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Introduction

Placement

This work is embedded in the mathematical field of quantum information. Quantum informa-
tion is one of the key technologies of the 21st century and is based on quantum mechanics.

The theory of quantum mechanics was developed approximately 100 years ago. But it wasn’t
until 1982 when Feynman [Fey82] first stated that it might be useful to use quantum mechanics
to construct computers powerful enough to simulate quantum systems efficiently.

In 1985, Deutsch [Deu85] gave the first ideas for a quantum Turing machine, resulting from a
quantum mechanical description of calculation processes. This is regarded as the first model
of a quantum computer. His work is seen as the foundation of a more concrete definition of
Bernstein and Vazirani [BV92], what lead to a subfield of quantum information theory named
quantum complexity.

Schumacher [Sch95] eventually defined a qubit, the quantum version of a classical bit in
information theory. He defined them as pure quantum states of two-level systems, described
by unit vectors of the system Hilbert space. Soon there were first ideas for physical realizations
of qubits as described by Berthiaume [HS97] and first results in quantum computation. The
first major steps were Shors [Sho97] algorithms for factorization and discrete logarithm. Both
are based on the problem of order finding and solving these problems efficiently on a quantum
computer. The next step was the quantum search algorithm by Grover ([Gro96] and [Gro97]).

Quantum coding theory currently consists of two main subfields, quantum cryptography and
quantum codes. In 1997, Gottesman [Got97] introduced error correcting codes. These codes
work with finite tensor products of pure states, but allow a good error correcting procedure
after transmission. Error correction becomes necessary as quantum states evolve with time
and this evolution is usually disturbed.

However, an important question of quantum information has remained unanswered. It is to
find a quantum analogue of classical coding theory. This is the objective of this thesis, together
with the question, to what extent existing quantum codes and algorithms make use of quantum
mechanics. We try to answer these questions by using a systematical view of quantum prob-
ability theory that was introduced by Kiimmerer [Kiim85b] and studied by both Kiimmerer
and Maassen, for example in [KM98] or [Maa06]. We follow this way of algebraization and
develop analogously a quantum coding theory. A recent approach of Gohm, Kiimmerer and
Lang [GKIL.06] also leads to codes in an operator algebraic setting, but is different to ours.

Vil
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INTRODUCTION

Main Results

This work has reached several results. The first is, that it was possible to find an algebraic
frame in which we can formulate stabilizer codes as developed by Gottesman. This formu-
lation is independent from bases of the related Hilbert spaces which usually hide what is
happening. After this result, we were able to show that the independence of generators of
the stabilizer group corresponds to trace-independence. This is a notion of independence that
generalizes the classical notion of independence of random variables into a quantum mechan-
ical setting. This leads to a new characterization of stabilizer embeddings. It also leads to
the insight, that the choice of generators of a stabilizer algebra corresponds to choosing a
representation of finitely many Rademacher functions in a matrix algebra.

The second part of this work was to develop a quantum coding theory based on a systematical
way of algebraization of classical concepts that was described in section . Our result differs
in some points from what has been developed so far, mainly because we are working not
only with pure but also arbitrary states. This is a natural change as there is no reason why a
general quantum coding theory should be restricted to pure states and thus exclude an essential
part of quantum mechanics. This approach is supported by [AKN98] and [Maa06] and also
followed in quantum complexity theory. As allowing mixed states changes the usual model of
quantum computers, the parallel to quantum complexity theory is important, as our choice is
legitimized there. Another difference to the quantum coding theory to date is, that we focus
on infinitely many coupled qubits. This has the same reasons as in classical coding theory
and is further motivated in chapter 3, section 11. Last but not least, we were able to integrate
the common example of stabilizer codes as developed by Gottesman into our theory and to
derive examples for our definitions from it. We could also include the examples of Ollivier
and Tillich ([OT03] and [OT04]). Furthermore, the examples derived from stabilizer codes as
developed by Gottesman have a very important property. This property allows us to interpret
these stabilizer codes as mappings which hide a given state space in a larger one.

The third main result is that we were able to show that the most important quantum algo-
rithms, including stabilizer codes and the Shor algorithm, are in some sense commutative and
thus classical. This can be done as quantum algorithms fit into the notion of quantum mea-
surements, and our calculations imply that they can be represented as a coupling to a classical
Bernoulli shift.

Survey of Chapters

The first two chapters are introductory. In chapter 1 we give an overview of classical coding
theory. We introduce the notions of alphabets, code spaces over such alphabets and coders,
which are mappings between code spaces. Linear coders as well as convolutional coders will
play an important role in the later chapters. The operator algebraic frame of this work and
some notation are set in chapter 2.

The purpose of chapter 3 is to present a well known feature in quantum coding theory, namely
stabilizer embeddings. We give an easier, base independent definition in the sections 1 to 5
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and give an example in section 6. We also construct special stabilizer embeddings as m-blocks
and stabilizer embeddings as introduced by Ollivier and Tillich and give examples for these
embeddings in the sections 7 to 10. Finally, we discuss the preliminaries of quantum code
spaces in section 11.

We start the next chapter, chapter 4, by examining the definitions in literature. Then we define
quantum alphabets and elements of quantum code spaces via algebraization of classical alpha-
bets and codes in the sections 4 and 5. This algebraization is inspired by a certain scheme that
we explain in section 2. We also define quantum coders in section 6 and give first examples,
namely g-higher power coders and g-1-block coders.

In chapter 5 we construct a g-1-block coder out of stabilizer embeddings in section 1 and give
a nontrivial example of quantum convolutional coders constructed from the special stabilizer
embeddings developed by Ollivier and Tillich in section 2. We finish the chapter with a dis-
cussion in section 3, in which we reflect to what extent and how in a certain way these coders
might be classical.

The last chapter, chapter 6, contains a discussion of the preceding results as well as considera-
tions to what extent quantum coders and quantum algorithms make use of quantum mechanics.
It starts with the definition of a measurement operator as well as the notion of essential com-
mutativity in section 1. The second section describes quantum gates, special transformations
that are used to implement quantum algorithms. In section 3 we prove that important classes
of quantum algorithms are essentially commutative, i.e. that their measurement operator can
be obtained from a coupling to a classical Bernoulli shift. The last section describes the mea-
surement operator of the well known Grover quantum search algorithm.






Zusammenfassung

Einordnung der Arbeit

Diese Arbeit ist im mathematischen Gebiet der Quanteninformation angesiedelt, einer Schliis-
seltechnologie des 21. Jahrhunderts, die auf der Quantenmechanik aufbaut.

Die Theorie der Quantenmechanik wurde bereits vor etwa 100 Jahren entwickelt. Doch erst im
Jahre 1982 schlug Feynman [Fey82] vor, die Quantenmechanik dazu zu benutzen, Computer
zu bauen, die in der Lage wiren, quantenmechanische Systeme effizient zu simulieren.

Deutsch [Deu85] entwickelte 1985 die ersten Ideen fiir eine Quantenturingmaschine, ein quan-
tenmechanisches Modell fiir Berechenungsprozesse. Dieses Modell wird als das erste Modell
eines Quantencomputers angesehen. Seine Arbeit bildet die Grundlage fiir eine konkretere
Definition von Bernstein und Vazirani [BV92], die ein neues Untergebiet namens Quan-
tenkomplexititstheorie begriindete.

Schumacher [Sch95] definierte schliesslich ein Qubit, die quantenmechanische Version eines
klassischen Bits, als reine Zustidnde von Zwei-Niveau-Systemen, die durch Einheitsvektoren
eines Hilbertraumes beschrieben werden. Bald gab es erste physikalische Realisierungen von
Qubits, wie sie beispielsweise von [HS97] beschrieben werden, und erste Resultate im Gebiet
der Quantenberechnungen. Erste wesentliche Schritte waren die Algorithmen fiir das Fak-
torisierungsproblem und den diskreten Logarithmus von Shor [Sho97], die auf der Aufgaben-
stellung des sogenannten “order-finding” beruhen, und diese Probleme effizient auf einem
Quantencomputer 16sen. Der nichste Schritt war der Quantensuchalgorithmus von Grover
([Gro96] and [Gro97]).

Die Quantenkodierungstheorie besteht bis heute aus zwei Hauptgebieten, der Quantenkryp-
tographie und Quantenkodes. Im Jahr 1997 fiihrte Gottesman [Got97] fehlerkorrigierende
Kodes ein. Diese Kodes arbeiten mit endlichen Tensorprodukten von reinen Zustédnden, er-
lauben aber eine gute Fehlerkorrektur nach der Ubermittlung der Zustinde. Dies ist notwendig,
da sich quantenmechanische Zustinde im Laufe der Zeit verdndern und gest"ort werden.

Dennoch war eine wichtige Frage der Quanteninformationstheorie noch unbeantwortet geblie-
ben, ndamlich eine quantenmechanische Entsprechung der klassischen Kodierungstheorie zu
finden. Dies zu entwickeln ist das Ziel dieser Arbeit, zusammen mit der Frage, in wie weit
existierende Quantenkodes und -algorithmen die Quantenmechanik nutzen. Wir gehen diese
Fragen an, indem wir einen systematischen Zugang zur Quantenwahrscheinlichkeitstheorie
von Kiimmerer [Kiim85b] verwenden, der dann von Kiimmerer and Maassen zum Beispiel
in [KM98] oder [Maa06] weiter studiert wurde. Wir folgen diesem Ansatz und entwickeln
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analog eine Quantenkodierungstheorie durch Algebraisierung. Ein neuerer Ansatz von Gohm,
Kiimmerer and Lang [GKLO06] fiihrt zwar auch zu Kodes in einem operatoralgebraischen
Rahmen, unterscheidet sich aber von unserem.

Hauptergebnisse

Die vorliegende Arbeit hat mehrere Ergebnisse. Zunichst waren wir in der Lage, einen al-
gebraischen Rahmen zu finden, in dem wir die Ideen von Gottesman zu den sogenannten
Stabilisatorkodes formulieren konnten. Diese neue Formulierung ist basisunabhingig und
verschleiert im Gegensatz zur bisherigen wegen der prignanteren Formulierung nicht was
geschieht. Weiter konnten wir zeigen, dass die Unabhéngigkeit von Erzeugern der Stabilisator-
gruppe der Spurunabhiéngigkeit entspricht, einem Unabhéngigkeitsbegriff, der die klassische
Unabhingigkeit von Zufallsvariablen in einen quantenmechanischen Kontext verallgemeinert.
Dies fiihrt zu einer neuen Charakterisierung von Stabilisatorkodes und der Einsicht, dass die
Wahl von Erzeugern einer Stabilisatoralgebra der Wahl einer Darstellung von endlich vielen
Rademacherfunktionen in einer Matrixalgebra entspricht.

Der zweite Teil dieser Arbeit entwickelt eine Quantenkodierungstheorie. Sie basiert auf einem
systematischen Zugang der Algebraisieung klassischer Konzepte, der in Unterkapitel erwéhnt
wurde. Unser Resultat unterscheidet sich in einigen Punkten von den bisherigen Ansitzen der
Literatur. Hauptsédchlich unterscheidet es sich darin, dass wir nicht nur reine, sondern be-
liebige Zustinde zulassen. Dies ist ein natiirlicher Ansatz, da es keinen Grund dafiir gibt,
sich in der Quantenkodierungstheorie auf reine Zustinde zu beschrianken, und man durch die
Beschrinkung einen wesentlichen Teil der Quantenmechanik ausschliesst. Unser Ansatz wird
von [AKN98] und [Maa06] unterstiitzt und auch in der Quantenkomplexitétstheorie verfolgt.
Da das Zulassen von beliebigen Zustidnden das iibliche Modell eines Quantencomputers veridn-
dert, ist die Parallele zur Quantenkomplexitétstheorie bedeutend, da unser Vorgehen dort le-
gitimiert wird. Ein weiterer Unterschied zur bisherigen Quantenkodierungstheorie ist, dass
wir unendlich viele gekoppelte Qubits zulassen. Die Begriindung dafiir ist die gleiche wie in
der klassischen Kodierungstheorie und wird in Kapitel 3, Unterkapitel 11 weiter beschrieben.
Des weiteren waren wir in der Lage, die iiblichen Beispiele der Stabilisatorkodes, wie sie von
Gottesman entwickelt wurden, in unsere Theorie zu integrieren, und Beispiele fiir unsere Def-
initionen daraus zu entwickeln. Auch konnten die Beispiele von Ollivier and Tillich ([OT03]
und [OT04]) beschrieben werden. Ausserdem war es uns moglich, bei den Beispielen der Sta-
bilisatorkodes nach Gottesman eine wichtige Eigenschaft nachzuweisen. Diese Eigenschaft
erlaubt es, die Stabilisatorkodes nach Gottesman als Abbildungen zu interpretieren, die einen
gegebenen Zustandsraum in einem grosseren verstecken.

Das dritte Ergebnis ist, dass die meisten Quantenalgorithmen, einschliesslich der Stabilisator-
kodes und des Shoralgorithmus, in einem gewissen Sinne kommutativ und somit klassisch
sind. Dies war moglich, da Quantenalgorithmen unter die Definition von Quantenmessprozes-
sen fallen und wir so zeigen konnten, dass sie als Kopplung an einen klassischen Bernoul-
liprozesses dargestellt werden konnen.
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Kapiteliibersicht

Die ersten beiden Kapitel sind einfiihrender Natur. Kapitel 1 gibt eine Ubersicht iiber die
klassische Kodierungstheorie. Wir stellen Begriffe wie Alphabete, Koderaume iiber solchen
Alphabeten und Kodierer, die Abbildungen zwischen Koderdumen sind, vor. Lineare Kodierer
und Faltungskodierer werden in spéteren Kapiteln eine wichtige Rolle spielen. Der operatoral-
gebraische Rahmen dieser Arbeit sowie Notationen werden in Kapitel 2 eingefiihrt.

Das Ziel von Kapitel 3 ist, einen bekannten Begriff der Quantenkodierungstheorie, die Stabil-
isatoreinbettungen, vorzustellen. Wir geben eine einfachere, basisunabhingige Definition in
den Unterkapiteln 1 bis 5 und stellen in Unterkapitel 6 ein Beispiel vor. In den Unterkapiteln
7 bis 10 konstruieren wir weitere Stabilisatoreinbettungen wie m-Blocke und die von Ol-
livier and Tillich eingefiihrten Stabilisatoreinbettungen und liefern auch hierfiir Beispiele.
Schliesslich diskutieren wir in Unterkapitel 11 Voraussetzungen an Quantenkoderdume.

Wir beginnen das nichste Kapitel, Kapitel 4 mit den bisherigen Definitionen aus der Lit-
eratur. Wir definieren daraufhin in den Unterkapiteln 4 und 5 Quantenalphabete und Ele-
mente von Quantenkoderdumen, indem wir die klassischen Defintionen algebraisieren. Diese
Algebraisierung folgt einem Schema, das in Unterkapitel 2 erklidrt wird. In Unterkapitel 6
fiihren wir Quantenkodierer ein und geben erste Beispiele, Quanten-higher-power-Kodierer
und Quanten-1-Block-Kodierer, an.

In Kapitel 5 konstruieren wir nun in Unterkapitel 1 Quanten-1-Block-Kodierer aus den obigen
Stabilisatoreinbettungen und zeigen in Unterkapitel 2 ein nichttriviales Beispiel eines Quan-
tenfaltungskodierers, das aus den speziellen Stabilisatoreinbettungen von Ollivier and Tillich
entsteht. Das Kapitel schliesst mit einer Diskussion in Unterkapitel 3, worin reflektiert wird,
in wie fern diese Kodierer klassisch sind.

Das letzte Kapitel, Kapitel 6, enthilt nun eine Diskussion der vorangegangenen Ergebnisse
und auch Uberlegungen, in wie weit Quantenkodierer und Quantenalgorithmen die Quanten-
mechanik nutzen. Es beginnt mit der Definition des Quantenmessprozesses und des Begriffs
der wesentlichen Kommutativitit in Unterkapitel 1. Das zweite Unterkapitel beschreibt Quan-
tengatter, spezielle Transformationen, die benutzt werden, um Quantenalgorithmen zu imple-
mentieren. Wir zeigen in Unterkapitel 3, dass eine wichtige Klasse von Quantenalgorith-
men wesentlich kommutativ ist, d.h. dass die zugehorigen Messprozesse als eine Kopplung
an einen klassischen Bernoulliprozess geschrieben werden konnen. Das letzte Unterkapitel
beschreibt den Messprozess des bekannten Quantensuchalgorithmus von Grover.






CHAPTER 1

Classical Coding Theory

As a starting point of this work we would like to briefly introduce the classical coding theory.

The word “code” is used for two different notions in mathematics and therefore we will first
set the use of this term in this work.

Symbolic dynamics as well as coding theory work with alphabets like the set {0, 1}. In both
fields we deal with elements of such alphabets, so called letters, and sequences of these letters.
We all know that our computer works with such sequences whenever it performs an algorithm
or saves data.

In symbolic dynamics, a “code” means a stationary mapping of one shift space into another,
whereby a shift space stands for a shift invariant set of allowed sequences, whereas a “code”
in coding theory stands for a shift space itself. Here, allowed sequences are usually finite and
differ in as many places from one another as possible, which leads to error correcting codes.

In the following we speak of coders as mappings between shift spaces and consider a code to
be the image shift space of a coder.

In the next section we make this more precise and give proper definitions of alphabets, letters,
shift spaces and coders. The following sections describe special examples. Section 2 and
section 3 present first examples of shift spaces and coders, namely higher block shifts respec-
tively coders and higher power shifts respectively coders. Sliding block coders, linear coders
and convolutional coders are presented in the sections 4 to 6.

1. Basic Definitions

This section offers basic definitions as mentioned above. A more detailed introduction can be
found in [LM99].

A finite set A of m symbols is called a (finite) alphabet. The principal objects of study in
coding theory are bi-infinite sequences x = (x;); = ...X_2X_; . XoX; X5 ... € AZ. The symbol
x; € A is also refered to as the ith coordinate and the dot at the lefthand side of x, marks the
zeroth coordinate.

1.1. DerintTioN. We define a full shift to be the collection of all bi-infinite sequences of symbols
of an alphabet A. A full m-shift simply is the full shift over an alphabet {0, ...,m — 1}.

Blocks of symbols play an important role in the following theory and its generalization. A
block or word u is a finite sequence of symbols in A. The length of a word u is denoted by
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lul. For k € N a k-word is simply a word of length k. The empty word is denoted by € and
is the word of length 0. If u = u; ... u, we call u;...u; with 1 <i < j < k a subword. For
x=(x),€A%andu=ux;... x; C x we also write u = xj; jj = X[i j+1). U occurs in x, if there are
i, j € Z, such that u = x; ;. Words u, v can be concatenated by putting u and v together (which
means that we form a new word by first writing # and then v) to uv with |uv| = |u| + |[v]. u"
denotes concatenation of n copies of u, and u”u" = u™" holds for all n,m € N. The sequence
...uu.uuu ... € A% has the shorthand notation u*. Recall that the dot in ™ is at the lefthand
side of the zeroth coordinate to mark it.

The index i of a sequence (x;); can be interpreted as an indicator of time. The lapse of time
then is a shift to the left, which gives rise to the following definition.

1.2. DerNtTioN. The shift map o : A% — AZ on the full shift AZ maps an element x € AZ to
o (x) whose ith coordinate is given by (07(x)); = X;41.

The mapping o is pictured below. We see that o is both one-to-one and onto, so that an inverse
mapping o' also exists denoting a shift to the right.

X = X_p X_1 . X0 X1 .X2/...
O'(X) = /-x—l X0 . X1 X> X3
A mapping ¢ : AZ — AZis called stationary, if c o ¢ = ¢ o o. In simple cases, it acts the

same at each coordinate, e.g. ¢((x;);); = x; + x11 for (x;); € A% and thus gives us a coding
operation for each coordinate of a sequence.

We now introduce a crucial notion of shift spaces, which is a subset of points of a full shift,
satisfying a fixed set of constraints. This is useful, as there are many situations in coding
theory where we do not make use of the full shift but contrarily consider sequences containing
special words as forbidden. In fact, this gives rise to an interpretation of coders, which hide a
given shift space in a larger one.

Let F be a set af words of symbols in A, which we refer to as forbidden words, where F may
be finite or infinite. For such an F we define Xf to be the subset of sequences in A% which do
not contain any of the words in F.

1.3. DERINITION. A shift space (or simply shift) X is a subset of the full shift A%, for which
exists a set of forbidden words F such that X = X¢.

1.4. EXAMPLE.

(i) Trivial examples are A% = Xy and 0 = X zz.
(i) If X is the set of all binary sequences with no two 1’s next to another, then X = X¢
with F = {11}. We call this shift the golden mean shift.

If a shift Y is contained in another shift space X we speak of Y as a subshift of X. There
are infinitely many different shift spaces which come up with infinitely many different sets of
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forbidden words. All these shifts share a common feature, the shift invariance: If x € X then
also o(x) € X as a word is forbidden wherever it starts.

If o is the shift map of the full shift, its restriction to a shift space X is denoted by ox or simply
o.

If X is a shift space and B,,(X) the set of n-words, that occur in an x € X, then we define the
language of X respectively the set of allowed words in X as B(X) = Uy B.(X). It follows
X = XB(X)C-

1.5. ExampLE. The language of the full shift is
B(A%) = {¢,0,1,00,01, 10, 11,000,001,010,011, 100, 101, 110, 111, ... .},
whereas the language of the so called golden mean shift is
BXun) =1{e,0,1,00,01, 10,000,001, 010, 100, 101, 0000, 0001, . . .}.

1.6. DerintTioN. We call a shift space X irreducible, if for all u,v € B(X) there is a w € B(X),
such that uwv € B(X).

1.7. ExampLE. The golden mean shift in example 1.4 is irreducible.

The shift X = X with F = {01, 10} is not irreducible, as X = {0®, 1*°} and hence allowed
words like 0 and 1 cannot be concatenated.

At this stage we give the proper definition of a coder.
1.8. DeriniTION. Let X, Y be shift spaces. A coder is a stationary map ¢ : X — Y so that its
image is again a shift space.

In the following sections we introduce some classical coders and shift spaces.

2. Higher Block Shifts

The first coder we study just denotes a given code in another alphabet.

2.1. DermntTION. Let X be a shift space over A and A[;(v] := By(X) the set of all allowed N-

blocks. Now we regard (A[;(\”)Z as a full shift over the new alphabet AEI(VJ. We define the Nth
higher block coder to be the map

By : X = (AP with (By(x)); = xew) for x = (x,); € X.
The Nth higher block shift X™) of X is the image of X under By in the full shift (A1),

As the name suggests, a higher block shift is also a shift space ([LLM99], Prop. 1.4.3).

2.2. EXAMPLE.

X0 X1 X2 X3 X4
X_1 X0 X1 X2 X3

Xi)i) = ... .
184(( l)l) X_o x| Xo X X

X_3 X_2 X_1 X0 X1
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3. Higher Power Shifts

Instead of using consecutively overlapping blocks, we can also define a coder with no overlaps.

3.1. DerintTioN. Let X be a shift space over A and (A[;(V])Z the full shift over the allowed N-
blocks A[;(V]. We define the Nth higher power coder to be the map

v 2 X = (ARD® with (yy(0); = Xpwivaw) for x = (x); € X.
The Nth higher power shift X of X is the image of X under yy in the full shift (A")Z.

Again, as the name suggests, a higher power shift is a shift space ([LLM99], Prop. 1.4.6).

4. Sliding Block Coders

Now we introduce other coders that are given by functions for each coordinate. These coders
play a very important role in coding theory and give examples we will use later on. The
following gives a definition of such coders.

Let X be a shift space over an alphabet A and let A be a second alphabet. In order to construct
amap ¢ : X — AZ with y = ¢(x), we define a block map ® to be a mapping

D : B (X) = A,

4.1. ExampLe. The code map of a block coder By is the trivial block map, if X is a shift space
over A, A = Agiv], m=0,n=N-1,Y = X" and if we introduce the function describing the
formation of each coordinate,

O(x; ... xipn) = Bu((x))))i € Agf]-
Now we do what we had in mind before, we lift block maps to coders.

4.2. DerintTiON. Let X be a shift space over A and @ : B,,,,.1(X) — A be a block map. Then
the map ¢ : X — AZ with &(x); := D(X[ji_m,i+n) 15 called the sliding block coder with memory
m and anticipation n. We give reverence to this construction by denoting ¢ = O™ or simply
by @... If Y € AZ is a shift space with ¢(X) = Y, we write ¢ : X = Y. If m = n = 0, we speak
of a I-block coder.

The action of a sliding block coder ¢ with ¢(x); = O(X[i_.i+n)) as in definition 4.2 is illustrated
below.

e Ximlpm Xiem Xit1-m « -+ Xi-14n xAHL Xitl+n -« -

D

\
<o Yie1 Yi Vi1 - -
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4.3. ExampLE. Let ® be as in example 4.1 the block map of a Nth higher block coder from 2.1.
Then naturally ¢ = @, is the Nth higher block coder.

We call a sliding block coder ¢ : X — Y conjugation, if ¢ has an inverse. In this case X and Y
are conjugate.

4.4, ProposiTION. Let X,Y be shift spaces. ¢ : X — Y is a sliding block coder, if and only if
¢ o ox = oy o ¢ and there exists N > 0 such that (¢(x))o is a function of xi_y .

Proor. Let X,Y be shift spaces, ¢ : X — Y. If ¢ is a sliding block coder, then the
block map ® is given by definition. For the converse, let w be a (2N + 1)-word and set
O(w) = (¢(x))o for an arbitrary x € X with x_yn; = w. One immediately recognizes that
(¢(x)); = D(xpi—n.i+n7) Which means that ¢ is a sliding block coder induced by ©. O

As above, also the image of a sliding block coder is a shift space.

4.5. Tueorem. Let X,Y be shift spaces and ¢ : X — Y a sliding block coder. Then ¢(X) is a
shift space.

Instead of proving this result we refer to [LLIM99], proof of theorem 1.5.13.

The next proposition will clear the connetion between higher block coders and sliding block
coders.

4.6. ProposiTiON. Let X, Y be shift spaces and ¢ : X — Y a sliding block coder. Then there
exists a higher block shift X" of X, a conjugation  : X — X" and a 1-block coder ¢" : X' =Y
such that the following diagram commutes, i.e. ¢’ oy = ¢.

Xty

|

Xl

Proor. Suppose ¢ is induced by a block map ® with memory m and anticipation n. Let
A" =B X), ¥ X = A% yg(x); = X(i-m.i+n)- Hence ¢y = 07" o Byiper and X' = Y(X) =
Xmn+1l is a shift space. As o and B,u...1 are conjugations, so is . Thus ¢’ := poy~!is a
I-block coder. O

Hence we can assume without any loss of generality that a sliding block coder is a 1-block
coder on a suitable shift space.

5. Linear Coders

In this section we study special sliding block coders, namely linear block maps. We may
introduce linearity of block maps, if the used alphabets are fields. The following definitions
are taken from [NCO00].
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Let X be a shift space overa (finite) field or vector space, A another (finite) field or vectorspace
and © : B,,.,.1(X) = A ablock map. A coder ¢ = D, is linear, if its block map @ is linear.
This is the context of our next definition.

5.1. DerintTiON. Let F be a (finite) field. A linear [k, n]-coder is given by a linear block map
@ : F* — F" defined by an n X k-matrix G through ®g(x) = Gx € F" for all x € F*,

Note that for this definition neither the image nor the pre-image of a linear coder need to be
linear subspaces of the full shift over F* respectively F". Instead we consider a linear coder as
a sliding block coder, and thus its image is a shift space again.

The advantage of this definition is a transparent connection between the letter we want to code
and its code letter, as the image of @ is the linear span of the columns in G.

Transmission through noisy channels make clear that there is a need for error correction. It is
hard to extract information necessary for error correction out of G. In order to do this, we need
an instrument to check whether a received sequence is corrupted or not. Hence our instrument
should distinguish between allowed letters and those letters which are not allowed. We solve
this problem by defining a linear block map ®5 whos kernel is given by the image of @.

5.2. DerINiTION. Let @ be an injective linear block map. Any (n — k) X n-matrix H with rank
(n — k) and kernel ®(F*) is called a parity check matrix of ®.

Such parity check matrices H obviously exist, as the connection of both G and H is simply
a change of image and kernel of G and H: Given @ repectively G, choose (n — k) linearly
independent vectors xi, ..., x,_; orthogonal to all columns of G. Now set H = (x; ... x,_)".
As @ is injective, the rank of G is k and so is the dimension of the kernel of H by definition.
Hence H has rank (n — k).

If conversely @y respectively H are given, there are several linear block maps ®; with the
property that H is their parity check matrix: Given H, choose k linearly independent vectors
Yi,--.,Yx spanning the kernel of H, then each choice of vectors yy,...,y; defines a coder for
HviaG = (y;...Y).

We further note that by definition, HG = 0. Hence if G is given in the form G = (I; B)T, we
can choose H = (—B 1,_).

This notion gives us the desired instrument for the problem of error correction for injective
linear coders, as it detects errors: Let x be a letter in F* and let y = Gx € F" be the code letter
of x. Assume a noisy channel disturbs the code letter y so that the channels outputis y’ = y+n.
As all code words satisfy Hy = 0, we would get Hy’ = Hn and call this an error syndrome.

The next issue now would be to recalculate y out of the error syndrome. But instead of going
deeper into the recalculation of code letters, we illustrate this with an example of a linear
coder.

5.3. ExawmpLE. [7,4]-Hamming coder
LetF =F,. A [7,4]-Hamming coder is a [7, 4]-linear code

o F* > (S1S2S3S4)t — (S1S2S3S4l5[6l7)t eF
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such that in the following diagram the parity of each box is even, i.e. the sum modulo 2 equals
0.

Is
S §3 | S22
t7 | 8416
We get
St Sy 83 S4|ls tg Iy
0 0 0 0]0 O O
0 0 0 1]0 1 1
0O 0 1 01 1 1
0 0 1 1]1 0O
01 0 0|1 1 0
and thus
1 00O
0100
0010
G=10001
1 110
0111
1 011

Note that all code words differ in at least three places from each other and that only 16 of all
128 words in F’ are code words.
We choose a parity check matrix H according to the discussion after 5.2 and get

H =

1110100
011 1/01 0].
1 01 1/0 01

We see that in each row of H we have four 1’s. The multiplication Hy’ 20 corresponds to the
rule of choosing the symbols s, #; and #; such that the sum of the symbols in one field equals
0 modulo 2. If, for example, the original code word was (1000101)” and the channel changed
the second coordinate from O to 1, we count two “unhappy” boxes, the upper one and the one
on the right hand side. This is represented in H(1100101)7 = (110)7 - the first 1 stands for
the upper box and the second for the right box. Those boxes share the second and the third
coordinate. As the left box doesn’t signalize an error, the most probable error is a change of
the second coordinate.
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6. Convolutional Coders

Engineers have quite a different understanding from codes and coders than we have presented
until now. The purpose of this section is to have a look at this second approach, as these
“convolutional codes” have wide applications. We are also going to use this notion in the
quantum case later on.

Let F be a finite field, F = F, may serve as an example, and consider formal Laurent series
f@) =Y2 . fit', f; € F. Now a given convolutional coder is a black box ¢ in which we insert
our Laurent series and of which we know that it operates linearly on sums of polynomes. We
may feed it with an impulse &y with 6o(¢) = 322, doit', 6 ; standing for the Kronecker symbol,
and register a finite Laurent polynomial as the output ¢(dy). Then ¢ maps Laurent series f to
&(f) = ¢(6) - f. In order to see this, we set ¢(dp)(1) = Xp__,, dit*. We further remark that
do(f) = t and hence o(6)(t) = ¢ and that the multiplication of a Laurent polynomial with a
Laurent series is just the convolution of their coefficients. We obtain

8(F) = (). fi'60) = ) fi(@(60))

i€Z i€Z

= Z i dkﬁ0'k+i(5o) = Z[i d_y i+k) O-i(éo)

i€Z k=—n i€Z \k=—m
—————
=(dj)j=(f);

= > did*(60) - ) fio(60) = $(60) - f.

k=-n i€Z
This fact is the reason why we speak of ¢ as a convolutional coder. Let us follow this idea
with an example.

6.1. ExampLe. Let F = F, and let ¢(5p) = 1 + ¢ be the impulse answer, () = Y52 It our
input Laurent series. Then the output series is given by

00 = ¢@)®) - 1) = Y- (L + DLt = Y (g + I
If we go back to the shift space notation of the previous sections and set ;1) = (/-1 I;), the

map ¢ in the example obviously defines a block map

O:F, > Fy: Iyuny o Iy + L= (1 D,
@ is related to the matrix G = (1 1) which corresponds to the coefficients of the impulse answer
$(J0).

In the following, we define convolutional coders more generally than in the above example
and discuss the resulting block maps and parity check matrices.

Let £L(F) denote the set auf Laurent series (1) = Y,>_, fit', f; € F. As above, we understand
this notation as purely formal, so that we do not worry about convergence. A bi-finite Laurent
series ). _,. fit' is called a Laurent polynomial. In order to keep the linear block idea in mind,
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note that £(F) is isomorphic to the full shift F* via the identification of Y,;>__ fit' and (f})icz.
We analogously identify £L(F*), the Laurent series with vector coefficients, with (F*)% and
obtain

LFY = L) = (FY" =~ F).

6.2. DerNtTION. Let G(1) = [G(t)]x @ matrix of Laurent polynomials.
A (k,n)-convolutional coder is a map

F: LB - LE) : 1(H) » 0@) = G@) - (1)
for vectors of Laurent series 1(f) = [1,(?), ..., L(t)]" and O®t) = [O4(?), ..., 0,(1)]".

We illustrate this definition with the following example.

1 0
6.3. ExampLE. F = F,, G(1) = 0 ¢ ]
I+t ¢

Then
o =Gt - 1(t) = [Li(1), t-L(®), A+0)- L) +1- L]
and with
L= Y Iif, b= ) i respectively I(t) = »_ (I, 15)"¢
we have

O = > (LI L+ 17 + 1)

Hence the image of the given convolutional coder in shift space notation is
F(E)Y) = (L E+ I+ Y e (B 15, 15 € Fy).

6.4. REMARK. As the shift map o here is realized by multiplication with ¢, images of convolu-
tional coders are shift invariant,

F(oU@®)=G@)-t-1(t) =t-O(t) = o(F((1))).

Now we have a look at the connection of convolutional coders and sliding block coders we
already saw in the discussion of example 6.1. Analogously to the fact that an operator on
L*(R) is linear and invariant under translations if and only if it is a convolution operator, we
get the following theorem.

6.5. THEOREM. Let F : (FY% — (F"%, X C (F")%. Then

(i) F is a convolutional coder, if and only if F is a linear sliding block coder of the full
shift over the alphabet F,

(ii) X is the image of a convolutional coder, if and only if X is a linear irreducible shift
space over the alphabet F.
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The proof of the theorem follows the intuition we obtained in the discussion of example 6.1. To
get an idea of how things work out in the higher dimensional setting, we present one direction
of the proof. For the rest of the proof we refer to [LLIM99], proof of theorem 1.6.3.

Proor. “=": Let F : L(F)* — L(F)" be a convolutional coder with the G(r) = [G;;];;
as its matrix of Laurent polynomials. If we admit some coefficients g! ; to be zero, we may
assume that all Laurent polynomials in G(¢) are of the form

Gij(t) = Z gl -t and I,(t) = Z It

|=—c0

We easily see that F : I(t) = F(I(7)) is induced by a map @ : (F5)!M*¥*1 — F2 with

O (M 1°+N) = Z Zg;jlj”’,..., Z Zg;jlj’” ,

=M j=1 I=-M j=1
describing the formation of the zeroth coordinate of O(¢). Hence F is shift invariant and so F
is a sliding block coder of the full shift over F by proposition 4.4. As @ is linear, so is F. Thus
the image of the vector space £(F)* under the linear transformation F also is a vector space. It
is easy to see that F(L(F)) is irreducible, so F(L(F)") is a linear irreducible shift space. O

As convolutional coders are linear sliding block codes, we may calculate the matrix G of the
block map and a paritiy check matrix H. This will lead us to syndrome equations for error
correction of convolutional codes.

6.1. Convolutional Coders and Syndrome Equations. In this subsection we exploit the
structure of convolutional coders as linear sliding block coders by obtaining equations describ-
ing coded words out of block maps.

First we investigate the matrix form of block maps of sliding block coders. At the end of

section 6 we saw that (O(#)); only depends on ((II‘M I I .I}CV))I if M denotes the
maximal power of the Laurent polynomials and —N the minimal,

k k

N
O (M. IN) = > D] ;jlj,...,zzg;jlﬁ

I=-M j=1 I=—M j=1
Thus G is given through
Ii—M
i (g g ) - (& - &) i;N
0 = (?1 _ (812 gllvz) (g]:2M gsz) | IIT
Oi Ii;M
IH.—N
k
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If we set Lc = M + N + 1 (the reason for the name L. can be found in subsection 6.2), we get
Gq) € FnXl‘C'k.

Now we would like to discuss about parity check matrices Hg as defined in 5.2. We see that
in general cases, one output letter is insuffiecient to recalculate the input, as one input letter
influences several output letters. This is why convolutional coders are so interesting. Let
¢ be a convolutional coder such that ¢(x); = DP(xji_prisng) and P(xji—prisny) = GoXjimmisng,
Go € FLek If Gg has rank n, then any linear map mapping the image of G to zero is the
null map and hence so is any parity check matix Hg of ¢.

Therefore instead of using parity check matrices exploiting the orthogonal complement of an
image subspace we rather use another feature of convolutional coders in order to describe
output sequences. This feature is the multiple influence of input letters on output letters, as
one input letter (/;), i € Z, influences L¢ output letters O;_y, . .., O;, . In other words, we have
n- L¢ linear equations with & variables. If we are able to eliminate these k variables, we obtain
equations for the output letters.

This is best explained if we have a look at example 6.3, where we had

Oilk] = Oilk+1] = an
Oz[k] = bk—l and Oz[k +1] = bk
Oslk]l = ap+ a1 + b Oslk+1] = a1 +ap + by

These equations lead to two equations that any kth output letter must satisfy,
Oslk] + O[k] + O1lk = 1]+ O,[k] =0
and

Oslk + 11+ Ok + 1] + Oy [k] + Oz[k + 1] = 0.

6.6. REMaRK. The definition of quantum stabilizer block maps in [NC00] and hence quantum
convolutional block maps by Ollivier and Tillich in [OT03] and [OT04] is based on the idea
of syndrome equations.

6.2. Visualisation of Convolutional Coders. Here we give an illustration of convolu-
tional coders. It is based on a picture of convolutional coders one often finds in engineering
books.

We use example 6.3, where we had

respectively

0@ = ¢U®) = Y (U, B 1+ 17 + D¢

i=—0c0

for 1(r) = Yi2_ (I}, IL)f'. We focus on the spaces (F*)* respectively (F*)* instead of £(F*) and

[=—00

the corresponding spaces for the output. We define the constraint length to be the number of
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influencing coordinates, here Lo = 2. We further introduce vectors describing the coefficients
in G to be able to mark the convolution,

G11 = (1, 0) ~1

G, =(0,0) =0

Gy =(0,0) =0

Gn =(0,1) =t

Gy =(,1) =21+¢

Gy =(0,1) =1t

Thus we get the following visualization.

-2 —1

I I *
|

-2 -1

1 1 i S ‘

input 2nd ‘

rE‘ig. fee: G G Gy G G311 Gxn
with

Lc=2

Oth output word

This uses the fact that for G(1) = [G;;(t)lix, With G;;(t) = Y)"_, &' jtl we have

L(OGH(D) + ... + [ (DG ()

O(1) = I(t) - G(r) = hOGR@ + - + NGa()

LG (@) + ... + L(D)Gn(1)
If M stands for the highest power in G;; and —N the smallest, we get
LG = (B2 HOEE v gnt)

M
[+3] i—1 1 j
= Zi:—oo(z gyt
I=—N
~—
Iix(gh i
We get Lc = M + N + 1, as Ij.‘M is the oldest coordinate in the register at step i and I;*N the
youngest.



CHAPTER 2

Notation and Basics of Operator Algebras

In this chapter we fix some notations and then give a brief overview over the necessary defi-
nitions concerning groups and algebras, inductive limits, AF-algebras and states. For further
details, we refer to [Sak98], [Tak79], [Tak03], [Ped79] and [BRS87].

1. Notation

By N, Z and C we denote the natural numbers, whole numbers and complex numbers and set
N, ={1,...,n} € N. i denotes the imaginary symbol and the dimension of a vector space is
denoted by dim.

We consider only separable Hilbert spaces over the field of complex numbers, usually denoted
by H. Its scalar product (-, -) is linear in the second component and anti-linear in the first. K~
stands for the orthogonal complement of a linear subspace K C H and B(H) stands for the
bounded linear operators on H equipped with the operator norm |[-||.

x* denotes the adjoint operator of x € B(H). For an isometry ¢ : H; — H, between Hilbert
spaces H, and H,, we define Ad(c) : B(H;) — B(H>) by setting Ad(c)x := c*xc for all
x € B(H,). If H has finite dimension n, we identify it with C". In this case, we write M,
instead of B(H) and mean the complex n x n-matrices. For ¢ € C" let t,, € M, be the
rank-1-operator defined by 7, : ¢ = & - (17, ).

An important subject will be M, and tensor products of M,. For natural numbers n, k set
N = 2" and K = 2* and, for example, My = M.

Let tr, denote the normalized trace on M, and try the normalized trace on My given by the
product state (X)n tr, via the identification My = ®" M,. If the size of the matix algebra is
clear, we forget the indices.

When dealing with diagonal matrices, we use the notation diag(ay, ..., a,) for a diagonal ma-
trix with entries ay, ..., d,.

2. Groups and Algebras

A *-algebra is an algebra closed under the involution *. Let G(-) be the group and A(:) the
*-algebra generated by the elements standing between the brackets. Let further denote lin(-)
the linear span of the elements between the brackets.

13
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For groups (G, *) and (H, *), a group homomorphism is amap ® : G — H such that ®(g+h) =
®O(g)+«D(h) forall g, h € G. D is a group isomorphism, if it is one-to-one. If G is a commutative
group, the set of all group homomorphisms from G into the group of complex numbers is

A

called the spectrum of G and we denote it by G.

A C*-algebra A is a Banach *-algebra such that |lxy|| < |lxllllyll and ||xx*|| = [|x|I* for all
x,y € A. If Ais a C*-algebra with identity 1, we call A unital. In this case, the spectrum
o(x) of x € A stands for the set of all complex numbers A such that (x — A1) is not invertible
in A. If A has no identity, the spectrum o (x) of x € A is the spectrum of x as an element of
the C*-algebra generated by A and the identity 1.

For C*-algebras A and B, a linear map ® : A — B is called a homomorphism, if O(xy) =
O(x)D(y) for x,y € A. @ is a *-homomorphism, if further ®(x*) = O(x)*. We say @ is an
isomorphism respectively a *-isomorphism, if ® is a one-to-one homomorphism respectively
a one-to-one *-homomorphism. We say that C*-algebras A, B are isomorphic, if there exists
a *-isomorphism of ‘A onto B.

A representation (rr, H) is a *-homomorphism 7 of a C*-algebra (A into the C*-algebra B(H)
for some Hilbert space H. Two representations (7r;, H;) and (7, H>) are said to be unitarily
equivalent, if there exists a unitary map U from H; onto H, such that Un(x)U* = m,(x) for
all x € A. If n(x) # 0 for any 0 # x € A, then r is called faithful.

If A is a commutative C*-algebra, we call the set of all nontrivial *-homomorphisms from A
into the algebra of complex numbers the spectrum of ‘A and denote it by ‘A.

Let A, B be C*-algebras. A self-adjoint element a € A is said to be positive, if a = y*y for
some y € A. Note that this is equivalent to the fact that a has a positive spectrum, o(a) C
[0, ). A linear mapping T : A — B is called positive, if T maps positive elements of A to
positive elements of B, in other words, if T'(x*x) is positive for all x € A. Let M,,(A) denote
the set of all n X n-matrices a = (a;;); ; with entries a;; € A. Then we may identify M,,(A)
with M, ® A by a identification mapping y : M,,(A) — M,, ® A such that (a;;); ; is mapped to
Zl’f =1 leje @ Aij for an orthonormal basis (e;)!_, of C". Let T : AA — B be linear. Then we may
define
T, : Ml,(A) = M,(B) : (a;j)ij = (T(aij))i;-
T is completely positive, if T, is positive for all n € N.

If we combine these definitions, we obtain the following two corollaries.

2.1. CoroLLARY. Let A, B be C*-algebras and T : A — B a linear map. Then T is completely
positive if and only if

Z yiT(x;x;)y; >0
i,j=1

forallneN, xi,...,x, € Aand y,...,y, € B.

2.2. CoroLLARY. Let A, B be C*-algebras. If T : A — B is a *-homomorphism, then T is
completely positive and T (1) = 1.
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Furthermore there is another important theorem about completely positive maps due to Choi
[Cho75].

2.3. THEOREM. Let T : M — M, be a linear map. Then T is completely positive if and only if
there exist n € N and operators aj, . . .,a, : C* — C* such that for all x € M

Tx= Z a; xa.

i=1

We call (a;)!_, an unravelling of T. Unravelings are not uniquely determined. But if the ma-
trices aj, ..., a, are linearly independent and ()", is an other unravelling of 7', the matrices
are determined up to a transformation of the form
n
b[ = Z Vid;

j=1
for an isometric mXxn-matrix v = (v;;);;. If further the matrices by, ..., b,, are also independent,
we get m = n and v € M, is unitary. In this case, (a;); and (b)), are called unitary equivalent
unravellings of T.

We can easily calculate the operator norm of a completely positive map due to the following
lemma by Paulsen [Pau86].

2.4. LemMA. Let A, B be C*-algebras, 1 € Aand T : A — B a completely positive map.
Then ||IT|l = IT(DII.

3. Inductive Limits and AF-Algebras

As an important construction, we study inductive limits of C*-algebras in this section. This
introduction is mainly based on [Tak03].

An inductive sequence (A,,n,).en of C*-algebras is given by a sequence (A,),av of C*-
algebras together with a sequence (r,,),en Of injective *~homomorphisms r,, : A, — A, for
eachn € N,

Uy

A s A, As A, —s A,y

If each A, is unital and each rr,, preserves the identity, (A, 7,), is called unital. Two sequences
(Al )y, and (A2, %), are conjugate if there exist isomorphisms 6, : Al — A> such that

n’'n n’‘'n

7T,21 06,=6,.10 n,ll, i.e. the following diagram commutes.

1

\ﬂ‘l ﬂ.l‘l ﬂl
n n+1

(')nJ/ 9n+]l

2 , 2
ﬂn 2 L7{n+ 1
n

If the 6, are only homomorphisms, we call (6,), a homomorphism of (ﬂ,ﬁ, ﬂ,ll)n and (ﬂﬁ, Jrﬁ)n
instead.
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Now let (A,, m,), be an inductive sequence of C*-algebras. For k € N we set
Ttk += TMptk—1 O Mpk—2 © == O Mpy1 O Ty
and &, , = id. It follows that
mjom; =m fori < j<k.
By viewing (A,), as a sequence of disjoint sets, we set

X::Uﬂnwithﬂnﬂﬂmz(@forn;&m

neN

and introduce an equivalence relation by writing a ~ b fora € A, and b € A, if m;,,(a) =
m.m(b) for an I € N. Hence two elements of X are considered to be the same, if they eventually
get mapped onto the same element. We obtain a new set A, := X/ ~, the set of all equivalence
classes in X, where we denote the equivalence class of a € X by [a] or 7 ,(a), if a € A,. We
define a *-algebra structure on A, as follows. Let 1 € C, a € A, and b € A,, and choose
[ > n,m. Then set

Ala] =

[al + [D] =

[a] - [D] =
l[a]” =

These operations do not depend on the choice of the representative and make A, to a *-
algebra. Each n,, is a *-isomorphism from ‘A, onto n, ,(A,) C A and

Too 1 (A1) C oo p(Ap) C -+ C Roopy(Ay) C -+
ﬂoo = Uﬂ'oo,n(ﬂn)

neN

Aal,
ma(a) + 1 (D)1,
(@) - (D)1,
a’l.

[
[
(7,
[

As each A, is a C*-algebra, so is its *-isomorphic image 7, ,(A,) and the norms on 7, ,(A,)
for n € N induce a norm on A.. This norm makes A, to a *-algebra, and the completion A
of A, becomes a C*-algebra.

In the following we identify A, with ., ,(A,) for simplicity.

3.1. DerniTioN. The C*-algebra (A as obtained above is called the inductive limit of (A, 7,),
and we write A = lim (A,, ,).

A is called an AF -alggbra or approximately finite-dimensional, if it is the inductive limit of a
sequence of finite-dimensional C*-algebras.

We finish this section with an important example.

3.2. ExampLE. Let (8,),av be a sequence of unital C*-algebras and put
A, =B03B,®---8B,forn € N,

where ® stands for the minimal tensor product. If

T, A, d2x x@1e€ A,y
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(A, m)nen 18 an inductive sequence of C*-algebras. We set

A = (A, 700), = H(®Z, B, 70,
neN neN

and call A the infinite tensor product of (8,),. In this case we often write

ﬂ=®3n.

neN

4. States

In this section we give the definitions concerning states that are the most relevant ones for this
work.

For a Banach space V, let V* denote its dual space, the space of all continuous linear func-
tionals over V.

A continuous linear functional ¢ over a C*-algebra (A is said to be positive, if p(x*x) > 0 for
all x € A. If further [|¢|| = 1 or equivalently ¢(1) = 1, we call ¢ a state on A. We denote the
set of all states on A by S(A) € A* and call it the state space of A.

A state ¢ € S(A) on a C*-algebra A is called pure, if it is an extremal point of S(A). If
A = B(H), a pure state has the form x — (£, x¢) for a unit vector & € H.

Let ¢ be a bounded positive linear functional over a C*-algebra ‘A. We introduce a bilinear
functional (x,y) = ¢(y*x) in A and set J = {x € A : ¢(x*x) = 0}. Then J is a closed
left ideal of A. Hence we can define a bilinear functional on the quotient space A/J such
that for x,,y, € A/J we have (x,,y,) = ¢(y*x) for elements x in the class x, respectively
Y € Yy (x4,y,) does not depend on the choice of the representatives x,y and thus (x,,y,)
defines a scalar product on A/J making it to a pre-Hilbert space. Let H,, be the completition
of A/J with respect to this scalar product. Then H,, is a Hilbert space. In order to define a
representation of A on H,, we define 7 (a) as a linear operator on A/ J via my(a)x, = (ax),.
Due to

2 * 2 2
Ima(@)x,ll” = (x"aax) < lla”alle(x™x) = |lall”llx,|

n,(a) is bounded on A/J and can be extended to a bounded linear operator on H,,, which we
denote by the same symbol. Obviously a +— m,(a) is a *-homomorphism of A into B(H,,). As

(To(@)by, c,) = @(c"ab) = p((a”c)D) = (by, my(a")c,)

for a,b,c € A, ny(a*) = ny,(a)*. Thus (m,, H,) is a representation of A, the representation
associated with ¢.

For the following lemma and definition we refer to [BR87], 4.1.19 and 4.1.20.

4.1. LemMA. Let ¢y, ¢, be positive linear functionals over a C*-algebra A, ¢ = @1 + ¢,. Then
are equivalent:

(i) If ¢’ is a positive linear functional over A satisfying ¢' < ¢y and ¢’ < ,, then ¢’ = (.
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(i) The representation associated with ¢ is a direct sum of the representations associated
with ¢, and ¢,

H, = H, &H,, and n, = 1, ® 7,.

If one of the above conditions is satisfyied, then ¢; and ¢, are said to be orthogonal.

When we consider states on infinite tensor products, we may define product states. Let
(Ap,mt,n), = (®,8;,7m,), be an inductive sequence of C*-algebras with inductive limit A.
Let further ¢; be a state on B; for all i € N. Then

P1® @B :B1® @B, 1 x1 @ ®X, > P(x1) - Plxy)

can be linearly extended from the elementary tensors to their linear hull. As this extension is
bounded, we can identify it with its continuous extension onto the full tensor product ®'_, 8;
and hence ¢ ® - - - ® ¢, defines a state on A, = ®"_, B,;.

Now we move t0 A = (U, ®, B, and define here

®¢n A = C: A, 5 x> (QL,6r) ().

neN
As
($1Q ®Py @ Pp1) (x® 1) = (1 @+ ® Py) (),
®uenty 1s well defined and as it is bounded, it has a continuous extension onto ‘A, which we
denote by the same symbol. Of course, ®,cn¢, is a state.

We call ®,en¢,, the product state of the sequence (¢,), on ®,nB,.



CHAPTER 3

Stabilizer Embeddings

In this chapter we present examples of quantum coders as presented in literature. These map-
pings are usually called “stabilizer codes”, but to avoid confusion with the word code, we call
them “‘stabilizer embeddings”.

First, we give a definition of these stabilizer embeddings, independent of orthonormal bases of
Hilbert spaces. This is a new description of stabilizer embeddings that allows us to formulate
things in an easier, more algebraic way. We will see that this formulation can be generalized
to a notion that can be viewed as a generalization of classical codes. We develop the definition
in several steps, beginning with the Pauli group in section 1. We define stabilizer groups in
section 2, stabilizer algebras in section 3 and we characterize stabilizer algebras in section 4.
It is only at this point that we are able to give the definition of stabilizer embeddings in section
5. We illustrate this notion in section 6 in a concrete case. The sections 7 and 9 describe more
abstract examples, m-blocks of stabilizer embeddings and embeddings that were introduced
by Ollivier and Tillich ([OT03] and [OT04]) using this new description. These m-blocks and
Ollivier-Tillich-embeddings are illustrated in sections 8 and 10. We use m-blocks as well
as Ollivier-Tillich-embeddings to construct quantum coders in chapter 5. The last section of
this chapter reflects to what extent we can use the Hilbert space approach to define quantum
alphabets.

1. The Pauli Group
Let the Pauli group G, be the group generated by the Pauli spin matrices
(01 (0 —i do = 1 0
= o) DTl o) M T o 1)
Now we list some obvious properties of G;.

1.1. THEOREM.

(i) The Pauli spin matrices are unitary and hermitian.
(it) We have

OOy = —0,0x =10, 040, = —0,0, =10y, 0,0y = —0,0; =10,
and
2_ 2 _ 2 _
oy=0,=0;, =1

(iii) The Pauli spin matrices have spectrum o (o) = o(oy) = o(o,) = {1,-1}.

19
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(iv) The matrices 1,0, oy, o, form a orthogonal basis of the vector space C*? with the
scalar product tr(A*B) for A, B € C»,
(v) The Pauli group is given by

G, = {1, +il, 0, o, £0y, £i0oy, 0, £i0;} € M.

(vi) The Pauli group has order 16 and center Z(G,) = {1, +il} < U,. Z(G,) is cyclic
and of order 4.
(vii) The factor group G, =G,/Z(G))is isomorphic to Z, X Z,.
(viii) Each element g € G| has a unique representation g = i“aioﬁ witha € {0, 1,2, 3} and
b,c €{0,1}.
(ix) All elements g of G either commute or anticommute.
(x) Each element of g € G1\Z(G) is unitary and has tr(g) = 0.

Now define the n-fold Pauli group G, to be the n-fold tensor product of G;.

1.2. DerinTiON. Let G, be the group generated by all elementary tensors of elements in Gy,
G, = G(®_, [} fj € G1) € Mo = My.

Obviously the elements of G, are given by the elementary tensor products of elements in G;.
Now we introduce the notion of independent generators of a group in order to be able to talk
about generators of the Paul group respectively its subgroups.

1.3. DerintTion. We say a group G is generated by generators (g;)ics, if G is the smallest sub-
group of G containing all generators g;, i € 1.

We call such generators independent, if taking one generator away makes the generated group
really smaller.

1.4. Remark. Generators gi,...,g; of a group G are independent, if and only if no generator
gi 1s a product of other generators or their inverses, as groups are closed under multiplication
of elements and their inverses. If G is finite, we only need to check the products of generators,
as the inverse g~! of any element g € G is a power of g itself: If 1 # g € G(gy,...,g) C G is
finite, there must be a k, € N such that all g* are pairwise different for 1 < k < k,. Hence there
must be a k < k, such that g* = gh*!, so g« **! = Tand g7' = g%k, —k > 0.

The following lemma gives an estimation for the maximal number of independent generators
of a group.

1.5. Lemma. Any group G with |G| elements has at most 10g,(|G|) independent generators.

Proor. Let G be a group with |G| elements. Suppose gi,...,¢ € G are independent
generators of a subgroup G(gi,...,g) of G. If g € G(g1,...,8), then fg & G(g1,...,81)
for all f € G(g,...,g), since otherwise g = f~'fg € G(gi,...,g). We see that adding an
independent generator g to g, ..., g; at least adds the elements G(g, ..., g)g to G(g1,...,8)
in the resulting subgroup G(g, g1,. .., &), hence it at least doubles the number of elements.
Therefore, if G = G(g, ..., &), we must have [ < log,(|G|). O
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In the following we consider sets of generators to be independent.

The next theorem shows that G, inherits most of the structure of G;. Some of the properties
are taken from [Gra01].

1.6. THEOREM.

(i) Z(G,) = {1, +il} and all elements g of G, either commute or anticommute.
(i) Each element g € G,\Z(G),) is unitary and has tr(g) = 0
(iii) Each element g € G, has a unique representation

ca__by __ci b, __cn
g=1ro,0, 8 --®0,'0,

witha € {0,1,2,3}and b;,c; € {0, 1} fori € N,.
(iv) G, is of order 4! and has at most 2"*' generators.
(v) Let g be an element of G,\Z(G,,). Then g has spectrum

o(g) =1{1,-1} or{i, —i}.
N

(vi) If g € G,\Z(G,), the eigenspaces of g have both dimension 7.

Proor. (i) to (iv) are clear.

Through the proof of (v) and (vi), we use 1.6 (iii): An element g € G, has the form g =

oot @ @ oot witha € {0,1,2,3} and by, ¢; € {0, 1} for i € N,,.

ad (v): The eigenvalues of g are given by the products of eigenvalues of the matrix factors of g
multiplied by i“. Hence if at least one matrix factor is not equal to 1, the elementary tensor has
spectrum {1, —1}. Multiplication with i leads to either spectrum {1, —1} or spectrum {i, —i}.

ad (vi): We perform an induction over n: Obviously any element of G; that isn’t a scalar
multiple of 1 has two onedimensional eigenspaces. Now g = i1“ ®j;l 0'?0'?' . Let ES j(g)
denote the eigenspace of g to the eigenvalue j, here due to the proof of (v) j € {i“, —i1“}. Then

ESJ(g) = lln(ESJ(l ® O'x O'Zf) ® ES (o n+10_(,’n+1)
ES —j(l ® O'x o'zf) QES_ (O‘ )1+IO_C,,+1))

e b
even if o' o' = 1. mi

For convenience, let us set
g(b,¢) :=i%9 ®0' ol =i C>0'b0'C

with ),

b :=@%0¢ and of =& 07
and (-, -) denoting the inner product in F.
Looking at subgroups of G, we make the following observations.

1.7. THEOREM. Let S be a subgroup of G, generated by the generators gi,...,g € G,.
() If -1 ¢S, then +ill ¢ S and g is an involution for all g € S.
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(ii) g € S is an involution if and only if g is of the form
g =g8(b,c) or g=—g(b,c)

with b,c € .
—1 ¢ S if and only if for fixed b, c € F; either g(b,c) € S or —g(b,c) € S or none of
them.

(iii) If =1 ¢ S, then all elements of S are hermitian and hence S is commutative.

(iv) =1 ¢ S if and only if no g; is the negative product of generators.

Proor. ad (i): il € S implies (+il)?> = —1, a contradicition if -1 ¢ S.
Due to 1.6 we have

hj 2Cj

2 bjcj bi+bj cjtej _ atb.c) gn 2
Do Vo =(=1) ® 0y 0

g = iZa ®?:1
fora €{0,1,2,3} and b, c € F5. Thus g* = +1 and since —1 ¢ § we have g* = 1.

ad (ii): As in (i) we have g* = (—1)*®-9 @"_ "0 for a € {0,1,2,3} and b, c € F;. But

g*> = lif and only if a = (b, c) modulo 2 respecticely if and only if a = (b, c) + 2k, k € {0, 1}.
Letb,c e F). If -1 € § and (—)g(b,c) € S then obviously —(—)g(b,c) € S. For the converse,
let —1 ¢ S. If both g(b, c¢) and —g(b, c) are elements of S, then —g(b, ¢)g(b,c) = —g(b,c)* =
—1 € §, a contradiction.

ad (iii): If =1 ¢ S, then due to (7) all elements of S are involutions. Hence forany 1 # g € §,
¢! = g. But as g is unitary due to (i) and theorem 1.6 (i), g = g7! = g".

If all elements of S are hermitian, then for all g,h» € S we have gh € § and gh = (gh)" =
h*g* = hg.

ad (iv): “=": Let i, i;,...,im € N; be such that g;, = —g; ---g;, and let us assume that

—1 ¢ S. Then g7 = 1 for all generators g; by (/). But then we get —1 = g;,g;,---g;, €S, a
contradiction.

m

“<": Let —1 be an element of S and suppose that no generator is the negative product of
others. Butif —1 € S, then there mustbe iy, ...,i, € N;such that -1 =g; ---g; as S is finite.
Thus g, = —g18;, - - - &i,,» @ contradiction. O

1.8. RemMark. Note that we can show analogously to the second part of (ii) that —1 ¢ S if and
only if forany g € S we have —g ¢ S.

Nielsen and Chuang state another version of (iv) in [NC00], page 454. They claim that —1 ¢ S
if and only if gl.2 = lland g; # —1. However, this is not true: Let g; = 0, and g, = —0, generate
S,then—]l =£1& €.

We also obtain the following lemma.

1.9. Lemma. If g1,...,8 € G, are independent generators such that -1 ¢ G(gi,...,&), then
-g1,82,-..,& are also independent generators and —1I ¢ G(—g1,82,...,81)
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Proor. As -1 ¢ G(g1,...,8), —g1 ¢ G(g1,...,8) dueto 1.7. Hence —g| ¢ G(g2,...,81)
and —g1, g2, . .., g are independent.

Let us assume that —1 € G(-g,82,...,8). As G(—g1,82,...,8) is finite, —1 must be a
product of different generators out of {—gy,g>,...,g}. But then 1 is a product of different
generators out of {g;, g», ..., g}, a contradiction, as g1, ..., g are independent. O

1.10. RemaRrk. The lemma above implies that we may assume from now on without any loss
of generality that subgroups not containing —1 consist only of elements of the form g(b, c).
This simplifies theorem 1.7 (i7) and will be used later.

We can also code commutativity and independence in terms of the representations we men-
tioned in theorem 1.7. This leads to the following.

1.11. THEOREM.

(i) Let g, g € G, and hence

b ¢
X

ca__b O'

g=i‘cloland g = i'c

fora,a e€{0,1,2,3} and b, b,c,c€ IFJ where (-, -) stands for the inner product in .
Then gg = gg if and only if (b, c) = (¢, b). 3 5
(ii) Let S be a linear subspace ong” such that (b, c) = (¢, b) for (b,c),(b,¢) € S. Then

g: ]F%" — G, :(b,c)— gb,c)

is injective, —1 ¢ g(F%”) and the restriction of g to S is a group isomorphism.

(iit) Let S be a linear subspace of}Fé” such that (b, c) = (¢, b) for (b, c), (b,¢) € S. Then
every set of linearly independent vectors (b;,c;) € S, i € N, corresponds to a set of
independent elements g(b;, c;), i € N,.

Proor. ad (i):

a+a( 1)<b ) g b+b e 2 Zgg=1i a+a( 1)<b c)o_b+b0_c+c

gg =1
Now g& = gg if and only if (b, ¢) = (b, ).
ad (if): The first two assertions are given by definition. Let b, b,c,¢ € [} such that (b,c) =
(¢, b). Then

g(b,0)g(h, ) = i* 9+ gb g -

— -<b,c>+<l§,5>-2<13,c>

b ¢ (b V(b , &) b, c) b+b +
x(Z, C (,(1)(, c+¢

c+¢ _ 1(b )+(b, Ty (b c)y+b, c>0_b+b c+¢

0' g,

_ jb+b, c+c>o.b+b0-6+0 =g(b+b,c+¢&) = g((b,c) + (b,)).

ad (7ii): Let us first assume that (b;, ¢;) € S, i € N; are linearly independent. In order to show
that all g(b;, ¢;) are independent, we assume further that g(by, cy) € G(g(bs, c2),...,8g(bs, c))).
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As G(g(by, ), ...,8(b,cp) 1s finite, we thus can write g(by,c;) as a product, g(b;,c;) =
[T, g(b;,, c;,) with i, > 2. As g(by, c1)* = 1, we get

8(0,0) = 1= gbr,c) | [ 8y ci) = g((by, 1) + D (i ).
r=1 r=1

As g isinjective, (0,0) = (b1, 1)+, ,(b;,, c;.), a contradiction if the vectors (b, ¢;) are linearly

independent.

For the converse direction, let g(b;, c;) € S, i € N; be independent. Let us further assume that
(b1,c1) = XL(bi,ci), i > 2. Thus g(by,c1) = g(XL,(b,,ci)) = [1/L, gb;,,c;) and hence
g(by,c1) € G(g(bi,,ciy),...,8(bi,,ci,)), acontradiction if all elements g(b;,c;) € S, i € N;, are
independent. O

1.12. RemMaRK. Let S be a linear subspace of Pg” such that (b, ¢) = (¢, b) for all (b, ¢), (b, ¢) € S.
Note that by theorem 1.11 (iii), a linearly independent set of vectors (b;,c;) € S, i € Ny,
corresponds to a set of independent elements g; := g(b;, ¢;). Further -1 ¢ G(gy,...,g) by
theorem 1.11 (i7). Thus by lemma 1.9 and remark 1.10, we may replace any g; by —g; and we
still obtain a set of independent elements that do not generate — 1. Therefore we may assume

without any loss of generality that the map g from theorem 1.11 (i) defines a bijection between
S and G(gl, ce ,g,).

All these observations about representations of S now let us make a statement about abelian
subgroups of G, not containing —1.

1.13. THEOREM. Any set of m < n independent elements of G, not generating — I can be filled
up to a set of n independent elements of G, not generating —1I and the generated group is
isomorphic to F, X -+ - X F,.

|

n

The proof is based on theorem 1.7 and remark 1.12, but also uses the idea of Gaussian elimi-
nation, which can be found in [NC00].

Proor. Note that elements of subgroups of G, not containing — 1 are involutions and com-
mute due to 1.7. Let g1,...,g, € G,, m < n be a set of commuting independent generators,
with -1 ¢ G(gi,...,8gn). By remark 1.12 we may assume that gy,..., g, are of the form
g: = g(b;, ¢;) with linearly independent vectors (b;, ¢;) € F?", i € N,, and (b i»ciy ={c;j,b;) for
alli#j=1,...,m.

Set [ := dimlin{cy,...,c,} < m and assume that for 0 < [ < m, cy,...,c; are linearly inde-
pendent. But then for each k € [l + 1, m] there is a set I; C N; such that ¢; = }},c;, ¢; and thus
0% = [, 0. This implies that
G(g(by,c1),...,8(by, cr), g(by, cr)) = G(g(by, c1), ..., 8(by, c1), g(by + Z b;, 0)).
i€l
Hence we may replace g; by g(by + i), bi» 0) without changing the generated subgroup and

reverse this replacement, if desired, after choosing g,,+1, ..., g, Note that [ = 0 is possible,
but then all ¢; = 0 anyway.
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Thus we may assume that ¢,q,...,¢, = 0. Butif ¢jyy,...,¢c, = 0, then by, ..., b, must be
linearly independent.

If ¢;, i € N;, has a 1 at position j, then for any ¢, i # k € N, with a 1 at position j we know that
cx + ¢; has a 0 at position j. But replacing (by, ci) by (by + b;, c; + ¢;) corresponds to replacing
8k by gi - gi. This replacement doesn’t change the generated groups,

G(gla"~agm) = G(gl’“'agk—l’gk 'gi7gk+la--‘agln)9

and hence it doesn’t change the generators to add. If we now admit a renummeration of
the generators and a permutation of the tensor product factors, we may perform a Gaussian
elemination procedure on the vectors belonging to gi,...,g,. Hence we may assume that
these vectors are of the form

| * ]ll B A

_( * [0 0 O )

for the identity 1; € M, a [ X (m — [)-matrix B and a [ X (n — m)-matrix A. AS b,41,...,b,, are
linearly independent, we can repeat the above argumentation and further assume that

by | ¢

by | cm

bi | ¢ [* * *

I, B A
C ]lm—l D

0 0 O

bm Cm
for the identity 1,,; € M,,,_;, a (m — [) X [-matrix C and a (m — /) X (n — m)-matrix D. Let us
now choose
bm+l Cm+1
=(A" 0 1,,]0 0 0).
b, c,
As cpits--osCn = 0, (bps1s Cs1)s - - - » (b, €y) are linearly independent due to the 1,_,,-matrix
and linearly independent from (b1, c141),,. .., (bm, cyn) as the null matrix meets the 1,,_;-
matrix. They are obviously linearly independent from (b, ¢y), . .., (b;, ¢;). Checking the com-
mutativity relations, we notice that g(b,,11, Cn+1), - . . , &(by, ¢,) commute as obviously (b;, c;) =
O0=<(bj,cppform+1<i<nandm+1<j<n Letm+1<i<n,1<j<I Then
bi ( a; - aji aj; | 0 0 | 0 1 0 )’
¢ (0 -+ 1 o 0 | by - bijmy | ai - @i o Gjem )

and thus <b,‘,Cj> = aj +0+Clﬁ =0= <bj,Cl‘> in F,.

If [ = 0, then by, ..., b,, are linearly independent and we may assume that all ¢; = 0. But then
we choose by11, ..., b, € F] suchthat by, ..., b, are linearly independent and set ¢4, ...,y =
0. Then (by, cy), ..., (b,, c,) are linearly independent and the inner product relation obviously
is satisfied. O

Abelian subgroups of G, containing —1 can be filled up to n + 1 independent generators, n
generating a commutative subgroup not containing —1 and the last generator being either —1
(or a negative product of the first n generators) or i1l respectively —ill (or a product of the first
n generators multiplied by +i).
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We can also give a condition for maximality of subgroups of G, not containing —1. In fact,
the following theorem contains theorem 1.13 and gives an alternative proof.

1.14. THEOREM. Let S C G, be a subgroup such that —1 ¢ S. Let S C F5" be the corresponding
linear subspace. If

U:((zi g) and M* = {v € Fy" : (v,m) = 0 for all m € M} for M CF",

then S is maximal if and only if S = (US)*. In this case, dim'S = n.

Proor. By remark 1.12 we consider only subgroups consisting of elements of the form
g(b, c). Note that (b, c) = (¢, b) respectively

((b,e), UGB, ) =0

for all (b, c), (b, ) € S as we work over F, by means of =1 ¢ S. But then S C (US)* = U(S*)
(respectively US C S* as M; € M, C F3" implies My € M7).

Let us denote {s}* for s € F>" by s* for simplicity and better reading.

Let us further assume that there is an element s € P%” such that s ¢ S but s € (US)*. Then
US C s* and hence S C (Us)*. But this implies

(Ulin(s, ) = lin(US, Us)* = (US)* N (Us)* 2 (US)* NS = 5.

Since (s, Us) = 0, we have s € (Us)* and thus we obtain by the choice of s that s € (US)* N
(Us)*. Hence

. . 1

lin(S, 5) € (US)* N (Us)* = (U(lin(S, 5))) .
All together we get lin(S, s) C (U(lin(s, s)))l. But then S # G(S,g(s)) € G, and —1 ¢
G(S, g(s)).
Therefore, maximality of S is equivalent to the fact that there is no element s € IF%" such that
s ¢ Sand s € (US)*. But then S is maximal if and only if S = (US)*.

Now let S have dimension k. Then obviously US has also dimension k. Let sy,...,s; be a
basis of US. Put
T
51
A= |,
St
then (US)* is given by the kernel of A. Hence (US)™* has dimension 2n—k due to the dimension
formula. Thus if dim S = dim US = dim(US)*, we obtain k = 2n — k and therefore k = n. 0O

2. The Stabilizer Group

Let us now fix a subgroup S of G, generated by / = n — k < n independent and commuting
generators gi,...,g,—x such that —1 ¢ S. We call subgroups of this type [k, n]-stabilizer
groups.



3 THE STABILIZER ALGEBRA

We give some properties of stabilizer groups additional to those mentioned in the previous
section. They are inspired by [NC00].

2.1. THEOREM. Let S be a stabilizer group.

(i) The choice of generators gy, ..., g for S defines a bijective representation
n—k
740,11 > 8§ <My : (i o | g
i=1

(i) The dual group of S is given by
$ = {11y = 0,1y

where a character Xyt € S is fixed by its action on the generators.
e
(iii) If g € S and g # 1, then g has spectrum o(g) = {1,—1}.

Proor. (i) is trivial, ad (ii): The characters of S are multiplicative forms, hence the only
choice is to choose what the generators are mapped on. As g? = 1, the generators can only be
mapped on 1 or -1. Thus § = {1, —1}"*.
ad (iii): We use theorem 1.6 (i) and theorem 1.7 (ii), hence g = i%0™>' 0l'®-® O'i"_kO'?'_k with
a € {0,2} and b;, c; € {0, 1} for i € N,,_;. Elementary tensors of Pauli matrices have spectrum
{1, -1} if they aren’t all equal to 1. Multiplication with i> = —1 doesn’t change this. O

We finally make the following observation.

2.2. Remark. Every subgroup S of G, such that —1 ¢ S and § =~ {0, 1}"* is a [k, n]-stabilizer
group.

3. The Stabilizer Algebra

We define

As = A(S) =1in(S) € My.
Obviously, Ay is a commutative subalgebra of My, has dimension 2"* as a vector space and
satisfies As = S.
Hence we can decompose CV such that the diagonalizable operators with respect to this de-
composition are given by Ay.
3.1. Tueorem. Let S C My be a stabilizer group. Then there exists a decomposition of CY
such that

CN = @ 7_{0’1')[’ 7_{0’1); = CK’ K = 2k’
OiedAs

and the diagonalizable operators are given by Ag.
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In order to prove the theorem, we introduce some orthogonal projections and the notion of
trace-independence and study both. The proof of 3.1 can be found at the end of this section.

For the generators gy, ..., g, of S define the following orthogonal projections

EI’ = %(]l+gi), Eil = %(ﬂ—gi)-

3.2. REMARK. Ey"’, is an orthogonal projection and projects CV onto the eigenspace ES ,,(g;) of
the eigenvalue y; of the generator g; for alli € N,_; and y; € {1, -1}. We have E{E', = 0 and
E; + E' = 1 and the projections E} with y; € {1, -1} for i € N,_; generate Ag. As we know
due to 1.6 (vii), the dimension of the image ES,(g;) of Ey‘ is % Hence we get tr(E}fi) = %

We combine these projections to other orthogonal projections

n—k
. i
E(Y./)f T n Ey,-’
i=1

for any (y;); € {1,—1}"*, which turn out to be the common spectral projections of the com-
mutative algebra generated by the generators gy, ..., g -

3.3. Remark. For all (y)); € {1,-1}"*, E(y,, is an orthogonal projection and E\.+ is the pro-
jection onto the fixed space of all generators g;. The projections Ey,, with (y;); € {1,-1}"*
generate Ag.

Due to [NC00], the projections E(, . have the following useful properties.
3.4. LEMMA.

(i) For (y); # (z)); € {1, =1}"* we have Ey),E(.), = 0.
(D) Lypen -1yt Egp, =1

Proor. ad (i): If (y;); # (z;); € {1, —1}"* then there is at least one i € N, such that y; #
z;. Hence E;EZ’ = 0. As the eigenspace projections commute due to 3.2 (iv), E ) E(;;), = 0
by definition.
ad (@i):
Il=E'+E'\ =ENE}+E*)+E!(E}+E*) =...

n—k
=Y [[E= Y Ew g

(], =1k =1 (1, =1k

In order to show that the images of the projections E(,,, have all the same dimension K, the
common way is to use the correspondence used in the proof of 1.13. Instead of doing this, we
give a new proof using the notion of tr-independence and we start by giving the definition.

3.5. DeriniTioN. Let A be an operator algebra with normalized trace tr. Two subalgebras
B,C C A are called tr-independent, if tr(BC) = tr(B) - tr(C) for all elements B € B and
CecC.
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3.6. REMark. We have
tr(f) - tr(g) = tr(fg) for f, g € G, with f, g, fg # =1, +ill, (D

as tr(f) = tr(g) = tr(fg) = O for all f,g € G, and f, g, fg beeing elementary tensors in G,
containing at least one Pauli spin matrix. If f,g € S, as then —1, il ¢ S due to 1.7 (i) and if
f, g are also independent, we get f,g # land g # f, f~!. Hence we have (1) for independent
elements of S.

We use the idea of remark 3.6 for the following lemma.
3.7. LEMMA.

(i) Independent elements of S have tr-independent generated *-algebras. Especially
(@) A(gi) and A(g;) are tr- independent for i # j € N, _.
(') AE[,E')) and AE],E’)) with i # j € N,_y are tr-independent.
(B) Forfixedl,l+1 e N,_, A(g1,...,&) and A(g;1) are tr-independent.
B) Forﬁxed Li+1 €N, , A(E|,E', : i € N)) is tr-independent from ﬂ(Ell“, Ef{l).
(i) Itis tr(Ey) = %for alli e N,_; andy; € {1,-1}.
(iii) We have tr(E(,,) = 2,,—1_,( for all (y;); € {1, —-1}"* and hence the dimension of the image
of Ey,, is 3% = K.

Proor. ad (i): Let f,g € S be independent. Then A(f) = {4, 1+ A f : 4, € C}, A(g) =
(L1 + g4 e€Cl Let 11+ A f € A(f), 1 1 + uog € A(g). Then
tr((4 1+ /) 1+ pog)) = tr(Aypn 1+ Aipog + gt f + Lapia f8)
W Ay = tr(4 1+ A f) - ey 1 + pog).
ad (ii): Obviously tr(Ey"’_) = tr(%(]l +vig) = %
(iii) follows from (ii) and (i) (8'): tr(E,,) = [T/ t(E}) = (3" *. O

Now we can prove the theorem just by using the previous results.

ProoF oF 3.1. CV = @,)c;1._1p+Eqp,C" by 3.3 (i) and Ag = {1, -1}"*. E(,,,CV ~ CK by
3.7. As Ay is generated by the pairwise orthogonal projections Ey,,, any element A € Ay is
a linear combination of these projections, A = >, ca. Ao Eqn- As Eyy, is the identity on
H,,,, A is a diagonalizable operator with respect to this decomposition. m|

4. Characterization of Ag

The aim of this section is to give a characterization of the stabilizer algebra Ag. We start by
recalling some facts about Rademacher functions. Further details in this matter can be found
in [Wal00].
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We set X := [0, 1) and equip it with its Borel o-algebra 8 as well as with the Lebesgue
measure A. Obviously, (X, 8, 1) forms a probability space. We define a transformation on X,

2x x €0, %)

R: X—>X;x ) .
2x—1 xe[z,l)

Note that R is not measure preserving, as R([O, }‘)) = [0, %) Let y4 denote the characteristic
function of a Borel set A. Then we can define the Rademacher functions

11
)

ri (X, 8,1 — ({1,—1},7)({1,—1}),(5, 3

for i € N by setting
1= Xpo,hy ~ XL
riy1 = rioRforiZ 1.
As an example, r; is given by

rn=x

=
-
I
A
-

0,
as

L

u
— AW NI— A—

S N N

L

— 1,

N =

>

—_— — —

L
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N =

[= 1= ]~ ]~
=
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4.1. ReMark. Let (7;);ax be th
Then

(¢

Rademacher functions and let E stand for the expectation value.

(i) each r; is a centered random variable, as E(r;) := fx rdd=0foralli e N,
(ii) the random variables r; for i € N generate the o-algebra B and
(iii) r; and r; are independent random variables for i # j, as

1
P(r,-s—l):f dd == and
{xeX:ri(x)=—1} 2

P(r; < 1):f cu:fcuzl,
{xeX:ri(x)= 1} X

and hence we have for i # j that

21; ifa=b=-1
P(I’iﬁa,”jﬁb):f di=41 ifa=b=1
{xeX:ri(x)<a,rj(x)<b} % ifa#+b

=P(r;<a)-P(r; <b).
Note that we obtain by independence
E(r; - rj) = E(r;) - E(rj) for i # j.
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We define characteristic functions e; = Xy = %(]1 +yr;) fory € {lI,—1}and i € N and obtain
E(e)) = 1forally e {1,-1},i € N. Also {E/,E  withi € N} generate 8B and clearly e} and
E}J are independent for i # j.

In chapter 4, we are going to define a quantum probability space, the non-commutative ana-
logue of a classical measure space L*(€, X, u). We may regard (Ag, tr) as such a quantum
probability space. But we have even more, as we see in the following that we are able to find
a purely classical description of (Ag, tr).

By doing this we will notice that there is only one stabilizer algebra Ag up to isomorphisms.

4.2. THEOREM. Let Ag be a stabilizer algebra and let ry, . .., 1, be the first (n—k) Rademacher
functions on ([0,1),8,1). Let B, ; be the o-algebra generated by (ri);’z‘lk. Then there exists
an isomorphism

a:L7(0,1),8B,-k ) = (As, tr)

such that 0.0 fdA = tr(a(f)) forall f € L*([0,1), B, , A).
Proor. Let Ag be generated by independent and commuting elements g1, ..., g, of the
Pauli group G, such that —1 ¢ G(g1,. .., &)

Let ‘W,_, denote the algebra generated by the products of ry, . . ., r,_x. Then each such product
is called a Walsh function and we may assume in this case that these products are finite. Then
the algebra of bounded measurable functions on ([0, 1), B,_, 1), L*([0, 1), B, 1), is given
by (Wn—k'

Now the choice of generators g, ..., g, for S defines a bijective representation @ of W, _;
in My with a(1) = id and

Xi

Q’:(Wn,k—)SgMNirll’fil—) 8

n—k n—k
i=1 i=1

for xy,..., x,-x € {0, 1}. In fact, common diagonalization of all elements of S yields the values
of the corresponding Walsh functions on the diagonal.

We now have to prove that « is state-preserving. Let f = r;, ---r,, be a finite product of
different Rademacher functions out of the set {ry, ..., r,_}. Then

f fdd = f e AU B B ) = 0 2 tr(a(f).
[0,1) [0,1)

By linearity, this extends to all functions f € W, _;. O

5. Stabilizer Embeddings

Let S € My be a stabilizer group generated by (gi)fz‘lk. Then there exists a decomposition of
CY such that

CN = @ 7‘[()0)[’ 7_{()’1')1' = CK’

On)i€As
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due to theorem 3.1, that means there exist partial isometries ¢ : CX — CV such that ¢(CX) =
H»—«. In other words, there are partial isometries ¢ such that E .« = cc*.

With these isometries, we have finally reached our target, as we are now able to define stabi-
lizer embeddings.

5.1. DerNITION. Let ¢ be such a partial isometry with

c:C¥ > He0e-00cC = H Hyy,

OiiedAs

Then c is called a [k, n]-stabilizer Hilbert space embedding generated by (g;)"~F.
5.2. Remark. Note that now it makes sense that we speak about “stabilizer embeddings” in-
stead of “stabilizer codes”. Of course, there are many partial isometries ¢ satisfying the above
condition.
The space H;.+« is important in the context of stabilizer embeddings, as B(H.-«) will later
serve as an example of an algebra of a quantum alphabet. Consequences of the choice of S

respectively H; .-« will be mentioned in chapter 5, section 3. In fact, this choice is the art of
coding.

Now we lift the above definition to the state spaces.

5.3. DerNiTION. Let ¢ : CX¥ — CV be a [k, n]-stabilizer Hilbert space embedding and set
C:SMg) » SMy) : ¢ > ¢(c” - ¢) = ¢ o Ad(c).
We call such maps C [k, n]-stabilizer embeddings generated by (g;)\F.

If C is a stabilizer embedding generated by (g;); and x — tr(#;,x) the state induced by a
rank-1-operator 7, € M respectively My, then

C(tr(tg,)) = tr(te,c" - ¢) = tr(cte, ™) = tr(tee o).
It follows that C maps pure states to pure states. As C is isometric, it is injective.

If Ad(c) : My — Mg : x = c*xc, C is the adjoint operator of Ad(c) restricted to the unit
sphere with respect to the operator norm.

Now we characterize the image of a stabilizer embedding.

5.4. THEOREM. Let C : S(Mg) — S(My) be a stabilizer embedding and Ey,,, € As as defined
in section 3. For (y;); € f{S set

SO = {p € SMy) : ¢ = ¢ 0 Ad(E(y,,))-
Then all orthogonal states with respect to the decomposition in 3.1 are given by the disjoint

union
U S(yi)i

OdieAg
and the image of C is given by

C(S(Mg)) ={p € SMy) : ¢ = ¢ 0o Ad(En-+)} = gl
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={p e SMy) : ¢ = 9 0o Ad(E}) for all i € N,_;},

hence the image states have support only on the first component of the decomposable operators
of the decomposition in theorem 3.1.

Proor. The orthogonal states are given by Uuycs, SU, as the decomposition itself is
given by (E(yi)l.)(y[)leﬁs with Z(},i)ieﬁs Ey,), = land E,,E,), = 0 for (y;); # (2);.
We now prove the first equation for the image of C.
“C”: If y € S(Mg), then C(y) = ¢ o Ad(c) = ¥ o Ad(En-«c).

~——

=C

“2”: Lety € SMy) with ¢ = ¢ o Ad(E++). Then ¢ o Ad(c*) € S(Mg) and
C(yy o Ad(c™)) = ¢ o Ad(cc™) = ¢ o Ad(En+) = .
For the second equation, we show the following.
“C”: As EpiE| = E[Ejv = Epnr we get
¢ = @By - Eys) = @(EpEf - E{Eym) = @(E| - E}).

“2”: Epe = [115F E| leads to the assertion. O

6. Example of a Stabilizer Embedding

In this section we make an example of the preceding definitions and theory.
Setk=1,n=2andletg, =0, ® 1 € G, C Mg = M, be the only generator.
Then S and Ay are given by

S={1®1,0,® 1} and Ag =1lin(S) ={A(1 1) + u(o, ® 1) : A, u € C}.

The eigenspaces of g; = o, ® 1 are

1 0
0 1
ES(g)=1{1- | +u- 0 A, ueC}
0 1
and
1 0
0 1
ES_i(g)={1-| _{ |*tH o | AreC
0 -1
and we obtain for the spectral projections
1 010
1 I {01 01 I (11
—pl - _ = _. = —.
Er=Er=3+g)=311 9 1 0|72 (1 1)®“
01 01
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as well as
1 0 -1 0
1 1 0 1 0 -1 1 1 -1
_rl _ = _ - . - _.
E—I_E—l_z(]l gl)_2 -1 0 1 0 2 (_1 1)®]l
0 -1 0 1
Hence

C4 = E1C4 @E_1C4 = 7'{1 @7‘[_1
and we choose for example the stabilizer Hilbert space embedding
c: C - H,®0cC*:

a 1 0
a ST N RN RO ISR
(b)'_)«ﬁa_a«ﬁ1+b«ﬁ0
b 0 1
If we describe c as a linear map ¢ : C2 — C*, then c is given by
1 0
1 0 1
c=—"-
V2|10
0 1

Thus

1 X1+ X3+ X31 + X33 X1 + X4 + X3 + X34
Ad(C) My - M, (xij)ij = = i i

2 Xop + Xo3 + Xq1 + Xq3 Xop + Xog + Xap + Xag
Let us assume ¢ = tr(p-) € SM,) and ¢’ = tr(0” -) € S(My). Then the stabilizer embedding
C:SM,) > SMy) : ¢ — ¢ o Ad(c)

(1 1)
11 ]%9¢

¢ = ¢ o Ad(E))

maps ¢ to ¢’ if and only if

o = Ad(c")(o) =

| =

Of course we have as a consequence

as in theorem 5.4.

7. m-Blocks of Stabilizer Embeddings

In this section we lift stabilizer embeddings to m-blocks of stabilizer embeddings in order to
construct new stabilizer embeddings out of old ones. The blockwise structure leads to shift
invariance that will be an important feature of quantum codes and coders.

The section is devided into two parts. Part one describes the algebraical part of the definition,
whereas the second part describes the stabilizer embeddings and their properties.
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7.1. m-Block Stabilizer Group and Algebra. We start with stabilizer groups, that are
given in the form of blocks. Let S C G, be a stabilizer group generated by (gi);:lk . Then we
can define the m-block stabilizer group T,, := S C & "M with the notation

gij = ]lN®"'®]lN® 8i ®]lN®"'®]lN
\./—/
J

fori € N, and j € N,,. Then the *-algebras generated by g;; and g,, for (i, j) # (p,q) and
i,p € Ny, j,q € N, are tr-independent, commute and do not generate —1. Hence the g;; are
generators of 7, € G,.,, € ®"My = Mywm. We further have G,.,, = ®"G,, in the sense that
elements of G,.,, are elementary tensor products of elements of G,,.

The stabilizer algebra of T, is given by Ay = Q" As.

m

7.2. m-Block Stabilizer Embeddings. Now we introduce the according stabilizer em-
beddings. Let ¢ : CK — CV a [k, n]-stabilizer Hilbert space embedding of S and C : S(M) —
S(My) : ¢ — ¢ o Ad(c) the adjoint operator of Ad(c) restricted to the unit sphere, its [k, n]-
stabilizer embedding. We define

Cn = ®"c : @"CK - g@"CV

to be a m-block Hilbert space embedding. Hence Ad(c,) = ®"Ad(c). Let C™ denote the
adjoint operator of Ad(c,,) restricted to the unit sphere,

C" : S(@"Mg) — S(®"My) : ¢ - ¢ o (®"Ad(c))
and call C™ the m-block of the stabilizer embedding C.
7.1. REmARK. C™ obviously maps tensor product states ¢; @ - -+ ® ¢, € S(®"Mg) with ¢; €
S(Mg) onto tensor product states C(¢;) ® - - - ® C(¢y,).

This leads us to see that m-blocks of stabilizer embeddings really are blocks of stabilizer em-
beddings, but on the other side, they are stabilizer embeddings themselves. This is formulated
in the following lemma.

7.2. LEmMaA. Let C™ be the m-block of a [k, n]-stabilizer embedding C. Then C™ is the [m -
k,m - n)-stabilizer embedding generated by the stabilizer group T,, respectively the (g;;);; with
i €N, and j € N, as definined in subsection 7.1.

Proor. We have Az, = A = {1, -1} Let (v;))ij = (Vir)is - - - » Vim)i) € Ar. As
E(yij)ij = l—[ Eyl,J/
ij

=[[we-elve E slye---oly

J

:[HE;,'”®11N®---®llN)--.[nllN@--@]lN@Ey"m
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= (1_[ Eyi“] Q- ® [1_[ Eiim] = ® Egis
i ! J
we get

mrN _ N K
@"C - @(yr’j)ijeﬁr W(Yij)ij’ ?{(Yij)ij ~ Q"C

= ®;'n:1 (@(}‘i_,‘)ieﬁs W(yij)i) s W(Yij)i = CK’W()'ij)ij = ®j7‘{()’ij)i'

Note ®"CK = CK" = C?"*. Hence if ¢ : CK > H @ 0@ ---®0 C CV is the partial isometry
defining C, ®"c : ®"CK — @"CV is the [m - k,m - n]-stabilizer Hilbert space embedding
generated by T, as " H -« = Hina-n. Its lifting to the state space is given by C”, as

C" : S(®"Mg) = S(®"My) : ¢ - ¢ o Ad(®"c) = ¢ o (®Ad(c)).

O

This lemma lets us find the properties of stabilizer embeddings.
7.3. CoroLLARY. Let C™ be the m-block of a [k, n]-stabilizer embedding C and
Sk ®L My —> &L My : &L x; > Iy ® (&)
for x; € My the tensor right shift. If we set
El, = ﬂN@""gﬂN@Ei‘LMN@'”@”N
J
for j € N,, the image of C™ is given by
C"(S(Mgn)) = {p € SMgn) : ¢ = ¢ 0 Ad(Eno-n)}
{p € SMgn) : ¢ = o Ad(E!, ) for j € N,,}
{p € SMgn) : ¢ = 90 Ad(Sy y(E},)) for 0 < j <m— 1} (1)
{p € SMgn) : ¢ = @ 0 Ad(E,”) for j € N, i € N, 4}
{p € SMgn) : ¢ = 9o Ad(Sy y(E[)) for0 < j<m—1,i e Noy).  (2)

We notice in corollary 7.3 (1) and (2) shift invariance by ¢ = ¢ o Sgy for any state ¢ €
C"(S(®"Mk)). It comes from the blockwise construction and we will keep this shift invariance
in mind for later.

7.4. CorOLLARY. Let C™ be the m-block of a [k, n]-stabilizer embedding C and set for (y;;);; €
Ar

Sp = (g € S@My) : ¢ = @ 0 Ad(Eyy,)) for 0 < j < m)
={p e S@My): p=¢ oAd(E}fif_;,) for0 < j<mandie€N,_}.
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Then the orthogonal states with respect to this decomposition are given by

(vij)ij
U S[O,Vn] ’
Oijij Gﬁrm

8. Example of an m-Block of a Stabilizer Embedding

In this section we make an example of the m-block of a given stabilizer embedding. We
continue the example of section 6.

We saw there that x ® 1 € G, generates a stabilizer embedding for

V2

— o = O

1

({1 1 L]0
El_i(l 1)andc—— 1
0

Letm = 3. As C* = (8°Ad(0)) = @’ (Ad(c)") and

1
Ad(e)'(0) = 5( U )@g

for a density matrix o € M,, we obtain

C3(01®0, ® )—l b1 ® <§z>l b1 ® ®l b1 ®
01 ¥ 0203 =501 1 01 sl1 1 02 5011 ©3-
As
1(1 11 1 1
P - —
E111—®E1_2(1 1)(8)]12(2)2(1 1)®112® (1 1)@]12,
we get

1/{1 1 1{1 1 11 1
3(7{111)=§(1 1)®M2®5(1 1)®M2®§(1 1)®M2.

This is a 8 = 23-dimensional *-algebra and its state space is the image of C>.

9. Stabilizer Embeddings a la Ollivier and Tillich

In this section we give a definition of the special stabilizer embeddings that Ollivier and Tillich
are using in [OT03] and [OT04]. We keep the base free formalism developed in this chapter.

As section 7 also this section is devided into two parts. The first subsection describes again
the algebraical part of the definition, whereas the second one is dedicated to the stabilizer
embeddings and their properties.
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9.1. The Ollivier-Tillich-Stabilizer Group and Algebra. We start by studying the spe-
cial stabilizer group used by Ollivier and Tillich. Instead of using consecutive blocks of shifted
versions of one set of generators, we form one big block of overlapping blocks of stabilizer
groups now.

n+m—k

Let § C G, be a [k, n + m]-stabilizer group generated by independent generators (g;)!"

and consider S as such a block. Recall that hence S C My»n. Let

-1
SR,Z . ®1_7PM2 — ®€pM2, ®f:_pxi [ d Xp ® (®f:_pxi)

for x; € M, be the cyclic tensor right shift and
SL,Z : ®1_7PM2 - ®Isz2’®f=_pxi = (®f:_p+1x,~) ®x_)

for x; € M, be the cyclic tensor left shift on tensor products of M,. Now regard a group
generated by nth powers of shifts to the right and to the left of the generators of S, namely for
teN

T, = G(SZ{Z(gi) forO<j<t,ieN, i,
S (g) for 0 < j < t,i € Ny

We require for technical reasons m < k < n and choose only triples m, k, n such that 2p + 1 =
m +n(2t + 1) fora p € N. Then G5, C F ,M, is the Pauli group in which we can describe
T,.

With these requirements obviously only two consecutive blocks are able to overlap. Hence,
if all gy,..., guim—k commute with all Sgo(g1),-..,Sr2(8nm-r), T; 1s commutative. If -1 ¢

G(S, S raes)), then one can show that —1 ¢ T,. Furthermore, we see that the elements g, . . ., gym—t»

Sr2(g1)s - - Sr2(8ntm—r) of the group T, are independent by construction. Thus under the
above assumptions, 7, is a stabilizer group that we call an OT-stabilizer group.

Now we fix some notation for the shifted versions of the generators g;, i € N1,
gij = Sih(g) for0 < j<randg; =S, (g) for —1 < j<0.
With these abbreviations T is generated by (g;;)ien,.,, 4 —r<j<t-

We sketch this shift generated structure in the following diagramme for r = 1.

tensor product factors

n m

l (&i-1)i
n+m-k

n m

| (8i.0)i
n+m-—k

n m

I (&i1)i
n+m-—k
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The OT-stabilizer algebra Ar, € M, generated by (gi;)ien,,,, .-i<j<t 1 given by
ﬂT, = ﬂ(g,-j 1€ Nyt —t < ] < t) = ﬂ(Tt)

Obviously an OT-stabilizer group is a stabilizer group and its OT-stabilizer algebra is a stabi-
lizer algebra.

9.2. Ollivier-Tillich-Embeddings. In this section we introduce stabilizer embeddings as
Ollivier and Tillich have done.

With B9 = M1, B, = M,, we get ® M, ~ &, B.. Then we have Ay, C & B, ~ & M,
and Ay, = {1, -1)®+D+m-b Note that Ay, defines [k, n,]-stabilizer embeddings with (21 +

1)(n + m — k) generators that are elements of G,, with n, = m + (2t + 1)n, and hence k, =
- 2t+ 1)(n+m—k)=m+ (2t + 1)(k — m). Thus we have embeddings

Cr Ch — M = @ 7-{()’17)1']'
()’ij)ijeﬁrt
with CI(CK’ ) =~ Hievmmrn and
G : S(Mg,) » SMy,) : @ > ¢ 0 Ad(cy).

We call C; the [k,, n,, m]- Olewer—Tllllch embedding. As in the previous section, we define
projections E asnusms, E! peme aDd E/ fori € N, and —1 < j < t. Then we may derive the
following two corollaries from theorem 5.4 and the corollaries 7.4 and 7.3.

9.1. CoroLLARY. Let C, be a |k;, n,, m]-Ollivier-Tillich-embedding. Then
CUSMK)) = {p € S(My,) : ¢ = ¢ 0 Ad(Eyemn))
={peSMy):p=¢ oAd(Ej,Hm Jfor —t<j<t
= {p € SMy,) : ¢ = @ 0 Ad(S,(EY,.,..)) for 0 < j <t
and ¢ = ¢ 0 Ad(S (El,wm ) for —1 < j <0} (1)
={pe SMy,) : ¢ = gooAd(E j)fOI‘l eENymsi—t<j<t}
= {p € SMy) : ¢ = 9 0 Ad(S,(E[") for 0 < j < t,i € Nyppyy
and ¢ = p 0o Ad(S _'”(E’O)) for —1t<j<0,i€ N, i) (2)
9.2. CoroLLARY. Let C; bg a k;, n,, m]-Ollivier-Tillich-embedding.
If we set for all (y;;)i; € Ar,
SP = (p € SMy,) : ¢ = 9 0 Ad(Ey,,) for —1< j<1)
={peSMy,):p=¢ oAd(Ey’lfj) fori e Ny pand —1 < j <t}
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the orthogonal states with respect to this decomposition are given by
(Vij)ij
U S[—f,t]]'
ijij ele,
(1) and (2) give us shift invariance in this finite context as ¢ = @oS y for states ¢ € C,(S(Mk,)).

We had the same shift invariance already in corollary 7.3, but this time it comes from the shift
structure instead of the blockwise construction.

10. Example of an Ollivier-Tillich-Embedding

Of course, any m-block of a stabilizer embedding is an Ollivier-Tillich-embedding with m = 0.
Hence a first example of an Ollivier-Tillich-embedding is the example in section 8. It has
m=0,n=2and k = 1.

But in this section we want to discuss a litte larger and less trivial example. We choose for
m=1,k=2andn =3

g1=0,0,00,9 1,,
=L, ®0,Q0,.

These generators are obviously commuting and tr-independent. As diag(ay, ..., a,) stands for
the diagonal matrix with entries ay, ..., a,,

o.®0, ®c, = diag(1,-1,-1,1,-1,1,1,-1) and

1
S5+ 0. @0, @) = diag(1,0.0,1,0,1,1,0).

Thus
l+0,90,00,1 1+1Q0,90,®0,
E = .
2 2
I+o,®0,®0, l+0.90. 00,

= > l-1® >

diag(1,1,0,0,0,0,1,1,0,0,1,1,1, 1,0, 0)-

diag(1,0,0,1,0,1,1,0,1,0,0,1,0,1,1,0)

= diag(1,0,0,0,0,0,1,0,0,0,0,1,0,1,0,0)

= diag(1,0) ® diag(1, 0) ® diag(1, 0) ® diag(1, 0)+
diag(1,0) ® diag(0, 1) ® diag(0, 1) ® diag(1, 0)+
diag(0, 1) ® diag(1, 0) ® diag(0, 1) ® diag(0, 1)+
diag(0, 1) ® diag(0, 1) ® diag(1, 0) ® diag(0, 1).

This is obviously a 4 = 2> dimensional projection onto Hy,. If f; ..., fi5 denote the canonical
basis in C2', we may choose

co = (foooo» fo110 f10115 f1101) = (Jos fe» f115 f13) -
Of course, Cy = Ad(cp)* is an OT-embedding for ¢ = 0.
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If = 1, the projection onto the code Hilbert space Hi1)11)a1) is given by
E(ll)(ll)(ll) = (]1® ]1® ]1®E11 ® ]1® I[® I[)
(£l 1 1)
IeI1elxlle 1 E)
=(I1Q1®E; ;11 1)-(E; @ 1 1®E)

After introducing short cuts a = diag(1,0) and b = diag(0, 1) and skipping the tensor product
symbols, we calculate

Eananan = (1la(aa + bb)alll + 111b(ab + ba)b111)-
(a(aa + bb)alla(aa + bb)a + a(aa + bb)allb(ab + ba)b+
b(ab + ba)blla(aa + bb)a + b(ab + ba)b11b(ab + ba)b)
= a(aa + bb)a(aa + bb)a(aa + bb)a + b(ab + ba)b(ab + ba)b(ab + ba)b.

This defines a 16 = 2*-dimensional projection onto the Hilbert space.

11. Discussion

In this section we discuss to what extent stabilizer embeddings can be seen as coders.

In literature we notice that stabilizer embeddings are injective mappings from one finite-
dimensional Hilbert space into a larger finite-dimensional Hilbert space. The choice of the
image space is an important instrument, as it may lead to good error correction strategies, as
can be found in [NC00].

In quantum information theory, elements of these finite-dimensional Hilbert spaces are seen
as qubits, if the Hilbert space dimension is two, or qudits for d-dimensional spaces. Cou-
pled quantum systems are described via the tensor product of the original quantum systems.
Therefore quantum versions of classical words would be elements of the tensor product of the
system Hilbert space, our possible quantum analogue, with itself.

However, we wish to develop a quantum coding theory with shift spaces consisting of some-
thing like infinite words as we did in classical coding theory. Let us for example consider
convolutional codes and coders. Both of them only make sense if we look at infinite se-
quences, as we saw in chapter 1, section 6. Another argument is that considerations about data
compression as well as about entropy in the classical theory are inspired by infinite sequences.
Last but not least we saw that we may integrate a theory of finite sequences into the infinite
setting by using block codes, as we did in chapter 1, section 5. There are also many other
reasons for classical code spaces to be infinite and therefore also quantum code spaces will be
infinite.

Considering Hilbert spaces as quantum versions of classical alphabets, we have to face another
problem - infinite tensor products of Hilbert spaces are problematic. This problem even leads
to a lack of clarity in [OT03]. Either we have to define the infinite tensor product with special
embeddings along fixed unit vectors, leading to an incomplete tensor product, or we have
to work with the more general complete tensor product consisting of all incomplete tensor
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products. This complete tensor product is rather unwieldy to work with. Furthermore, the
interpretation of elements as coupled qubits becomess difficult.

Therefore we will not choose Hilbert spaces as candidates for quantum alphabets. We will
develop a more general quantum coding theory, that can be obtained by algebraisation of clas-
sical coding theory in the next chapter. But we will still use stabilizer embeddings to generate
examples of our codes, as can be seen in chapter 5. This will be achieved by using stabilizer
embeddings working on the state spaces instead of Hilbert space stabilizer embeddings, as we
can already conjecture from chapter 3.

As the convex hull of all infinite tensor product states is only contained in the set of states of
the infinite tensor product of the algebra with itself, we will instead work on state spaces of
infinite tensor products of algebras.



CHAPTER 4

A Quantum Coding Theory

The aim of this chapter is to develop a quantum coding theory.

In order to do this, we first give a brief overview over existing literature and the common
ideas about quantum computing. The second section presents a procedure of algebraization of
classical concepts. We learn this procedure by example while developing elements of quantum
probability. Section 3 presents the usual scheme of a quantum algorithm and describes to what
extent our approach will change the scheme. We follow our approach by defining quantum
alphabets, quantum shifts and quantum coders in the last three sections. The resulting change
of the scheme of a quantum algorithm will be formally noted in section 7.

1. Literature

As already mentioned, Deutsch [Deu85] gave the first definition of a quantum Turing machine
that was later precised by Bernstein and Vazirani [BV92].

In classical information theory, a bit corresponds to a letter in a classical alphabet A = {0, 1}
as defined in chapter 1. Schumacher specified Deutsch’s idea to the definition of a qubit,
a quantum version of the above mentioned bits, in [Sch95]. For a description of physical
realizations of qubits we refer also to [HS97]. Qubits were defined to be pure quantum states
of two-level systems, described by a unit vector of the system Hilbert space.

After first results in quantum computation by Shor and Grover, Gottesman [Got97] introduced
error correcting codes in 1997. These codes still work with pure states but allow a good error
correcting procedure after transmission. Error correction is necessary as quantum states evolve
with time, and this time evolution is disturbed.

As mentioned in the discussion in section 11 of the previous chapter, taking Hilbert spaces as
candidates for quantum alphabets causes problems.

In 1998, Aharanov, Kitaev and Nisan [AKN98] noted that the restriction to pure states is
unnecessary, that mixed states could also be used. This approach is supported by Kribs,
Laflamme, Poulin and Lesosky in [KLLPL06] and [Pou05], when they give a more operator
algebraic frame to error correction.

2. Some Elements of Quantum Probability

In the following, we give a brief overview over some elements of quantum probability as
introduced by Kiimmerer and Maassen. For a more detailed description, we refer again to

43
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[KM98] and [Maa06]. We will see later, that these definitions, resulting from a systematical
way of algebraization of classical definitions, meet the definitions which we will derive from
classical coding theory by the same way of algebraization.

A classical probability space (€2, X, i) consists of a set of possible outcomes w € €, a sigma-
algebra X consisting of the subsets of € that are considered as events, and a probabilty measure
u that associates to each of the events S € X a probability u(S).

Let us now consider such a probability space (€2, X, i) and the algebra [*(Q, %, i) of bounded
functions on Q. Then u induces a state ¢ on [*°(€2) by

goﬂzl""(Q,Z,,u)—>C:f|—>ffdp.
Q

Events S € X correspond to characteristic functions on € and thus to projections in [*(€2, Z, u).
Thus all information of (€2, X, ) is also contained in ([*(L2, X, i), ¢,,), more exactly, we have
obtained an equivalent description of classical probability theory. This description has the
advantage, that we can generalize it to the quantum case by swapping to non-commutative
algebras and arbitrary states. We come to the following definition.

2.1. DerINITION. A quantum probability space is given by a *-algebra A and a state ¢ on A.
We denote this tuple by (A, ¢).

Independent events S 1,5, € Qin (Q, X, u) are characterized by
H(S1NS2) = p(S1) - u(S2).

This can be generalized to independent sub-c-algebras X;,%, C X such that all elements of
these sub-o-algebras have to be independent. It can be shown that this is equivalent to the
following factorization propery for f € [*(Q, X, u) and g € [*(Q, X, p),

0u(f - 8) = @u(f) - pu(9).

If we apply this to our quantum definitions, we obtain the following definition introduced by
Kiimmerer in [Kiim85c].

2.2. DerNITION. Let (A, ¢) be a quantum probability space, B, B, subalgebras of A and B, €
B, respectively B, € 8B,. Then B, and B, are ¢-independent if and only if

@(B; - By) = ¢(By) - ¢(By).

B, and B, are ¢-independent if and only if B, and B, are ¢-independent for all B; € B, and
Bz S BQ.

Now we come to quantum operations on quantum probability spaces, i.e. mappings, that
take one unital quantum probability space (A, ¢) to another (5, ). But then there must be
a map taking the input state ¢ on A and mapping it to ¢ on B. First we discuss the natural
requirements for such operations.

Let f : S(A) — S(B) be such a mapping and ¢, ¢, ¢, € S(A). The stochastic equivalence
principle states, that a system in a state A¢; + (1 — ), for A € (0, 1) can not be distinguished
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from a system that is with probability A in the state ¢; and with probability (1 — A) in ¢,. Thus
we have to require
FApr + (1 = Dp2) = Af(@1) + (1 = D f(e2),

in other words, f has to be affine. Hence f can be extended to a unique linear map 7" :
A* — B, as any element of A* respectivey B* is given as a linear combination of four
states. Hence 7™ is the adjoint operator of a linear map 7 : 8 — A. But of course, T*
still maps states onto states, and thus positive funcionals onto positive functionals - it must be
positive. But the classical requirement of positivity must be extended in the quantum case, as
shown by Kraus in 1983. The additional requirement is that 7 must be completely positive,
ie. id, ® B : M,,(B) — M, (A) must be positive for all n € N. If we want 7 to map states
onto states, we need also another requirement, we need for obvious reasons 7(1) = 1. We
accumulate this to the following definition.

2.3. DerFINITION. A quantum operation T : B — A is a linear map between unital *-algebras
A, B with T(llg) = 14 such that T is completely positive.

An important example of completely positive maps are unit preserving *-homomorphisms.

2.4. LemmA. If A, B are unital *-algebras and T : B — A is a *-homomorphism with T (1) =
Lg, then T is a quantum operation.

Proor. Let n be a natural number and xi,...,x, € B as well as yy,...,y, € A. Then due
to corollary 2.1

D NTx)y; = > ¥TO0) T(x)y,

i,j=1 i,j=1
= [Z T(xi)yi) [Z T(x;)y ,-] > 0. O
i=1 j=1

3. The Usual Scheme of a Quantum Algorithm

In Quantum information theory it is usually agreed, that quantum algorithms follow a certain
scheme. This scheme using definitions from [HS97] can be found in [Gra01] or in [NC00].
It consists of the following steps.

(1) We prepare the input state, a pure quantum state ¢, of a quantum system.

(2) We manipulate the input state ¢, with automorphisms Ad(u) given by unitary trans-
formations u on the system Hilbert space and obtain a transformed state ;.

(3) We perform measurements on ¢;.

Quantum versions of coders, that have been developed so far, are special quantum algorithms.
Therefore the above scheme has also been applied to these quantum coders. This implies that
these coders start with pure states on quantum systems and unitary transformations on these
Hilbert space vectors, as we mentioned in section 1.
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We will use a wider frame and allow mixed states as well as quantum operations as defined in
secion 2. This approach will be derived in the next section by applying the same procedure
of algebraization on the classical definitions of coding theory. Our approach will lead to a
modified scheme of a quantum algorithm described in chapter 6, section 2. Then we will
see that both the usual scheme as well as our modified scheme can be described in terms
of a quantum mechanical measurement as defined by Kraus. In the same chapter we will
describe consequences of the restriction to pure states and quantum operations given by unitary
transformations.

4. Quantum Alphabets

Now we follow the procedure of algebraization of a classical definition, which was introduced
in section 2. This leads to an operator algebraic frame of a quantum coding theory instead of
the Hilbert space theory as in chapter 3, which is usually used.

Let x be an element of a classical finite alphabet A. Then we may identify the letter x with the
characteristic function yi, € [*(A) such that y4(x) = 1 and yy(a) = 0 for x # a € A. If we
generalize this to noncommutative algebras, we obtain an observable algebra as a candidate
for the quantum version of an alphabet. But as the definitions in quantum information theory
usually are given on state spaces, we define as follows.

4.1. DerNTioN. Let H = C? be a finite-dimensional Hilbert space and A C B(H) a C*-
algebra. Then S(A) is a g-alphabet and its elements are g-letters. A itself is called the
algebra of the g-alphabet S(A). States on M, are also refered to as g-bits and states on My as
q-dits.

Since g-alphabets are given by states on observable algebras of quantum systems, blocks of
letters respectively letters of a higher alphabet should be states on observable algebras of
coupled quantum systems. A coupling of two quantum systems is realized by the tensor
product of their observable algebras. This meets the algebraization of classical letters (x,y) €
A X A to functions y(yy) in [(A X A) = [¥(A) @ [(A).

4.2. DerINiTION. Let (A be the algebra of a g-alphabet S(A) and N € N. An Nth g-higher
alphabet S(A™) of the g-alphabet S(A) is the state space of the N-fold tensor product of A
with itself. Elements of S(A™) are called N-g-words over the g-alphabet S(A).

This definition also meets the definition of quantum registers in [Sch95] and [HS97], as they
also used coupled systems to define blocks of their versions of quantum analogues of bits.

4.3. EXAMPLE.

(i) Let H be a finite-dimensional Hilbert space and &i,...,&y € H. Then ®Y & is an
N-g-word over the g-alphabet S(B(H)) via the identification of Hilbert space vectors
with pure states.

(ii) Let e}, e; be an orthonormal basis of C2. Then the EPR state

1 1
¢:—€1®€2+—€2®€1.

V2 V2
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is a linear combinations of the two 2-q-words e; ® e, and e; ® e;.

Obviously, higher g-alphabets are also g-alphabets, as the observable algebra of coupled sys-
tems is again an observable algebra.

5. Quantum Shifts

In this section we define quantum codes. As mentioned in chapter 3, section 11, we consider
a quantum code space to consist of infinitely many coupled g-dits. In the context of classical
coding theory, infinite code spaces are shift invariant. This is a very important property. As
we hope to implement classical features in quantum coding theory, we establish this notion
also in this context. As we did in the beginning of the chapter dealing with classical coding
theory, we first define the quantum version of a full shift.

5.1. DermNtTiON. Let (A be a the algebra of a g-alphabet S(A). The g-full shift over ‘A respec-
tively over S(A) is the state space S(®zA) of the infinite tensor product @z A.

Note that ®7A is naturally equipped with the tensor right shift and is invariant under this shift.
Thus the g-full shift S(®zA) is invariant under the adjoint mapping of the tensor right shift.

Now we want to define the general case, a quantum version of a shift space. Looking at the
definition above, we notice that ®;.A is obtained by an inductive limit construction as defined
in chapter 2, section 3,

which is quite similar to the definition of language in chapter 1. To see this, let X be a classical
shift space over a finite alphabet A. Recall that classical shift spaces are defined by forbidden
words. The language B(X) of X then is given by

BX) =) 8%,

meN

where $,,(X) stands for the set of all allowed m-words. There exists a mapping
P, B, 1X)3u=uj.up - u..u, €B,(X)
that cuts off the last letter of an m-word. We dualize P,, to
Ly 2 IZ(Bu(X)) = 7B (X)) 1 f = [ o Py

As P, is surjective, I,, is an embedding. Hence we are able to make an inductive limit con-
struction for the inductive system (I°(8,,(X)), I))men. Its C*-inductive limit is given by the
continuous functions on X, C(X) = h_r)n [°(8B,,(X)). As a generalization of language we use it

to define quantum shift spaces.

5.2. DeriNITION. Let A be the algebra of a g-alphabet S(A). A subalgebra A,, € A™ of the
algebra of the mth g-higher alphabet S(A"™) is called the algebra of the allowed m-g-words,
its state space S(A,,) is the set of allowed m-q-words.
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Let (A, mn)men be an inductive sequence where ‘A, corresponds to the algebra of allowed

m-q-words and the C*-inductive limit X :=lim __ A,,.
—>meN

If there exist C*-algebras C, D and a *-isomorphism ¢ : X — (®2D) ® C, we define Sy ® id¢
on (®zD)®C acting as the tensor right shift S x on ®,9 and as the identity on C, and pull back
this map on X via conjugation with ¢.

In this case we call the conjugated mapping ¢! (S ® idc) ¢ an (abstract) tensor right shift
on X, X the algebra of the g-shift space over the g-alphabet S(A) and its state space S(X) the
q-shift space over the q-alphabet S(A).

Note that S(X) is invariant under the adjoint mapping of the right shift mentioned in the
definition above.

Obviously, g-full shifts equipped with the usual tensor right shift are g-shift spaces and the
algebras of general g-shift spaces are AF-algebras. Examples that are not just g-full shift
spaces and need a nontrivial abstract right shift will be given in chapter 5.

In order to speak more easily about parts x, ® - - - ® x,, of finite or infinite elementary tensors
®;Xi, WE PUt X, ® - ® Xy =: Xjpym) =2 X(n-1,m+1) € ®1,A. We introduce the same notation for
restrictions ¢, ® - - - ® ¢, of product states ®;p; by setting ¢, ® - - ® QY =! Pum] =% Pn—1.m+1)-

6. Quantum Coders

Looking for quantum analogues of the classical theory, quantum coders should be mappings
between quantum shift spaces. They should be structure preserving. This means in this con-
text, that we ask for mappings consistent with the inductive limit constructions of the g-shift
spaces, that intertwine the respective shifts. They should also be derived from quantum oper-
ations on g-alphabets as defined in section 2. This idea is made more precise in the following
definition. In order to make the definition more clear, we give the according commuting dia-
grams.

6.1. DerintTION. Let (A, B be the algebras of g-alphabets S(A) and S(B). Let further X =
hrn (Jﬂm, ) and Y = hm . (Bm, om) be algebras of g-shift spaces over these g-alphabets

Wlth ShlftS Sxand Sy. Let ®,, : A, — B, for m € N be quantum operations satisfying
D, 07y = 0no®,andletl, : X - Y be a quantum operation derived as a continuous
extension from (®,,),,exn-

If I, intertwines the shifts Sy and Sy, 1.e. I, o Sy = Sy oI, then I, is called stationary.
In this case we call the adjoint mapping I' : S(Y) — S(X) of I', a g-coder.

X Ly Ay —2 B,
le lSy ﬂml l@m
XL,y R I S

The following theorem helps to find examples for g-coders.
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6.2. THEOREM. Let A, B be the algebras of q-alphabets and let X = h_r)n EN(&*zlm,ﬂ,,,) respec-
tively Y = h_r>n eN(Bm,gm) be algebras of g-shift spaces. Let further ®,, : A,, = B, form e N
be linear maps such that ®,,,, o 7, = 0,y © O,,..

If ®,, is a quantum operation for all m € N, then (®,,),, has a unique continuous extension
I,: X > Y andT. is a quantum operation.

This holds in particular if ®,, is a unit preserving *-homomorphism for all m € N.

Prook. et @ 0 Unest A = Uery B 1s welldefined. As @, is completely positive,
[|Dll = [|D(D] = |[1]] = 1 due to lemma 2.4 in chapter 2 and hence | J,,c;y @, 1S bounded.
Thus it has a continuous extension that we denote by I', : X — V.

Since Iy = 14, € Ap and 1y = 1, € By, we obtain

L.(1y) = || ©u(ly) = Oo(lg,)) = 1y, = 1.

meN

Thus I', preserves the units.

In order to see that I', is completely positive, let n be a natural number and let x;,...,x, € X
and yi,...,y, € Y. Then there exist sequences (xf); an (y¥); such that lim; x¥ = x; and
lim; y¥ = y; for i € N,,. But then

> vy, = lim D Dy Ky

ij=1 i,j=1

(ZZ i1 yf.‘(I)k((xf.‘)*x’j‘.)y’J‘.) is positive as @y is completely positive. As a limit of positive elements
is posiFive, sois 37 jzlhyl,-l"*(x;*x ;7)y; and hence T', is completely positive. Thus I', is a quantum
operation due to definition 2.3.

As *-homomorphisms are completely positive due to lemma 2.2 in chapter 2, the second
assertion follows immediately. O

Note that the algebra of a g-shift space over a g-alphabet A usually is not a subalgeba of the
algebra of a g-full shift over A. Therefore we cannot simply require quantum coders to be
defined on algebras of q-full shifts that can be restricted later onto smaller algebras of g-shift
spaces if wanted.

We first consider examples of g-coders with a blockwise structure, such that their g-shift space
can be written as a g-full shift for a g-alphabet A. In the next chapter, we will give examples
with more general g-shift spaces.

Now we discuss the examples we introduced in chapter 1.

6.1. There is no Quantum Analogue of a Higher Block Coder. We first try to gen-
eralize the notion of a higher block coder from chapter 1, section 2. Then we have to look
for unit-preserving *-homomorphisms on algebras of g-alphabets or g-higher alphabets that
implement a copying operation.
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But the so called no cloning theorem ([WZ382], [Die82]) states that it is impossible to create
identical copies of an arbitrary unknown quantum state. We present both the description of
a classical copying machine as well as the no cloning theorem in the language of quantum
operations according to [Maa06].

If A is a finite classial alphabet, then a classical copying operation is given by f.py : A —
AXA :w (w,w). Iy induces an operation Teopy @ [P(A) ® [F(A) = IP(A X A) = [P(A) :

[ f o tepy such that Teopy ()W) = f 0 tegpy(w) = f(w,w). Obviously Teop (1 ® f)(w) =
(I® f)w,w) = f(w) and also Teapy(f @ D(w) = (f ® I)(w,w) = f(w) for all f € [*(A) and
w € A and thus Teopy(1® f) = Teopy(f @ 1) = f.

This leads to the definition of a quantum copying operation.

6.3. DerINITION. Let (A be a finite-dimensional unital *-algebra. A quantum operation 7 :
AR A — Ais a quantum copying operation, f T(1® A) =T(A® 1) = A forall A € A.

Then the no cloning theorem states the following.

6.4. THEOREM. Let A be a finite-dimensional unital *-algebra. Then A admits a copying
operation if and only if A is abelian.

The proof of this theorem can be found in [Maa06].

The above theorem states that a copying machine exists only in the classical case. Unfortu-
nately this implies, that there is no hope for quantum versions of higher block coders.

6.2. Quantum Higher Power Coders. We can easily define a quantum version of a
higher power coder from chapter 1, section 3. We do this in the following by using the notation
introduced at the end of the previous chapter.

Let N € N. We look at the canonical identification
idy @ VA — ! (®Nﬂ) D XemNamN) P O X[iNiN+N)-
As (id%)m are compatible with the canonical embeddings,
id), ) (@ 12) ® Xy ® @ 12)) = Tgva @ A (i mnmn) @ Tovn,
we are able to define
id" : | JemyA - )&, (" A) : Ximwmw o G Xininen:

meN meN

As id" is obviously bounded, it has a continuous extension to the C*-inductive limits ®zA
respectively ®z (®N .7(), that we denote by the same symbol id".

Now we consider the adjoint operator I'y := id™)* of id",
Ty : S(®2A) = S(@z(®"A)).
I'y acts on tensor product states as follows,

BiczPi > BicZP|N-i,N-i+N)-
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I'y is a quantum version of a higher power coder and obviously a g-coder. Thus we call it the
N-th g-higher power coder.

6.3. Quantum Sliding Block Coders. The next coders we want to generalize are sliding
block coders from chapter 1, section 4. But theorem 4.6 in chapter 1 states, that sliding block
coders with nontrivial memory and anticipation make use of higher block coders. As the
no cloning theorem 6.4 made quantum versions of higher block coders impossible, it also
reduces any quantum version of sliding block coders to quantum versions of 1-block coders.
We construct such quantum analogues of 1-block codes in the following.

Let S(A) and S(B) be g-alphabets with according algebras A and B. A g-1-block map is a
*-isomorphism @ : A — B such that ®(l4) = Ig. An example is given in chapter 5, section
1. Then we can construct a unit preserving *-isomorphism between the infinite tensor products
®zA and ®zB from @ as we did for the g-higher power coders. We start by checking that

@1 D) (14 ® Xy ® 17) = 1 ® (&, D) (X(-mm))) ® .
Hence we can define

o:| Jor, A | e, 81 a,x - ", 0.

meN meN

¢ 1s bounded and thus has a continuous extension, which we denote by the same symbol,
¢ ®zA = ®z8 due to 6.2. @A and ®;B are naturally equipped with the tensor right shift
and ¢ intertwines those shifts.

6.5. LemMA. LetT'y = ¢ be a g-1-block coder. Let S g g, 5 respectively S g e, denote the right
shift on @A respectively ®;8B. Then ¢ intertwines the shifts,

¢ o SR,®zﬂ = SR,®zB o ¢’

respectively the following diagramme commutes.
8. A —— .8
& A —— @8

Proor. LetI'y, Sre,2, S re,s and a fixed m € N be given. Let further ®” x; be an element
of @z A. As ¢p(®",,x;) = ", D(x;), we get

$ 0 Sko.a(la® @",x)® Ia) = ¢(12® Ia ® (&%)
=130 130 (8", B(x))
= Sre,s(lls ® (&, 0(x)) © )

= S RyB O ¢(113, ®(®",x)® 1154)-

As ¢ is linear and continuous, this equality for shift invariance holds on all elements. O
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Thus ¢ is stationary. Hence its adjoint operator I'y := ¢*,
Iy : S(®@28) > S@zA): o> o
is a g-coder mapping one g-shift space of infinitely many g-bits to an other.

If we define 0 g, # respectively o .5 to be the shift on tensor product states on ®zA respec-
tively ®,8, we obtain that I'; intertwines the shifts on the state spaces. This is made more
precise in the following remark.

6.6. RemMark. Let I'y = ¢* be a g-1-block coder, 0 g,# the left shift on the set of tensor
product states ®2S(A) = {®z¢; : ¢; € S(A)} and 0 5,5 the left shift on ®@;,S(B) = {®z¢; :
¢; € S(B)}. Then I', as well as the shifts leave the tensor product states invariant and since
TLeA = S Reua and o g,8 =S ;,®zB’ the shifts are intertwined by I'y,

[yo0r8,8=018,a01.

Since I'y is a quantum version of a 1-block coder, and we call it a g-1-block coder.

We can make g-1-block coders a little bit more interesting by looking at g-1-block coders on
g-full shifts over a g-higher alphabet. As mentioned in chapter 3, section 11, examples for
such g-1-block maps can be constructed using stabilizer embeddings. Their g-1-block coders
are studied in chapter 5, section 1.

6.4. Quantum Analogues of Linear Coders and Convolutional Coders. Clearly, g-
coders are in particular generalizations of classical linear coders as defined in chapter 1, sec-
tion 5.

If we recall the definition and properties of classical convolutional coders as defined in chapter
1, section 6, the characterization which fits most into our context is to ask for continuous g-
coders mapping one g-shift space onto another. But all g-coders satisfy this requirement. Thus
any g-coder can be considered as a quantum version of a convolutional coder.

In order to obtain examples for g-coders that are not g-1-block coders, we will use Ollivier-
Tillich-stabilizer embeddings, which we introduced in chapter 3, section 9. We will construct
g-coders from these mappings in chapter 5, section 2.

7. The New Scheme of a Quantum Algorithm

In this chapter we generalized the common scheme of quantum algorithms using only pure
states and automorphisms given by unitary transformations to a more general one. This more
general scheme allows mixed states as well as arbitrary quantum operations and is described
below.

(1) We prepare a mixed quantum state ¢, of a quantum system as the input state.

(2) We manipulate the input state ¢y with adjoint mappings of unit preserving quantum
operations and obtain a transformed state ¢ .

(3) We perform measurements on ¢;.
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Also this new scheme fits into the context of quantum measurements as defined by Kraus. We
will describe these quantum mechanical measurements in chapter 6, section 1.

Obviously the usual scheme working with pure states and automorphisms Ad(«) for unitary
transformations u on the Hilbert space is contained in the new scheme.






CHAPTER 5

Examples of Quantum Coders

Examples of gq-coders should be derived from stationary quantum operations on AF-algebras.
We first have a look at the examples, which we can define by using stabilizer embeddings.

Considering [k, n]-stabilizer embeddings as defined in chapter 3, we may simply let k and
n tend to infinity, but then we lose all hope for shift invariance. If we discuss m-blocks of
[k, n]-stabilizer embeddings instead, we may also enlarge the number of blocks m instead of
k and n, and we obtain shift invariance on the m-block. Looking at Ollivier-Tillich-stabilizer
embeddings, we may enlarge the number of shifted blocks specified by the parameter ¢ instead
of k and n. We will etablish shift invariance in both cases.

We also describe the image state space of an infinite block of a stabilizer embedding as a
subset of states in a larger state space.

1. Infinite Blocks of Stabilizer Embeddings

In this section we regard a stabilizer embedding as the quantum analogue of a classical 1-block
map of a higher alphabet. We lift this to a mapping on a g-full shift.

Let ¢ : CK — C" be a [k, n]-stabilizer embedding as in chapter 3, section 5. Recall that
c’c = 1k and that cc* is a projection in My. Then Ad(c*) : Mg — My is injective since
cyc* = 0if and only if c*cyc*c =y = 0. As Ad(c)Ad(c*)x = c*cxc*c = x, we see that Ad(c) is
injective on the image cMgc* € My of Ad(c*). We easily check that Ad(c*) : Mg — cMkgc* is
a *-isomorphism and hence cMgc* is isomorphic to M.

Thus Ad(c) : My 2 cMgc* — Mg defines a g-1-block map Ad(c)* between the g-alphabets
S(cMgc*) and S(M) as in chapter 4, section 6. Since My = ®M, and My = @M, we may
also interpret both algebras as the algebras of g-higher alphabets of the g-alphabet S(M,).

Now we define

®" Ad(c) : ® cMgc* — é Mkg.

Now we want to lift the mapping to |J,,eny ®”,,cMgc* and define embeddings

Tt ®" Mgc" — @™ cMgc™ : x - cc* ® x® cc”

55
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for x € ®" cMkc”. In order to check whether the (2m + 1)-blocks ®” Ad(c) of the stabilizer

-m

embedding c are compatible with the embeddings (r,,),,, we compute as for general q-1-block-
coders in chapter 4 at the end of section 6 that the following diagramme commutes.

. . 8,AdO .
®_mCMKC E— ®—mMK

.| 1

@™ Ad(c)

-m—1

®r_n;;£1CMKC* _— ®T,:;£1MK
This is shown in the following equation,
™ Ad(c)(cc® ® (®”,x) ® cc*) = c*ec’c ® (R, cxic*) ® c*ecte
= ]l[( ® (®'_"mcxl~c*) ® ]11(.
Hence we can set
®ZAd(C) : UmeZ ®Tm CMKC* - UmeZ ®’_”m MK
Q" i - (®",Ad(c)) (®",x)

—_ k
= Q" cxic’.

1.1. LemmaA. ®zAd(c) has a unique continuous extension to M, = h_r)n ®Tm cMgc*, which we
m

denote by the same symbol, @;Ad(c) : M. - Mg = h_r)n ®Tm Mg.

Proor. As ®” Ad(c) = Ad(®",c) is completely positive on ®”, cMgc* and as obviously
®" Ad(c)(cc*) = 1k, we obtain due to lemma 2.4 in chapter 2 that ||®” Ad(c)|| = 1. Analo-
gously we obtain [|®zAd(c)|| = 1 on ®”, cMgc*. Thus ®,Ad(c) can be extended to a bounded
operator on the inductive limit having the same operator norm. O

1.2. ReMaRk. We obtain that ®Ad(c) : ®z cMgc* — M is a *-isomorphism between AF-
algebras. But it is not the inverse of an embedding of Mg into My, as M is not a subalgebra
of MN.

Looking again at the state spaces, we get the following.
1.3. DerNiTION. Given Mg, M. and ®;Ad(c) as above, we let
I, : SIMg) = SIM,) @ ¢ = ¢ 0 ®zAd(c)
be the infinite block of a [k, n]-stabilizer embedding c.
As Ty, is the adjoint mapping of a *-isomorphism, it is bijective.

The structure of I'g, as a g-1-block coder implies that ®,Ad(c) intertwines the shifts Sy on
M. and S g ¢ on Mk due to lemma 6.5 in chapter 4,

®zAd(c) o Spy = Srx © ®zAd(c),
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respectively the following diagramme commutes.

®zAd(c)

M. —— Mg

SR,Nl lSR,K

®2Ad(c)
M. 2O M ©

As in chapter 4, remark 6.6, we thus obtain stationarity on the state spaces as well as on the

tensor product states.

Classical coders usually hide a given code space in a larger one. Therefore in the image code
space of a classical coder only certain sequences are images of the mapped code space. Of
course, we would like to establish this property also in the quantum case. We are going to see
in the following that image states of I'g, can be seen as states on My, that are invariant under
projections of the form -+ - @ Iy ®cc* @ Iy ® - - -.

In order to do this, we define projections as we did for C in chapter 3, section 5 respectively
section 7. By doing this we will notice why it makes sense to call I'g, an infinite block of a
stabilizer embedding. We set

gij=®Ily® g ®ly®---€ My
—
J

for any generator g; of §. Then the g;; commute and do not generate —1. If tr := ®ztry, the
*-algebras they generate are tr-independent. Hence these operators g;; generate a group 7z C
My. Note that we could call 77 a generalized stabilizer group, as it meets all requirements
exept that it is not an element of a finite-dimensional Pauli group. This is the reason why
we call I'g, an infinite block of a stabilizer embedding. But we are not able to preserve the
whole algebraic structure concerning stabilizer algebras. To see this, let Ay, € My denote
the algebra generated by 7. Then

Ar, = ({1, -1)5*
={(c. s Gi0)is Oi1)is Oindis - - ) = (vij)i € {1, =1} for j € Z}.

We further have o(g;;) = {1, —1}. Defining the corresponding spectral projections F yij by

F/i=-@ly® E ®ly®---€Ar, C My
\-/—/
J

fory € {1, -1}, we obtain g;; = Flij - Fi’l Now put
F()’ij)i =0 1ye E(Yij)i ly®---
\‘/—/

J

n—k
=| [Fi} e A, < My
i=1

=
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for (y;j)i € As and Eyp = H:’:_lk Ey"ij. An important case for the following is given for
ij)ij = 100707,
F]n—k’j = ®11N® E]nfk ®]lN®
Jj
:"'®11N®\CC;*-/®]1N®'“:ZFJ.

J
In order to calculate the common spectral projections of the elements of Ar,, we would
have to define the infinite product over all j € Z of the projections Fy,, for (yij)ien,.,.jez =
((y; j);‘:‘lk) jez € Ar,. But this product corresponds to the infinite tensor product over all j € Z of
the projections E|y,. and therefore is not an element of My and hence not an element of Az, .

But we can still calculate the image of I'g,. We start by setting

S = 19 € SMn) 1 ¢ = ¢ 0 Ad(Fyy,)) for all j € Z).

Hence we obtain for (y;;);; = 1¢0%

1 (n—k)Z

Sikn) = 1lp € SIMy) : ¢ = po Ad(F)) for all j € Z}.
1.4. Remark. Let (y;));; € f{TZ and J C Z be finite. As S(My) is a compact convex set,
SMy)Y ={peSMy) 1 p=gpo Ad(F ) forall j € J}

is nonempty and closed. But as finite intersections of sets S(My)’ are again of this form, any
finite intersection is not empty. Hence by compactness of S(My),

bijij _ J
S[[({N’] - ﬂ S(MN)
JCZ finite
1S not empty.

The following theorem states that infinite blocks of stabilizer embeddings have an analogue
property as classical coders, as we mentioned above.

1.5. THEOREM. Let 'y, : S(Mk) — S(M.,) be the infinite block of a [k, n]-stabilizer embedding

c. Then the image of I'g, is given by S[ll((;\k,az

Proor. In the following consider Ad(c) : My — My instead of its restriction to cMgc*
and recall that cc™ is a projection in M.

First we show that Iy, (S(M)) = S(M.) € Sl v
Ad(cc®) = Ad(c™) o Ad(c) : My — cMkgc”
is completely positive and Ad(cc*)(1y) = cc™ = 1. As obviously for all x € ®”, My

@™ Ad(ec”)(Iy ® x® 1y) = cc* ® ( ", Ad(cc*)(x)) ® cc”,

m—1
we may define

U Q™ Ad(cc”) : U Q" My — U Q" cMkc”.

meN meN meN



1 INFINITE BLOCKS OF STABILIZER EMBEDDINGS 59

Also U,ez ®™,,Ad(cc*) 1s completely positive, unit preserving and therefore bounded due to
lemma 2.4 in chapter 2. Thus it has a continuous extension A : My — M.. Its adjoint
mapping A* maps states ¢ € S(M,) to states A*(¢) € S(My) and we have to show that
A*(p) = A*(p) o Ad(F)) forall j € Z. Let x € ®"_ My. Then

I=—m

A'(@)(x) = g0 A(x) = g o (&L, Ad(cc)) ().
Butas @7 Ad(cc”) = [T, Ad(F)), ®7,Ad(cc”) = &, Ad(cc*)oAd(F)) forall -m < j < m,
and we obtain A*(¢)(x) = A*(¢) o Ad(F;)(x) for all -m < j < m. As this holds for all m € N,
A*(p) = A*(p) o Ad(F ;) on |J,,an ®”, My and hence on all of My forall j € Z.
For the converse direction, let ¢ € S&;}Z Thus ¢ € S(My) with ¢ = ¢ 0o Ad(F;) for all j € Z.
Put ¢,, := ¢lgn wy. Then ¢, is a state on ®”, My and @, 1(1y ® x ®,, Iy) = ¢,(x) via the
identification of ®” My with the subalgebra - -- 1y ® ( ", MN) ® ly--- € My. Hence

U Om U Q" My — C:®",x; = ¢,(®",x;)

meN meN

is a state on |,y ®”, My and its continuous extension on My is ¢. Then

Om = @mo Ad(F;) forall —-m< j<m

=@ O l_l Ad(Fj) = 90m|®’_”mcMKc*
————

j=—m
—_—— ce!, My
=" Ad (cc*)

and ¥, := @l avyer 1S @ positive linear functional on ®”, cMgc*. ¥, 1s a state, since

Un(@" Lesser) = @u(@",cC™) = @u(@, 0@, 1)@, "))
=m0 Q" Ad(cc’)(@" 1y) = (@™, 1y) = 1.
As further for all y € ®” cMkgc*
wm+1(lchKc* ® y ® ]chKc*) = 90m+1(CC* ® ( ®Tm Ad(CC*)(y)) ® CC*)
= @1 © (®", Ad(cc”))(Iy @y @ ly)
= @1 (Iy @y ® Iy) = ©u(y) = (),

we can define
U W U Q" Mgc* — C:®" vi > Y, (®" v).

meN meN

Upment ¥ 1s bounded and has a continuous extension ¢ € S(M,). Now we still have to show
that A*(/) = ¢. But this holds, as A is continuous and therefore

A*(Y) = A*(linrln Unm) = (linlln Ym) oA = lirin(g[/m 0A) = linr1n O
since for all x; = cy;c* € cMgc* with y; € Mg
Ym0 A(®", ;) = Y,y (®",Ad(cc™)x;) = Y (®" cc*xicc™)
= Yn(®L,c(c")yi(c 0)c™) = Ym(@L,,cyic™) = @u(®”,x)). m
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Hence we can interpret infinite blocks of stabilizer embeddings as mappings that hide a given
state space in a larger one. This is realized by mapping the state space S(M,) to states in
S(My), which are invariant under all projections F; = ---®@ Iy ® cc® @Iy ®--- for j € Z.

J

2. Infinite Ollivier-Tillich-Embeddings

When we looked for examples for quantum coders, we considered in the previous section m-
blocks of stabilizer embeddings for m tending to infinity. But we also have another option
coming from Ollivier-Tillich-embeddings, which we defined in chapter 3, section 9. In this
section we consider such embeddings C, and let ¢ tend to infinity.

We recall that Ollivier-Tillich-embeddings C, are defined by surjective mappings
Ad(c,) : My, — Mg,
with N, = 2%, n, = m+ (2t + Dn and K, = 2%, k, = m + (2t + 1)(k — m). Looking at
Ad(c)) : Mg, — My,
we see that Ad(c;) is injective, as ¢,yc; = Oif and only if ¢;c;ycic, = y = 0. As Ad(c)Ad(c})x =

c;excie, = x, we see that Ad(c,) 1s injective on the image of Ad(c;). So let us fix
ﬂ[ = Ad(Cj)(MK[) = CIMKIC;k c MN,-

Obviously A, is a *-algebra, as (c,x;¢))(cx2c;) = ¢, x1x2¢; and Ad(c)) 1s a *-isomorphism. As
Ad(c}) 1s injective, (A, is isomorphic to Mk, , and Ad(c,), respectively Ad(c;), are the according
bijections inverse to each other,
Ad(c)) : Mg, = A, and Ad(c,) : A, — M.
We have the inductive system (M, j,) with embeddings
jl‘ . MK, — MK[H = Mzkﬂﬂ ® MKr ®M2k7m X B ]12k—m Rx® ]lzk—m

and limit
h_l’)l’l MK[ = (®t_=1—00M2k_m) ® M2m ® (®zoMzk—m)
teN
isomorphic to Mon ® (®zMyi-n). Now we will see that A, € A,.;. To do this, we define
embeddings
iyt Ay = Ay x> Ad(C], ) Lor ® Ad(c) () ® Tyen )

Ji(Ad(c)(x))

via the following commuting diagramm.

Ad(cr)
A, —— Mg,

TR

Ad(ct+1)
ﬂt+ 1 MK 1+1
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Hence we can define the C*-inductive limit lim,ey A, of the system (A, i;). But as
Ad(e,)(ii(x)) = €yt Tyon ® Ad()(X) ® yion )l Cra
= Ipen @ Ad(c) (%) ® lpe-n = ji(Ad(c/) (),
we can lift Ad(¢,) to
(Ton. : [ JA = | M, + A 5 x> Ad(e)().
teN teN
As ||Ad(c))|| = 1 for all # € N, (I'ot). has a continuous extension onto the inductive limits, that
we denote by the same symbol,
(Tor)- : li_I>nﬂt - h_I>nMK,-
teN teN
(T'or)- 1s a bijective *-isomorphism between the AF-algebras li_r)nl A; and li_r)nt Mk,. Note that
lim A, € lim My,. If we define its adjoint operator
—t —t
Tor : S(h_H}MK,) - S(h_n}ﬂ,) s ¢ o (lor),
teN teN
also I'gr is bijective.

2.1. DerFiNtTION. Let o : S(li_r)nt Mg,) — 8(1i_r>nt A;) be as defined above. Then we call I'gr an
infinite OT-embedding.
As li)nt Mk, 1s isomorphic to Mo» ® (®zM«-»), we may define a map

SR = id2m ® SR,Zk”"

acting as a the tensor right shift S g 5«-n on ®zMoi-n, leaving My« invariant,

ldzm M2m
Sr= ® on ®
SR,2k—771 c Mzk—m ® Mzk—m@ Mzk—m ®M2k—m ® Mzk—m ce

We can pull back this map on li_r)nt A, via the *-isomorphism (I'gr).,

~ -1
Sk (@) :=(Tor).) Sr(Tor.(@)
fora e 1i_r>n)f A,. By construction S is conjugate to the shift Sz via the conjugation (T'or)., i.e.

(Tor). © Sk =Sk o (Cor).-

Note that S is an abstract shift and that neither Sz nor S have a connection with the shifts
mentioned in chapter 3, section 9.2.

However, (I'or). is a g-coder. Hence we get the same result for OT-embeddings as remark
6.6 in chapter 4 for infinite blocks of stabilizer embeddings. More precisely, we have for an
infinite OT-embedding I'or and for the adjoint maps S ; on S(li_r)nt Mk,) and S 7 on S(li_r)nt A

Foro S = (SR o (FOT)*)* = ((FOT)* o SR)* =8y oTor
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with the above considerations.

Of course, we would like to generalize the interpretation for infinite blocks of stabilizer em-
beddings in sectionl, theorem 1.5. But there is no hope for that, as in general cases, ¢, and
¢:+1 do not have to be connected. This makes it impossible to establish a connection between
S(lim A;) and S(lim My,).

—>1 —>t

However, we obtained an example of a g-coder, which is not just a q-1-block coder. But the
price we had to pay is an abstract shift together with the loss of an important interpretation.

3. Discussion

As we saw in chapter 3, section 4, a stabilizer algebra Ag given by its (n — k) commuting and
independent generators is isorphic to L*([0, 1), 8,x, 1), where B,_; denotes the o-algebra
generated by the first (n — k) Rademacher functions.

The projections E; € Ag fory € {I,—1}and i € N,_; correspond to the characteristic functions
ey’ € L>([0,1),B,_, ). They generate Ag respectively L([0, 1), B,, 1), are independent
for i # j and have the same “measure™ tr(E)) = 3 = f[O’l)ey"d/l. If we define for (y;); €
{1’ -1 }n—k
n—k
€hi = 1_[ e)lvi’
i=1

{Eqy @ vi)i € {1, —1}"7%} as well as legn, @ )i € 4 1,—1}"*} are generating sets of their
algebras and pairwise independent.

By setting Ay,), := {x € [0, 1) : eg,,(x) = 1}, we obtain classically independent events A, €
B, for ()i € {1, - 1}",

This notion of classical independence is the same as we have in classical Bernoulli shifts. This
comes from the fact that ([0, 1), B, 1) equipped with the transformation R is isomorphic to the
Bernoulli shift

v:= [ |0, 1. 20 1.
N

1 1

given by {0, 1} and the measure u = (5, 3

position.

), equipped with the right shift on the binary decom-

Hence, by regarding (Aj, tr) as a quantum probability space, we have implemented the clas-
sical probability space L*([0, 1), B, 4) into an algebraical and therefore into quantum me-
chanical setting. In this setting, the classically independent events (A, ), correspond to
something like “independent Hilbert spaces” E(yl.)l,Czk. This is reflected in the considerations
of the next chapter, where we will discuss to what extent these codes really make use of the
quantum setting.

The advantage of this method of choosing g-1-block maps into such an independent Hilbert
space is error correction. As quantum states change rapidly, error correction is an important



3 DiscussioN

63

feature of data transmission. We will not go deeper into this matter but refer to the detailed
description in [NCO00].

This leads to the question, whether there are quantum codes, where we use more quantum
features in choosing subalgebras or subspaces, but where we are still able to give a good error
correction theory. We would also like to preserve the interpretation of a coder as mapping that
hides a given state space in a larger one.






CHAPTER 6

On the Realization of Quantum Algorithms

In this section we study the realization of quantum algorithms.

As we may deduce from chapter 4, section 3, such realizations include measurements. There-
fore, we give a brief definition of a measurement operator in the first section. The next section
describes the modified scheme of a quantum algorithm we use in this work as mentioned in
chapter 4, section 3. Here, we also discuss the connection between the scheme of a quantum
algorithm and measurement operators and introduce special quantum gates, i.e. certain op-
erations permitted in both schemes. The second section shows that measurement operators
belonging to quantum algorithms constructed in a certain way are almost classical. We will
call this notion essentially commutative. Examples for such measurement operators are the
realizations of stabilizer embeddings and the important phase-estimation algorithm developed
by Shor. The last section finally discusses the measurement operator of the well known Grover
algorithm.

1. Measurements

A quantum mechanical system, or shorter a quantum system, is given by a quantum probability
space, 1.e. a *-algebra A equipped with a state ¢. If we perform a measurement on the quantum
system (A, ¢), the system will be changed. In the Schrédinger picture, this change is expressed
by a change of the state whereas the algebra remains unchanged. The Heisenberg picture is a
dual but equivalent description, where the algebra gets transformed but the state remains the
same. The purpose of a measurement is to find out more information about ¢. Let (C, ¢) be a
second quantum system describing the measurement apparatus and A and C be unital. Due to
Kraus [Kra71], a measurement in the Schrodinger picture consists of the following steps. A
detailed introduction can be found in [SF06].

() We couple the systems (A, ¢) and (C, ¢) and obtain the system (AQ C, ¢ ® ).

(8) The coupled systems evolves with time. This time evolution is given by an automor-
phisma : (AQC,¢p®yY) = (ARC,(¢®Y) o ).

(y) We measure an observable };.; A;p; € C with countably many outcomes A; and ac-
cording spectral projetions p;, i € I. Measuring A; leads to a new quantum system
(AR C, ) withg; = (¢ ® ) o @ o Ad(la ® p;).

(6) We learn something about ¢ by restricting ¢; to ¢;| 4.

In the dual Heisenberg picture, we obtain an equivalent description leaving the states invariant
but working on the algebras.
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(o) Wemapxe Atox® llpc € A®C.

(") The measurement with outcome A; reduces x ® I to x ® p;.
(8’) The system evolves with time, x ® p; = a(x ® p;)

(") We separate the systems by applying a conditional expectation

Py:x®ym= y(y)x
and obtain Py(a(x ® p;)).

Considering all possible outcomes i € I in a countable set / leads to the definition of a mea-
surement
T A->A: x> ZP¢(C¥(X®Pi)) =: ZTix.
i€l i€l

The following case is called a perfect measurement and is presented in more details in [SF06].
Let A=M,,C =M, ARC = M,,(M,), ¥ = (1, ..., ¥,)" € C"be a pure state and p; a one-
dimensional projection onto lin(&) with & = (&,...,& )" e C" foralli € I, i.e. p; = (&E))i).
As a is an automorphism, it is of the form a = Ad(u) for a unitary u = (u;;);; € M,,(M,,). Then
we can calculate the explicit form of 7; as in [Ste01],

Tix = Py (' (x ® pu) = Py} g (ELE0) (i) )

= Pw(( Z u;hfgxg-ujk)hk) = P¢(((Z é;ugh)*x(z E;ugk))hk)
g=1 g=1

&J=1

(l/’h)h, Z(Z gh)*x(z E;ugk)l’//k)h>
k=1 g=1 g=1

m m

= Z l/_/h(( _;ugh)*x(z égugkwk))

h=1 g=1 g.k=1

(Z Eqttgin)"X( Z é_:;ugk‘//k))

g,h=1 g.k=1
* . %
= a;xa; with a; = & uy.

Il
—_

T; and T are completely positive. T additionally preserves the identity and hence is a quantum
operation. We call T in the following the measurement operator or just the measurement.

Due to chapter 2, section 2, the unravelling (a;); of a completely positive map 7T is usually
not unique. But we saw that if the matrices ay,...,a, are linearly independent, they are
determined up to isometric transformations.

A quantum operation 7T is called essentially commutative, if it has an unravelling Tx =
ey Aivixv; for unitary matrices v; € M, and a probability measure A = (4i,...,4,,). In other
words, T is essentially commutative, if it is an element of the convex hull of automorphisms.
In this case, the iterated quantum operation 7", n € N, can be obtained from a coupling to
a classical Bernoulli shift. It thus has an interpretation as a time evolution due to a external
stochastic classical field, but for these details see [ KIMS87].
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Kiimmerer proved a theorem with which makes it easy to check, whether a completely positive
map 7 : M, — M, is essentially commutative. It can be found in [Kiim85a].

1.1. THEOREM. let T : M, — M, be a completely positive map. Then T is essentially commu-
tative if and only if tr (x) = tr (T (x)) for all x € M.

2. Realization of Quantum Algorithms

In chapter 4 we generalized the common scheme of quantum algorithms using only pure states
and automorphisms given by unitary transformations as described in chapter 4, section 3 to a
more general one. This more general scheme allows mixed states as well as arbitrary quantum
operations and was described in the same chapter in section 7. Note that the new scheme
and the common scheme fit into the context of quantum measurements as described in the
previous section, if we take the automorphism respectively the quantum operation for the time
evolution.

Existing quantum algorithms including stabilizer embeddings make use only of the common
scheme. In fact, they are implemented in the following way.

e All quantum systems are finite-dimensional.

® ¢ is a tensor product state of a pure state in the system of interest as well as in the
system of the measurement apparatus.

e The time evolution is given by an automorphism Ad(u) for a unitary operator u on
the Hilbert space of the coupled system. These unitary operators u are generated by
a set of so called quantum gates.

e The measurements we perform on the system of the measurement apparatus have
one-dimensional spectral projections.

Note that this corresponds exactly to the definition of a perfect measurement.

Now we define the most common quantum gates. A guantum gate is a quantum operation
Ad(u) for a unitary element u of a finite-dimensional *-algebra. We list the most important
ones in the following. For more details we refer to [NC00].

The Pauli quantum gates are quantum gates on the algebra M, belonging to the set of g-bits
and given by the Pauli matrices,

Ad(O-L) : M2 - MZ’ I € {x’y’ Z}~

Other important gates on the algebra belonging to the set of g-bits are the Hadamard gate
Ad(H), the phase gate Ad(S) and the n/8-gate Ad(T) for

I (1 1 1 0 1 0
gl oo e )
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Another important quantum gate is the controlled NOT gate,

1 00O
0100
Ad(CNOT) : My ® My » My ® My for C(NOT =| (|
0010

The interpretation is that Ad(CNOT) performs a o-gate on the algebra of the first qubit pro-
vided that the second g-bit is given by the vector state (0, 1)7.

We can define in a similar way controlled operations for any unitary matrix U € My,

Ad(CU) . Md ® M2 = Mz(Md) i Md ®M2 forU = (g 2) .
Ad(CU) performs the quantum gate Ad(U) on the algebra belonging to the g-dit provided that
the qubit is given by the vector state (0, 1)7.

3. Properties of Realizations of Quantum Algorithms

There is an important theorem by Gottesman and Knill.

3.1. THeoREM. Let ‘H be a finite dimensional Hilbert space equipped with an othonormal basis.
Suppose we perform a quantum algorithm on H such that

we start with a pure state given by a vector from the othonormal basis,

we use only Hadamard gates, phase gates, CNOT-gates and Pauli gates,

we measure only observables in the Pauli group, and

we may manipulate the quantum system after the measurements depending on the
outcomes of the measurements.

Then such an algorithm can be efficiently simulated by a classical computer.

The possibility to manipulate a system depending on the outcomes of a measurement is usually
refered to as classical control conditioned on the outcome of measurements.

The proof of the theorem can be found in [NC00].

This result mirrors another important property of realizations of quantum algorithms.

3.2. THEOREM. Let (A, ¢) be a quantum system consisting of a finite-dimensional *-algebra A
and a pure state ¢. Let (Myn, ) be a second quantum system with the pure state Y given by
(1,0,...,0)" € C*", and let (p;)~, be projections onto the canonical basis of C*". Further
identify Mon with @M.
If

B 0

U=1z0A) (I ®(®" H)) € A® My
0 BZm
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with unitary matrices A € Mon, B; € A and the Hadamard-matrix H, then the measurement
operator T with
2m
Tx =) PyAdU)x® p)
i=1
is essentially commutative.

Proor. Let (f;)2, denote the canonical basis of C*" and U = (u;;);;. We know that Tx =

> a;xa; for a; = ffUfi = fI(u,...,uzn)" = u;. Let further = stand for matrix entries
that are not interesting to us. Then we calculate
1 1
m 1 : . 1
Q"H « |, respectively 14 ® ( ® H) = *

| V|

If we further denote A = (a;;);;, we obtain 14 ® A = (a;j14);; and finally

B, 0
U=(1z®A) (Ia ® (®" H))
0 Bon
L[ B | SH @B,
= (ajjla)ij—| ¥ | = — : s
2m 2m m
\/_ Bzm \/_ Z?:l Clzijj

Therefore, a; = u;; = # Z?:l a;jB;. As A is unitary,

2m 2771
1
Tx = a:xa; = — B’ xB;.
by theorem 2.3 in chapter 2. Then the assertion follows due to the definition at the end of
section 1, since all B;, i € N, are unitary. m]

3.3. Remark. The quantum algorithms for the phase-estimation algorithm and thus for the
quantum algorithms of order-finding and factoring are exactly of this form. Hence their mea-
surement operators are essentially commutative.

The coding scheme for a stabilizer embedding is also of this form and hence the according
measurement operator is essentially commutative as well.

For details of these quantum algorithms we refer to [NC00] and [Got97].
4. Measurement Operator of the Grover Algorithm
The Grover algorithm is one of the most important quantum algorithms. It solves the problem

of finding an element satisfying a certain property in a search space of size 2", n € N. For
simplicity we consider the case that only one element has this property. We are not going
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into the details of how the Grover algorithm works but consider just its realization in order to
calculate the corresponding measurement operator.

Let (M5, ¢) be the quantum system given by the pure vector state (1,0)” € C2. Let (M., ) be
a second quantum system with the pure vector state = (1,0,...,0)" € C*, and let (p;)*, be
projections onto the canonical basis of C*'.

Then according to [NC00] and via identification of M. with ®"M),, the Grover algorithm for
m iterations, m € N, is given by

Un = (T, ® A)0)" (1, ® (®"H)) € M, ® Mn
for fixed unitary matrices A € M. and O € M, ® M,» and the Hadamard-matrix H. O is the
most interesting matrix of this algorithm as it describes the socalled oracle gate Ad(O).

The oracle gate works as follows. Let xy € Ny be the solution of the search problem. The O
is given by

O=0,@py, + Z Iy, ® py.

x€Nym x#£x)
Obviously, O is of the form
B, 0
0= ..
0 B

with By, = o and B, = 1 for x € Ny, x # x.
For m = 1, the measurement is essentially commutative by lemma 3.2.

Now we calculate also the measurement operator 7 in the case m = 2 with

on

Tx = Z PLAAU,)(x ® py)).

i=1
We have shown in section 1 that in this case Tx = zfjl a:xa; with a; = fiT U,fi = uizl for
U; = (I, ® A)O(Iy, ® A)O(ly, ® (®"H)) =: (u%j)ij € M. (M).

Setting Iy, ® A = (a;;1,);j, we obtain (1, ® A)O = (a;;B;);; and hence

om

((]IM2 ®A)0)2 = (Z aixai;BiBj)ij-

k=1
If we further denote Iy, ® (®"H) = (h;;1,);; and recall that h;; = 1 for all i € N»., we get
o Zij,-zl axay;ByB;
U, = [Z aikaijkBj) (hijly,)ij = : *
k=1 ij Zi,j:l aznkaijkBj

As B € {Iy,, 0} for j € Ny., we also have ByB; € {l,, 0} and hence a; = ufl € lin{Iyy,, oy}



4 MEASUREMENT OF THE GROVER ALGORITHM

71

In fact,
2}1
a; = Z a,-kaijkBj
k,j=1
= ((@ixg iy + Z aay;) - 1+ (Z iyl + ijsy ) - T

k, j#xo0 J#EXo

=@ =i

Due to theorem 1.1, completely positive maps on M), are essentially commutative if and only
if they preserve the trace tr on M,. Therefore, we consider x = (x;;);; € M, and calculate
tr (Zfﬁl a:xa;). But as a; = a;1 + Bio,, we obtain
* 2 - o 2
axa; = || x+@pixo+ o+ |G| owxo,.
Thus
tr(a;xa;) = (|Cl/i|2 + |ﬁi|2) (X1 + xp) + ((l7i,3i + a’iﬁ_i) (X1 + X12)
and hence tr (x) = x1; + xp = tr (21-2:"1 a:xa;) = Z?:l tr (aix a;) if and only if

on on

D (el +1B) =1 and " (@i + i) = 0.

i=1 i=1

According to [NC00], the matrix A = (a;;);; 1s of the form

| 1 - 1
A= =1 © = D,
1 - 1
and hence we have
1 -1 1
a; = T and a;j = F for i # ]

But then for n = 1, we obtain a; = 0 and a;; = 1 fori # j. If we denote the element of the
search space that is not x( by —x,, we get

@xy = Aag(~x0)Hx0)(=x0) T DxoxoAxoxo = 0,
ﬁxo = Axgxgxg(-~x0) T Ag(=x0) A (=x0)x0 = 1,
Uoxy = Ay x)dm)(x0) T Aro)xo oy 0 and
ﬁ—'xo = A(xp)x0%x0(-x0) T A(=x0)(=x0) (=x0)x0 L.

Then obviously
|ax0|2 + Iﬁx()'z + |C}f_|x0|2 + Iﬁ_‘x0|2 — 2 i 1

and therefore the measurement operator of the Grover algorithm for m = 2 iterations in the
case that the search space consists only of two elements, 21.2:1 a:xa;, is not essentially commu-
tative.
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5. Discussion

We noticed in this chapter that the Gottesman-Knill theorem finds a correspondence in the
fact, that the measurement operators of common schemes of quantum algorithms are essen-
tially commutative. Hence recapitulating this chapter together with the previous one, we note
the following. In the discussion of chapter 5 we asked, whether there are new examples of
quantum coders, that still have good error correcting features and maybe also the interpreta-
tion of hiding a given state space in a larger one. This challenge has become bigger - after the
considerations above we ask ourselves whether these examples will have essentially commu-
tative measurement operators.
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APPENDIX

Glossary

C*-algebra

algebra of a g-alphabet
algebra of an Nth higher g-alphabet
stabilizer algebra

stabilizer algebra of m-block
stabilizer algebra of OT-embedding
q-full shift

spectrum of A

infinite tensor product
quantum probability space
alphabet

allowed words of length N
higher block shift

full shift

Borel sigma algebra
bounded linear operators
language of a shift space X
allowed words of length n
reduced sigma algebra
higher block coder

stabilizer embedding
m-block of ¢ resp. C
OT-embedding

complex numbers

stabilizer Hilbert space embedding
m-block of ¢ resp. C
OT-Hilbert space embedding
common spectral projection
projection onto ES(g;)
expectation value

common spectral projections
summand of r;

convolutional coder
forbidden words

14
46
46
27
35
39
47
14
17
44

30
13

31

32
35
39
13
32
35
39
28
28
31
60
31
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group
spectrum of G

Pauli group

special elements of the Pauli group
generator of a group

higher power coder

infinite OT-embedding

g-1-block coder

g-higher power coder

parity check matrix

code Hilbert space

separable Hilbert space

inductive limit

algebra of a g-shift space
Lebesgue measure

image algebra of an infinite stabilizer embedding

infinite tensor product

natural numbers

{1,...,n} SN

probability space

coder

linear block map

sliding block coder

block map

transformation on [0, 1)

Rademacher function

subgroup and mostly stabilizer group
tensor left shift

tensor right shift

right shift on OT-matrix-AF-algebra
right shift on abstract OT-AF-algebra
g-shift space

Nth higher g-alphabet

g-alphabet

left shift

left shift on tensor product states
stabilizer group of m-block
stabilizer group of OT-embedding
trace on My

shift space

higher power shift

whole numbers
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