated with ¢ called the GNS
representation of A.

Proof. Let A be a C*-algebra and assume that ¢ is a state of A, then ¢
is a positive linear functional on A by Definition . According to [0
11.6.4.1] and [54, pp. 93-94], since ¢ is a positive linear functional on A, we
can always use the GNS construction to manufacture a GNS representation
(Hy, 7y) associated with ¢. O

Remark 3.2.6. Following [0, 11.6.4.2], we have that in the above theorem,
there also exists a cyclic vector 0y € H, associated with the state ¢. lLe.,
7s(A)Qy is dense in H,, implying that the triple (Hg, w4, ) is a cyclic
representation of A.

According to Theorem [3.2.5 every state of a C*-algebra A has its own
representation. Let A be the set of all states of A, then for each A € A we
get that (M, mx)xea 1S a set of the representations of A associated with each
state. The direct sum (H, 7) of these representations is itself a representation
of A defined by setting

H =D Hx and 7(a)z = (mx(a)za)ren € H,

AEA

for any © = (z))xen € H and any a € A. (H,n) is called the universal
representation of A.

Remark 3.2.7. It’s easy to show that (H, ) is a representation in the above
arguments. From the arguments leading up to , the direct sum is an
inner product space, hence H is simply its completion. = is clearly a *-
homomorphism, for the sake of argument we will show that 7 preserves addi-
tion (the rest of the properties can be proven in a similar way). Let a,b € A
for any x = (2))ren € H, then

((l—l—b) 7r>\(a—|—b)x,\),\€/\

= (
= (ma(a)xy + mx(b)x))rea since my is a * -homomorphism
= (ma(a)zy)aen + (ma(D)xr)aea by Definition [3.2.1

= 7(a)r + 7(b)z.

We can at last conclude the following from the GNS construction.
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Theorem 3.2.8. Let A be a C*-algebra, then A has faithful representation,
namely its universal representation.

Proof. See the proof of Theorem 3.4.1 in [54]. O

Remark 3.2.9. A clear note to make about universal representations is that
they are not limited to C*-algebras, in other words, given a set of repre-
sentations for some algebra, the direct sum will always give us a universal
representation of that algebra (for an example, see Chapter 7).

3.2.3 Tensor products

We start this subsection with a basic non-constructive definition of algebraic
tensor products, followed by some key interesting properties. These properties
are going to play important roles in the rest of the dissertation. A note to
keep in mind here, is that every algebra in this subsection is over the same T,
unless we specify otherwise. We also make the assumption that the reader is
familiar with tensor product spaces when it comes to finite dimensional vector
spaces, this includes finite dimensional Hilbert spaces. A detailed discussion
of the above topics is given in [26] Section 4]. Another assumption that the
reader must bear in mind is that this is nowhere near a complete discussion
of tensor product algebras, we are merely defining some of the words that
will show up in Section [7.3] and stating some relevant results. For a more
rigorous treatment of these ideas, see [10, [6].

Definition 3.2.10 (Algebraic tensor product space). Let A and B be
vector spaces over the same field IF, then the vector space

A®B:=span{a®b : a€ Abe B},
is their algebraic tensor product space, where
©:AxB—-A®B:(a,b)—»a®b

is a bilinear map, such that A ® B satisfies the universal property of tensor
products in the following sense:

For C' being any vector space over F and ¢ : A x B — C any bilinear map,
there exists a unique linear map ¢’ : A® B — C' such that ¢'(a®b) = ¢(a,b)
foralla € Aand b € B.

Elements of the form a ® b (read “a tensor b”) for a € A and b € B are
called simple or elementary tensors. A® B is defined in a way such that the
following properties hold true for all a;,as € A,by,b5 € B and ¢ € F:
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T.1. C(a1®b1) = (ca1)®1)1 :a1®(cb1),
T.2. (a1+a2)®b1:a1®b1+612®51,
T.3. a1®(b1+b2) :a1®b1+a1®b2.

If in addition A and B are *-algebras then A ® B is a *-algebra where the
adjoints and multiplication satisfy the following:

T4 (0,1 ® bl)* = aT ® bT,

T.5. (CLl X bl) (CLQ X bg) = a109 X blbg.

Remark 3.2.11. The elements in A; ® Ay cannot all be expressed as simple
tensors but in many cases as linear combinations of simple tensors. One clear
consequence of T.1 is that if x € A ® B, then

szaiQ@bi,

for a; € A and b; € B. The other consequence is that for a; € A; and
as € As, if ag =0 or as = 0, then a; ® ay = 0.

One of the basic ideas of tensor products is the notion of a tensor product
map. This idea is a clear consequence of linear algebra and the universal
property. It states that, if Ay, Ay, By, By are vector spaces over the same
field F and ¢; : A; — B; for i = 1,2 are linear maps, then there exists a

unique linear map
PO ¢ AL © Ay — By © By,

which is called the tensor product of ¢; and ¢9, such that
P1 O @2 (a1 ® az) = ¢ (a1) ® P2 (a2)

for all a; € A; and ay € As.

We are interested in tensor products of vector spaces, unital algebras and
unital C*-algebras. In the case of unital C*-algebras, reference [10, p. 72]
tells us that A ® B may carry multiple C*-norms (this was first proven by
Takesaki [65]).

A C*-norm ||-||, on A® B is defined in the usual way, i.e., it’s a norm that
satisfies all the properties of a C*-norm as stated in Definition 3.1.6] It’s a
fact that C*-norms always exist for algebraic tensor products.
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In general, for vector spaces A and B over the same field F, we denote
A ® B as the completion of A ® B under some arbitrary norm defined on
AGB.

Remark 3.2.12. Tensor products are also associative, i.e., for vector spaces
Ay, Ag and Aj over the same field F, we have that A;© A2 © A3 = (A; © A2)©®
As.  Similarly for the completions, we also have that A; ® Ay ® A3 =
(A1 ® Ag) ® As.

For C*-algebras, the following are the most natural definitions of norms
on A® B.

Definition 3.2.13 (Maximal C*-norm). Let A and B be C*-algebras,
then we define the mazimal C*-norm on A ® B as

|z |],,0e = SUD {HW (x)HB(H) |m:A®B — B(H) a *-homomorphism} ,

where the supremum is taken over all representations (H,7) of A® B. We
will denote the completion of A® B with respect to||-||,... as A®mq, B, which
is also a C*-algebra normally referred to as the mazimal tensor product of A
and B.

Definition 3.2.14 (Minimal or spatial C*-norm). Let A and B be C*-
algebras with faithful representations 74 : A — B(H,) and 75 : B —
B(Hp), then the minimal C*-norm on A ® B is defined by

[l i = | 2 7aa) @ ()

B(HA®HE)

for all x = > a; ®b; € A® B. We denote the completion of A ® B with
respect to |||,.;, a5 A ®@min B, which is also a C*-algebra normally referred
to as the minimal tensor product of A and B.

The remainder of [10, Chapter 3| verifies some of the properties related
t0 [|-[[nae and |-

max man’
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Chapter 4

An outline for the case of
quantum states

In this dissertation, we are interested in formulating a distance between chan-
nels. We define the notion of a channel in Chapter [5{and proceed to show that
channels are unital completely positive maps between two unital C*-algebras.
From Remark [3.1.23] we know that states are special cases of u.c.p. maps,
hence they are a special case of channels, so a distance between channels
gives us a distance between states as a special case.

The main aim of this chapter and Chapter [5]is to motivate the method
that we will use to formulate our quantum Wasserstein distance of order 1
between channels. This chapter focuses on the case of states. It will further
illustrate the connection between the states of a physical quantum system
and the states of a C*-algebra (clarifying the use of the word “state” in the
context of C*-algebras).

4.1 The setting

In this section, we review some basic quantum theory. We will assume that
the reader is familiar with both the Hilbert space and density formalism of
quantum mechanics. A detailed discussion of these is given in [56].

The incorporation of time evolution in a quantum system gives rise to mul-
tiple mathematical formulations. The Schrdodinger picture and the Heisen-
berg picture are the two most important such formulations. In the next para-
graph, we give a basic summary of the main assumptions in each formulation.
For a detailed discussion on the pros and cons of each formulation, includ-
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ing the equivalence between them, see [53, Chapter 14 (Quantum dynamics)].

In the more commonly used Schrodinger picture, the states of a quan-
tum system are set to be time-dependent, while the observables are time-
independent. In the Heisenberg picture, the states of a quantum system are
set to be time-independent, while the observables are time-dependent.

In this dissertation, we will focus on the Heisenberg picture, i.e., the states
of our quantum systems are time-independent.

Using a few ideas from Chapter [3 let
Ha=C"

be a finite dimensional Hilbert space associated with some isolated physical
quantum system 4. A standard result of linear algebra implies that the
unital C*-algebra of linear maps (or operators) on H 4 denoted L(H4) can
be represented by complex matrices My, i.e., L(H4) = My. Let

A:Md7

then A is a unital C*-algebra sometimes referred to as the observable algebra

of A.

For simplicity, in the case of Hilbert spaces, we will use Dirac notation
to represent vectors. Let the canonical basis of C? be the set of vectors
{|1),...,]d)} such that a pure state [¢)) of the quantum system can be written
as

V) =1 1) + -+ +1bg|d)
with o o
(W] = (1] + -+ +2pa(d],

for ¥y, s, ...,y € C. In this case we denote the inner product between the
normalised states [¢) , |¢) € Ha as

{¥lo),

with
|9} (¥

defining a projection operator on H 4 given by

(I) (W]) o) = (W]} |¥) .
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Since T'|a) € H y, for all |a) € H 4, it follows that ) (| € L(H.4). We also
have that the inner product between |¢)) and T |«) is denoted as

W[ T|a).

According to the fundamental theorem of invertible matrices, we know
that a matrix 7" € A is invertible if and only if det(7") # 0. Hence, by
Definition the spectrum of 7' is given by

o(T)={ € C:det(A\l4 —T) =0},

which is a set of all the eigenvalues of T. The eigenvalue equation in Dirac
notation, can be stated as

Tli) = Ail) (4.1)
where the \;s are the eigenvalues (i.e., \; € o(T)) with their associated

eigenvectors |i) € H 4 (which are normalisable). To summarise [49, Theorem
3.21] further, we have by the spectral theorem that if 7" is self-adjoint (i.e.,
T* =T), then there exists an orthonormal set of eigenvectors of T' that span
H 4 such that T admits the expression:

with A; being an eigenvalue of T" associated with the eigenvector |i) € H 4
for each i. By orthornormal, we simply mean that the elements of the set
satisfy the following property:

. 1 when i=j,
(il7) = 6ij = 4 J
0 when ¢ # j,

with d;; being the standard Kronecker delta.

The following are definitions of specific elements of A.

Definition 4.1.1 (Positive matrix). A matrix X € A = M, is said to be
a positive matriz if X is self-adjoint and

(| X ) >0,

for any [¢) € H4. The set of all positive matrices in A = M, is denoted
A+ = M7,
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Considering the above definition, since A is a unital C*-algebra, take
X € A such that X > 0. Definition |3.1.10| implies X is self-adjoint (i.e.,
X*=X) and 0(X) C [0,00). From (4.1)) we get that
Xi) = Aili)

where the \;s are the eigenvalues of X (i.e., A; € o(X) such that A\; > 0)
with their associated eigenvectors |i) € H 4 being an orthonormal basis of
H 4 (this is guaranteed by [49, Spectral theorem]). Thus for any |¢) € H 4

we have that
0) =Y i),

with each ¢; € C. This implies that
(WIX [0) =D dw (i X[i)
= ZE%‘ (2] A [2) by
= 3k i)
= i%wm the |i)’s are orthonormal

> ( since %1/}, >0 and \; > 0 for each 3.

Thus Definition [3.1.10] implies Definition 4.1.1, The converse is also true.

Let X € A such that X is a positive matrix, Definition implies that X
is self-adjoint and

(| X ) >0,

for any |1)) € H 4. Let A; be the eigenvalues of X with the associated eigen-
vectors given by |i) € H 4 (we again assume that these form an orthonormal
basis), then implies that X |i) = A; |i) and since [i) € H4, it follows
that

0 < (i|X|i) = N (i]1) = Ny

implying that o(X) C [0, 00).

Remark 4.1.2. The above arguments imply that Definitions(3.1.10[and 4.1.1]
are in agreement (in the sense that one implies the other). We can always
drop the condition that X is self-adjoint in Definition [.1.1] (see [49, Propo-
sition 3.17]), but that is not necessary for our goal.
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One should also note that in the physics literature, the adjoint X* of any
X € A is sometimes denoted as X' with a self-adjoint matrix sometimes
being called a Hermitian matriz. We will stick with the notation that we
have been using thus far.

Definition 4.1.3 (Density matrix). p € A = M, is called a density matriz
if it satisfies the following properties:

1. Tr (p) = 1 ‘Trace condition’

2. p > 0 ‘positivity condition’

The Tr in the above definition (including the rest of this dissertation) is
the usual trace for matrices.

According to [50], Part I, Section 2.4], a density matrix represents a state
of some physical quantum system. One can then make the conclusion that
the set of density matrices in A is the set of the physical states of system .A.
Under this representation of physical states, let p € A = My be a physical
state (in other words, a density matrix) and let X € M, be an observable of
quantum system A, then

Tr (pX)

is the expected value of the observable X, when the system is in the state p.

The next property tells us that any density matrix induces a state on
the unital C*-algebra My. This result is what moves us into the algebraic
framework. Before we start, let Bj;, denote the j, k'th entry of any matrix
B € M, and write S = M, for the matrix algebra containing the density
matrices of system A. Another note to make here is that the multiplicative
unit of A is given by Iy, i.e., 14 = 1.

Proposition 4.1.4. For the unital C*-algebra My of d x d complex matrices,
let w be any map from My into C, then w is a state on My if and only if there
exists a density matriz p € My such that w (A) = Tr (pA) for every A € M,.

Proof. Assume that w is a state and let E;;’s be the basis elements of the
complex vector space My, where E;; is a d X d matrix with 1 in the 4,7
position and zeroes in the rest of its entries, then any matrix A € M, can be
written as

A= A,E;. (4.2)
]
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Given that w is a state on My, Definition [3.1.20| implies that w (1) = 1
and w (B) > 0 for I; the unit of M, and any B € M, such that B > 0. Let
p € My, such that

p=> w(E;)Ey. (4.3)

ij

Since w is a linear functional, (4.2)) implies that

w(A) = Z Aijw (Eyj). (4.4)

Let us consider the following trace,

Tr (pA) = Z (PA) 1k

k
= Zpijjk

ik (4.5)
= > w(Bu) Aj by and

ik

= w(A) by {4).

Since w is a positive map, then by [6 11.6.2], we have for any B € M, that
w(B*) = w(B). Hence, given E;; = E7;, we get that w (Ej;) = w (E;*J) =
w (Eﬂ) But from (4.3]) we have that

pr=> w(ky)Ey =Y w(E;)Ey,

i i

thus p = p*, i.e., p is self-adjoint. Since p is self-adjoint, the spectral decom-
position of p is

p=> NP for P, € My, (4.6)
where the \;’s are the eigenvalues of p while the P;’s are projection operators
onto 1-dimensional orthogonal subspaces of the eigenspaces. In other words,
the P;’s are self-adjoint, orthogonal, indempotent and have a trace of 1, i.e.,

P* = P, P,P; =0 for i # j while P,P; = P, for i = j and Tr (P;) = 1. These
properties imply the following
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pbi = NBP, = AP (4.7)
Hence,
Ai= Tr(ph)
= w(P;) follows from (|4.5))
= w(P,P;) because P; is indempotent (4.8)

w (P P;) because P; is self-adjoint
> 0 see Remark B.1.1§ .

So each eigenvalue \; of p is in [0,00). This implies that o(p) C [0, 00),
thus by Definition [3.1.10] we have that p > 0. We also have that w (I;) = 1,
this implies that Tr (pI;) = Tr (p) = 1, hence by the definition of a density
matrix we have that p € S.

For the converse, suppose p is any density matrix (i.e., p € S), and
consider the linear functional w(A) = Tr (pA) for any A € M,. Let B € S,
then by Remark [3.1.18] we get that there exists C' € M, such that B = C*C.

Hence for B we have

w(B) = Tr (pC*C)
Tr (CpC™) by the cyclic property of Tr.

By [0, Corollary I1.3.1.5], we have that CpC* > 0. This means that the

eigenvalues of C'pC* are non-negative, hence their sum is non-negative. Since
the trace of a matrix is equal to the sum of the eigenvalues of the matrix, we
have that w(B) > 0. We also have that w(l;) = Tr(ply) = Tr(p) = 1, by
Definition [4.1.3] By Definition [3.1.20] w is indeed a state. O

Remark 4.1.5. The above proposition essentially states that the density
matrices of S can be compared (distance-wise) by comparing the states of
M. For instance, if we have a metric, say W7 on the states of M, then we
can use it to compare any two known or given density operators from S.

We can thus conclude that the physical states of some quantum system
are equivalent to the states of its observable algebra.

A note to make here is that in classical information theory the basic (or
smallest) unit of information is a binary digit often called a bit, and at any
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point a bit has a value of 0 or 1 but not both (i.e., the state of a bit can only
be a 0 or a 1). In quantum information theory the story is a little different
in that the quantum version of a bit is called a qubit and is at any time
a linear combination of the physical states |0) and |1). Hence a qubit is a
physical state of the quantum system C?, which is spanned by {|0),[1)}. A
qudit is a generalised qubit, i.e., it is physical state of the quantum system C?.

For the remainder of this chapter and the next, we will make use of the
partial trace, [50, Part I, Section 2.4.3] defined as the normal trace over a
specific factor of a tensor product space, i.e., if A; = M,, such that A =
A ® Ay then, for a simple tensor X ® Y € A, we have that

Tr (X ®Y) = Te(X)Y and Try(X ® V) = XTr(Y). (4.9)

Our focus from here onwards is on composite spaces as defined through
the tensor products of Subsection . According to [56, Part I, Subsection
2.2.8] a composite system is a quantum system made up of two or more dis-
tinct quantum systems, with the composite system simply defined as their
tensor product.

The main advantage of representing the physical states of a quantum
system as density matrices is how it describes the subsystems of a composite
system (see the following remark).

Remark 4.1.6. The state space of a composite physical system is the tensor
product of the state spaces of the component physical systems. Moreover, if
we have systems A and B, and system A is prepared in the state p while B
is prepared in the state o, then the joint state of the composite system AB
is given by:

P =p®o. (4.10)

One of the deepest applications of formulating quantum mechanics using
density matrices is how they describe the subsystems of a composite quantum
sysetm. Given a state pA? on the composite system, we can define a reduced
density matrices p?* and pP of systems A and B respectively by

pt = Trp <pAB) and p? = Try (pAB> :

If we take the state given in (4.10]) into consideration, we get by the trace
condition of density matrices and (4.9)) that

p* =Trp (pAB> =Trp(p@o)=Tr(o)p=p

34

© University of Pretoria



&
&

UNIVERSITEIT VAN PRETORIA

UNIVERSITY OF PRETORIA

Qe YUNIBESITHI YA PRETORIA

4.2 Neighbouring states

and

p? =Try <pAB> =Tr(p)o =o.
It is thus clear that if we know the state of a composite system, we can
desribe the states of the component physical systems.

Next, we move towards the DMTL approach and Chapter 2] For consis-
tency between our work and [29], we will introduce some notation from [29].
Let the canonical basis of C? be the set of vectors

{I1), ... 1a)}
and by taking the tensor product n times, set
H,=C'® - -®@C

to be the Hilbert space of n qudits. l.e., H, = ((Cd)@m. Let O,, be the set
of the self-adjoint operators on H,, denote O C O,, as the subset of trace-
less self-adjoint operators and let S,, C O,, be the subset of density operators.

The Kronecker product [26], Section 4] implies that H,, can be treated as
C?" with the set of all operators on H,, contained in the unital C*-algebra,
Mgn, in particular, S, C Mg and OT C O,, C Myn.

4.2 Neighbouring states

In this section we use the notation from the previous section to introduce the
notion of neighbouring states.

The following definition from [29] plays an important role, the definition
is stated in a slightly different manner here to avoid confusion.

Definition 4.2.1 (Neighbouring density operators). p,o € S, are called
neighbouring density operators if Tr;p = Tr;o for some i € [n] = {1,...,n},
i.e., they coincide after discarding a suitable qudit. Let N, € OI be set of
the differences between couples of neighbouring density operators as follows:

N, = UN,@, NO ={p—0; poecS,Trip="Trio}, icn
i=1

and write

B, =

> ps (p(i) - U“’) cpi =0, Y pi=1, p%,0% €8, Trip = Tric®
=1 =1
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for the convex hull of N,,.

Remark 4.2.2. According to [8, Part I, Section 2.1.4], A convez hull of some
set C', denoted conv C', is the set of all convex combinations of points in C,
ie.,

k k
conv C = Zﬁixi : xieC,QiZO,ZGizl
i=1

i=1

In addition, conv C'is the smallest convex set containing C'. The above clearly
implies that we can simply write B,, = conv N,,.

The remark above allows us to note an elementary result which will be
relevant in Section [6.1] when proving the absorbing property.

Lemma 4.2.3. Let X be a real vector space. Consider any symmetric subset
N of X such that X = span N. Then its convex hull C = conv N is absorbing
for X.

Proof. For any non-zero x € X we can write x = s;x1 + - - - + Sy for some
k < oo, z; € Nand s; > 0. Let t = 51 + - + s, and p; = s;/t to have
x =ty with y = pyx1 + - -+ + prag € C. The case x = 0 is trivial. O

In the DMTL approach [29], they use Definition and the trace norm
to define a metric on S,,. It is possible to do this without a prior norm.
One just needs to show that OI is a real vector space and B, is a unit ball
(as defined in Definition , then Definition and Proposition m
will give us a norm on O which induces a metric on S, (because for any
p,0 €S, we clearly have that p — o € O, implying that B, C OL). What
you end up with is the same metric (or a more general version of it) as given
in [29, Definition 7].

One may now wonder if the metric induced by Proposition does
indeed produce a quantum version of the classical Wasserstein distance of
order 1. The simplest answer is a yes and it follows from [29, Proposition
6], where they prove that this induced metric can indeed be reduced to the
classical version under some assumptions. Hence, we can proceed to use the
term “Wasserstein distance of order 1”7 in the remainder of this dissertation.
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4.3 The W, metric for states

We can now define a metric W on the set of states as follows. Let
Aj = Md and Bj =C.

Then as explained before, via the Kronecker product, we get

j=1 j=1

The reason for formulating things in this way, is to clarify the transition
to channels (which will be discussed in the next chapter) instead of states,
where (in the current context) the B;’s will be matrix algebras. Ultimately
the A;’s and B;’s will be arbitrary unital C*-algebras (see Section [7.3)).

It should also be clear that In = @’_, Is and 1 = @_, 1 are the units
of A and B respectively. We can now consider the space of maps

L(A,B) = L(My.,C),
and define
Ls(A,B):={ne L(A B) : n(Ism)=1}.

Let £ be any set of states on A, that is £ C Lg(A, B) by Definition
3.1.20, Note now that for any 1,60 € L, we have (n —0) (I4») = 0, thus one

can define the real vector space
O ={X espang L : A\(I;n) = 0}.

We now obviously have that, n — 8 € O, so defining a norm on O induces
a metric on the set of states. This is the route we will follow to define the
metric ;. The notion of neighbouring states is what allows us to define the
norm, which will be denoted |||, .

Note that a partial trace as in (4.9)) removes a factor of the tensor product,
e.g., for a simple tensor a; ® as ® a3 ® -+ - ® a,, € A, Try gives

Tray(a ®a; ® a3 @ as ® - @ a,) = a1y @ Tr(ag) Qa3 V as @ -+ @ ay,
=Tr(a) a1 ®a3 @ ay @ -~ @ ay
EAIRAIRAL® - ® A,

where A1 ® A3® Ay ® ---® A, is A with A, left out of the tensor product.
More generally, we write

A=A ®..Aj..® A, and B; =B, ®..B;..® B,,
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4.3 The W; metric for states

where these are A and B with A; and B, respectively left out of the tensor
products, for any 5. Note that gj is used to indicate the factor that is left out
of the tensor product (the same applies to EJ) We correspondingly use the
same notation for elementary tensors. Any n € L(A, B), can be restricted to
the map

= 77|A3(a1 ® ... Qa,) =N(1®...Qa;_1 @1y, ®aj 1 ®...Qay). (4.11)

The above is sufficient for this case, unlike in the later, more general
cases (see Chapter [6|and Section [5.3)). The reason for this being the fact that
B: = C = B (see the Kronecker product [26]), hence 7z : As — B;. The
notation @; indicates the absence of a; in the elementary tensor. We can now
bring in a notion of neighbouring states (similar to Definition but more
abstract), and say n,0 € L C L(A, B) are neighbouring states if and only if
1; = 6 for some jth factor of the tensor product. We can now define

Nj={n—0: 0,n€ L with 6 =} (4.12)
and .
N = UJ\/}
j=1
Allowing us to then define |||, as the norm on O which has the convex
hull
C = conv

of N as its unit ball. Le.,

[wlly, = inf{t >0:wetC} (4.13)

where tC = {tw : w € C} for any real number ¢. According to Proposition
the above is only a norm when C is indeed a unit ball (as given in
Definition . The proof that C is a unit ball will be given in a more
general setup, in later chapters. This norm clearly induces a metric on L,
since the difference between any two elements of £ is in O.

An alternative but similar (and equivalent) approach, which defines a
norm on the set of density matrices (or operators) S,, will be discussed in the
next chapter. This is done in a more general setting (see the end of Section
, where we start with channels and show how this reduces to the case of
density operators.
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Chapter 5

W1 between quantum channels

This chapter is aimed developing a quantum Wasserstein distance of order
1 between quantum channels by extending the approach for states. We do
this in a finite dimensional setting (see Section [5.3)and Section [5.4). A much
more general setup is covered Section [7.3] In this chapter, we try to give a
complete presentation of the finite dimensional W7, we leave the major proofs
of the Wj to the general setup that will follow after this chapter.

5.1 Quantum channels

This section defines the notion of a quantum channel and related background,
while the subsequent sections are aimed at formulating the Wasserstein dis-
tance of order 1 between quantum channels. This is all done in a finite
dimensional setup.

In quantum information theory we may be required to transmit quantum
information, say from one quantum system B to another A. Since the states
of a quantum can be described by density matrices (see Chapter [4)), we know
that a linear map £ that maps any density matrix of system B to a denstiy
matrix in system A may be sufficient. The question is what other properties
must &£ have, in order to achieve this goal? We will briefly discuss some ideas
that will lead us to an answer for this question and more. Most of the ideas
presented here are a summary of the work done in [26] and [56].

Fix an orthonormal basis [15),...,|r?) for the Hilbert space Hp of the
system B. Similarly fix |14) , ..., |¢*) for system A. Represent the observable

algebra of B in terms of the given basis as the matrix algebra B = M,., and
similarly use A = M, for A.
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5.1 Quantum channels

To keep the distinction between states (or density matrices in our case)
and observables conceptually and notationally clear, we also write S4 = M,

for the matrix algebra containing the density matrices of A, and similarly
S = M, for B.

The first property that £ needs is positivity because Definition tells
us that density matrices are positive, so £ has to satisfy Definition
However, quantum systems are not necessarily isolated, they can be entan-
gled with other systems, i.e., they can be a part of some composite system
(in other words a tensor product). Hence, positivity is not always sufficient,
in such cases we need complete positivity.

The second property also follows from the need to guarantee that a den-
sity matrix is mapped to a density matrix, the property is that £ must be
trace-preserving, i.e., for any X € B we require that Tr(X) = Tr(£(X)).

Hence, the map & such that
E: SB — SA,
has to be completely positive and trace-preserving.

We start with a simpler definition of a completely positive map (simpler
in this context, when compared to Deﬁnition. The definition is equiv-
alent to the one given in Chapter [3] via Theorem [3.1.24, We will then add
the trace-preserving property, in order to get a map that satisfies our two
properties.

Definition 5.1.1 (Completely positive map). A map £ : Sgp — Sy is
said to be completely positive if it is given by

k
E(X) =) ViXV;
i=1
for all X € B, where {Vi,...,V;} C M,, and any k € N.

Remark 5.1.2. Definition makes use of V; (-) V* instead of V;* (-) V; as
in Theorem [3.1.24] but the former is equivalent to (V;*)" () V;*, because if we
introduce W; = V;* for each i, then we have that W (-) W,.
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5.1 Quantum channels

From here onwards £ refers to a completely positive map as given in the
above definition. It is clear that £ is a linear map and it maps Sz into S4,
this follows from matrix addition and multiplication. We now verify that
this map indeed satisfies our required properties. The following proposition
is for the first property.

Proposition 5.1.3. £ as given in Definition |5.1.1| is a positive map, i.e., if
X € S then E(X) € SF.

Proof. Let X € Sif = M, then by Deﬁnitionwe have that X = X* and
(Y| X |p) > 0 for any |ip) € Hp. It is also clear by matrix multiplication
that V;XV* € Sy = M,, for any V; € M,,. Note that V;* [¢)4) € Hp for any
|V4) € Hoa, so denote |pg) = Vi*|1h4), which implies that (vg| = (Y| Vi
Consider

(V. XV = ((V;) (XV* )
B ((XV ) 5.1
~ (o) o
=V, XV* by Definition |3.1.3|
and
(Yl ViXV [ a) = (5| X |¢5) (5.2)

> 0.

Hence, and [5.2 imply that V;XV;* € S§. A sum of positive matrices
is clearly positive so £(X) € S7. O

For the second property, we get that assuming

k
D ViVi=1p
1=1

in Definition [5.1.1| guarantees that £ preserves the trace. This is summarised
by the following proposition.

Proposition 5.1.4. For £ as given in Definition[5.1.1] if

k
> VrVi=1g,
i=1

then Tr(E(X)) = Tr(X) for any X € Sp.
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5.1 Quantum channels

Proof. Let &€ be as given in Definition [5.1.1, For any X € Sz assume

k
> VrVi=1g,
=1

then by the properties of the trace (trace of a sum and the cyclic property)
we have that

Tr(E(X)) = Tr iViXVi*

Te(ViXV)

M-

1

7

Tr(V; Vi X)

M-

@
Il
—

k
Te| (Y VVi| X
=1
— Tr(15X)
= Tr(X).
O

We now use some of these properties to define a map that satisfies all our
required properties.

Definition 5.1.5 (Quantum channel). A map £ : B — A is said to be a

quantum channel if it is completely positive and satisfies Proposition [5.1.4]
Le., it is given by

k
E(X) =) ViXV;
=1

for all X € B, where {Vi,...,V,} C M,, with k € N and

k
> ViVi=1p.
=1

Hence we say a quantum channel is a completely positive trace-preserving
map (denoted c.p.t.p. map).
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5.1 Quantum channels

Let £ be a quantum channel as in Definition [5.1.5, then £ has a dual
representation in terms of the observable algebras. To see this, we apply the
sum and cyclic properties of the trace to the following,

Tr(YE(X))

k
Tr|Y > VXV

-3 (v

(5.3)

=1
= Tr(E(Y)X),
for any Y € A, X € Sg with
EF:A— B

such that i
E(Y)=) V'YV,
i=1

It is clear from Theorem that F is a a c.p. map. We can now
consider F acting on the unit 14 of A as follows,

k
E(la) =) ViV
i=1

k
=D ViV
=1

= 1p by Definition [5.1.5

(5.4)

From (5.4)), we get that E is a unital completely positive map and a dual

representation of £ since (5.3)) works both ways, i.e., starting with any unital
completely positive map we can use (5.3 to get a quantum channel. From
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5.2 The Choi-Jamiotkowski duality

here onwards, we will refer to both E and £ as channels since they are dual
representations of one another, but the term quantum channel will be used
when discussing €.

By the above definitions and our earlier discussion (in this chapter), we
now know that a quantum channel is a completely positive map that trans-
mits quantum information from one quantum system to another. This chap-
ter is interested in formulating a distance between any two quantum channels
from one specific quantum system to another specified quantum system. We
want to cover this in a general sense, hence we will consider composite quan-
tum systems in Sections [5.3] [5.4]

For a general setup, we know from Chapter [3] that B and A are unital
C*-algebras, so Section formulates a distance between unital completely
positive maps (i.e., channels) from one specific composite C*-algebra to an-
other specified composite C*-algebra. In this setting of C*-algebras, we see
that Definition [5.1.5] generalises Definition (see Remark for a
better explanation of this). This implies that states are a special case of
channels, hence a distance between channels will also give us a distance be-
tween states.

The next section shows a duality between density matrices and quantum
channels.

5.2 The Choi-Jamiotkowski duality

Following the setup of the previous section, we fix an orthonormal basis
118) . ..., |rB) for the Hilbert space Hp of quantum system B and similarly
fix |14), ..., |¢) for quantum system A. We also represent the observable
algebra of B in terms of the given basis as the matrix algebra B = M,., and
similarly use A = M, for A. Let £ be a quantum channel from B to A.

From [56], Subsection 8.2.3] we can define the maximally entangled state
vector of the composite system BB (i.e., a system consisting of two copies of

B) as
1) = \/_Z]z ® |i%) € Hp @ Hp.
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5.2 The Choi-Jamiotkowski duality

The above state is represented by the following density matrix:

0100 = 1SS (8 1) ().

i=1 j=1

It is easy to show that |Q) (] is a density matrix. |2) (2] > 0 because it
is a self-adjoint sum and tensor product of positive operators. Taking note
of the fact that the Tr(X; ® X5) = Tr(X;)Tr(X:) and other properties of
the trace we have that

() () = L3S (i) ()

i=1 j=1
1 T T
)W
i=1 j=1
=1,

where §;; is the standard Kronecker delta. So |€2) (2| is a denstiy matrix by
Definition [4.1.3

For any quantum channel &£, we define the Choi-matriz representation of

E in BA as
= —ZZh (75 @ £(1i%) (5°))- (5.5)

=1 j=1

It is clear from the arguments about |§2) (2| being a density matrix and
€ being a quantum channel (preserving trace and positivity) that ke is also
a density matrix in BA.

The above result is called the Choi-Jamiotkowski duality which states that
any quantum channel £ from system B to A corresponds to a density matrix
ke in the composite system B.A. This implies that one way to compare two
quantum channels &, &, (i.e., find the distance between them) is to do this
by comparing kg, and kg, in the composite system. Our aim is to formulate
a distance between & and &, that avoids this relationship.

In our approach, we will instead adapt the DMTL directly to channels,
while using the Choi-Jamiotkowski duality to highlight the correspondence
of our approach to the special case of states.
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5.2 The Choi-Jamiotkowski duality

For the above to work we need to make sure that every quantum channel
has its own density matrix, in other words, mapping a quantum channel to
a density matrix is injective (or one to one).

To do this we need to note that for any quantum channel £ with its
associated kg as given in ([5.5)), we have that

K2 = 1505 () 081) " o £ o)
T (5.6)
= =323 (1) (mPl) © £(m®) (),

m=1n=1

where T is the partial transposition over B as shown above. Using (|5.6)
and noting that we have an orthonormal basis, we get that

. <<j6| ® 13) kI8 (|¢B> ® 13)
= ((Fl@ 1) (Z Z [n®) (m®| ® &(Im”®) <n"’|>> (1) 1)

m=1n=1

= 3737 (BB (mPliB) £(Im®) (n)) (5.7)

m=1n=1

= 3N b (Jm®) ()

m=1 n=1

= &(Ii%) (7)),

where 1g the unit of B = M,. (5.6 and (5.7) imply that we can recover a

quantum channel from its Choi-matrix, so any two distinct quantum channels
cannot have the same choi-matrix.

Remark 5.2.1. It can be shown that the Choi-matrix k¢ of a quantum
channel £ from system B to A reduces to a maximally mixed state (density
matrix) of B. In fact, we can show that the association of a Choi-matrix and
its quantum channel is surjective (i.e., any density matrix that reduces to a
maximally mixed state of B defines a quantum channel via (5.7))). This is
the reason why this association is called the Choi-Jamiotkowski duality. We
are not going to show these results in detail because they don’t play any role
here.
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5.2 The Choi-Jamiotkowski duality

As mentioned before, our ultimate aim is to side-step the Choi-
Jamiotkowski duality, in other words, formulate a W; distance that compares
quantum channels more directly. Before we get there we need to discuss a
few results of the Choi-matrix. defines a channel from F : A — B for
any quantum channel £. It is straightforward to show that the action of E
can be defined via the Choi-matrix xe. Similar to before, taking the partial
transposition over B in the second order of |Q2) (€| implies that

W _ZZW (n®l®& <(|m8> <nB|)T>

T (5.8)

= 237 ) (] @ £ ().

m=1 n=1

When we consider the following,

Tr 4 (7“/@'5 (1p® Y))

(Z > " [mB) (nf| @ £(|n”) <m5’\)) (1p®Y)

m=1 n=1

(Z > 1m®) (nf| @ E(In®) (mBDY)

=3 3" I8 (| T (&(n") (m¥)Y )
=37 3 Im®) (¥ Tx (YE(n®) (m®))
= 30D ImB) (B T (E(Y) [n5) () by
B
—mZZ Joun) [m”®) (n 59)

with E(Y )., being the m, n entry of E(Y') and Tr 4 denoting the partial trace
over the system 4. Based on what we have covered so far, it is straightforward

to show that Tr4 (rmg“‘) = 1g. With the above in mind we can consider
the set K (A, B) of channels £ : A — B, and the set

C(BA)={0eB®S4:0>0 and Trs0 =15},
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5.3 The W; norm

we have a one-to-one correspondence between K (A, B) and C(B.A) given by
E(a) = Tra[6(ls ® )], (5.10)

for any a € A. Denoting the dual of E by £ : Sg — Sy4, (5.9) implies that

0= r/fg*‘

in this one-to-one correspondence. Because of the usual interpretation of the
Choi-Jamiotkowski duality, one might be tempted to rather view the elements
of C(BA) as § € Sp® S4 such that 0/r is a density matrix of the composite
system BA reducing to the maximally mixed state of B, but strictly speaking
E(Y) as given by would then be in Sz instead of B. When r > 1,
it is therefore in fact conceptually better if we do not view d/r as a density
matrix representing some state. On the other hand, in the special case where
B is a trivial system, i.e., r = 1 and B = C, the set C'(B.A) is precisely all
the density matrices of A, and we simply recover the usual representation of
expectation values of a state, E(Y) = Tr(dY'), in terms of the density matrix
0 or a state of an algebra as given in Definition |3.1.20]

5.3 The W] norm

Using this representation of channels as elements of C'(B.A), we can formulate
an extension of the Wasserstein distance of order 1 between states in the
DMTL approach, to channels. This is a distance between channels acting
from one composite system, A, to another, B. Here we assume that

with A; = M, and B; = M, . The latter are simply the observable algebras
of systems A; and B; respectively. One then defines the real vector space

O ={X espany C(BA) : Tr4 X = 0}, (5.11)

where spang again refers to finite linear combinations with real coefficients.

The goal is to define a certain norm ||-[|y;, on O, which when applied to dif-
ferences 0 — ¢ of elements of C(B.A), will in turn define a metric on C(BA).
This metric will be the Wasserstein distance of order 1 on C(B.A), or equiva-
lently on K (A, B) via the one-to-one correspondence from before, extending
the construction in the DMTL approach to channels.
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5.3 The W; norm

The definition of the norm ||-|,y, entails extending the idea of neighbour-
ing states in the DMTL approach to channels. We write

A=A ®..Aj..®A, and B; =B ®..B;..® By,

i.e., these are A and B with A; and B, respectively left out of the tensor
products. Similarly we set

Aﬁj = Al ®..R Aj and AZj = Aj R .. & Ana

and likewise for B<; and B>;. In terms of the following notation (which is
chosen to fit in with that of later chapters and sections),
1

Vj = —Tr
"

where this Tr is the usual trace on B; = M,,, we can then reduce a channel
E : A — B to the channel

E- = (ingj—l ®I/j & idBZj+1) o E‘A3

J

from A; to B;, where id denotes the identity map on the indicated algebra,
and with El4. defined via

Ela(a1® ..aj.. @an) = E(@1 ® ... ®a;-1 @ 14, ® aj11 @ .. ® ay).

Le., we restrict F to A;, and evaluate the “partial expectation” of the result
over B;. Note that via the one-to-one correspondence given by (/5.10]), this
reduction of F is equivalent to the reduction

63 = (idBSj—l ;& id321+1) ®Try,

of the corresponding 0 € C(BA), where Tr4, denotes the partial trace on
Sqp=My ®...0 M,, over Sy, = M, with § corresponding to £ via ([5.10)).
In terms of this notation, we view 4, € C'(B.A) as representing neighbouring
channels when 65 = €5 for some 7. We define

Nj={6—¢e:6,e € C(BA) with & = &5} (5.12)
and
N = UJ\/}
j=1
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5.4 W1 between channels

We then define ||-[|;;, as the norm on O which has the convex hull
C = conv
of N as its unit ball. Le.,

| X[y, =inf{t >0: X €tC} (5.13)

where tC = {tX : X € C} for any real number t. The norm |-, will be
referred to as the W, norm. To prove that this is a norm on O of course
requires some work, which will be done in a more general context in the
sequel.

5.4 W, between channels

Given this norm, we can define a metric W; on K (A, B) via
Wi(Es, E2) =116 — ellw,

with Fs denoting the channel F corresponding to 6 € C(B.A) in ([5.10). This
metric W is the generalization of the Wasserstein distance of order 1 between

states to the case of channels. We consequently refer to it as the Wasserstein
distance of order 1 on K(A, B).

The rough intuition behind this metric follows from ¢ and ¢ in the defini-
tion of \V; above being neighbouring channels. This condition tells us that e
and ¢ coincide when reduced to A; — B; for some 7, i.e., with one system,
A; and B; respectively, removed from each of the composite systems A and
B. In this way the “local differences” between two channels Es and FE. are
picked up by Wi, where “local” here is simply in relation to the systems
Ay, ..., A, and By, ..., B, composing A and B. A typical case is the dynam-
ics of an open composite system A, where we take B; = A; for all j. We
then expect W to naturally take into account the differences between two
dynamical processes in the individual systems A;.

A basic property of W is additivity (see Chapter [§| for a general discus-

sion) with respect to tensor products. If we partition the set [n] = {1,...,n}
into m non-empty and sequential parts, i.e.,

P(1) ={1,...m}
P(2) = {n1 + 1, ...,TLQ}

P(m) ={nm,-1+1,....,n},
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5.4 W1 between channels

then we can consider the subsystems of A and B with observable algebras

®A and Bp) ®B

jeP(k) jeP(k

respectively. For any channels Dy, Ej : Apy — Bpg) we then have

Wi(Dy ® ... ® Dy, By ® ... ® Ey,) = Y Wi(Dy, Ey),

k=1

with a resulting stability property when D; = E; for some of the j’s. This can
be refined by dropping the assumption that the partition is sequential, but
the form above is for the moment notationally clearer. Keep in mind that W,
on K (Apy, Bp) is of course defined by the same procedure as for K(A, B).

When B; = C, we recover the case of states on A, and indeed our W,
above then specialises to the Wasserstein distance of order 1 in the DMTL
approach, with §,e € C(B.A) becoming density matrices p and o of the com-
posite system A. They specifically considered the case ¢; = ... = ¢, = d.

In the subsequent general theory, the formulation will be in the Heisenberg
picture £ : A — B from the outset. The Choi-Jamiotkowski duality will
also be side-stepped, with the formulation expressed directly in terms of the
channels themselves. In connection to this, note that the basic condition
Tr X = 0 in (5.11)) can equivalently be expressed as A\(14) = 0, with A :
A — B defined by

Aa) = Try[X(1p @ a)]

in terms of the given X. The latter extends the formula in (5.10]). The con-
dition A(14) = 0 relates to the unitality of channels, namely E(14) = 1p, as
will be seen in abstract form in Chapters [6] and [7]

The reader may now turn directly to Section [7.3]and [8.4] to see the general
C*-algebraic version of this section. However, the proofs that the Wasserstein

distance of order 1 treated there is indeed a metric and satisfies additivity,
rely on Chapter [6] and [7] as well as the rest of Chapter [§|
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Chapter 6

Pointed spaces and a composite
setup

This chapter is motivated by the fact that channels are unital maps, i.e., we
have that channels map the identity element of one algebra to the identity
element of another algebra. This chapter is aimed at showing the role that
this property of channels plays when introduced in a more abstract form
between vector spaces, when setting up W; seminorms. In the next chapter,
these in turn lead to Wj; norms and ultimately to W, distances between
channels.

6.1 Pointed spaces and maps

The absorbing property as defined in Definition is needed for the gauge
function ||-||, on & in Proposition to be well defined and finite at every
point of X', and it is in that sense the most basic property of a unit ball.
In this section we show how it arises under general assumptions for the set
to be used as a unit ball for the W; norm. We are ultimately interested in
the situation where X is a space of maps between two composite systems.
In this section X is more generally taken as a vector space O of linear maps
between two vector spaces, each with a distinguished point. The maps will
be required to map the one distinguished point to the other, as an abstrac-
tion of unitality (this refers to unital maps). Actual unitality, in the case of
unital algebras and C*-algebras as the pointed spaces, will be treated in the
next chapter.

The following definition is motivated by [25, p. 118], but in this case we
present this definition for vector spaces.
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6.1 Pointed spaces and maps

Definition 6.1.1 (Pointed space). A pointed space is a pair (A, uy) con-
sisting of a vector space A over some field F and a distinguished point uy € A
such that uy # 0. For simplicity of notation and unless stated otherwise, a
pointed space (A, u4) will be denoted as A, with uy assumed as the notation
for the distinguished point.

One should keep in mind that eventually (Section the pointed spaces
will be taken to be unital C*-algebras with F = C, and the units serving as

the distinguished points. These C*-algebras will generalise the matrix alge-
bras from Chapter [f] and [5

In the remainder, all pointed spaces involved are assumed to be over the
same field of scalars F' (which is either real or complex). However, in either
case certain constructions will involve the span of a subset over real scalars,
leading to a real vector space, and such spans will again be indicated by
spang.

We want to use a special case of Definition [3.1.12, where a specified point
of some vector space is mapped to a specific point of another space. Hence
we give the following definition.

Definition 6.1.2 (Pointed maps). If A and B are pointed spaces, we define
a pointed map as n € L(A, B) such that n(ua) = up for uy € A and up € B
the distinguised points of A and B respectively. We also define

L, A,B)={ne L(A,B) :n(ua) = ug},
as the set of pointed maps from A to B.

Definition is of course an abstract version of unital maps in the case
where A and B are unital algebras.

The following result will shortly be used in tandem with Lemma to
prove the absorbing property of certain sets.

Lemma 6.1.3. Let A and B be pointed spaces and consider any subset L of
L,(A,B). Set

O :={Xespang L: \Mus) =0} and V:={n—0:n,0¢€ L}.

Then it follows that O = spang V.
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Proof. Clearly spang V C O. Conversely, take any non-zero A € O and write
A1 = A. Since Aj(ua) = 0 and up # 0, the coefficients in A;’s expansion
as a linear combination of L’s elements, can not all be strictly positive or
all strictly negative. Without loss of generality we can therefore rewrite the
expansion in the form

1 1 1 1 1 1 1 1
A= 7’5 )775 LR 7’;(§<3>77;(g<3> - Sg )95 - S;<3>9/E;<3>

where 77](-1), 0](-1) € L and r](-l), 3§1) > 0 for some (finite) k"), where the super-
script (1) is merely an index, and with the proviso that A(us) = 0. Note
that k() is simply the biggest of the number of positive coefficients and the
number of negative coefficients in \;’s initial expansion, while the coeffi-
cients in smaller number are split to increase their number to k(). Writ-

ing \| = r%l)(ng) — oMy + .+ ) (nl(ﬁ) — oY ) € spangV and Ay =

k) k(1)

(1 S0 (ol )0 e ave Ay = X+ da, implying

that Ay € O. If Ay # 0, then repeat this procedure for Ay instead of A,
noting that we can now analogously write

2) (2 2) (2 2) 5(2 2) (2
Ay = r§ )77§ ) + ...+ Té(%)né(g) — sg )05 ) _ .= 32(%)02(;,

but with k® < kM. This delivers A, € spangV and A3 € O. If A3 # 0,
then repeat for s, etc. Since kUtY) < kU) this process must stop to deliver
A=A+ ...+ X, €spang V. O

6.2 The composite setup

In this section we set up a framework which will serve as an abstraction of
composite systems in terms of pointed spaces. We also define the set for
which the absorbing property will be proven in the next section, leading to
it being a semi unit ball giving us a WW; seminorm.

Consider pointed spaces A4, ..., A, and By, ..., B,,. Let
A=A40..0A4,

be the algebraic tensor product of the vector spaces Ay, ..., A,, which is itself
a pointed space with distinguished point

Ug = Usg, X ... ®u,4n.

However, as we want to allow for completions of A, in particular in the
C*-algebraic framework of Section (where Ay, ..., A, will be unital C*-
algebras), we need to allow for completions of the tensor product of By, ..., B,
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6.2 The composite setup

from the outset. To emphasise this, we write
B=B®..®%B8,,

which may be the algebraic tensor product, or some completion of it with
respect to a specified norm. In all cases B is a pointed space with ug =
up, @ ... ® up,. The particular tensor product B remains fixed throughout
this section, however. The point of this is that in the theory developed here,
linear maps A — B are then not constrained to have their image contained
in an uncompleted tensor product.

Along the lines of Chapter [f] and [, we define

AA = A1 @ A\] @ An and B/]\ = B1 ® BJ ® Bn,

7=
Aﬁj = Al ® ... @AJ and AZj = Aj © ... @Anu

and
ng = Bl X ... B] and BZ] = B] ® ... Bn7

for j = 1,...,n, using the same completion (if relevant) for tensor products
of the B;’s as for B.

Let v; be a linear functional on B; such that
Vj (qu) =1

for y =1, ...,n. These functionals will act as reference functionals relative to
which linear maps A — B will be reduced to A5 — B;. Later on (Section
, in the case of unital C*-algebras, the v;’s will be taken as states, gen-
eralizing the normalised traces used in Section |5.1

If B is indeed a completion with respect to some norm, rather than just
an algebraic tensor product, we also assume that algebraic tensor products of
the v;’s with themselves as well as with the identity maps idp_, , and idp.
are continuous with respect to this norm and therefore uniquely extendible
to the completed tensor products. The relevant reductions of a linear map
n € L(A, B) from A to B can then be defined as

= (dpg, @V ®@idp,,, ) 0 nla; 2 A = B; (6.1)
N<; = (dp., ®vsj) onla., + A<j — Bgj
Nz = (Ve ®1dp, ) 0nfa,, + Axj = By,
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for j =1,..,n, with vo; =11 ® ... ® vj_1 (empty when j = 1) and v~; =
Vjit1 @ ... ® v, (empty when j = n), where all the indicated tensor product
maps are algebraic when the tensor product B is, or (uniquely) continuously
extended to B as assumed possible above, when B is completed. Here the
restriction 74 : A3 — B is defined via

77|A;(a1 ® ... ®ap) =n(a1 ® ... ® aj_1 DUup; @ aj11 @ ... @ ay)

for a; € Ay, ...,a, € A, (using the universal property), replacing a; by u4;,
and analogously for n|a_, : A<; — B and n|a., : A>; — B, where the nota-
tion @; indicates the absence of a; in the elementary tensor.

Note in particular that when n € L, (A, B), it follows directly from these
definitions that

15 € Lu(A3, B;), n<j € Lu(A<j, B<j) and 135 € Ly(Asj, B>j),

where the property v;(up,) = 1 has been used. Note that for n,0 € L,(A, B)
this implies that

O<; © 1>j11 € Lu(A, B) (6.4)
for j =1,...,n — 1, which will implicitly play a role in Lemma below.

We also fix any subset
LcL,A,B)
and let
O :={\espang L: AMuas) =0} (6.5)
as in Lemma Our ultimate goal, given sufficient additional structure

and assumptions, is to define a metric, namely the Wasserstein distance of
order 1, on £. This will be done by first obtaining a seminorm, and in the
next section under further assumptions a norm, on O.

Let
Nj = {n—0:1n,0 € L such that n; = -}, (6.6)
generalizing ((5.12]), though now in the Heisenberg picture, and set
N = U./\f] and C := conv .\, (6.7)
j=1

where C is an abstract version of the set we ultimately want to use as a unit

ball defining the W, norm. In this chapter we settle for a seminorm.
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6.3 Absorption in the composite setup and
W, seminorms

In terms of the setup of the previous section, we now show that C is absorbing
for O. The abstract assumption below, is made in lieu of complete

positivity. Keep in mind that because of (6.4), f<; ©9>;41 in is already
a pointed map (which is an abstraction of a unital map). The main technical
step is the following lemma.

Lemma 6.3.1. Assume that

O0<; ©nzjr1 € L (6.8)

for allm,60 € L and j = 1,....n — 1. For any n,0 € L it then follows that
n—=0=X+..+ X\, for some \; € Nj. In particular,

O = spang NV.
Proof. In line with Lemma weset V= {n—0:n0¢c L} The

case n = 1 indeed follows immediately from Lemma [6.1.3] as we then have
N = V. We can therefore assume n > 1. For any 1,0 € L, set

At =n—0<x1 On>
Ay =0<1 O n>p — <o © 13

A1 =0cn 2O N1 —O<pn1 O N>p
)\n = an—l ® N>n — 0.
Then n—60 = A\ +...+\,. Ifindeed \; € N}, it follows that n—6 € spang NV,
hence V Cspang V. From N C V and Lemma we can conclude that
O = spang V.

It remains to show that \; € Nj. Because of , we simply have to
check the equality of the reductions as required in , i.e., that ()\j); =0
for 5 = 1,...,n. To handle all cases at once, set A< = C, As,1; = C,
0<o = id¢ and 7>,4+1 = idc, making 7 = 0<o © n>1 and 0 = 0<,, © N>, 41. For
j=1,..,n,and any a-; € A<;_; and a-; € A>;;1, one has the following
direct calculation:

(O<i—1 © 2))5 (as; ® as;)
= (idp.,_, ®v; ®1idp, ,,) 0 (0<j—1 O nz;) (a<j @ ua, @ as;)
=0<j1(agy) ® ((Vj ®idp,,,,) 0 N=j(us; ® a>j)>
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and

(v; ®@idp,,.,) o nzj(us; @ (+))
= (]/] ® idBZj"v‘l) (] (V<] ® ldBZJ) o 77|A2](U/AJ ® ())
= (I/<j+1 ® idBZjH) o 77|A2j+1
= 1>j+1;
hence (f<;_1 © 772;’); =0<j—1 O N>jt1.

as required. O

Using this lemma we can now show that C is indeed absorbing.

Proposition 6.3.2. Assuming , the set C in is a semi unit ball
(Deﬁnition for O given by .

Proof. From and (6.7)) it is clear that —A = N/, i.e., N is symmetric,
hence so is C, which is also convex by definition. In addition, because of N'’s
symmetry, Lemmas |6.3.1| and [4.2.3| imply that C is absorbing for O. O

Because of Proposition [2.3.7] this is sufficient to deliver a seminorm. We
summarise this as follows.

Definition 6.3.3. The structure set up in Section [6.2, with £ assumed to
satisfy (6.8), is called a pointed (Wi, n) structure or pointed Wy structure (if
n is clear from context), and is denoted by the shorthand (A, B, v, £), where
v = (11,...n). The rest of the notation in Section is then implied. For
clarity the space O and set C in and can respectively be denoted
by

OL and CL:

in this context.

Corollary 6.3.4. Given a pointed (Wy,n) structure (A, B,v, L), the function
[llyy, on O defined by

[Ally, = inf{t > 0: X €tC,},

for every A € O, is a seminorm referred to as the Wy seminorm associated
to (A, B,v,L). Consequently, the function Wy : L x L — R defined by

Wi(n,0) = [In = Ollw, ,

s a pseudometric on L.
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Although W is at this stage only a pseudometric, which means we may
have Wi(n,0) = 0 for n # 6, it will nevertheless be called the Wasserstein
distance of order 1 associated to (A, B, v, L). We still need ray-wise bound-
edness to achieve a norm and make W; a metric, which is what we turn to
next.
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Chapter 7

The W{ norm and unital
algebras

In this chapter we achieve a norm and consequently obtain a metric serving
as the Wasserstein metric order 1 on the set of unital maps between any two
specific unital algebras.

7.1 Ray-wise boundedness

To obtain a norm from the W; seminorm in Corollary [6.3.4], we need ray-wise
boundedness. In order to achieve this, we make use of a more specialised al-
gebraic framework as well as assumptions complementary to those made in
the previous chapter. We are going to work in the context of unital algebras.
As in the previous chapter, positivity plays no role here or in Section
though we again make the abstract assumption which will be implied by
the complete positivity of channels in the next section. On the other hand,
the unitality of maps will be used. For the moment we step away from the
tensor product setup of the previous section, and consider a simple algebraic
setting. The core structure will remain in place, however. This allows
us to obtain the remaining building block required by Proposition in
the next result. We return to the tensor product setup in the next section.

Note that in the proposition below, all elements of £ are unital maps.

Proposition 7.1.1. Let A and B be any unital algebras (both of them real,
or both of them complez), with their units 14 and 1g respectively serving as
the distinguished points making A and B pointed spaces. Fix any subset L of
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L,(A, B) and set
O:={Xespang L: AN(14) =0} and V:={n—0:n,0 € L}.

Consider any subset N of V and set C := conv N. Then C is ray-wise bounded
i O.

Proof. In order to decide whether an element of O lies outside C, it is going
to be convenient to attach a quantitative measure to the element, which
when too large, will imply that the element is not in O. To attain this, we
follow a construction inspired by the representation theory of C*-algebras
(see Chapter 3)).

For every n € L, define a bilinear map (-, -)n tAx A— Bby

(z,y), = n(zy)

for all z,y € A. We write G, for A equipped with this bilinear map (G, can
be referred to as a “bilinear space”, which is not a standard term). Define
m, : A = L(G,), with L(G,) the space of linear maps from G, to itself,
through

my(a)r = ax

for all a € A and z € G,;, with ax simply being the product in A (It’s clear
that m, is a homomorphism). Then

n(a) = (La.my(a)La),

in analogy to a cyclic representation obtained from the GNS construction,
where 1,4 serves as the “cyclic vector” (indeed, m,(A)14 = G,). We proceed
to consider the direct sum (similar to the difinition of a universal represen-
tation)

Le., every z € G is of the form = = (x,),ec with z,, € G,, and {n € L :
x, # 0} a finite set. Furthermore, 7 : A — L(G) is defined by 7w(a)x =
(my(a)xy)nee for all such x and every a € A. Lastly, (z,y) := Zneﬁ (xy, yn>n
for all x = (zy))nec, ¥ = (yy)nerc € G defines a bilinear map (additional details
of the above are given in Subsection [3.2.1]).

For any n € L, define n € G by
. ) 14 forf=n
=Y 0 for0£n
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for all § € L. Note that (7, 7(a)h) = n(a) for all n € £ and a € A.
Consider any A € O, which using Lemma we can write as

l

A= Z%‘(ﬂj —0;)

=1

where r; > 0 and n;,0; € L. Then

r (%‘ﬂ(')ﬁﬁ - <éj’”<')éj>) '

A:

l

7=1

We can use this to lift A : A — B to a linear map A : L(G) — B defined

by
l

MNT) =) <<ﬁj,Tﬁj> - <‘917T9j>)
j=1
for all T € L(G). This lifting may not be unique (it may depend on the
choice of n;’s and 6,’s), but for our purposes any such lifting will do. In

particular, any v € C can be lifted to 7 : L(G) — B in the form

NT) = ilpj ((@,To@-) - <3j7TBj>>

for some «, 5; € £, with p; > 0 and p; + ... + p, = 1.

According to the Hahn-Banach theorem there is a linear functional f on
B such that f(1p) # 0 (in the case where 15 = 0 and therefore B = {0},
Proposition is trivial). Normalise it to obtain

1
f(1p)

For any x,y € G¢ we use this to define x x y : G; = G¢ by (z x y)z =
zv((y, z)) for all z € G¢, where the notation x  y is inspired by the Dirac
notation |z) (y|. For 2,y € G this in turn allows us to define

UV =

f.

T Mgy = @:Q X ye € L(G),
cer

Le., (z g y)z = (zev({ye, z§><))<e£ for z € G. For all n,0 € £ we then have
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(6,01 %0 i) =3 <9<ﬂ7<” (<ﬁ<’é<><)>

ceL

_{ lp forf=n

¢

0 for O #n.

Thus, in terms of 4 above,
Wi e i) = 3 piby
j=1
where b; € {—15,0,15} for all j, and consequently

v (301 20 )| 1 (7.1)

for all n € L£. This is therefore a condition satisfied by all v € C, for any
lifting &4 of the form above.

On the other hand, for any non-zero A € O and a lifting A as above, we
see that sA := s\ correspondingly lifts sA for any s > 0, using sr; instead of
rj. To simplify the notation in the remainder of the proof, rewrite A above

as .
S‘(T) - Z qi <éz, Téz> )
i=1

where k = 2, (; = n;, (j4x =05, ¢; =rj and gjqyp = —rj for j=1,.. k. In
this form we may as well assume that (; # (;; when i # i’ by collecting terms
with (; = (i if needed. As A # 0, we have ¢; # 0 for some 7. In terms of this
we have R R

SA(Gi e Gi) = s¢ilp,

hence

v (5(@ Mg @))‘ = slqil,
for all s > 0. It follows that there is an sy > 0 such that
v (MG e &)

i.e., sA ¢ C because of ([7.1)), for all s > s¢, proving that C is ray-wise bounded
according to Definition [2.2.4 O

> 1

With this proposition we have all the elements of the abstract theory in
place, which will now allow us to formulate an abstract version of Wasserstein
distance of order 1 as a metric, rather than just a pseudometric.
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7.2 The composite algebraic setup and W,
norms

We return to the setup in Section [6.2], but specialise it as follows.

Definition 7.2.1. An algebraic (Wi, n) structure (A, B,v,L) is a pointed
(W1,n) structure as in Definition [6.3.3] where the pointed spaces Ay, ..., 4,
and By, ..., B, are unital algebras (all of them real, or all of them complex),
with their units serving as their distinguished points,

ua; =1a; and up, =1p,
for j=1,...,n.
From the preceding development we immediately conclude the following.

Theorem 7.2.2. Consider an algebraic (W1, n) structure (A, B,v,L). Then
I-llw, defined by
[Ally, = inf{t >0: X etC.}

forall X € O, is a norm on O, called the Wi norm associated to (A, B,v, L).

Proof. From Propositions and we know that C, is a unit ball for
O, as defined in Definition [2.2.5. By Proposition we are done. O

Corollary 7.2.3. In terms of Theorem[7.2.9, the function Wy : L x L = R
defined by

Wi(n,0) = lln = 0lly,

1s a metric on L, called the Wasserstein distance of order 1 on L associated
to the algebraic (Wy,n) structure (A, B,v, L).

Proof. The above follows from Theorem [2.1.4] O

This theorem and its corollary are the main results up to this point and
completes the development without the presence of any form of positivity
assumed of the A — B maps in £. So far the maps in £ were only assumed
to be linear and unital. In the next section we add complete positivity in a
C*-algebraic framework.
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7.3 C*-algebras and complete positivity
For unital C*-algebras A and B, let
K(A, B)

be the set of all channels £ : A — B from A to B, where a channel is a
unital completely positive linear (u.c.p.) map (Definition [3.1.22). The goal
of this section is to define a Wasserstein distance of order 1 on K (A, B).
Conventionally the term Wasserstein distance applies to states, including
(integrals with respect to) probability measures in the classical case, i.e., the
case B = C. However, here we use the same terminology for channels as
well, as already indicated in Chapter [3]

It is a fairly straightforward matter to apply Theorem in a C*
algebraic framework, essentially taking £ in the previous two sections to be
K (A, B), though there are some technical points regarding this which will
be made clear in the proof of Theorem below. In order to make this
section as directly accessible as possible, however, we formulate the defini-
tions and results without reference to Chapter [ and [7] References to these
two chapters will only appear in the proof of Theorem [7.3.2] We start with
some notation and conventions (which follow from Chapter [3)).

The tensor products of C*-algebras are not merely algebraic, but are
completed in some norm. Specifically, the tensor products in this section are
either all minimal tensor products or all maximal tensor products. These
tensor products will simply be indicated by the symbol ®. Accordingly for
tensor products of maps on C*-algebras. Some standard background regard-
ing complete positivity and tensor products of C*-algebras can be reviewed
in Chapter [3] In particular we note that tensor products of channels are
again channels, for both the minimal and maximal tensor products.

For easy reference, we highlight the main structure which will be used:

Definition 7.3.1. Consider unital C*-algebras A, ..., A,, and By, ..., B,, as
well as a state v; on B; for j = 1,...,n. This will be referred to as an
n-composite C*-system, denoted (A;, Bj,v; : j = 1,...,n), with the notation

being implied.

65

© University of Pretoria



&
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

Qe YUNIBESITHI YA PRETORIA

7.3 C*-algebras and complete positivity

Given such an n-composite C*-system, the following notation, along the
lines of Section [5.1, will be used to set up the Wasserstein norm and subse-
quent Wasserstein distance of order 1:

A’j\ = A1 X A\j & An and B’J\ = Bl X Ej & Bn,

and
ng = Bl ® ® Bj and BZj = Bj ® ® Bn,

for y = 1,...,n. Keep in mind that as mentioned above, either all of these
tensor products are minimal, or all are maximal. A channel £ : A — B can
be reduced to a channel £ : As — B; by

E-‘ = (idBSj_l ®VJ ® idBZj+1) © E|A5

J

for j = 1,...,n. Here the restriction E\A? : A; — B is defined via
E\A;(al ®..05... ®ay) =Ea1®.®a_ 1014, ®aj1 ® ... ®ay)
for a; € Ay, ..., a, € Ay, where 14, denotes the unit of A;.

Set
Oap = {\ €spang K(A, B) : \(14) = 0},

Nj={D~FE:D,E € K(A, B) such that D; = E-},
and

N = U/\/'J and C :=conv\.

J=1

Here of course two channels D, E € K (A, B) are said to be neighbouring
if D> = E5 for some j € {1,...,n}.

This allows us to state the main result of this chapter, which is one of the
main results of the dissertation.

Theorem 7.3.2. Let (A;, B;,v; : j =1,...,n) be an n-composite C*-system.
Then in both the minimal and maximal tensor product setup, |||y, defined
by

[Ally, = inf{t >0: X €tC}

for all A € Oup, is a norm on Oxp, called the W) norm associated to
(Aj,Bj,l/j j = 1, ,n)
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Proof. We are going to obtain this from the algebraic (rather than C*-
algebraic) setup of the previous section. Therefore we have to convert be-
tween algebraic and completed tensor products as needed. Write A, =
AL ©®...® A, and define

K(A,B)lo = {ElA@ - E € K(A,B)}.

Since a channel F € K(A, B) is necessarily continuous (by Remark

3.1.23), it is uniquely determined by its restriction E|4,, the latter being
the usual restriction of the map E to the subset Ay of A. Hence K (A, B)|s
and K (A, B) are in one-to-one correspondence.

Also define
A@,Sj = Al @ @ Aj and A@72j = Aj @ @ An;

and
Agj = Al &...Q Aj and AZJ' = Aj ®...Q An7

for j =1,...,n, as well as
E<j = (idp,; ®vsj) o Ela,; : A<j — Bg;
EZj = (V<j X idBZj) o) E’Azj : Azj — sz
for any £ € K(A, B).

Note that (A4;, Bj,v; : j = 1,...,n) gives an algebraic (W;,n) structure
(Ao, B,v, K(A, B)|o) as in Definition [7.2.1] This follows from the automatic
continuity of tensor products of states and identity maps in the C*-algebraic
framework, along with the fact that condition is satisfied. The latter,

in terms of (6.2)) and (6.3)), being
(Elaw)<; © (Dlaw) sy = E<ilag <, © Dxjralagopnn € K(A B)lo

for all D, E € K(A, B), where |a,, |a, ., and |4, . ,, are the usual restric-
tions to the indicated algebraic tensor products. This fact in turn is true,
since E<; ® D> ;41 uniquely extends to an element E<; ® D> of K(A, B),
as E<; and D>;;; themselves are channels (being the composition of u.c.p.
maps), hence indeed

E<jlag<; © Dzjnilag 5,0 = (B<y © Dj)la, € K(A B)lo.
By Theorem and the one-to-one correspondence between K (A, B)|q

and K (A, B) mentioned above, we are done. [
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This leads to the following key conclusion.

Corollary 7.3.3. Given an n-composite C*-system (A;, Bj,v; 17 =1,...,n),
then in both the minimal and the maximal tensor product setup we obtain a
metric Wi on K(A, B) defined by

Wi(D, E) = |D = Elly,

forall D, E € K(A, B), called the Wasserstein distance of order 1 associated
to (A;,Bj,v; 1 j=1,...n).

Note that Section [5.1] emerges as a special case of this section, albeit
directly in the Heisenberg picture, by simply setting

Aj = qu and Bj = Mrj

and letting v; be the normalised trace on B;.

Another special case is B; = ... = B, = C, with v, ..., v, becoming trivial
and irrelevant, but with general unital C*-algebras A, ..., A,. In this case
K(A, B) is the set of all states on A = A} ® ... ® A,,, hence W is now the
Wasserstein distance of order 1 between states on A. For A1 = ... = A, = M,
this reduces to the (quantum) Wasserstein distance of order 1 studied in [29],
as can be seen from Chapter [d] keeping in mind that a state on A is exactly a
normalised positive linear functional i, which in this finite dimensional case
can be uniquely represented as p(a) = Tr(pa) for all @ € A in terms of some
density matrix p.

We have focussed on the composite system aspect of the framework. From
a single system point of view, note that in the finite dimensional setup for
states, and setting n = 1, for any states ¢ and w on A; = My, we have

1
Wi (Y, w) = §Tr|pw — Pul,

with p, and p,, being the density matrices representing 1) and w respectively,
according to [29, Proposition 2]. In the general C*-algebraic case for states
(i.e., B =C) with n = 1, we can therefore view W, as an abstract version of
the trace distance between states, despite the fact that no canonical trace is
specified on A; in this setup. Refer to Chapter [9] for further remarks related
to this.

This ends our development of the Wasserstein distance of order 1. Next
we study its behaviour in relation to subsystems.
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Chapter 8

Subsystems and Additivity

A core idea behind W is that it is built to reflect the composite structure
of systems. It is therefore natural to study its basic properties in relation to
subsystems of the composite systems, i.e., smaller tensor products. This is
what is done in the current chapter, first in terms of the WW; seminorms ob-
tained for pointed (W7, n)-structures in Chapter @, and subsequently for the
C*-algebraic framework of Section [7.3] We focus on the additivity of W; with
respect to tensor products (see Theorems [8.3.1] and [8.4.2) and the resulting
stability of Wy (see Corollary [8.4.3). The additivity results of this chapter
generalise those of 29, Section IV.C], though the techniques to achieve them
are necessarily different, as [29] makes use of trace norms, which are not
available in our context. The reader who wants to see the main results in
the C*-algebraic context, can turn directly to Section but the proofs and

some notation rely on Sections [8.1] [8.2] and [8.3]

8.1 Pointed W; substructures and their W,
seminorms

Let (A, B,v, L) be a pointed (W7, n) structure as defined in Definition [6.3.3]
again writing C. for the semi unit ball in O, as given by Proposition [6.3.2]
For simplicity of notation, particularly in the following sections, however, we
continue to write N; and A as in Chapter 6] rather than, say, Nz ; and Np.
To describe the related subsystems, we need some further notation.

Write
[n] :=={1,....,n},

and P, for the collection of non-empty proper subsets J of [n]; by “proper”
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we mean that J # [n]. The complement of J € P, will be written as
Ji=\J={jeln]:j¢J}ePn

A;=()A; and B, =(X)B;

jeJ jeJ

We define

for any J € P,,, with the same tensor product conventions as in Section [6.2
Here the order of the A;’s in A is taken to be the same asin A = 4,©...0A4,,
for example Ag 5y = Ay © As rather than A5 © Ay. Similarly for B; and
correspondingly for v := (v;);es. Elementary tensors in A; can be denoted
as
®Qjesa;
for a; € Aj;, and similarly for B, for any J € P,. In particular A; is a
pointed space with distinguished point
Ua, = Qjeslia,-

Similarly for Bj.

We need to define corresponding reductions of maps. Given n € L(A, B),
its reduction

n’ = [ Qe | onla, € L(As, By)
j=1

to J € P, (or over J') is defined as an obvious generalization of the reductions
considered in Section [6.2], where

o idBj fOI'j eJ
Y5~ v, forjelJ

and with 7|4, : Ay — B given via

Na, (®jesa;) =nla; @ ... @ ay)

for ®;esa; an elementary tensor in A, by setting a; = uy,; for j € J'. For
any subset S of L(A, B), let

S’ ={n inesh. (8.1)

Note that one can of course reduce any # € S’ to 6! for any non-empty
proper I C J, by the obvious adjustment of the method above to this case.

Then we have the next basic fact in terms of Definition [6.3.3, where |J|
denotes the cardinality of J.
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8.1 Pointed W; substructures and their W; seminorms

Proposition 8.1.1. Let (A, B,v, L) be a pointed (W1, n) structure and con-
sider any J € P,. The pointed spaces A; and B; for j € J, along with
vy = (vj)jes and L7 (as in ), then form a pointed (W1, |J|) structure
(Ay, By, vy, L), called a pointed W, substructure of (A, B,v, L).

Proof. Clearly n'(u4,) = ug, for every n € £ by n”’s definition, hence
L7 C L(Ay, By), the tensor products of v;’s and identity maps restrict those
of (A, B,v, L) and are therefore still continuous, while the analogue of
is easily seen to hold in this context by simply reducing it to L(A,, By). The
latter is confirmed by a direct calculation similar to that in Lemma [6.3.1]s
proof. O

By Corollary [6.3.4}, the pointed (W1, |J|) structure (A;, By, vy, £7) pro-

vides us with a W) seminorm on
Ops = {\ € spang L : A(uy,) =0} (8.2)

for every J € P,, still denoted as

Il

as well as the resulting pseudometric W; on £7. This is simply a case of
Section [6.2] but now of course using

Njj:={n—0:n,0 € L’ such that =0} for jE€J (8.3)
instead of NV, ..., N, where the latter led to the W} seminorm on O,. Here

for n € L7, which can equivalently be defined by (6.1)), but using A;, B; and
v; only for i € J when setting up Chapter [0 rather than for the entire range
1 =1,...,n. The semi unit ball leading to this WW; seminorm is

Crs = conv Ny, (8.4)
where
NJ = UNJ,]'. (85)
jeJ
71

© University of Pretoria



&
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

Qe YUNIBESITHI YA PRETORIA

8.2 Reducible pointed W; structures

8.2 Reducible pointed WW; structures

A natural question is whether the semi unit ball C.; above can be obtained
as the reduction C/ of the original semi unit ball C;. Similarly for O, and
the sets NV ;. These questions will in fact become relevant in the next sec-
tion, when we reach the main goal of this chapter, namely to prove additivity
properties.

In order to answer these questions positively, assumptions beyond those
in Definition [6.3.3| need to be made. We note that these assumptions will
automatically be satisfied in the C*-algebraic framework.

As in the previous section we consider a pointed (Wi, n) structure (A, B, v, L)
and any J € P,.

To avoid any mismatches and ambiguities, we always need to preserve the
ordering of the A;’s in any tensor product of them. Similarly for the B;’s.
Therefore the notation

A[@AJ = A[UJ and B[@B] = B[UJ

will be used for any I,J € P, with no points in common, i.e., I NJ = &.
But then the tensor product of maps n € L(A;, By) and 6 € L(A,;, By) for
I,J € P, with INJ = & need to be defined correspondingly. This is indeed
possible. Note that transpositions of adjacent A;’s in any tensor product
of A;’s are linear bijections, compositions of which in particular give us a
natural unique well defined ordering map

argt Ar©A; — AféAL

such that
ary(®iera;) ® (Vjesa;)) = jerusa;

for arbitrary a; € A;. As a simple example to clarify the meaning of
this, suppose I = {1,3,5} and J = {2,4}, then for a; € A;, we have
ary(a®az®asRas®ay) = a1 ®as®@az®ay®as. Note that oy can be viewed
as a pointed space isomorphism, i.e., a bijection oy € L,(A; ® Ay, A;OA)).

Similarly we have the ordering map
8Y,: Br® By — Bi®B,.
Clearly 89, € L,(B; ® By, Bi®By).
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However, if the tensor products By for J C [n] are indeed completed in
some norm, we need to assume that 3?; is continuous in this norm, and
therefore extends uniquely to a continuous bijection

B1s € Ly(B; ® By, Bi®B,),
which is the uniquely defined pointed space isomorphism serving as the or-

dering map on B; ® Bj.

Given this, we can define
7769 : A[éAJ‘ — B[é)BJ

asS
n®l == Bryo (n®0)oar;.

It has the following expected property.

Proposition 8.2.1. In terms of the notation and assumptions so far in this
section,
nol = 0Cn,

for allm € L(Ar, Br) and 0 € L(A;, By), where I,J € P, with INJ = &.
Proof. Note that by the definition of the ordering maps, we have 8;;(c®d) =

Bsr(d ® c) for elements in the algebraic tensor products, ¢ € ®;c;B; and
d € ®jesB;. Now, for arbitrary a; € A;,

(n©0)oar; (®jersa;) = n(®iera;) @ 0(®jesa;)

(fon)o ajzl(@)jeluﬂj) = 0(®jera;) @ N(@iera;).
Approximate 1(®;era;) and §(®;esa;) by sequences (¢) and (d;) in the alge-

braic tensor products ®;crB; and ®;cyB; respectively. Since f1;(¢; ® dj) =
Byr(d; ® ¢;) and Br; and B, are assumed to be continuous, it follows that

Brro(n®0)oar;(®jerusa;) = Bro (0 ©n) ooy (®jensas),
as required. O

We also need to strengthen in Lemma to the following: Assume
that

n'&e7 e L (8.6)
for all n,0 € £ and J € P,,.
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Definition 8.2.2. The pointed (W;,n) structure (A, B,v, L) is called re-
ducible if both the above mentioned assumptions are indeed satisfied, namely
(8.6) and the existence of the continuous ordering maps fr; in the case of
completed B.

Note that for a non-empty I C J’, it follows from and the definition
of reduction in the previous section, that

77]69[ _ (nJéeJ’)JUI e vl (87)
In particular, this gives the following simple result.

Proposition 8.2.3. If the pointed (W1, n) structure (A, B, v, L) is reducible,
then so are its pointed Wy substructures.

The reason for the terminology “reducible” in Definition [8.2.2] is that the
semi unit ball of (A, By,vy,£7) is then obtained from that of (4, B, v, £)
by reduction. This and related facts are shown below.

In terms of the setup and notation of this chapter (specifically the notation
given Section [8.1]), we have the following.

Lemma 8.2.4. Assume that (A, B,v, L) is a reducible pointed (Wy,n) struc-
ture and consider any J € P,,. For all \ € N with j € J, and ¢ € Y
follows that A\&C € Nj.

Proof. Given that A € Ny, implies that A\ = n — 6 for some 7,0 € £’
such that 7z = 6;. Hence A\; = 0, which impiles that (A@C); = A;CT)C = 0.
This means that A\&¢ = n&¢ — ¢, where nA¢,00¢ € L by and
(n@(); = (9@()3, as needed in . O

Proposition 8.2.5. Assume that (A, B,v, L) is a reducible pointed (W7, n)
structure and consider any J € P,. Then N = {0} when j € J', while

N =Ny
forj e J.

Proof. By , N/ == {n’ :n € N;}. For j € J' the reduction over j
is included in the reduction over J', hence Az = 0 for A € L(A, B) implies
that A/ = 0, directly from the definitions of X+ and A’. Thus N/ = {0}
when j € J'. Now assume that j € J. Consider any A’/ € /\/'Jf], i.e., we take
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A =n—0withn,0 € £ and 1> = 6. Since j € J, both sides of (77); = (n;)’
are well defined, and indeed equal by the definitions of these reductions.
Similarly for #, which means that (77‘])3 = (6"])3, hence A/ € Nj; by .
This shows that N/ C N, even if (A, B,v, L) is not assumed reducible.
Conversely, consider any A € N ;. For any ¢ € L7 it then follows from
Lemma %T._Zlhhat AGC € Nj. Consequently, A = (A\&()”’ € ,/\[jrf7 proving that
N Jj cCJ i O

In particular this tells us that the reductions J\fjf] of N for j € J, play
the same role for (A, By,vy, L?) as Ny, ..., N,, play for the reducible pointed
Wy structure (A, B, v, L).

Corollary 8.2.6. In Proposition|8.2.5 we have
Ops =0%, Ny=N’ and Cps =C}
for , and .
Proof. From Proposition and (8.5)) one has Ny = N/, hence
Crr = conv N’ = (convN)’ =}

and
Ors = spang N/ = (spang N)’ = O},

because of Lemma [6.3.1] O

As one may expect, Oz = OF can alternatively be proved along the lines
of the proof of Proposition [8.2.5]

We can also use Lemma [8.2.4] along with Corollary to obtain the
following property of |||, -

Proposition 8.2.7. Assume that (A, B,v, L) is a reducible pointed (W7, n)
structure and consider any I,J € P, with [ NJ = &. Then

|m-acc], =1n—olw,

for alln,0 € L' and ( € L.
Proof. For any 0,0 € £ and ¢ € £, set X := (n — 0)&¢ € LY, according

to (8.7)), then A =n — 4.
For any v € Cprus and t > 0 such that A = t7, one has that A/ = tv7.
By Corollary [8.2.6 but applied to the reducible (Proposition [8.2.3)) pointed
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W structure (Arug, Brog, vivg, £Y7), we know that v/ € Cpr, from which it
follows that ||A']|,. < t, hence H)\IHW < |[Allyy, by the definition of ||-[|y,

in Corollary [6.3.4] (via Proposition [2.3.7).
Conversely, consider any v € CLI and t > 0 such that M/ = tv. By ( .

we have z
Y= Zpi%'
i=1

for some py,...,p; > 0 with p; + ... + p, = 1, and v; € Ny, for some j; € I.
Because of Lemma applied to (Aruy, Biug, vivg, £97), it follows that

l
’Y@C = Zpi%@C € Criu.

i=1

Since A = tyG(¢, we conclude that [|Ally, < ¢, thus [|A[, < [|A O

-

These results will be applied in the next section to prove the additivity
of Wy with respect to tensor products.

8.3 Additivity

We now arrive at this chapter’s main results in the abstract pointed space
setup, which will be applied to the C*-algebras in the next section. Consider a
reducible pointed (W7, n) structure (A, B, v, £) and any m-partition P of [n],
by which we mean a function P : [m] — P, such that P(1)U...UP(m) = [n]
and P(k) N P(l) = @ for k # [. Our goal is to determine how |||y, for
(A, B, v, L) relates to |-y, for the (Apw), Bpk), VP, LP®))’s via reduction.
Slmllarly for W7, but specifically for product maps. Using the results of the
previous section, these relationships can be stated as a form of “reductive
superadditivity” of ||-[|;, and an additivity property of W1,

Theorem 8.3.1. Let (A, B,v, L) be a reducible pointed (Wy,n) structure and
P any m-partition of [n]. Then

A, 2 30370 5)
k=1
for all A € O, while
k=1
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for all ny,, 0, € LP®) for k=1,...,m.

Proof. Let A € O. Consider any v € Cz and t > 0 such that A = ty. By

Cr = conv N,
I
T = Zpi%’
i=1
for some py,....,p; > 0 with p; + ... + py =1, and o € N = Uiy Nj. Set

Q= Zpi and 7 = Z %Oéi € Ce,

i€Ry, 1€ERy

where Ry, 1= {Z € [l] o € Ujep(k)./\/’j}\(Rl U... URk_l) for k = 1,...,m, with
RiU...URy_1 =9 for k=1. Then by Proposition [8.2.5|

P(k
v = qu% and 7"®) = g, "
=1

with v,f(k) € Cf(k) = C,ra by Corollary [8.2.60 This tells us that AF'*) =
®) ¢ tqrCrr), hence H)\P(k)‘ < tqy, thus
Wh

S o, <
k=1 w1

implying (8.8), by [|-[|y, ’s definition in Corollary (6.3.4
In particular, for n,6 € £ we have

=Bl = S [ — 07|
k=1

On the other hand, given n, 0, € £LX®) by Proposition we have

< H(Ul — 01)67726...6an + ’
Wh

"0 =ty

Wy

GG — 91@...@emH
W1

015 (035G — e@...éem)HW
1

=l = Ol + [5G — 023500 |
1

m
< Ik — Okllyy, -
k=1
These two inequalities prove . O]

77

© University of Pretoria



&
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

Qe YUNIBESITHI YA PRETORIA

8.4 C*-algebras

With this result in hand, we can turn to the final aim of this chapter,
namely additivity in the C*-algebraic framework.

8.4 C*-algebras

The question being studied at the moment, is how W; between product
channels from one compound system to another, relate to W, between the
channels composing the product channels. This was answered in a more ab-
stract form in Theorem [8.3.1] of the previous section, namely they are related
in a simple additive way. Now we essentially just translate this additivity of
Wi to the C*-algebraic framework of Section [7.3]

Given an n-composite C*-system (A;, Bj,v; : j = 1,...,n) as in Definition
let [n] :=={1,...,n}, let P, be the collection of non-empty proper subsets
of [n], and define an m-partition P of [n], as a function P : [m] — P, such
that P(1) U...U P(m) = [n] and P(k) N P(l) = @ for k # [. Furthermore,

we set
Ay = ®Aj and By := ®Bj
jet jeJ
for any J € P, both being minimal tensor products or both maximal tensor
products. As in Section either all tensor products here are minimal, or
all are maximal. For any I, J € P, with no points in common, i.e., INJ = &,
consider the ordered tensor products

A[@A] = A[UJ and B[é)BJ = B]UJ
and the corresponding ordered tensor product
n®0 : A;@A; — Bi®By

of bounded linear maps n : A; — By and 0 : A; — By, defined as in Sec-
tion 8.2, but via the minimal or maximal tensor product n ® 6, instead of
the algebraic tensor product, and where the ordering map «;; is of course
extended to the completed tensor product, like 5;; is. In the C*-algebraic
case, this extension of the ordering maps is automatically possible (see the
proof of Proposition below). Note that the reduction n’ of n € L(A, B)
is defined analogously to Section the only difference being that A and
A are now completed tensor products.

The next result is the key to convert Theorem to the C*-algebraic
setup.
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Proposition 8.4.1. Consider the setup of this section. For any J € P,, it
follows that
K(A,B)! = K(Ay, By).

In addition, for any D € K(Ar,By) and E € K(Ay, By) with I,J € P,
such that I N J = &, one has

DRE € K(A;®Ay;, Bi@By).

Proof. Starting with the latter statement, note that in this C*-algebraic
setup the ordering maps from Section [8.2|are x-isomorphisms a;; : A;RQA; —
A;@Ay and Br; : B;® By — B;®Bj (and therefore extended to the comple-
tions and u.c.p.) from the outset, since they are compositions of the trans-
position maps mentioned in Section which are indeed *-isomorphisms
(see for example [6, 11.9.2.6]). Hence DRFE := f1; 0 (D ® E) o aj} is
a composition of u.c.p. maps, since D@F is a channel. Consequently
D®FE € K(A;®Ay, Bi@By), as required.

In particular, for I = J', it follows that £ = (D®FE)’ € K(A, B)?. Hence
K(A;,By) C K(A, B)?. Conversely, since the reduction of a channel is again
a channel, we have K (A, B)! C K(Ay, By). O

Now we can answer the above mentioned question as follows, along with
the “reductive superadditivity” of [-||y, .

Theorem 8.4.2. Let (A;, B;,v; : j =1,...,n) be an n-composite C*-system
and P any m-partition of [n ] Then n both the minimal and the maximal
tensor product setup,

Wi(D1&...8 Dy, By @...@E) = Y Wi(Dy, Ey,)
k=1

for all Dy, E, € K(Apwy, Bpay), for k=1, ...,m. In addition,

Al 2 27|
k=1

for all X € Oy p as defined in Section [7.3

Proof. 1f the algebraic (W1, n) structure (A@,B v, K(A, B)|s), obtained as
in the proof of Theorem from (A;, Bj,v; 1 j = 1,...,n), is a reducible
pointed (W7, n) structure, and

(K(A,B)|o)” = K(As, B)lo, (8.10)
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for J € P, then the theorem follows directly from Theorem [8.3.1} This is

because of the continuity of all the maps involved and the resulting one-to-
one correspondence between K (A, B)|o and K (A, B) explained in the proof
of Theorem [7.3.2] and similarly for K(A;, By)|o and K(A,, By), which al-
lows us to translate directly between the algebraic and completed tensor
products. Condition (8.10) is needed to ensure that for £ = K(4, B)|e in
Theorem , we have LP®™) = K(Ap(), Bpa)|o- Note that (8.10) indeed
holds because of Proposition [8.4.1{and (K (A, B)|@)J = K(A, B)?|s, the lat-
ter being true since the only difference between the reductions on the two
sides is that they respectively involve restrictions to the algebraic and a com-
pleted tensor product of A;’s. We are simply left to verify reducibility.

As mentioned in the proof of Proposition[8.4.1], the 3;;’s are x-isomorphisms
and therefore continuous, verifying the one condition for reducibility in Defi-
nition [8.2.2] The other condition is guaranteed by the special case of Propo-

sition with T U J = [n]. O

Recall that the special case in finite dimensions of the first part of this
theorem was already mentioned in Section [5.1} in a special form where the
ordering of the tensor products was unnecessary.

As an immediate consequence of this theorem, we obtain the following
stability result for Wj.

Corollary 8.4.3. In Theorem|[8.4.3, let P a 2-partition of [n]. Then
Wi(D1&Fs, E1@F5) = Wy(Ds, Er)

for all Dy, Ey € K(Apny, Bpay) and any F> € K(Ap), Bp)). Similarly,
Wi (Fi&Dy, FiREy) = Wi(Ds, E)

for all Dy, Ey € K(Ap2), Bpay) and any Fy € K(Apqy, Bpa)).

Proof. This is simply because Wi (Fy, Fy) = 0 in the first case. Similarly for
the second. O

Stability for other distances between channels have been presented and
discussed in for example [3] and [37]. The latter in particular emphasises the
utility of stability. These references only treated the case where the F}’s in
the corollary above were identity maps.

Of course, stability for pointed W; structures similarly follow from The-

orem R.3.11
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Chapter 9

Conclusion and outlook

In this dissertation our focus has been the mathematical development of a
Wasserstein distance of order 1 between channels from one composite system
to another, denoted by W;. We have not yet investigated any relations or
comparisons of Wi with the diamond norm (mentioned in the introduction)
or other distances between channels. See [37] and [I1] for a critical assessment
of various such distances. A logical first step is to do this in finite dimensions
on matrix algebras My, where one has a simple canonical trace which plays
an important role in the diamond (aka, completely bounded trace) norm.
Indeed, [29] extensively explored the relation between W; for states and the
trace norm, including the characterization of W; for the case of n = 1, i.e.,
for single systems rather than composed systems. This can analogously be
explored for the case of channels.

We have also not yet explored applications of this distance. Applications
of Wasserstein distance of order 1 between states in the finite dimensional
case developed in [29], have already been treated and proposed in [29] itself,
as well as in a number of papers [28] 311 [42], 47, 52, [61] in various contexts. We
expect that the approach of this dissertation to the case of channels should
be similarly applicable. In addition, our abstract approach has the potential
to allow for applications in other contexts than quantum channels and for
further mathematical development.

At the end of Section [8.4] we pointed out that W, satisfies stability. How-
ever, there are other properties that one may also want a distance between
channels to satisfy, depending on the application. See for example [11], [37].
Since W7 is a metric, a number of basic properties are already satisfied. One
property that we have not discussed in this dissertation is chaining or bounds
on the overall difference between composed channels; see [37] and [3, Subsec-
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CHAPTER 9. CONCLUSION AND OUTLOOK

tion 5.4]. Whether or not this or similar and other properties hold for W7,
certainly warrants further investigation.
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