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Abstract

We introduced an open quantum system model to describe the statistical fluctuations of a spin
ensemble in NMR. The model considers an ensemble measurement where the detection coil
does not distinguish spins, and accounts for the state update rule. The analysis brings clarity and
accuracy in describing the notion of spin noise and derives a correct statistical distribution and
correlation function for the spin noise signal.

We propose a proof-of-principle experiment to encode one logical qubit in the noise protected
subspace of three identical spins in a methyl group. We use a symmetry analysis to derive the
dipole moment allowed transitions, which enable us to access the noiseless subsystem. We fur-
ther analyze the symmetry of the hetronuclear dipolar relaxation, which is one of the responsible
mechanisms for observing a noise protected state. Our analytical calculations predict features of
of the NMR peaks that are in agreement with the experimental observations.

We propose a quantum key distribution protocol that simplifies the task of classical data
processing in a trusted relay network. A new announcement strategy is proposed which leads
to reassigning the task of error correction and privacy amplification from the intermediate user
to the end-node users. We examine the security of the proposed protocol analytically, derive the
key rate for two well-known examples of BB84 and 6-state protocols numerically, and consider
a few imperfections arising in practical QKD.

11



Acknowledgements

First all, I would like to express my sincere appreciation to my supervisor Dr. David Cory who
gave me the opportunity to complete my PhD study at Institute for Quantum Computing. [
benefit from his advice, guidance, knowledge and experiences to accomplish my projects. His
support assisted me to manage my family life while studying. I must also thank Dr. Norbert
Liitkenhaus who supervised me for almost a year and half of my PhD program. I am grateful for
his support and advice, for giving me the chance to attend QCrypt conference and for providing
the opportunity to peruse my passion in physics.

Further thanks goes to my advisory committee members, Dr. Jonathan Baugh, Dr.Thomas
Jennewein, Dr. Michele Mosca, and Dr. Ashwin Nayak for sharing their knowledge and making
insightful comments during the committee meetings. A special thank to Dr. Joseph Emerson
whose information was a great help to understand foundational concepts in quantum mechanics.
I would like to thank Dr. Pierre-Nicholas Roy and Dr. Gregory S. Boutic for participating in my
graduating committee.

The friendship with my colleagues at IQC made these years a pleasant memory for my future
and the scientific discussions with them lightened my eyes to look at my research from various
angles. I would like to thank Dr. Varun Narasimhachar, Maryam Mirkamali, Dr. Robabeh
Rahimi Darabad, Dr. Agnes Ferenczi, Dr. Peter Groszkowski, Jean-Luc FX. Orgiazzi, Dr. Jean-
Philippe Bourgoin, Dr. Juan Miguel Arrazola, Dr. Christopher Wood, Ian Hincks, Dr. George
Nichols, Mohammad Niknam, Rahul Deshpande and Kamyar Ghofrani.

I am indebted to my parents and siblings who have always encouraged me to pursue my
goals. They walked with me side by side during this long path from elementary school to PhD
and felt the pain of of going up the barriers and the joy of success afterwards. I would like to
thank Somayeh Nademi, Fatemeh Dorri and Sayeh Rajabi who are as sisters to me, for their
endless kindness, motivation and support along the way.

Last but not least, I express a deep sense of gratitude to my husband Vahid Johari who has
always held my back like a father, dedicated his life to me like a mother and encouraged and
inspired me like a friend. I would not accomplish anything in my career without his endless love.
Thank you for making my life meaningful.

v



Dedication

I dedicate this thesis to my dear siblings, Fatemeh and Reza, whose souls live in my heart
and to my loves, Vahid and Helena, whose hearts live in my soul.



Table of Contents

List of Tables X
List of Figures xi
1 Introduction 1
2 Postulates of Quantum Mechanics 4
2.1 Mathematical Preliminaries . . . . . . . .. .. ... ... .. .. 4

2.2 Postulate I: Quantum State . . . . . . . ... 6
2.2.1 Composite SyStem . . . . . . . . ... e 7

2.2.2 Quantum Statesin NMR . . . . . . . . ... 8

2.3 Postulate II: Evolution of Closed Quantum Systems . . . . . ... ... .. ... 10
2.3.1 Unitary EvolutioninNMR . . . . ... ... ... ... ........ 11

2.4 Postulate II: Evolution of Open Quantum Systems . . . . . . .. ... ... ... 12
2.4.1 Master EquationinNMR . . . . . ... ... o oL 13

2.5 Postulate III: Quantum Measurement . . . . . . . . . . . ... .. ... ... .. 16
2.5.1 Ideal Measurement . . . . . . .. . .. ... 16

2.5.2 Generalized Measurement . . . . . . ... ... 17

2.5.3 Quantum MeasurementinNMR . . . . .. ... ... ... 18

2.6 Mathematical Representations of CPTPMaps . . . . . .. ... ... ... ... 21
2.6.1 System-Environment Representation . . . . . . .. .. ... ... .... 21

vi



2.6.2 Kraus Representation . . . . .. ... ... ... ... ... 22

2.6.3 Liouville-operator Representation . . . . . .. ... ... ........ 24

2.6.4 Choi Matrix Representation . . . . . . . ... ... ... ........ 24

3  Quantum Model Of Spin Noise 26
3.1 Introduction . . . . . . . . . ... e 26
3.2 Open Quantum System Model . . . . .. ... .. ... ... ... ... ... 27
3.2.1 Cavity Interaction . . . . . . ... L L 29

3.2.2 N Spins Coupled to the Bath and the Cavity . . . . . ... ... .. ... 32

3.3 Strong Measurement Model . . . . . ... ... oo 0oL 33
3.3.1 Arbitrary Quantum Map A for non-interacting spins . . . . . . . .. .. 36

3.3.2 Arbitrary Initial State . . . . . ... Lo L 38

34 Weak Measurement Model . . . . ... ... ... ... ... 39
35 Example . . . . oL e 42
3.6 Summary ... ... e e e e e e e e e 45
4 Protection Against Collective Noise In NMR 47
4.1 Introduction . . . . . . . . ... e e 47
4.2 Protection Against Collective Noise . . . . . ... ... ... ... ....... 48
4.2.1 Collective Noise Model . . . . ... ... ... .. ... ........ 48

4.2.2 Decoherence Free Subspace . . . .. .. ... ... ... ... .. ... 49

4.2.3 Noiseless Subsystem . . . . . . . . . ... e 51

43 Symmetry of C3Group . . . . . . ... 54
4.4 The Rovibronic Hamiltonian of a Methyl Group . . . . . . . ... ... ... ... 57
4.5 The Symmmetry of the Electronic Ground State . . . . . ... ... ....... 58
4.6 Internal Rotation-Vibration Wave Function. . . . . . .. ... ... .. .. ... 60
4.7 Internal Rotation of a Methyl Group . . . . . . .. .. .. ... ... ...... 61
47.1 The Symmetry of the Torsional States . . . . . ... ... ........ 63

vii



4.8 The Spin Hamiltonian of a Methyl Group . . . . . .. ... ... ... ..... 67
4.9 The symmetry of the Total Wavefunction. . . . . . ... ... ... ....... 69
4.10 Protected State in Methyl Group . . . . . . . .. ... ... L L. 71
4.10.1 Long Lived State by Thermal Means . . . . . . . . ... ... ... ... 71
4.10.2 Protected State via the Electromagnetic Field Interaction . . . . . . . .. 74
4.11 Observation via Relaxation . . . . . . .. .. ... ... .. ... ..., 78
4.11.1 Symmetry of Dipolar Interaction in a Rigid Rotor . . . . . . . ... ... 79
4.11.2 Master Equation For Dipolar Relaxation . . . . . . ... ... ... ... 81
412 SUMmMAary . . . ..o e e e e e e e e e e e 91
Quantum Key Distribution with Simplified Trusted Relay 93
5.1 Introduction . . . . . . . . . .. 93
5.2 Basic Definitions in Information Theory . . . . . . . .. ... ... ... .... 95
5.2.1 Classical Information . . . . . ... ... ... L 0oL 95
5.2.2 Quantum Information. . . . . . .. ... ... ... ... ... 96
5.3 Quantum Phase of QKD . . . . . . . . ... 98
5.3.1 Quantum Signal Resources . . . . . . ... .. ... ... ... ..... 98
5.3.2 Noise on Quantum Channel . . ... ... ................ 98
5.33 Measurements . . . .o ... oL e e e e e e 100
5.4 Classical Phase of QKD . . . . . . . . . . ... . .. 101
5.5 Security Proof Formalism . . . . . . .. ... ... ... ... . . ... 102
5.5.1 Security Definition . . . . . ... ... Lo oo 102
552 KeyRate . ... ... . e 102
5.53 Announcement . . . . . ... ..ol e e e 104
5.6 Key Rate of 6-state Protocol . . . . . . ... ... o oo 107
5.7 Security Proof of Simplified Trusted Relay Protocol . . . . . .. ... ... ... 110
5.7.1 Quantum State Distribution . . . . . . . ... ... ... .. ... ... 111
572 Measurements . . . ... e e e e 112



5.7.3 Basis ANNOUNCEMENt . . . . . .« . v v v v e e e e e e e 113

5.7.4 Parity Announcement . . . . . . ... ..o 114

5.7.5 Summaryandthe KeyRate . ... .................... 115

5.8 6-state and BB84 protocols . . . . . .. ... 116
5.8.1 Holevo Quantity of the 6-state STR protocol . . . . .. ... ... ... 119

5.8.2 Holevo Quantity of the BB84 STR protocol . . . . . ... .. ... ... 120

5.8.3 Extension to a More General Attack . . . . . . ... ... ... ..... 121

5.8.4 Imsighton the security proof . . . . . . . ... ... ... ... ... 122

5.9 Realistic considerations of STR-QKD . . . . . ... ... ... ... ...... 124
5.9.1  Finite Size Effect: . . . .. ... ... ... Lo 124

5.9.2 QKD with Decoy states . . . . . ... ... ... ... .. ... 127

510 Summary . ... e 129

6 Conclusions and Future Works 130
References 132
Appendix A Rate Equation 140

X



List of Tables

4.1 The expansion of the angular momentum basis in terms of the computational
basis for two Spins. . . . . . . .. . e e e 50

4.2 The expansion of the angular momentum basis in terms of the computational

basis for three spins. . . . . . . . ... 52
43 Thecharactertableof C3.. . . . . . . . . . .. . . . . .. ... 56
4.4 Examples of chemical compounds with their corresponding barrier height and

free rotor energy . . . . ... . e e e e 65
4.5 The cyclic permutation invariant basis expanded in the computational basis. . . . 68
4.6 The phase of the rotational eigenfunctions and the spin eigenstate varies differ-

ently depending on which pair of protons are exchanged. . . . . ... ... ... 70
4.7 Components of the Dipolar Hamiltonian. . . . . . . . ... ... ... ... ... 80



List of Figures

2.1
2.2

3.1

3.2
3.3

34
3.5
3.6
3.7

4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8
4.9

Bloch Sphere . . . . . . . .. 9

Ensemble versus Individual Spin Measurementin NMR . . . . . ... ... ... 20

The reduced time evolution operator (CPTP map) on an ensemble of spins cou-

pledtoabath. . . . . . . . . . .. e 28
Weak Measurement versus Strong Measurement . . . . . . . . .. .. .. .... 31
A first order approximation of time evolution of a bath-spin ensemble-cavity

systemispresented. . . . ... ..o L oL L 32
Measurement-Evolution Sequence. . . . . . . . .. .. .. ... .. ... 33
Statistical Distribution of the First Point of Spin Noise. . . . . . . ... .. ... 43
Statistical Distribution of the Second Point of Spin Noise. . . . . . ... .. ... 44
Joint Probablity Distribution and Correlation. . . . . . . ... ... ... .... 46
Bratteli Diagram. . . . . . . . . . ... ... 53
Methyl Group Molecular Orbital . . . . . . .. ... ... ... ... ...... 59
Ethane Hindering Potential . . . . . . . . .. .. ... ... ........... 62
Torsional Eigenenergies of a MethylGroup . . . . . . .. ... ... .. .... 64
Torsional Eigenfunctions . . . . . . .. ... .. ... ... .. .. ... ..., 66
Exchange of Two Protons in a Methyl Group . . . . . . ... ... ... .... 70
Eigenenergies of a Rigid Rotor with Medium Barrier Height . . . . . .. .. .. 73
Allowed Transitions due to S%_ ........................... 83
Double Quantum and Zero Quantum Allowed Transitions . . . . . . . ... ... 85

xi



5.1
5.2
53
54

Distribution and Measurement Steps of a Simplified Trusted Relay Protocol. . . . 111
Key Rate as a Function of Single Link Error Rate, Q. . . . . .. ... ... ... 120
Key Rate as a Function of Total Number of Exchanged Signals, n. . . . .. ... 126
Two Multi Photon Sources and Possible Outcomes . . . . . .. ... .. .... 128

Xii



Chapter 1

Introduction

“The physical world is quantum mechanical, and therefore the proper problem is the simulation
of quantum physics”, stated Richard Feynman in 1982 [1]. His observation inspired the field of
quantum information processing (QIP) with the ultimate goal of building a quantum computer
(QC). A QC is believed to increase the efficiency of solving certain computational problems in
addition to simulating physics [2]. At present, there remains a long pathway to building a uni-
versal quantum computer, however, the advances in QIP have enriched physics and engineering
through the development of new theoretical tools and even commercial applications such as spin
based imaging and quantum key distribution [3,4].

Over the past decades, there have been several proposals for physical implementations of a
quantum processor including trapped ions, superconducting qubits, and spins [5—7]. All of these
physical systems are extremely sensitive to environmental noise, which limits their utility as
qubits. Theories of open quantum systems have been developed in QIP to effectively model the
dynamics of a system which is coupled to an environment with several inaccessible and unknown
degrees of freedom. This thesis uses the theory of open quantum systems to model the process
of measuring an ensemble of spins that are identically coupled to a detection device [8]. This
type of measurement arises in nuclear magnetic resonance (NMR). The NMR signal is normally
treated as the average value of the total spin magnetic moment, because spins are weakly coupled
to an NMR detection coil. We introduce a quantum model that keeps track of each instance of
the measured total magnetic moment of the ensemble, accounts for the evolution of this open
quantum system, and applies the state update rule. This model leads to a clear and accurate
description of the quantum fluctuations of the spin ensemble, known as spin noise signal.

One of the crucial challenges in QIP is protecting the quantum processor from undesired cou-
plings to its environment, which manifest themselves as a noise process on the physical system



of interest. This motivates another branch of QIP, known as quantum error correction (QEC)
whose aims are to both retrieve quantum information that is corrupted by noise, and to protect
it against noise. NMR, owing to its long history, has been among the first physical candidates
to experimentally demonstrate the quantum information and error correction algorithms [9-12].
One of the concepts developed in QEC is the notion of noiseless subsystems, where information
is encoded in a particular way so as to have noise immunity. This thesis investigates an NMR
implementation of a noiseless quantum state that is created by using the collective properties of
a group of indistinguishable spins. In particular, a symmetry analysis of methyl groups suggests
that a group of three identical protons can serve as one logical qubit that is immune to collective
noise. Our analysis not only offers a practical way for implementing a noise protected quantum
processor, but also provides an enriched understanding of the relaxation mechanisms that lead to
an NMR observation of a noiseless state.

The emergence of QIP with the promise of building a quantum computer threatens the se-
curity of existing classical cryptography protocols. For example, if a fault tolerant quantum
computer is ever constructed, Shor’s algorithm, which can factor large numbers into their prime
components exponentially more efficient than known classical counterparts, is a threat to the
RSA protocol [2]. Quantum Key Distribution (QKD) is a branch of quantum cryptography that
aims to generate secret keys and share them between two remote parties. The security of the
QKD protocols relies fundamentally on the laws of quantum mechanics, which is in contrast to
the classical key distribution protocols whose security relies on hardness of solving a mathemat-
ical problem.

It is desired to establish a secret key between two legitimate users who are located on any
part of the globe, but practically, the range of a direct link QKD is presently limited to a few
hundred kilometers. One solution is a quantum network that consists of multiple users to extend
the range of QKD to an arbitrary distance [13, 14]. However, this introduces other significant
experimental challenges such as having access to a perfect quantum memory, or the need for
considerable communication and computational resources at intermediate nodes. This thesis
proposes a simplified trusted relay (STR) protocol that integrates a particular announcement
strategy to reassign the task of quantum error correction and privacy amplification from the
intermediate nodes to the legitimate users. An STR quantum key distribution is a variation
of a trusted relay network with the advantage of significant reduction in the required classical
computation and communication resources at intermediate nodes [15].

The outline of this thesis is as follows: Chapter 2 reviews the main postulates of quantum
mechanics, clarifying each notion by providing an explanation of it in the NMR context. In Chap-
ter 3, we provide an open quantum system model to describe the origin of the spin noise signal.
In Chapter 4, we explore the possibility of experimental demonstration of a noise protected state
in a methyl group. In Chapter 5, we provide a theoretical security proof of a simplified trusted
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Chapter 2

Postulates of Quantum Mechanics

Quantum mechanics is a mathematical framework that provides a theoretical description of phys-
ical phenomenon. During the past century, several fundamental experiments, such as Bell in-
equality violations [16—18] have been conducted to show the consistency between this mathe-
matical framework and the experimental observations. There are three main postulates of quan-
tum mechanics that mathematically describe the physical processes of quantum systems, state
preparation, evolution and measurement. 1deally, it is assumed that the quantum system of inter-
est is fully isolated from the rest of the world, and so is a closed system. In reality, the system
of interest is interacting with its environment, and so is an open quantum system. This chapter
reviews the postulates of quantum mechanics in both closed systems and open quantum systems,
clarifying the concept of each postulate by providing its correspondence in the NMR context.

2.1 Mathematical Preliminaries

Definition 2.1. A finite d-dimensional Hilbert space .77 is defined as a vector space of complex
numbers C with an inner product, and is complete in norm.

Completeness in norm of a finite vector space {v,|v, € 7}, means that v = lim v, € .
n—yoo

In Dirac notation, a d-dimensional vector v € .7 is represented by a ket |v), and its complex
conjugate (transpose) is represented by a bra (v| = |v)" which is an element of the dual Hilbert
space. Considering this notation, the inner product of a vector space has the following properties,

1. (vjv) >0.



2. (wlv)y € C.
3. (why) = (v|w)*.
4. (wlcy vi+cava) =cp (wlvi) +ca (wv).

Definition 2.2. An operator A is self-adjoint or Hermitian iff AT = A. The symbol 1 denotes
conjugate transpose.

Definition 2.3. An operator U is unitary iff UUT = U0 = 1.

Definition 2.4. An orthonormal basis, ON= {vi,v;,...,v,}, for a vector space V with inner
product ( , ) is a set of linearly independent vectors that are orthogonal with length one, i.e.,
(vi,v j> = j- This subset, ONC V constructs a basis, because an arbitrary vector w € V can be
expanded in terms of these orthonormal vectors.

Definition 2.5. Given an orthonormal basis {|i)}, the trace of A is given by

TriA| =Y (ilA] i) @1

i

Definition 2.6. We denote the set of all linear operators acting on 7 by L(¢). A density
matrix or density operator p € L(.¢), is a positive semidefinite operator and has unit trace. The
set of all density matrices acting on ¢ is denoted by I'(.7") C L(5¢),

L) :={pcL(s)p>0&Trlp|=1}. (2.2)

Definition 2.7. Consider the Hilbert space of a composite system, sy = 5 ® %, where the
symbol @ denotes the tensor product of the two spaces. The partial trace of A € L(7GE) is
defined by

TrelA] = ), (1@(ic)) A (1@ |ir)), (2.3)

i

TrslA] = Y ((is|l®1) A (Jis)® 1),

i

where {|is)} and {|ig)} are two sets of orthonormal bases that are defined on .75 and 7% re-
spectively.

Definition 2.8. A linear map & : L(J¢) — L(J7) is trace preserving iff Tr[p] = Tr[&[p]] for
all p e L(7).



Definition 2.9. A linear map & : L(7%) — L(7%) is positive iff Vp > 0, &[p] > 0, and it is
completely positive (CP) iff 1 ® & : L(%g) — L(J%E) is positive.

Definition 2.10. Given a matrix A = Y a;; |i)(j| where {|i)} is an orthonormal basis, we define
ij

the column-vector and the row-vector representation of A by
lAde = Yailyeli), (2:4)
ij
IA), = Yaijli)®li).
ij

In the Liouville representation, a d x d matrix A is represented by a 1 x d? vector ||A )).
An important consequence of the vectorization definition is the Roth’s Lemma, which states
that [Ap C ), =CT®A ||p )),, where superscript T is the transposition transformation [19].
Consequently, considering the column vectorization convention, the Liouville representation of

any map &[.] = A . C with size d X d is a linear superoperator & =T @ A with size d? x d°.

2.2 Postulate I: Quantum State

In the first postulate of quantum mechanics, the state of a physical system is described by an
assigned vector or an assigned matrix. For every d-level quantum system that has a pure state, a
d-dimensional normalized vector |y) € J7; is assigned. Alternatively, a pure state is represented
by a density matrix p = |y)(y| € I'(¢). One may consider a mixture of pure states | ;) that are
each prepared with probability p(x). In that case the quantum system can no longer be described
by a pure state. By definition, any state that is not pure is a mixed state. In general, to every
d-level quantum system a d x d density matrix p € I'(J¢) is assigned .

Theorem 2.11. Any mixed state can be written as a convex combination of pure states, i.e.,

p :§ p(x) [w) (ya| [20].

Note that for any arbitrary p € I'(J¢), we have % < Tr[p?] < 1. The lower bound belongs to a
maximally mixed state pg = %, and the upper bound belongs to a totally pure state p; = |y)(y]|,

because, p? = p; and Tr[p?] = 1. Therefore, Tr[p?] provides a practical way of testing how
much purity a quantum state has.




2.2.1 Composite system

Consider two physical systems A and B. The density matrix describing the state of this composite
system is denoted by pap € I'(#4p) where the joint Hilbert space .7} p is defined as the tensor-
product of each individual system’s Hilbert spaces, i.e. 745 = 773} ® 7. Studying the dynamics
of a part of a composite system, requires that the reduced density matrix be defined.

Definition 2.12. Given the density matrix of a composite system p4p, the state of the subsystem
A is defined by ps = Trp[pap| where Trp is the partial trace over the subsystem B. Similarly,

ps = Tralpas].
A composite system may appear in various states:

1. Product States: Two systems, A and B, are independent and have no quantum and classical
correlation iff psp = ps ® Pp.

2. Separable States: A composite system is separable if the corresponding density matrix
can be written as a convex combination of product states, i.e.

pap =Y. p(x) Pi © P (2.5)

A product state is a special case of separable states.
3. Entangled States: If a state is not separable, it is entangled.

Definition 2.13. For two sets of orthonormal bases {|is)} € %4 and {|ip)} € 3, a maximally
entangled state or a Bell state is defined by

1 : .
D) =—=Y lia) ®is). (2.6)
d5
Here, d is the dimension of each Hilbert space.
Entanglement is a sufficient condition for establishing quantum correlation between two subsys-
tems, but it is not a necessary condition. Some separable states have non zero quantum corre-

lations [21]. Non classical correlations versus entanglement is an active field of research but is
beyond the scope of this thesis.



2.2.2 Quantum States in NMR

NMR studies magnetic properties of various spin species. In particular, a spin half particle is a
two-level system that is a candidate for quantum information processing (qubit). In the presence
of a static magnetic field, a spin half is either aligned or anti-aligned with the field, and the

corresponding pure states are,
1 0

An arbitrary pure state is represented by |y) = o| 1) + ] }), with y/|c|>+|B|?> = 1, which is a
coherent superposition of the spin basis. An arbitrary mixed state is represented by

1

where d = (ay,ay,a;) is a real vector, and o represents Pauli operators that are given by

0 1 0 —i 1 0
ox:(l 0), Gy:<i 0 >, GZ:(O _1). (2.9)

Pauli operators have some interesting properties: they are traceless Tr[c] = 0; their square is
an identity 62 = 1; they do not commute with each other [0y, og| = 2i €48y Oy, and they anti-
commute {6, 0p} = 0 for all &, 3,7 € {x,y,z}. Here, [A,B] = AB — BA is the commutation of
two operators, {A,B} = AB + BA is the anti-commutation, and Eapy is the Levi-Civita symbol.
The set of {%,Sx,Sy,SZ} with §; = §¢ forms a basis for matrices, and any 2 x 2 matrix can be
expanded in terms of them. These properties of Pauli operators result in a; = (0;) = Tr[o; p]
for i € {x,y,z}. In addition, we obtain 0 < |d| < 1, where the lower bound corresponds to a
maximally mixed state and the upper bound corresponds to pure states. Therefore, one can
visualize the space of all density matrices of a two-level system or I"(.743) by a unit sphere known
as the Bloch sphere in which every single point d, corresponds to a density matrix p € I'(J4).
The Bloch sphere is depicted in Figure 2.1.

At equilibrium, the statistical information about a single spin half particle in the presence of
static field By = By 2 and at temperature 7', is given by a Boltzmann distribution. The interaction
of a single spin with the static field is given by the Zeeman Hamiltonian, Hy = ﬁ.Eo, where
U =hy S is the magnetic moment operator of a spin half particle. The associated density matrix
at equilibrium is

= 2.1
Po 0 (2.10)



Figure 2.1: Bloch Sphere: A space of all density matrices of a two level system. The red arrow
represents a pure state on the surface which is in the x-y plane and the blue arrow represents a
mixed state which is inside the sphere.

where 2 is a normalization factor, B = 1/k,T with k;, being the Boltzmann constant, and & =
tanh[;’Z—?] is the Boltzmann polarization. Normally, this polarization is very small. For example,
at By= 10 T and T = 4 K, a proton is polarized by 4 x 10~*. The corresponding point on the
Bloch sphere is a very little vector near the center (highly mixed state) that heads up towards the
north of the sphere. According to Theorem 2.11, this mixed state can be interpreted as a sum of
pure states that are all distributed across the Bloch sphere in such a way that on average they all

are €-oriented towards the north.

For an ensemble of N spin half particles, the total spin angular momentum is 7 S=h (§ M 4+
S§@ 4 ... 4 §W )). Thus, the total Zeeman Hamiltonian is

HZeem — hyBO Sz. (2.1 1)

N .
Here, 7 S, =1 )y Sgl) is the z component of the collective spin angular momentum, and Sgl) =

i=1
7 (1®-'® 0, ® 1°N~7). We use the bold notation to distinguish the collective spin operators



from the individual spin operators. Given Hzeep, , the equilibrium state of this spin ensemble is

e_BHZeem
Pensm = ——( (2-12)

7
_ LB ayy s¥
zlle ’

1

As we expected, the density matrix of an ensemble of non-interacting identical spins is a tensor
product of each spin’s density matrix. The polarization of this ensemble is thus, € = N & =

hyB
N tanh[5772].

2.3 Postulate II: Evolution of Closed Quantum Systems

In the second postulate of quantum mechanics, the dynamic of a quantum state is described by
a quantum evolution operator or a propagator. The dynamics of a closed and pure system 1is
governed by the Schrodinger equation,

dly(1))

WL =it |y(r), 2.13)

where H is the Hamiltonian of the system and we take # = 1 and write the energies in frequencies.
If H is time independent, the solution of the above differential equation is given by,

lw (1)) =U(r) |w(0)) ,where U(t)=e """ (2.14)

where the quantum evolution operator U (¢) is a unitary operator. The dynamics of any closed
system including pure and mixed states is governed by the von-Neumann equation,

dp(t)
dt

=—i[H, p(t)], (2.15)

and its solution is given by p(t) = U(¢)p(0)U"(¢) when the Hamiltonian is time-independent.

If H is time-dependent, the quantum evolution operator is U(t) = .7 ¢! hd H&) in which
7 is the time ordering operator. The Dyson series [22] expansion of U (¢) is

t _AN\2 gt f
U(t):l—i/o dtlH(tl)—l—(zl!) /O dty A dl‘zH(ll)H(l‘z)—l—... (2.16)
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Note that a time ordering operator is required to make sure t; > t, > t3 > ..., because, the Hamil-
tonian does not necessarily commute with itself at different times, i.e. [ H(t;), H(t2) | #O0.

Average Hamiltonian Theory (AHT) and/or Magnus expansion looks for an average solution
that at fixed time 7', we get [22-24],

U(T) _ 7 e*ifont’ H(') _ efiHang, (2.17)

where Hy,e = ). H® is an effective or an average Hamiltonian and H® is the i’ order approx-
i=0

imation. Just for the completeness of discussion, we provide the first few terms explicitly and
refer to [25] for more details,

H? = l/T dty H(t)) (2.18)
- T 0 1 1)y .
1i (T h
H<1):———/ dt/dt H(t)), H(t) ].
7o)y 9 2 [H(t), H(t) |

One can check that each order of the average Hamiltonian is a Hermitian operator. In general,
there is no guarantee that the effective Hamiltonian converges [25]. Nevertheless, often the first
few orders provide a good approximation of the physical system’s dynamics.

2.3.1 Unitary Evolution in NMR

Consider a single spin in the presence of a static magnetic field along the z axis (the Zeeman
term) and a time dependent RF field along the x axis that can be on or off (the control term). The
Hamiltonian is

1
H= 2 (wp 0, + @) cos @t Cy). (2.19)

Here, @y = ¥ By is the Larmor frequency, @; = ¥ B is the Rabi frequency and @, is the carrier
. . i Oc . . .

frequency. If we go to the interaction frame of Vi, = ¢'2' %, the Hamiltonian in that frame

becomes

~ 1
A = Vi HV, - 500, (2.20)

1
= E(A 00, + 01 (0 + cos 2wt 0 — sin2w10y)),

1
E(Aa) 0.+ W Oy),

Q
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where A® = @y — o, is the off-resonance frequency. In the last line we assumed @, > A® and
@1, and then, we ignored the fast oscillating terms. This is known as Rotating Wave Approxima-
tion (RWA).

Given the above RWA, one can implement a 6 rotation pulse on the spin half system, by
turning on a time oscillating RF field for a duration of 7 so that w;7 = 0 and setting the carrier
frequency on resonance with the Larmor frequency, A® = 0. For that choice of parameters, the
quantum evolution operator is

i . . 6 6
OF (1) = e 7 = ¢713% = cos 5 1—i sin> . 2.21)

For 6 = Z, the above pulse evolves an initial state | 1) to [—), = \/LE(’ 1) —i] J)) state which
correspond to a 7 rotation around the x-axis on the Bloch sphere.

Typically, the detection part of an NMR experiment consists of a 7 rotation pulse around
an axis in the transverse plane (say —y) followed by a free evolution, taking an g-polarized
equilibrium state to
~ |_ ;
Un/;

1 1
po = 5(1+80 o;) 5(1+€o Ox), (2.22)

1 .
Yo, p(t) = 5(1-%—80 (cos mpt O, + sinwpt Oy)),

where Uy = exp[—i%t o] is the free evolution due to the static field interaction. Ideally, in
the absence of any relaxation or decoherence process, the spin system precesses around the z
axis at rate @y with no damping. This time dependent magnetization induces a time dependent
voltage in the RF coil that is the NMR signal. This detection will be explained in more details in
Section 2.5.3.

2.4 Postulate II: Evolution of Open Quantum Systems

Often, the physical system of interest with internal Hamiltonian Hg, is not fully isolated from
the rest of the world or its environment with internal Hamiltonian Hg. Intuitively, when we just
focus on the dynamic of the subsystem S and ignore the environment E, the expectation is that
the term —i[Hs, ps| in the von-Neumann equation is not sufficient to describe the time evolution
of this open system and there must be some footprints of environment’s effect on the system.
Mathematically, the composite system SE is a closed system that evolves by

dpse _

7 —i[ Hsg, psk |, (2.23)
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where the total Hamiltonian Hsg = Hg + Hr + Hjy, consists of internal Hamiltonians and an
interaction term H;,; due to the coupling between S and E. If we partial trace over the environ-
ment space in Equation (2.23) and under certain assumptions where basically the enviorment is
assumed to be memoryless, the von-Neumann equation will be modified to a quantum master
equation which governs the dynamics of an open quantum system. Specifically, under Born-
Markov approximation [26], the quantum master equation reduces to

d R
B — —i[Hs, ps |+ lps]. (2.24)

Here the extra term & [.] is an effective map acting on the system alone which appears as a result
of coupling with the environment.

There is two main assumptions in Markovian approximation: First, the system and the envi-
ronment are not initially correlated, i.e., psg = ps ® pe, and second, the environment is memo-
ryless, i.e., its action at time ¢#; does not influence the dynamics at a later time #, > t;. Hence,
any information that leaks into a memoryless environment will be lost, and so, the map 9 [] is
also known as a dissipator. A well known form of a Markovian master equation is the Lindblad
equation in which the dissipator is [26]

7] = ¥ %DILlp], (2.25)
where
DiLilp] = (LipL] - S{LLip})

L; is called the Lindbad operator which generates a dissipative evolution D[L;][p] at rate .

In general, the solution of a Markovian master equation is given by a linear map & : L(5¢) —
L(27). This linear map represents a physical quantum evolution process that takes a density
matrix to a density matrix, and hence, it must be a completely positive and trace preserving
(CPTP) map and a unitary operator is a special case of a CPTP map. Various mathematical
representations of a CPTP map is discussed in Section 2.6.

2.4.1 Master Equation in NMR

Redfield’s theory derives a Markovian master equation in the weak coupling limit. The total
Hamiltonian consists of a time independent term Hy which is due to the internal interactions and
is the dominant term, and a randomly varying term Hj (¢) which is due to the external interactions
with the environment and in the weak coupling limit, H; (¢) is treated as a perturbing term.

13



In a full quantum mechanical approach, both the system and the environment are treated
quantum mechanically and the interaction Hamiltonian can be written as H,(t) =Y. Aq ® 8o.(2),
o

where A, are operators acting on the system and 8q(r) are time dependent operators acting
on the environment. Using the Nakajima-Zwanzig equation and considering the Born-Markov
approximation, the Redfield master equation [26] becomes

dps(t)
ot

~— / Tre| [ (1), [Bh (1 — 7)., Bs(1)] @ pe] | dr. (2.26)
0

in which pg is a fixed state and the tilde notation refers to the the rotating frame of V = ¢/’
i, p=VpV'and H; = VH;V'. Normally, the environment has several inaccessible degrees of
freedom which makes it difficult to use the quantum Redfield master equation for studying the

system’s dynamics.

In a semi-classical approach, the environment is treated as randomly varying classical func-
tions and a second order perturbation theory is applied to derive the semi-classical Redfield
master equation, [27], [28] and [29],

o)

aﬁst(t) - / [ (1), [ (1 —7), ps(1)]] dr. (2.27)
0

)

The overbar notation refers to the statistical averaging over the time dependent random variables.
An example in the NMR context is when Hy represents the Zeeman interaction at high field and
H, (t) represents a coupling term (such as the dipolar interaction) that is decomposed as

Hi(t) =Y ga(t) Aq. (2.28)

Here, g*(¢) is a randomly varying complex function and A is a non-Hermitian operator with the
following properties:

= * A = A
FO Sy
Given the above relations, the interaction Hamiltonian in the rotating frame is
H(t) = Y galt) & Aq, (2.30)
o
= Y suln) e A
o



Expanding the semi-classical Refield equation and replacing A (¢) result in

—_— )

agi’) = /ﬁl(f)ﬁﬁl(t—f)—ﬁﬁl(t—r)Fll(r)+h.c., (2.31)

0

= Y ( / el e g0 (1) gy (1 — ) dt) (A p Al — P Af Aq+hc)
ap j

Now, we introduce the correlation function R(7) and its Fourier transform J(®) ,
Rop(7) = galt)gp(r+7), (2.32)

Jop(®) = / Rys (1) e @dr.

J(w) is the real part of the spectral density of noise. If we replace these definitions in Sec-
tion 2.4.1 and do a secular approximation where only those terms are considered that |@y — co[;|
is negligible compare to |Hy|, we obtain

D
o))
~
N—

AL —p(t) AjAg+he),  (2.33)

D
o~
Q
N =
™
—
Q\
g
)

Q
=
=
QU
2
=

Q
el
=

Here, the cross correlation terms are neglected by assuming R (7) = 64Rq (7). It is important
to note that the semi-classical Redfild equation appears in the Lindbad form where each dissipa-
tive process D[A4][.] occurs at rate Jo (). This result will be used in Section 4.11 to analyze
the dipolar coupling relaxation in the methyl group in the liquids phase [30]. It is remarkable that
the quantum Redfield master equation in Equation (2.26) can also be written in the Lindbladian
form in Section 2.4.1, and the only difference is the definition of the correlation function and the
spectral density of noise that is replaced with

Rop(t) = Trglga(t)gp(t+1)pel, (2.34)

Jap(@) = [ (8al0)gh(+1) e @z,

élz\S
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Here, g4(t) acts on the environment.

2.5 Postulate III: Quantum Measurement

The notion of quantum measurement and its interpretation has been a controversial subject [31].
One intuitive way of describing a quantum measurement is to treat it as an evolution process
during which the experimental apparatus interacts with the the quantum system in order to read
some information from that. As a result of this correlation, some statistical information about
the system is obtained at the expense of disturbing the state of the system. However, modeling
and characterizing the interaction between the system (micro) and the measurement apparatus
(macro) is challenging, because, there are many inaccessible degrees of freedom. Finding a
quantum model that provides a good description of evolution during the measurement, is an ac-
tive field of research [32]. An operational alternative way of describing a quantum measurement
is to focus on formulating the effect of a measurement regardless of the details of the evolution.

In the third postulate of quantum mechanics, the effect of a quantum measurement is de-
scribed by a set of mathematical operators.

2.5.1 Ideal Measurement

In the simplest model of a quantum measurement, for every outcome m, a Positive Value Measure
(PVM) operator IT,, is assigned to describe the effect of the measurement. PVM operators {I1,, },
are known as the projective or the von Neumann operators with properties IT,, = IT and IT,IT, =
Omn IT,,. According to the Born’s rule, the probability of obtaining an outcome m is

p(m) = Tr{I,, p]. (2.35)

For example, in Stern-Gerlach experiment on spins, when a beam of spin half particles pass
through an inhomogeneous magnetic field, it deflects into the “up” beam and the “down” beam.
Correspondingly, the measurement operators are ITy = | 1)(1 | and IT) = | |)(] | which are or-
thogonal projective operators associated with the outcome up” and “down”.

As soon as an outcome my is recorded, the assigned density matrix of the quantum system
is disturbed and must be updated. According to the Liiders rule, those post selected events with
outcome my are associated with the updated density matrix

Hmo p Hmo

2.36
p(mo) (2:30)

p|m0 —
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The factor 1/p(mp) ensures that the post-selected state is normalized.

There are two remarks about PVM measurements: First, the well known and yet bizarre con-
cept of collapsing the wavefunction that has been extensively used in literatures refers to this
state update rule where a PVM measurement projects the density matrix to a particular subspace
that is associated with mg. This concludes that a PVM measurement is a destructive measure-
ment; Second, since PVM operators are orthogonal to each other, the measurement outcomes
have distinct values. Therefore, a projective measurement is reproducible in the sense that two
subsequent identical PVM measurements result in identical outcomes.

2.5.2 Generalized Measurement

In generalized measurement, the effect of any quantum measurement is described by a Positive
Operator Valued Measure (POVM) denoted by E,,. The analog to the Born’s rule is [20,26],

p(m) =Tr[Ey p]. (2.37)

Since the probabilities must be positive and add up to one, E,, > 0 and ), E,, = 1. Projective
m

measurement is a special case of POVM measurements.

Theorem 2.14. (Neumark’s theorem [33]): For any POVM operator EX acting on py € I' (%),
there exist a PVM operator ITAP acting on a larger Hilbert space 7#4p with pap = pa ® |0) (0|
such that

p(m) = Trag[IT," pa @ |9)(9|5] = Tra[Ep, pa)- (2.38)

To understand the concept of a POVM measurement and its realization via the Numark’s the-
orem, let us provide a physical example. In a quantum measurement, the system A with an initial
state p4 interacts with an experimental apparatus B with an initial state pg = |0)(0|p. We treat
AB as a composite closed system that evolves under a unitary Uy p during the measurement time.
Because, the user reads the outcomes from the apparatus alone, for a set of distinct measurement
outcomes, {mi,my, ...,my}, we associate a set of PVM operators, {IIZ = |m)(m|} that act on B
alone. Considering the Born’s rule and the Neumark’s theorem, we obtain

p(m) = Trapl (La®II8) U(pa @ pp)UT], (2.39)
=Y (a| (m|Uas|0) pa (O|U;4m) |a),

a

= Y (al Ay pa A})a),

a

= Traldly M pal,
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where ., :== (m|Uyp|0) is an effective operator acting on A that represents the reduced effect of

the interaction between the system and the measurement apparatus. In this example, the POVM

operators are {E,, = //[,}2///,,& and they are positive and ) E,,, = 14. The updated density matrix
m

associated with outcome my, is
kg P ki,
p(mo)
Despite PVM measurements, the state update rule is not unique for POVM measurements. In the
above particular example, even if we assume that the interaction model is known (Uyp is known),
the explicit form of ., = (m|U|0) is not unique, because, there is a freedom in the initial state
of the apparatus. Furthermore, for a known POVM E,,,, there is a freedom in its decomposition to
E,, = M, M,,. For example, one could do it in a trivial manner by choosing .#,, := v/E,, [20].
Therefore, in case of the generalized measurements, the state update rule is not unique.

p Imo _ (2.40)

2.5.3 Quantum Measurement in NMR

In a typical NMR set up, there is a large static field along the z axis and an NMR coil in the
transverse plane which generates and/or detects oscillating fields. In a classical approach, a time-
dependent transverse magnetization M (1), induces a flux in the NMR coil which is detectable.
The induced electro motive force is

emf = —%/ B\.M(1) dQ. (2.41)

Here, B; is the RF field direction and the integration is over the coil volume. Thus, the volt-
age generated in the NMR coil is proportional to the collective magnetization in the transverse
plane. In a semi-classical approach, the NMR detection coil is still treated classically but the
spin magnetization is treated quantum mechanically. M (1) is the expectation value of the trans-
verse components of the collective spin angular momentum operators; M (t) = iy Tr[Sx p(t)]
and M, (t) = hy Tr[S, p(t)]. Therefore, to formulate the NMR signal, it is required to compute
the evolution of the density matrix p(¢). In a full quantum mechanical approach, both the spin
system and the NMR detection coil are treated quantum mechanically and there has been a few
studies in this regards, [34]. In the following discussion we consider the semi-classical approach
that is commonly used in the NMR textbooks, [28,29,35].

A very simple yet informative example is the NMR signal of N identical non-interacting spins

®N
at field By Z and at temperature 7', whose density matrix is given by m in Section 2.2.2.

In the absence of any relaxation and/or decoherence, a collective 7 rotation around the —y axis
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followed by a free precession at rate @y, evolves this spin ensemble to

1 :
Pensm() = 5 (1+ &) (cos ayt O+ sin ayt ay)) N (2.42)

The above ensemble evolution is obtained by replacing the individual spin’s evolution from Sec-
tion 2.3.1. A continuous non-disturbing measurement of this spin ensemble results in

M(t) = hyTr[Sx Pensm(t)] (2.43)
Nh

= Tyso cos myt

A similar expression is obtained for the measurement in the y direction. The average of the
magnetization in the transverse plane (M, and/or My), is commonly reported as the NMR signal.
This involves some implicit assumptions and approximations that we try to clarify in the follow-
ing. For simplicity, we refer to the x component as the transverse magnetization, because the
argument is similar for the y component.

Consider a hypothetical experiment where we are given n identical copies of a single spin
system with pgjne = %(1 + & Oy). Suppose we make a projective measurement on each spin with

PVM operators IT € {|+)(+],|—)(—|}, where |£) = \/L§<| 1) £|J)). The average value of these
identical measurements in the limit of large n is

h
1(0) = hy (S0 = ¥ s Try[ O Ping] = geo. (2.44)
N
Here, s € {%’ ,—%y} is the single spin outcome. We repeat this hypothetical experiment for
another set of initial states
1
Psing (01) = 5(1 + &) (cos wydt o+ sinwydt oy). (2.45)

The average value of this second round of identical measurements is L, (6¢) = %7/80 cos myor. If
we keep doing this for all instances of time, we obtain a continuous signal which is the average
of the transverse magnetization of a single spin that varies by time,

We(t) = h?yso COs Wyt . (2.46)

n
A practical way of computing the above average value is i, (f) = lim % Y si, inwhich {s1,s2,...,5,}
n—ree =]

is a string of outcomes generated by the identical PVM measurements on n identical copies of
Psing (t )
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Figure 2.2: An NMR single shot measurement of an ensemble of N non-interacting spins is not
equivalent to N times the average value of individual spins’ measurements. But, for a very large
ensemble it is an approximation.

SpinN

By comparison between the above hypothetical experiment of single spin measurement in
Equation (2.46) with the measurement of an ensemble of non-interaction identical spins in Sec-
tion 2.5.3, we conclude that M,(t) = Nu,(¢). This relation between the collective signal and
the individual spins’ signal sounds very trivial but the above hypothetical experiment clarifies
two important implicit assumptions that are often made by considering M,(z) as the NMR sig-
nal: First, the generated signal at each instance of time, M,(t)/.(¢), is the average value of the
transverse magnetization not the outcome of a single shot measurement; Second, the measure-
ments are non-disturbing and the state update rule is neglected'. Neglecting the state update rule
is equivalent to having access to a fresh copy of Pensem (t)/Psing () at each instance of time which
hasn’t been disturbed by the history of previous measurements. We would like to know up to
which extend these implicit assumptions are valid to consider M,(¢) as a good approximation of
the NMR signal.

Consider a single shot ideal measurement of this ensemble of N non-interacting identical

N ;
spins. The outcome is a sum of all individual spins’ magnetization, i.e. m, = ) s\/) where
j=1

"Here, for the sake of argument, we consider a simple coherent evolution only. Coil back action or radiation
damping is well studied [28].
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sU) e {%”, —%7} . Obviously, m, # N Jl_t;lo % il si, and so, a single shot measurement on an
ensemble, in general, is not equal to the sum é)f the average value of the individual spins’ mea-
surement, i.e. m, #* M,. However, often in NMR, we deal with a very large spin ensemble (N >
Avogadro number) and in that limit, it is a fair approximation to consider m, ~ M, = N .. This
approximation of a single shot measurement of an ensemble vs an average value of individual
spin measurement is demonstrated in Figure 2.2. We emphasize that there are times where de-
scribing the correct physics requires a collective spin model rather than individual spin picture.
An example is the quantum spin fluctuation phenomenon that will be explained in Chapter 3.
That chapter also elaborates on the importance of the state update rule which is normally ne-
glected and provides a quantum description of spin noise in both the strong measurement and the

weak measurement limits.

2.6 Mathematical Representations of CPTP Maps

In Section 2.4, the solution of a Markovian master equation was denoted by a linear CPTP map
& € L(2) which is more general than a unitary operator. The linear map & is a quantum opera-
tion that describes a snapshot of time evolution of an open quantum system and has other familiar
names such as quantum map, quantum channel or quantum transformation. As mentioned be-
fore, & : L(#) — L(.%) describes a physical process where it transforms a density matrix to
a density matrix, and therefore, it must be a Completely Positive Trace Preserving map (CPTP).
Mathematically, there are several equivalent types of representation of a CPTP map and in this
section we briefly review some of those representations, [36].

2.6.1 System-Environment Representation

The most intuitive way of describing the evolution of an open quantum system is the system-
environment model. In this model, the principle system S, interacts with another system named
environment E, via a unitary operator Usg. The reduced system dynamics is derived by taking a
partial trace over the other environment,

&lps) = Tre[(Use (ps @ pE) Ug). (247)

Here, pg is the initial state of the environment and is assumed to be uncorrelated from the system
of interest. Note that the space of environment here is a mathematical notion and its dimension
needs to be at most d?2 [20]; therefore, when it comes to application of this model to a real
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physical process, careful considerations must be taken because the system-environment model is
not unique. This arises because one can find different real physical processes that all result in the
same quantum map on the reduced system. The system-environment model is an application of
Stinespring Dilation theorem [37], and it is common to call it as Stinespring representation.

2.6.2 Kraus Representation

An alternative mathematical description of & is the Kraus representation, given by the following
theorem.

Theorem 2.15. For any CPTP map & : L(7) — L(J€), there exist a set of operators {K;},
satisfying the condition Y K:Ki =1 such that
i

Elpl=Y Kip K. (2.48)

This is called Kraus representation [38] and {K;} are called Kraus operators. To clarify the
Kraus representation, we elaborate on two examples of 77 relaxation and 7, dephasing processes
which are well known processes in NMR.

In a pure 7} process, any arbitrary spin system in a field By and at temperature 7, relaxes to
the equilibrium state py with Boltzmann polarization & = tanh[;’}(’%]. Mathematically, one can

represent this relaxation process in terms of the following Kraus operators

_ JU+e&) (1 0 _ JU+e&) (0 VA
ki 2 (0 \/1—/1)’ k2 2 <o 0 ) (249)

o= R (VIEE0) g fTE o0y

Here, A = %t is the probability of transition between | 1) = | |) during the time interval &¢. For

. . . s a b
short evolution, this set of Kraus operators transforms an arbitrary initial state p;, = ( b 1—a )

to
4
iloin] = Y Kipin K (2.50)
i=1

<a(1—x)+% bVT—A )
B PVI—A  (1l—a)(1-A)+158 )
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For a long evolution, ¢ can be discretized into smaller steps by t = lim n 8¢. Afterwards, the
n—yoo

above Kraus operators are repeatedly applied on p;, for n time and ultimately

. .1
lim (& [pul)" = 5 (1+ &),

In the last part of the calculation, li_r>n (1—A)" = e "/T1 is replaced and in the limit of 7 — oo this

term vanishes. Note that a 77-relaxation also induces a decoherence process that reduces the off-
diagonal terms at the rate 2_1T1 The above mathematical Kraus operators describes 7| relaxation
towards the equilibrium state.

In a pure 75 process, the off-diagonal terms of the density matrix are attenuated which leads to
a loss of coherence for superposition states. Mathematically, one can represent this decoherence
process, known as dephasing [20], in terms of the following Kraus operators

— Z — l/
Ki=4/1 5 1, K> = \/g O;. (2.51)
Y ot

Here, ; = 7 is the probability of decoherence during the time interval 6¢. For short evolution,
this dephasing process transforms an arbitrary initial state p;, to

& [pin] = ( ” (1“ ) b gl__aw ) (2.52)

Like before, for longer evolution time ¢, the above Kraus operators are repeatedly applied on p;,
for n time and ultimately

lim (Glpu])" =a | 1)+ (1-a) [ (L]

The off-diagonal terms or the coherence terms are attenuated by ILH’I (1—7)" =e "/ and in the
n—yoo

limit of # — oo all coherences are lost and the off-diagonal terms vanishes.

The final remark about the Kraus representation is that the set of Kraus operator that describes
a specific physical process is not unique. For example, a T, process can also be described by

1 0 0 0
K = (0 m) Kzz(o \/7)' (2.53)
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2.6.3 Liouville-operator Representation

Consider the Markovian master equation in Equation (2.24). We re-write the master equation
in a Liowville space, where all density matrices and quantum maps are vectorized according to
Definition 2.10,

dlp) _ A A

—a (GH+Gg) [lp)- (2.54)
Here, the superoperators Gy and G are the Liouville representations of the coherence evolution
map —i[H,.] and the dissipative evolution map Z|[.] respectively. The double hat notation em-
phasizes that these superoperators are represented in the Liouville space. The above vectorized
version of the master equation has a similar form to the Schrédinger equation for closed systems.
Thus, its solution is

lp(2) ) =

in which .7 is the time-ordering operator, é(t) = é[-] (1) + é@ (t) is the generator, and g‘(t) is the
Liouville-representation or the superoperator representation of the quantum evolution map & [p].
In other words, S: ||p)) — [|€[p]), and hence,

@@[p]ij = Z Sij,vu Puv- (2.56)
uv

) 1p(0) ) with  §(1) = Felt(GW) ar (2.55)

Tn»

If both the Hamiltonian and the dissipator are time-independent, the generator G becomes
time-independent, and thus, S(r) has a simple exponential form S(r) = ¢ . In that case, it has
been shown that the real part of all eigenvalues of G must be non-positive with at least one zero

eigenvalue [39]. Otherwise, when ¢ — oo, the superoperator S transforms a density matrix to a
non-physical state.

2.6.4 Choi Matrix Representation

The Choi matrix representation makes a duality between quantum channels and quantum states.
This is an application of Choi-Jamiolkowski isomorphism which relates linear maps acting on
L (%) and the density operators in an extended Hilbert space, L(%p) [40,41].

Definition 2.16. Any CPTP map & : L(74/) — L(3) that acts on half of a Bell state |® ™) 44/,
is related to a unique density matrix in a larger Hilbert space, pap € I' (#4p) with

pap = (12 &) DY (DT |4ur. (2.57)
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Reversely, for known p4p > 0, one can characterize the CPTP map &'[p] via

Elp] =Tr{(p" ©1)pas (2.58)

The Choi matrix representation is a very useful tool in characterizing a noisy quantum com-
munication channel and is widely used in quantum information theory.
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Chapter 3

Quantum Model Of Spin Noise

Any ensemble of quantum particles exhibits statistical fluctuations known as spin noise. In this
section, we provide a description of spin noise in the language of open quantum systems.

3.1 Introduction

Spin noise is a signal due to the quantum fluctuations of an ensemble. This phenomenon has been
studied experimentally and theoretically, [42—45]. Here, we describe an open quantum system
approach that provides a simple description of spin noise. This analysis of spin noise may lead
to a clearer understanding of foundational concepts in quantum mechanics such as measurement
and fluctuation. The experimental observation of spin noise also finds application in NMR when
the sample has a small number of spins, and/ or a very long relaxation time.

Bloch in his original paper in 1946 predicted that even in the absence of any external magnetic
field there would still exist a “resultant moment due to statistically incomplete cancellation”
with a magnitude that scales with the square root of the number of spins [42]. Sleator & Hahn
[43] observed spin noise in low temperature NMR using a high Q superconducting quantum
interference device (SQUID resonator). In 1989, Ernst & McCoy [44] observed spin noise at
room temperature in a high sensitive liquid state NMR probe. Similarly, Gueron & Leroy [45]
observed spin noise in a sample of water.

Spin noise is a signature of any ensemble of quantum systems. There have been several
other observations of spin noise effects including via magnetic resonance force microscopy, spin
imaging, quantum dots and optics, [46—51]. Additionally, Holt & Ginsberg and Tropp, [34, 52],
have given a quantum description of its origin.
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For spin half particles the amplitude of the spin noise fluctuation grows as the square root
of the number of spins, exists in all directions on the Bloch sphere and has a characteristic
correlation time resulting from the internal Hamiltonian and the relaxation times.

There are two cases where the spin noise signal is greater than the thermal polarization signal:
a small sample and a smple with long relaxation time. At equilibrium, the Boltzmann polarization
isMy~N %" tanh[%] where 7 is the gyromagnetic ratio of the spin. The most efficient detection
for a repeated measurement of a free induction decay is the Ernst angle experiment with nutation
angle f3, set as cos B = exp(—1/T1) where 7 is the recycle time [29]. This results in a steady
state magnetization of My+/(1 —cosB)/(1+cosf) and one can compare it to the spin noise
(~ \/]Tf%y) and conclude that for a small sample, N < (/(1—cos)/(1+cos3)&) 2 and/ or a
1-N¢j

1)~! where &y = tanh["2], the spin noise is

very long relaxation time, 77 > 7(In[cos™!| T

greater than the thermal polarization.

Here, we apply the theory of open quantum systems to describe the origin and the correlation
function of the spin noise signal. The analysis shows that we can model spin noise by separately
modelling the quantum measurement and the quantum evolution of the spin system. First, in
Section 3.2, we outline the general approach and introduce the model. Then, in Section 3.3, we
gain physical insight about spin noise by exploring the case of a totally mixed input state, an
ideal strong measurement and a depolarizing quantum map. This simple yet concrete example
allows us to introduce all of the tools we will need. Following this, we investigate the case of an
arbitrary quantum evolution acting on a non-interacting ensemble of spins. Finally, we study the
effect of weak measurement on the system.

3.2 Open Quantum System Model

In an NMR measurement, an ensemble of spins (sample) is coupled to a bath (environment) and
a detection coil (cavity). The total Hamiltonian of this system is

Htot:Hs +HB +HBS ‘I’Hc"’HSCa (31)

where the first three terms are the spins, the bath and the spin-bath interaction Hamiltonians, and
the last two terms are the cavity interaction Hamiltonians. We are interested in the dynamics
of the spin ensemble alone. Since it is interacting with a bath and a measurement apparatus, an
open quantum system approach is convenient. In what follows, we describe an effective quantum
evolution map (a time snapshot of a propagator) on the N spin ensemble when either just the bath
or just the cavity is considered. Then, we combine these to describe the full evolution.
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Consider an initial state with no spins/bath correlations. Given the time dependent Hamil-
tonian Hy + Hp + Hps(t), this bipartite system evolves under the unitary operator which is the
solution of Schrodinger’s equation for a closed system [29],

pas(t) = Uss(t)(pa(0) @ py(0)) UL (1), (3.2)
where
Ug(t) = Fe tJolHstHstHy(0)) di’,

In order to find the reduced evolution operator on the spin ensemble, one can use the system-
environment representation (Figure 3.1) and obtain

ps(t) = Trp|pas(t)] (3.3)
= Trp[Us(t)(pp(0) ® ps(0))Up (1)]
A[ps(0)].

The quantum evolution map Ay, is not generally a unitary evolution, as it was explained in Sec-
tion 2.4. This is the distinction between a closed and an open system. In fact, since A; maps a
density matrix to a density matrix for an initially uncorrelated state of the spin and the bath, it
is completely positive and trace preserving (CPTP). According to Section 2.4, if the bath inter-

Ps — I
Uss <:> Ps LA
PB T\ J—

Figure 3.1: The reduced time evolution operator (CPTP map) on an ensemble of spins coupled
to a bath.

action is Markovian, the dynamics of the spin ensemble as an open quantum system is govern
by [29] and [26]
aps(t)

ot

where the evolution depends on both the coherent evolution —i[Hj,-], and the dissipator 2],
which describe the effective result of coupling to the bath. This term leads to decoherence or
relaxation and drives the system towards its equilibrium state. The dissipator is derived in [29]
and [26] via a quantum mechanical approach that we briefly review. The interaction Hamiltonian
can be written as

= _i[HS7pS(t)] + -@ [ps(t)] 3.4)

HSB — Zéa(t) ®Aa
o
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where the operators Ay are acting on the spin system and the operators B (1) are fluctuating
randomly and are acting on the bath system. One can find the bath time correlation function

Rop(7) = Bu()Bj (1 4 7) (3.5)

from which the spectral density of noise is known, Jog(®) = [dT e " R,p(7). Then, under
some assumptions [29] & [26], one can find the relaxation dissipator

7 [ps(1)] = Y Ja(wa) (Aa ps(1)A; — %{AEAa, ps(1)})

where A, satisfies [Hy,Aq] = g Ag. Given this last relation for 9 [Ps], the solution of the master
equation in Equation 3.4, is the same as the quantum evolution map defined in Equation 3.3
under the Markovian interaction. Interestingly, the above dissipator operator that was derived
based on quantum mechanical approach is very similar to the semi-classical approach derived in
Section 2.4.1. The only difference is the correlation function when the bath is treated classically,

R(7) = g(t)g*(t)(t + 1), versus when the bath is treated quantumly, R(7) = B(¢)B (¢ + 7).

3.2.1 Cavity Interaction

We would like to find an effective map on the N spin system which is purely due to coupling
to the measurement apparatus. Consider those terms of the Hamiltonian in Equation 3.1 that
involves the detection coil only, i.e., H. + Hy.. This system evolves unitarily

Psc(t) = Use(ps ® ‘W><W‘6)U;c7

where Uy, = exp(—i(H. + Hy) t).

For our analysis, the cavity does not distinguish between spins and the spins only couple to a
single mode. This is described by the Tavis-Cumming Hamiltonian [53]

H.+Hye=w. d'a+gS.(a+a).

N .

Here, S, = ) S ,(C’) is the x component of the total spin angular momentum, and @ and 4" are the
i=1

ladder operators. According to this model, the detection coil does not distinguish spins and in

N
a measurement, the net magnetization of the whole ensemble is recorded, given by m = ), s\
i=1
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with s € {—l—%, —%}1. Thus, a measurement leaves the spin ensemble in a totally symmetric sub-

manifold with net magnetization m. To see the effect of measurement explicitly, we note that the
cavity is coupled to additional degrees of freedom that produce the observed measured outcomes
(e.g, electronics). Effectively, the spin system couples to the measurement device (¢’) via the
cavity interactions and once the measurement is completed the cavity is left in its initial state.
This allows us to drop the cavity from the model. If the detection has an accuracy of one single
spin flip, the possible measured outcomes are m € {—%’, —%’ +1,..., %’} and correspondingly the
measurement device Hilbert space is spanned by an orthonormal basis {|m)}. For the evolved
state p,.(2), the Numark theorem leads to

Trelpe ()] = Tro[Us (ps(0) ®|y)(wle) UL (3.6)
ps(t) = YAm|Usr[W)er ps(0) (m|User| W),
= Z'//m ps(o) ///nt

where .#,, = (m|U|y) is defined as the measurement operator assigned to the measurement

outcome m. According to Equation 3.6, the effect of the interaction with the detection coil

appears as an effective quantum map &'[p] = ¥..#,, ps .#," on the spin ensemble. It is easy to
m

check that &[p] is also a CPTP map and hence, ¥..Z, .#,, = 1.

Notice that we considered an initial pure state |y) for the measurement device. One can
generalize this argument for any initial mixed state p.(0), because it can be written as a convex
combination of pure states and all of the maps in the presented model are linear.

In a quantum measurement there is a trade off between the amount of information obtained
and the amount of disturbance introduced in the system. Say the detection coil measures the
classical value my, then, the spin ensemble’s state conditioned on the knowledge my is updated
to [20]

My s My,

p(mo)

where p(mg) = Tr[///,}:().///mo ps] is the probability that such an event occurs. In the case of a
strong measurement, the ensemble magnetization my, is known with certainty. Therefore, the
spin ensemble density matrix collapses (maximal disturbance) to the m = my manifold only,
and if we make a second measurement immediately afterwards, the outcome my is reproduced.
In other words, the conditional probability distribution of the second measurement is a delta

[mo

'From now on, we skip the constant coefficient /1y any time we mention the magnetization.
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p(m|myo)

D R
57n,7n0 A A

h

Strong Measurement

Weak Measurement

-N ... —2-1 1 2+ = mymg =+ « +N’( 7)

Figure 3.2: The conditional probability distribution of a strong measurement and a weak mea-
surement are compared. In a strong measurement, the updated density matrix collapses sharply
to the submanifold m and this leads to a delta function distribution (red). Whereas, in a weak
measurement, the density matrix is less disturbed and it collapses to an area centered at mg. As a
result, the corresponding probability distribution has a finite width (blue). The horizontal axis is

in %” unit and represents the net magnetization of the ensemble.

function, i.e, p(m | mg) = &y m,. In the case of a weak measurement, the measurement apparatus
is less precise and the spin ensemble state collapses not only to the m = mg manifold but also to
the other neighbouring manifolds, m # mg. So, if we immediately make another measurement,
the outcome mg may not be reproduced. In other words, the conditional probability distribution
p(m | mg) could be a distribution function with mean value mg and a width w which is in inverse
relation with the accuracy of the measurement device (Figure 3.2). We will provide a more
detailed model of a strong and a weak measurement in Section 3.3 and Section 3.4.
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3.2.2 N Spins Coupled to the Bath and the Cavity

So far, we have considered the effect of coupling to the measurement apparatus and the reduced
quantum evolution map on the spin ensemble as two independent processes. However, in an
NMR measurement these two processes occur simultaneously. Hence,

Upse(T) = Te~iho Hunlt') i’

The various contributions of Hiy in Equation 3.1 do not in general commute at all times, and so,
the formal solution is not practically helpful. One can discretize the total evolution time 7 = n ¢,
in which ¢ is small enough to allow a first order approximation. Then, for a short time evolution
t, the first order of the Magnus expansion [22] is

Upse(t) ~ e*ifé(H5+HB+HB.Y(I'))dle*i(HmLHsc)l, (3.7)
= Uy (t)Ups(t).
)
W>c_ — |¢>c
~ Usc
ps — UBse — = Ps
PB Ups

PB T\ S

Figure 3.3: A first order approximation of time evolution of a bath-spin ensemble-cavity system
is presented.

For example, in the case of Hy = @y S; and the Tavis-cumming model for interaction with the
cavity, this approximation is valid if t < \/ﬁ. In this first order approximation, the effective
quantum evolution map for the short time period 7 on the spin ensemble is

ps(t> = Tch[ UBsc szc(O) Ugsc ] (3.8)

~ TrBC[ (UBsUsc) szc(O) (UBSUSC)} ]
= A[&[ps(0)]]

where pps(0) = pp(0) ® ps(0) ® |y){y|.. Therefore, a quantum evolution map on the spin
ensemble, can be approximated by a sequence of measurement-evolution processes as schemati-
cally is shown in Figure 3.4.
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Ps —[ Simultaneous Evolution & Measurement }—
~ £ £

Figure 3.4: The effective time evolution operator on a spin ensemble is approximated by a
sequence of measurement-evolution processes.

In the following sections, we apply this model to the examples of both strong and weak
measurements under the evolution of a collective depolarizing map or any arbitrary CPTP map
on individual spins. In each cases, we find the spin noise and its correlation function.

3.3 Strong Measurement Model

Suppose we have N identical spin half particles and we have no information about their spin
orientation. So, at t = 0, the density matrix pg = zi,v describes “our knowledge” about the system
which is maximal ignorance. Now, according to the model presented in previous section, we
make a series of strong measurements on the system by which we obtain information about the
collective magnetization, m?. Between two subsequent measurements, there is a time interval 8¢
during which the system evolves under a quantum evolution map Ag;.

Without loss of generality, we assume the collective measurements are along the z axis. Of
course, NMR detection is in the x — y plane, but, for this analysis the direction is of no importance.
At t =t,, the recorded data m(z,) = m,, is the eigenvalue of the z component of the total spin
angular momentum, S,. This choice of collective measurement is not the common one in NMR,
usually N(S;) is used as the ensemble signal. However, in order to see the spin noise effects, one
needs to keep track of what has been learned about the ensemble in each measurement rather
than just the mean value. Therefore we do the analysis in the total angular momentum space.
This has been used before [54].

The action of a strong measurement is described by a set of projection valued measure (PVM)

2To clarify the notation m is a random variable with domain [—%, %] but m is a specific value.
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operators {.#,,} that we denoted by .#,, = I1,, and are given by

S: = Y mlIl, (3.9)
m
N/2 A;j

o, = Y Y ljimd)/jmd|.
j=Im|d=1

where i = 1. Here, |j,m,a) are degenerate eigenstates of the total spin angular momentum
S=Y S0 aswell as its z component S; operator. For N spin half particles, j = jo, jo+1,...,N/2
=1

P
where jo =0 (1/2) if N is even (odd). For each total spin angular momentum’s eigenvalue, j,

the collective magnetization in the z direction is m = —j, j+ 1,..., j, and, the state degeneracy
N N
label is d = 1,2,...,A; where A; = .= . 18]. These eigenstates span
: : (%Vﬂ) <%+1+1)[ ] i b

the whole Hilbert space and form a basis for an ensemble of spins. It is common to consider j
as the principle quantum number and, m as the second quantum number. However, mathemat-
ically it is equivalent to consider m as the principle number, m € {—N/2,—N/2+1,...,N/2}
and |m| < j < N/2 as the second quantum number which is the case in our notation. Note, by
this definition, {I1,,} satisfies the conditions of Projective Value Measure (PVM) operators, i.e,

I1,,.IT, = &y I, and Y IT,, = 1. An example of a strong measurement on a single spin is Stern-
m

Gerlach experiment where the measurement operators are ITy = | 1) (1| and Il = | }) (| | which
are orthogonal projective operators corresponding to the outcome “up” and “down”. Here, I1,
are the generalized form for an N spin projective measurement when the detection coil has the
precision of one single spin.

_N N
272

The first measurement at ¢, results in outcome m; € | ] which occurs with probability

p(my;ty). This probability is a binomial (semi-Gaussian) distribution with zero mean and N
standard deviation, because

Tr(ILy,]

p(m:ml;tl) = Tr[Hmlpo]: N (3.10)
Elm:ry] = Tr[S.po] =0
1
olm:n] = \/TriS2po] — (Tr(S:p])? = 5V

This result matches what we intuitively expect. Each spin has magnetization s¥) e {+%, —%},
1
z.

and, in each measurement shot, we take N samples from a distribution p(s) with a width of
N

Therefore, according to the central limit theorem, the collective magnetization m = Y, s() jtself
i=1

34



is a random variable whose distribution is Gaussian with width of @ Because the spins are
indistinguishable, Tr[IL,] counts the number of configurations that all result in /| net magneti-
zation and therefore p(m;¢;) is a binomial distribution.

Once we learn the system, we must update its density matrix according to “our knowledge”
of the outcome. Given the outcome m, the state update rule [20] dictates that
Hml p() Hm1 _ Hml

p(mist)  Tr{ly]

m=m; _
ol _

(3.11)

The state in Equation 3.11 evolves under a quantum map A during the time interval ot after which
the next measurement takes place. As an example, we consider a collective depolarizing map
where with probability (1 —A) = exp[—&¢/T] the quantum state is preserved and with probability
A it turns to a fully mixed state. The characteristic time 7 is a function of the depolarizing
strength. Physically, a depolarizing map could be a result of a relaxation process in the system
and mathematically is given by

1
Alp]=(1-24)p+A N (3.12)
Now, in the second step, the evolved state A [p "”1] 1s measured and outcome m is obtained whose

probability is given by p(ma;ta | my) = (1 — 1) Ouym, +A p(masty). This p(m;ty | my) will be
again a semi-Gaussian distribution with a conditional mean and conditional standard deviation

E[m;tz\ml] = (1—1)1?11 (3.13)
oimn |m] = 2 +(1-2)m)

Thus, the second measurement statistics are correlated with the first measurement outcome m;.
This correlation does not last forever and is limited by the relaxation time of the dissipative
system, T'. For instance, if we record data so slowly, 6t >> T( or A — 1), each measurement
data my is sampled from a fixed distribution p(m;#;) with zero mean and % N standard deviation
and there will be no correlation between data, Equation 3.13. In another extreme case, when we
record data quickly, 0t << T, then 1 —A ~ 1 — % and the system does not evolve, hence, the
data is repeatable, which is a property of a projective measurement. In non-extreme regimes,
when 07 < T, the data is sampled from semi- binomial distributions whose mean and variance

are fluctuating from one measurement to another.

After a long data acquisition a list of outcomes {mj,mo, ....,my } is obtained which constructs
the spin noise signal. The spin noise is the net magnetization of an ensemble whose fluctuating
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value is bounded by %’ and -%’. At step k™, my is a random variable sampled from semi-Gaussian
distribution p(m;#; | my_y,...,mp,m;) whose mean and variance are correlated with previous
recorded data. For the particular choice of a depolarizing map, using inductive reasoning, we
obtain that the the joint probability distribution between any two data points is

p(l’l’li;l‘i, mj;tj) = (1 —l)i_j 6m,~,mj p(mj;tj) (314)
+ Ni—j p(mist;) p(mjst;)

where My = A+ (1 —4) M1 and Mo = 0 and p(m;t;) = p(m;ty) = Tr[I1,po]. Equation 3.14
indicates that, with the probability of (1 — l)k ~ ¢ /T the two measurements separated by
ty = k Ot, are perfectly correlated and with the probability of 1), they are two independent random
variables. In other words, the closer the two measurements are in time, the more likely that their
distributions are correlated. Given Equation 3.14, one can compute the covariance function as a
measure of the correlation

RO = Efmsigys, moo] — Elmity, ] Elm,g
— ]X eitk/T

4
where the expectation values are calculated using E[X;#;] =Y, x p(x;t1) and E[X;t; , YV3t)] =
X

Y. xy p(x:t;, y,tj) and we assumed an initially fully mixed state.
Xy

This analysis has considered a collective evolution A and a collective measurement I, over
an ensemble where the collective measurement preserves coherences within the subspace m.

3.3.1 Arbitrary Quantum Map A for non-interacting spins

We can further generalize the description by extending it to any arbitrary CPTP quantum map
acting on individual spins. More precisely, suppose the spins are not interacting with each other,
that there is no field inhomogeneity and also no variation of the B field, and, that each individual
spin interacts with its own bath. Therefore, spins are indistinguishable to the environment and
one can model the ensemble quantum evolution as A = @V where @ is a CPTP map on a single
spin. In this picture, each spin is an open quantum system.

As before, consider a totally mixed initial state for each spin, pg = (%)@W , and make a strong
measurement along the z axis. Upon the measurement with outcome m, there are % -+ m number

of spins with up orientation and % — m with down orientation. So, the measurement statistics are
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given by

pmn) = (Y, ) PG a.15

S4+m ) 2

The PVM operator given in Eq.(1) can also be expanded in the tensor product basis as:
- N N_
IL, =) Zp[I (172" 72,
p

Here, since the spins are indistinguishable, there is a sum over all possible spin permutations that

results in net spin magnetization m. So, p € {1,..., ( N

Nim )} Upon recording the classical

value m1, the density matrix is updated to

i Ty PO TTny 3.16
AT I
N 2N p(my;ty) '

This updated state evolves under A which means that each spin evolves under @. An example of
a single qubit CPTP map & would be a rotation around axis 7, a relaxation around axis 7, and
a dephasing around axis 73 on the Bloch sphere. In general, the action of a map & on the spin
basis can be written as

PN (T = 1 —a) [ 1){T ]|+ )|+ Off diagonal,

Ol )= (1 =B) [+ B [1)(T |+ Off diagonal,

where o and B are variables which are determined by the map’s parameters such as evolution
time Ot¢, frequency , relaxation and dephasing rates and the directions 7y, 7, 3.

The second measurement on A [p"”l] results in outcome m; which occurs with probability

N N
7+m1 7~

. N
p(myity | my) = Z Z {Bm(a +my,k, o) (3.17)
k=0 [=0

. N
Bln(z - m17l7ﬁ)5mz—mlﬁl—k}’
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where Bin(n,k,p) = ( Z

) pF(1 — p)"~k. This new distribution is again a binomial with mean
value

Efm, | mi] = mi (1 (o4 B)) +(5) (@~ B).

and standard deviation

i |m) = [N (a1 —a)+B(1-p)
+ Vm(a(l—a)—B(-B).

As the above relations indicate, depending on the evolution map’s parameters, & and f3, the
statistics of the noise are different. Nevertheless, the spin noise magnitude still scales with v/N
and exhibits a time correlation. Notice, it is not necessary to consider an open system interacting
with an environment to see the spin fluctuation. For example, even in the case of simple unitary
evolution where o = B = sin’[@ 1], these correlated fluctuations exist.

In order to find the correlation function, we need to know the joint probability distribution,
Equation 3.15. In the particular choice of a totally mixed input state, after each measurement,
the updated density matrix is IT,, /Tr[I1,,]. Therefore, p(my;ty | my_1) = p(ma;t2 | my) for all
1, and hence, the joint probability distribution of any two data points is:

p(m,';l‘,' s mj;tj) = Z p(mi;t,- | 11;1) (3.18)

lizjseslio

XX p(lijstij | mj)p(mjit;).

Substituting Equation 3.17 into Equation 3.18 gives us an analytic expression for the joint prob-
ability distribution and in the large ensemble limit and for the totally mixed input state, one can
approximate each p(my,t; | my_;) with a Gaussian distribution whose mean and variance are
fluctuating from one measurement to the next.

3.3.2 Arbitrary Initial State

In this section, we consider N identical and non interacting spins pg = p®V, where p is an
arbitrary single spin density matrix that is expanded as

p=al N+ (1—a) [+ D +5" [ D] (3.19)
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The first measurement on this ensemble results in the statistical distribution

. _ N %—i—ml _ %—ml
plmist) — (%um)(“) (1—a)tm, (3.20)

This distribution does not distinguish p from a diagonal state p =a | 1){(1 |+ (1 —a) | 1){{ |
since the measurement is along the z axis. Therefore, it is sufficient to consider p as an arbitrary
initial state. Upon the strong measurement given by I, the state update rule implies that

plm = Y(a)3tm(1—a)m (3.21)

N

P NHA1PT™ @] L)L 23]
p(my;t) .

By replacing p(mj;t;) with Equation 3.20, we see that the above state is identical to the updated
state in Equation 3.16, where the experiment started from a mixed state. Despite the fact that
the first measurement statistics differentiate an arbitrary initial state (p or p) from an identity
state (1/2"), their corresponding updated states are no longer distinguishable to the subsequent
measurement-evolution processes. As a result, except for the first data point, the statistical fluc-
tuations of spin noise are the same whether we start from a mixed state or from an arbitrary initial
state.

3.4 Weak Measurement Model

In an NMR measurement, it is too idealistic to assume that the detection process can resolve a
single spin. If we relax this assumption, the projective measurement operators .#,, = II,, no
longer describe the action of a measurement. One needs to assign a width of precision to the
measurement apparatus which results in an overlap between the different subspaces (Figure 3.2).
Therefore, once the data my is recorded, the spin ensemble density matrix collapses not only to
the m( subspace but also to other subspaces with [ # myg. As stated before, a PVM is a special
case of generalized measurement that is described by positive valued operator measure (POVM)
operators, {E,, }, which result in measurement statistics p(m) = Tr[E,, p], [20]. Therefore, we
adapt the spin noise model by relaxing the assumption of a strong measurement to a weak mea-
surement and defining POVM elements, E,,, = ///,fl///m as a sum of PVM operators,

N/2
En= ) D(m1I)IJ (3.22)
I=—N/2
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where D(m, 1) is a two variable function whose form is limited by physical constraints:

1. The measurement is trace preserving. So,

ZEm =1 = foreach/ ZD(m,l) =1.

This means that D is certainly a distribution relative to m, but it does not have to be a
distribution relative to /. This condition becomes particularly important when we get close
to the boundaries j:%’.

2. Since the detector records data m as the outcome, we expect D to have its maximum value
at [ = m. So,
mlaXD(m, ) = D(m,m).

3. In a weak measurement, the measurement outcome is less reliable; if the measurement
apparatus records m, there is a probability D(m,!) that the updated system collapses to
other subspaces with [ # m. One expects the further apart / and m are, the less likely it is
to collapse into the / subspace. Thus, D(m,!) should decrease as |/ — m| increases and its
width should be inversely proportioned to the reliability of the measurement device, 1/w.

4. D need not be a symmetric function. For instance, we know it must be a distribution
relative to m but it need not have restriction relative to /. So, in general D(a,b) # D(b,a).

Considering the above constraints, we model the function D(m,[) by a semi-Gaussian distri-

bution
—(m—1)2 —(k—1)2

—m1? )
D(m,l)=Aje 27 where A;=(1/) e 27 "). (3.23)
k

In this model, we quantify the “weakness” of the measurement by the quantity w. In the extreme
limit of a “strong” measurement, when w — 0, D becomes sharp, i.e., D(m,l) — 6(m —1), and
hence, E,, — I, (Figure 3.2). In the limit of a “very weak” measurement when w — oo, D(m, )
becomes a uniform distribution and hence E,, o 1, and so, the state py is not affected by the state
update rule. In other words, the weakest measurement causes the least disturbance to the system.

Consider an g-polarizing quantum map, A[p] = (1 —A) p+ A py, for the evolution process
which tends to return the state to the thermal equilibrium polarization with Tr[S;po] = €. As an
IT;

example, consider the initial state pg = ¥ go (k) Tl in which go(k) is a density function with
k

mean value € =Y k go(k). For instance, in the case of a mixed state, pg = 2%,, qo(k) = Tr[IT] /2N
k
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is a binomial distribution with zero mean. Given py, the first weak measurement results in m
with a probability

p(my;ty) = Tr[Ep, pol (3.24)
Y _D(my,k) go(k).
%

It is known that given the distribution p(m), the updated density matrix is not uniquely deter-
mined in case of a weak measurement, [20]. This is because, the set of {.#,,} that satisfies
M} My = En is not unique. Nevertheless, one of the possible ways of updating the density
matrix is .#,, = \/E,,, which gives

\/E_nuP0~\/E_nu
p(mizt)
v D(my,k) qo(k)  TTi
N z,;’ p(myp) Tr(IT]’

II
= ;qlmml) W'i]'

plm

% to be the updated density function. As desired, the
I—IITL

updated density matrix collapses not only to Trily] but also to other neighbouring subspaces, k #

my, and its range depends on the measurement “weakness” w. This semi-localized state around
my, will then evolve under the €-polarizing map, A. Similar to the PVM case, by performing the
second measurement, we obtain a conditional distribution

plmyity | m) = TrlEm, Alp"™]]
= (1=2) Y. D(my,k) q1 (k| m)
P

+ A ) D(ma,k) qo(k).
X

Here, we define g (k | my) :=

The fact, the overlap between D(mj,l) and D(m1,l) that appears in the first term of the last
equation, confirms that as long as A # 1 and w # oo, there are correlations carrying on from one
measurement to another.

We calculated the joint probability distribution between any two data points and obtained
plmitimjsty) = (1=2)"7Y D(mj,1) D(mj.1) qo(l)
l
+ Ni—j p(mist;) p(myst;).
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Despite the fact that a strong and a weak measurement result in different statistical distributions,
(i.e. Tr[IT,p] # Tr|E,p]) there are common features in both limits, most importantly, the statis-
tics of instances are correlated with previous data. These correlations are a result of the quantum
evolution map between measurements.

Thus far, we have not included the suggested Gaussian model for D(m,[). If we do so, the
covariance function becomes
N
R(k) =7 (1=4)"+ (me— 1) E[ms11)?). (3.25)
One can test this relation for a totally mixed input state and reproduce the exact result in Equa-
tion 3.15. This indicates that spin fluctuations have a similar behaviour in both the strong and the
weak measurement limit.

3.5 Example

In this section, we give a concrete example of a spin noise model. Consider 100 spin half particles

each oriented randomly in the Bloch sphere, pg = (%)®N . Att = t;, we measure the magneti-

zation along the z axis, so, the single shot measurement outcome m, is the z component of the
100

ensemble’s magnetization, i.e. m = Y s; with s5; = i%. Thus, m € {—50,—49,...,0,...,49,50}
i=1

is a random number sampled from the probability distribution p(m;z;). Given the totally mixed

initial state

. N 1
pse(m;ty) = Tr[IIy po] = Bin(N, ) —|—m,§), (3.26)
N
a ) N 1
puk(min) = TrlEmpo]= Y D(m.K) Bin(V, 5 +£3)
=y

where the subscript st (or wk) refers to the strong (or the weak) measurement. If one repeats this
first measurement with the same initial state, pp, many times, a statistical distribution of m(z;)
will be obtained. We implemented this numerically and the results are shown in Figure 3.5. Once
the data m is recorded, the ensemble’s density matrix is updated to

= , = (3.27)
2N pgi (mysty) 2V poi(mysn)
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Raw Data m(t;) Distribution p(m; ;)

1 Strong

500 1000 1500 2000 2500 3000

| Weak

0 500 1000 1500 2000 2500 3000

Figure 3.5: 3000 identical measurements are performed on 3000 identically prepared spin states
with pg = (%)®N . Each data point is a random number m; sampled from the statistical distribution
p(m;t;). A numerical estimation of p(m;#;) is computed and plotted on the right side for both
strong and weak measurements. N = 100 and w = 5.

depending on whether the measurement was strong or a weak. Now, we let the spin system
evolves for certain time 8¢ under the following quantum evolution map

Alp] = @®N[p] where (3.28)
dlp] = (l—l)prUx“r)L%.

The CPTP map @ acts on individual spins, and for this example, we chose it to be a depolarizing
map (relaxation) followed by a unitary rotation around the x axis, i.e., Uy = e 08 P s
parametrized by A =1 — e 9T and 0 = w &t. Following the discussion in Section 3.3.1, the
probability of spin flipis a« = 8 = (1 —A)(sin0)? + % Following the spin noise model, once the
system is measured and evolves under A, the second measurement is performed at t = t,. The
second measured outcome m, € {—50,—49,...,0,...,49,50} is again a random number sampled
from the conditional probability distribution p(m;z, | m;). For this particular example and in
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Raw Data m(ts) Distribution p(m;ta, mq)
02 —_——

1 o015t , , , , 1
01F {1 Strong

M 0.05f

. . . . . 0 i i i i i i
0 500 1000 1500 2000 2500 3000 -25 -20 -15 -10 -5 0 5 10 15 20 25

Weak

0.04

‘ ‘ ‘ ‘ ‘ 0
500 1000 1500 2000 2500 3000 —2° -0 -15 -10 -5 0 5 10 15 20 25

Figure 3.6: The raw data (left) and its corresponding statistical distribution (right) of the second
measurement is presented for both cases of the strong and the weak measurements. Here, A = 0.1
and a small unitary rotation, 6 = /32, are considered.

case of the strong measurement, we obtain

pe(mty | my) = Tr[IIy Alp'™]] (3.29)
2 +m
= ) Bin(5 +my,i,a)
i=0

N
X Bin(a —my,m—m|+1i,0)
and in case of the weak measurement
pocmsty | my) = TrlEm Alp™]] (3.30)

N
2 N
= Y D(mk) D(my,k) Bin(N,E—Hc’,l/Z)

Dst (k;tZ | k/)
Pwi(myst)

For the numerical simulation, we prepared identical initial states pg, performed the first measure-
ment on them, then post selected on that data with magnetization value m = m;. Given, these
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selected conditional states A [p'ml], we made a second measurement and recorded the data and
its statistics as shown in Figure 3.6.

To see the correlation between the two subsequent data points, we plot the joint probability
distribution p(my,m;) = p(my | m;)p(m;) where m; = m(z;). As shown in Figure 3.7, for the
case of A =0, 8 = 0 (no evolution) and strong measurement, there is a maximum correlation
between the two data points. But, for the case of weak measurement, there is less correlation
even in the absence of any evolution. This shows that the data may not be reproducible in the
case of a weak measurement. As the spin flip probability, ¢, becomes larger (longer evolution),
the two data points become less and less correlated as seen in Figure 3.7.

3.6 Summary

An open quantum system model of the spin noise signal in NMR was described. We have shown
that the inherent spin fluctuations can be described by the nature of quantum measurements,
the state update rule and quantum evolution. We analysed our model for arbitrary initial states
including the identity, as well as any arbitrary quantum evolution CPTP map acting on non-
interacting spins, with the depolarizing map as an example of a collective quantum evolution. We
calculated the joint probability distribution and the covariance function for different examples in
both the limits of strong and weak measurement.

The proposed spin noise model predicts the statistical fluctuation of a spin ensemble by con-
sidering a collective measurement and a collective quantum evolution while retaining the aver-
age properties such as thermal polarization. Previous computational models of spin noise have
introduced a fluctuating field over the ensemble to create dephasing and account for noise corre-
lations, [52].

Here, the model does not require such a field, the fluctuations are a function of the update rule
that propagates over knowledge of the system. This analysis is intended to illustrate that with a
description of the spin, the cavity and the bath interactions one may straightforwardly calculate
the properties of spin noise, including its correlation function. Such descriptions are useful in
analysing experimental instances of spin noise, in particular, with the development of spin based
quantum information processors that have long lived spin states and small number of spins.
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Figure 3.7: Contour plots of the joint probability distribution, p(my,m;) for different values of
A and 6. The top figure A = 1 and 6 = 0, shows no correlation between subsequent data points
and the bottom figure A = 0 and 6 = 0 shows a maximum correlation between them.

46



Chapter 4

Protection Against Collective Noise In
NMR

4.1 Introduction

A two-level system that is a candidate for quantum information processing is called a qubit. If we
encode information in the actual physical states, there is always a threat of undesired coupling to
the environment, which makes the qubit fragile against noise. For example, a spin half particle
may experience a bit flip error (X-noise) that converts | 1) to | |) or a phase flip error (Z-noise) that
corrupts coherence information in a superposition state, |y) = | 1) + B| |). In NMR language
these errors may appear as relaxation and decoherence processes.

In quantum information theory, a well-known and common way of protecting information
is to use Quantum Error Correction techniques, [20,55]. Regardless of the complexity of QEC
algorithms, there is a basic principle that is easy to understand. Typically, information is encoded
into a logical qubit by adding some ancillary physical qubits and applying certain gates to create
a correlation between the logical qubit and the ancillary qubits. In this way, if a particular noise
affects information stored in the logical qubit, it leaves a syndrome on the ancillary qubits, and
hence, the error is tractable. At the end of a QEC algorithm, the information is decoded by
reading the syndrome and then applying certain gates to the logical qubit to undo the effect of
noise and recover the information. One issue with various QEC proposals is that the encoding and
decoding gates are also subject to errors. In practice, implementation of these error correcting
gates requires a high fidelity control. In addition, in order to be useful for quantum computing
purposes, these gates mus be fast enough when compared with the physical limiting times, such
as T and T>.
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An alternative approach to protecting the information is to encode it in such a way that the
logical qubit is not affected by noise in the first place, and so, no error correcting code is required.
For example, instead of considering a two-level physical system, one can consider a collection
of physical qubits and encode the logical qubit in a collective degree of freedom of this group
of qubits such that it is robust against the collective noise. Thus, in this section, we explore the
possibility of storing information in a collective degree of freedom of a methyl group, which is a
physical candidate for implementing this idea with three identical spins.

In Section 4.2.1, we introduce a collective noise interaction model followed by two well-
known methods of encoding a logical qubit into a noise protected space of a group of physical
qubits. Next, from Section 4.4 to Section 4.9, we particularly study the electronic, vibration,
internal rotation and spin degrees of freedom of a methyl group and their corresponding symme-
tries. Then, in Section 4.10, we explore the possibility of initializing the collective spin state of
the protons in a methyl group into a noise protected state. Finally, in Section 4.11, we analyze
the symmetry properties of the dipolar interaction, and discuss how the dipolar relaxation leads
to NMR observation of noise protected states.

4.2 Protection Against Collective Noise

4.2.1 Collective Noise Model

Consider N identical spins that are symmetrically coupled to the environment (or the bath). The
bath is considered as the noise source, and since it does not distinguish spins, the operators
A N
acting on the spin system are simply the total spin angular momentum, i.e., Sq = % Y o&’),
i=1
where o = x,y,z and i = 1. The total Hamiltonian of this composite closed system is

Hy, = Hy+Hy+ Y Sq ®Bq, (4.1)
o

where the first two terms are individual spin and bath Hamiltonians, and the last term is the
interaction between them. Given the above Hamiltonian, the time evolution of the spin-bath
system is given by Uy, = e~ Ho!

Definition 4.1. The interaction algebra, J, is a linear span of all sums and products of the system
interaction operators, {Sq }, with an inclusion of the identity operator, i.e., J ={1,5,,S,,S;,... }.

Suppose that the system and the bath are initially uncorrelated, pg = ps ® pp. According to
the system-environment representation in Equation 2.47, the reduced dynamic of the spin system

48



is represented by &'[ps| := Trp[Ug, ps @ Pp U:b]. As discussed before, &[] is a CPTP map that
represents the collective quantum noise channel. In the above noise model, the group of identical
spins is considered as an open quantum system experiencing a collective noise, &.|, with the
Kraus representation

Elps) =Y Ko ps K- (4.2)
o

Here, K, € J are the elements of the interaction algebra, and hence named noise operators.

We wish to initialize the spin system in a protected quantum state such that it is robust against
the above collective noise model. In the following, we first briefly introduce the notions of
decoherence free subspaces and noiseless subsystems, as two well-known examples of protected
states. For a review on these notions, we refer to [56—58]. Further, for the rest of this chapter, we
explore the possibility of experimentally creating a protected state in a methyl group.

4.2.2 Decoherence Free Subspace

Suppose we could decompose the Hilbert space into two parts: one that is protected against noise
and is labelled with p and the other that is affected by noise and is labelled with n. Intuitively,
if we encode information in just the noise free subspace, the information is not corrupted by
noise, and so, QEC is not required. Mathematically, suppose we could write the Hilbert space
as a direct sum of two subspaces, i.e., = J, ® J¢,. In the same manner, we decompose
the density matrix to p = p, © p,, where p, € L(J%,) and p, € L(%,). Suppose that the noise
operator can also be repartitioned as Ko = U @ 44 in which U is a unitary operator and {45 }
is a set of Kraus operator that satisfy ZJVJJVa = 1. Then, Equation 4.2 becomes
04

£lp) = LWa) (ppopn) (Ve 43)

(04

= UppyUT®Y No pu Ny
o

If the information of interest is initially stored in the p, € I'(.%£,), under the above quantum
noise model, the information remains in that subspace and is not lost. Therefore, the subspace
7, is protected against noise, whereas the subspace 77, is noisy. This is known as Decoherence
Free Subspace (DFS).

We clarify the concept of DFS by elaborating on a simple example of two identical nuclear
spins. One may expand an arbitrary initial state of two spins in the computational basis,

Be(H,57) = {111, | 10,1 11), [ 1)}, (4.4)
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or in the total spin angular momentum basis, ‘Ban(,%”l%z) = Span{|j,m;)}, where {j} are eigen-

values of S and {m i} are eigenvalues of S;. The spin addition rules imply j = %@% =160
and m; € {0,%1}. It is common to name the j = 1 states as the Triplet states, which are de-
noted by |T,m) with m € {+1,0,—1}. In addition, the j = O state is known as the singlet state,
which is denoted by |S,m) with m = 0. Correspondingly, the Hilbert space is decomposed to
H = H7 & s, where dim(77) = 3 and dim(775) = 1. The explicit form of these eigenstates
are given in Table 4.1.

|j,m;) | Expansion in B.(£55)

7, +1) [11)
7,00 | S UT)+[4M)
7,-1) | 1)

5.0) | ST =1iM)

Table 4.1: The expansion of the angular momentum basis in terms of the computational basis for
two spins.

In this simple example, the one dimensional subspace 775 is protected against all collective
noise, because, |S,0) has no spin angular momentum. To see this from another angle, we expand
the singlet state in the Pauli operator basis,

15,0(S,0] = % (1 - 6“).8(2)) . 4.5)

The appearance of the scalar term (.63, ensures that the singlet state is invariant under
all components of the total spin angular momentum, So = % (Gé]) + G&z)) with a € {x,y,z}.

Therefore, the j = 0 subspace of two identical spins is a DFS.

Note that this one dimensional subspace is not enough to define a qubit for quantum com-
putation, nevertheless, it might be useful for other purposes. For example in NMR, one of the
common sources of 7, relaxation or the dephasing is the noise along the z axis. On the other
hand, we know {|T,0),|S,0)} are both eigenstates of S, thus, they are protected against col-
lective dephasing noise. Therefore, it seems reasonable to initialize the two spin system in
p = £ [5,0)(S,0/ + 152 |T,0)(T,0], since a part of this state is protected against all collec-
tive noise and the rest is protected against collective dephasing noise. As a result, it is expected
that |y) exibits long relaxation times. This has been experimentally demonstrated in [59-61],
where some imbalance of population is created between |S,0)(S,0| and |7,0)(T,0|, and the state
is referred to as a Long Lived State (LLS).
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One can extend this idea to N = 4 physical qubits and look for a DFS. In that case, the singlet
subspace, j = 0, has degeneracy of 2. As such, the degeneracy degree of freedom is a good
candidate for defining a logical basis. Explicitly,

0) = |j=0,m;j=0,d=1) (4.6)
= [5,0)12®1S,0)34,
|l> = |j:(), mj:(),d:2>
1

NG (1T, 4+1) 12| T, — )34+ |T,— 1) 12®|T,+1)34—|T,0)12®|T,0)3 4)..
Here, the indexes 1,2,3,4 refers to the spin number. For higher number of spins, N > 4, the
number of degenerate states in the subspace of j = 0 increases, and hence, the j = 0 subspace
might be useful for implementing a qutrit (quantum 3-level system) or a qdit (quantum d-level
system). For N = 3, which is the case under study, such a DFS cannot be defined. We refer
to [56] for further information.

4.2.3 Noiseless Subsystem

The idea of decoherence free subspace (DFS) can be extended to noiseless subsystems (NS)
where a factor of a subspace is protected rather than the whole subspace, [62—-64]. The basic idea
is that a subspace might be decomposed to a tensor product of two subsystems 7 = J7, ® 77,
where the noise operators act trivially (such as identity) on the noise-free subsystem, .7¢,, and act
non-trivially on the noisy subsystem, .7Z,. We express this concretely in the following theorem.

Theorem: For a given interaction model, if the interaction algebra, J, is dagger closed ( i.e.,
x & x' € J), the Hilbert space can be decomposed to

%:@ijegcnj, 4.7)
J

such that every noise operator Ky € J is approximated as
Ke=P1, @M, (4.8)
J

Here, the index j refers to the jth irreducible representation, p; is the dimension of each noiseless
subsystem, and 7; is the dimension of each noisy subsystem [56, 64].

We clarify the notion of the noiseless subsystem by providing a concrete example of three
indistinguishable spins, which is the emphasis of this chapter. One may expand an arbitrary state
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of three identical spins in the computational basis,

B (53) = (T I HH0, T R LD W D) @)
or in the total spin angular momentum basis denoted by 8B (%”1@?23) Span{|j,m;,d;)}, where

{j} (or {m;}) are the eigenvalues of the total spin angular momentum ( or its z component) in
case of three spins, and the label d; refers to the d™ degenerate state of the j™ subspace. Spin
addition rules imply j = %@%@% = %@%@%, mj € {%,%} and d3 ), = 1 and d; ), € {1,2}.
We expand | j,m,d;) in terms of the computational basis in Table 4.2.

j,mj,d;) Expansion in B, (%”1@/5’23)
7221 [ 1)

32D | (D + 1)
LD | UHD+) )
5.-3.1) 1)

2:3:1) S (T =TI
35 0) VoL R RAVDIRY
1320 | 22— R 1)
L-5.2) | RO - R +1 1)

Table 4.2: The expansion of the angular momentum basis in terms of the computational basis for
three spins.

Correspondingly, the Hilbert space of these 3 spins is decomposed to 77 = @ 7 = 73, &
J

F 12, where dim (723 ,) = 4 and dim(.777 ;) = 4. Each 7] is further decomposed into a product
of two subsystems, where the first component refers to the d; label and the second component
refers to the m; label,

%:@Cdj®cmj:C1®C4@C2®C2. (4.10)
J
We used the bold notation to distinguish the dimension of a label space from its value, i.e.,
d; =dim({d;}) and m; = dim({m;,}).

The degeneracy of each subspace j can be visualized as a path degree of freedom in the
Bratteli diagram, which is shown in Figure 4.1. There are two ways of getting to j = 1/2 point:
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- N|w N

o N | =

Figure 4.1: Bratteli diagram: The vertical axis is the total spin angular momentum and the
horizontal axis is the number of spin half particles.

One way from 0% % path and the other way from 1 & % path. This degeneracy degree of freedom
has been used for storing quantum information [63].
In the following, we show that the first component of each subspace, Cq;, is preserved by S,

and only the second component, C,;, is affected. We expand S. in the spin angular momentum
basis and obtain,

SZ = Z m|]vmjv .]7mjvd| (411)
Jmi,dj
+3/2
GZ
(11@ Z |m m|> (12®?>.
m=-3/2
Similarly for S, we obtain,
X +3/2 -
Sc=(1® Y G m+1)(m|+Cp [m—1)(m| @(1@%), 4.12)
m==3/2

where Cf = \/ 15/4 —m(m+1). As expected, each components of the total spin angular mo-
mentum acts trivially (an identity operator or a scalar) on Cq,. Therefore, we choose the Cy,
subsystem of the j = 1/2 subspace of 3 identical physical qubits to encode one logical qubit
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because it is protected against collective noise. Explicitly, the logical basis is

) = i=1/2,dj=1)®|¢n), (4.13)
) = 1i=1/2,d;=2)®|¢),

—l Ol

|
|
where [} (3)) is an arbitrary pure state expanded in the Cp, ,, = Span{|£1/2)} subsystem. Given

an arbitrary pure state | ) = a|0) +b|1) with \/|a|>+ |B|> = 1, the logical qubit is obtained by
a partial trace over the Cyy, 1, subsystem as

2 *
prosc =Tl = (pepl o V%) ). o

Note that the off-diagonal terms are proportional to the overlap of |¢;) and |¢). This implies
that if we prepare |¢1) = |¢2) perfectly, pjogic implements an ideal logical qubit, otherwise, any
imperfection in the preparation acts as a decoherence process. Note that this type of decoherence
is purely due to the imperfections in the state preparation step, not external noise, because all S,
with o € {x,y,z} preserve the overlap (¢ |¢;).

In summary, a noiseless logical qubit can be encoded into the j = 1/2 subspace of the collec-
tive state of three identical spins. One of the possible candidates for implementing this protected
state is the methyl group in a symmetric top molecule, which is the subject of study for the rest
of this chapter. In this regard, we study the Hamiltonian and its eigenstructure of a methyl group
from the symmetry perspective. This symmetry analysis gives us a great insight about the molec-
ular dynamics which enable us to propose an experiment for encoding a protected state into the
collective spin degree of freedom of a methyl group. We also analyze the dipolar relaxation
process from the symmetry perspective and discuss how it plays a role in the observation of the
protected state. Since the symmetry is the core element of all other sections, in the following, we
briefly review some basics from group theory with an emphasis on the C3 group.

4.3 Symmetry of C; Group

C; is a group with abstract group elements {/,C,C_ } and has the following multiplication table,

C; is isomorphic to a cyclic permutation group whose elements are the identity operator and
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G| 1 ¢ cC
1] 1 C. C
c.lc, c. 1
c_|c. 1 c;

the cyclic permutation of 3 objects which act as

Hx,y,z} — {xyz}, (4.15)
pixyzy — {zxy}
p-A{xy.z} — {yzx}

One can represent each abstract group element g € G by a matrix M(g) that acts on a vector
space. For example, a rotational transformation in the coordinate system, which consists of a no-
rotation matrix (M (1) = 1) and 4120 degree rotational matrices (M (C+) = R+), is an isomorphic
matrix representation of Cs.

In general, M(g) is not unique, and one may find variety of matrix representations of g that
are related to each other by a transformation T, i.e., M'(g) = T M(g) T~'. But, there is one
thing common between all matrix representations of g, which is the trace of M(g), because it
is invariant under all basis transformations. Therefore, Tr[M(g)] is known as the character of
g [65]. But, the trace alone is not enough to uniquely describe the matrix representation of a
group. Some of the group representations are decomposable, which means that there exist a
transformation T to decompose a matrix representation M(g) into a direct sum of other matrix
representations with lower dimensions, i.e., T M(g) T~' =MWV ()M (g) & --- e M®)(g).
If the same transformation is applied to all elements of a specific matrix representation and they
are all decomposed to a block diagonal matrix with the same format (in terms of the dimension
of each block), that matrix representation is called reducible, otherwise, it is irreducible [65].

An example of an irreducible representation of Cs is

1 0 1 O 1 0
1:(0 1)7 R+:<08*)7 R—:(08)7 (416)

where € = ¢/ 3 . The so called character table of a group G is a two-dimensional table whose
rows indicate the irreducible representations (or irrep) of G and its columns indicates the trace
of the corresponding matrices. C3 has three irreducible representations denoted by {A,E ,E_}
and its character table is given in Table 4.3.
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2(C3) | 1| Ry | R
A 1] 1 1
E. 1| € | &
E_ 1] e | ¢

Table 4.3: The character table of Cjs.

For a given group G with abstract group elements g € G, and irreducible matrix representa-
tions M (g), the operator
. do,

“=1g] Y xa(g) Ma(g), (4.17)

8

projects a vector (function) y into the subspace of the a irrep [66]. Here, dy, is the dimension
of the My(g) (the dimension of matrices in the a irrep), |G| is the order of the group (the
number of group elements), and 4 (g) is the character of the a® irrep of g.

In case of C3 group, the normalized projection operators are

A 1
A 1
Pp, = §(1+8R++8*R—),
N 1
P = 5(1+8*R+—{—8R_).

As an application of this, one can find the symmetry of any spatial function f(x,y,z) by applying
the group projectors on it and see whether it has A symmetry or £+ symmetry or a combination
of both. For example z has A symmetry and x — iy has E, symmetry. The reason is that

Prz=1z, Pp,.z=0. (4.19)
P, (x—iy) = (x—iy), P .(x—iy) =0, Py(x—iy)=0

Now that we are familiar with the C3 group and its properties, we proceed to the symmetry
analysis of the wavefunction of a methyl group.
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4.4 The Rovibronic Hamiltonian of a Methyl Group

The total Hamiltonian of a system consisting of N, electrons and N,, nuclei is
Hiot =Ty +To +Vin + Vee + Vl’l€7 (420)

where T, (T, ) is the total kinetic energy of all nuclei (electrons), V,;,, (Vee) is the sum of all
internuclear (interelectron) interactions such as electrostatic repulsions and V,,, is the sum of
all interactions between nuclei and electrons. The solution to the Schrodinger equation of this
group of N, + N, particles cannot be written as Y, ® y;, because the interaction term V,, is not
negligible. However, since electrons are much lighter than nuclei, an electron is much faster
than a nucleus, and thus, its corresponding energy is very larger than the nuclear energy. This
justifies the Born-Oppenheimer approximation [67, 68], that is commonly used in the quantum
chemistry to effectively separate the wave function into an electron part and a nuclear part. In
the first step of this approximation, the nuclear kinetic energy is neglected in comparison with
that of the electrons, but the coulomb interaction V,, is not neglected. As a result, one can treat
the nuclei at a fixed geometry or in certain configurations in space with a slow motion. Then,
solve the Schrodinger equation for the electron wavefunction only, yielding y, which is derived
in the nuclear coordinates. In the second step, for each electron state, the nuclear wavefunction
is obtained by including an effective potential in the Hamiltonian that serves as a replacement for
each electron wavefunction. Indeed, in each electronic level, there is a set of eigenergies for the
nuclear spins. The BO approximation reduces the complexity of the computation considerably,
specially when the electron wavefunction is mostly in its ground state.

A methyl group consists of a carbon bonded symmetrically to three hydrogen atoms (pyra-
midal geometry). In the following sections, we study the low temperature spatial motion of a
spherical top molecule that has a single methyl group, X — CH3. Here, X can be an atom, such as
fluoromethane CH3F', or a group of atoms, such as ethane C;Hg. We are interested in the solid
phase of X — CH3 molecule, where the translational and external rotation of this rigid body or its
center of mass is negligible. Excluding the spin degree of freedom, a methyl group has rotation,
vibration and electronic degrees of freedom that are known as Rovibronic for short. We analyze
the symmetry of the total wavefunction of a methyl group in the following steps: First, we assume
the BO approximation is valid and break the rovibronic wavefunction into Yrovibronic = Ve @ Wi,
and evaluate the symmetry of the electronic wavefunction; Next, we make some justifications to
approximate the nuclear spatial wavefunction as a product of the vibrational wavefunction and
the internal rotation wavefunction i.e., ¥, = Wyip & Yror, and evaluate the symmetry of yp. After
that, we explicitly compute the eigenstates and the eigenenergies of the internal rotation Hamil-
tonian; Finally, when we have a good understanding of the spatial motion of a methyl group, the
spin degree of freedom is included and the symmetry of the total wavefunction is discussed.
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4.5 The Symmmetry of the Electronic Ground State

At low temperature (solid phase), the external rotational and translational motion are negligible
and it is a fair assumption to consider a fixed molecular framework in which the nuclei rotate
and/or vibrate near their equilibrium locations relative to a fixed origin (center of mass). Since
the nuclear motion is very slow compared to the electron energy scale, it is assumed that the
electron cloud instantly reforms its shape to follow the nuclear geometry. Therefore, from now
on, we consider the BO approximation and analyze the symmetry of the electronic ground state.

Consider a rigid symmetric top molecule X — CH3. The carbon atom, that is located at the
centre, makes a covalent bond with each one of the 3 hydrogen atoms as well as a covalent bond
with an atom x from the X part of the molecule. We use the Linear Combination of Atomic
Orbital (LCAO) method to compute the molecular orbital or the electron wavefunction. A free
carbon that is not bonded to any other atom has this orbital configuration

T T 4.21)

But, once the carbon makes covalent bonds in X — CH3, the last 4 electrons in 2s orbital and 2p
orbitals are mixing together to form 4 new hybrid orbitals that are ready to share a bond with
the other atoms [69]. This is known as the hybridization of the electronic state and the hybrid
orbitals are represented by sp°,

—_— — — — 4.22
ls sp3 sp3 sp3 sp3 (4.22)
Four symmetrically orthogonal hybrid orbitals are
o
I, 11 1 1 2s
oy | 11 -1 1 -1 2P«
o | 2|1 1 -1 -1 2py (423)
3 1 -1 -1 1 2p
of ‘

Each of these hybrid orbitals has a large cylindrical head with a positive value, and a small tail
with a negative value, and they all together shape a tetrahedron that is demonstrated in Figure 4.2.
To obtain the figure we used the solution to the Schrodinger equation for the hydrogen atom with
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Voim = Ru(r) Y/"(0, ¢) that results in

2s = Ry(r) %,(0,9), (4.24)
2pZ - R21(r) YIO(G7¢>7

1
2py = R21(”)7 (Y'(6,9)+Y1,(6,9)),

1

2py = RZ](”)% (Y11(9>¢)—Yi1(97¢)),

where Y/"(6, ¢) are the spherical harmonics and R,,; is the radial wavefunction.

Figure 4.2: Methyl Group Molecular Orbital: Four symmetrically orthogonal hybrid atomic
orbitals of the carbon in X — CH3 type molecule form a tetrahedron. Each of these hybrid orbitals
contributes in a covalance bond by sharing an electron with a nearby atom. The right picture
demonstrates each individual 0*?’ orbital.

The hybrid orbitals, 051’3, represent the carbon’s contribution to the molecular orbital. Each
of the nearby hydrogen atoms also contributes to the covalent bond by sharing its electron in the
Ls orbital. Similarly, the X part of the molecule contributes in the 4™ bond by sharing its electron
in the O, atomic orbital. According to the LCAO method, the molecule orbital of X — CH3 is
a linear combination of the carbon hybrid orbitals, 0*P’ and the hydrogen’s 1s orbital and/or the
O, orbital. It is known that the bonding combination has a lower energy than the anti-bonding
combination [69], therefore, the ground state of the molecular orbital is

ve— ¥ 55 (07" +15) + 5 (01 +0.). (425)

J=1

One can check that this electronic ground state is a totally symmetric function by assuming that
O, is symmetric. Even if O, is not symmetric, we can still say that the contribution from the
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methyl group (—CH3) in the molecular electronic cloud is symmetric. In the future, we use this
electronic wavefunction to evaluate the symmetry of the charge density distribution.

4.6 Internal Rotation-Vibration Wave Function

Excluding the spin space, the translational energy, the external rotational energy and the elec-
tronic space of a rigid X — CH3 type molecule, the only term that is left in the Hamiltonian is
the internal rotation-vibration of the nuclei. In general, the rotation and the vibration are not
two independent degrees of freedom, but, we might still be able to treat them separately. The
vibrational energies are normally in the order of 1000 ¢!, whereas the rotational energies are
in the order of 10 cm ™! [69]. Therefore, one can treat the rotational variables as a constant, and
solve the Schrodinger equation by considering the vibrational part only. This way, similar to the
Born-Oppenheimer approximation, for each vibrational state v, an effective potential V,, is added
to the rotational part of the Schrodinger equation.

The solution to the vibrational Schrodinger equation for a polyatomic molecule has been
studied extensively and its detail is beyond the scope of this thesis [70]. But, for our future
analysis, we need to know the symmetry of the vibrational wavefunction at low temperature, and
hence, we briefly review the argument in the molecular spectroscopy text books.

Consider the nuclear frame of a polyatomic molecule with N nuclei, where the nuclear center
of mass is at the origin of the fixed molecular frame (X,Y,Z). Thus, the Cartesian coordinate
of each nucleus is given by 7; = (x;,y;,z;) relative to the origin. In a rigid body, a potential
Vyib({AF;}) confines each uncleus motion near its equilibrium value, where AF; = 7 — 7,7 =
(Ax;,Ay;,Az;) indicates the displacement of the i" uncleus. The vibrational potential can be
Taylor expanded in terms of vibrational normal coordinates, Q;, which are defined as a mass
weighted linear combination of displacements ({A7;}) [69]. The first order approximation of the

Taylor expansion is
3N-6

1
Vo = 5 Y « 0% (4.26)
=1

There are 3N — 6 vibrational normal mode because the external translational and rotational mo-
tions are excluded. Therefore, up to the first order approximation, the vibrational potential acts
like a multi-dimension harmonic oscillator. At low temperature, we can assume that the vibra-
tional wavefunction is in the ground state, which has a Gaussian distribution, and conclude that
the vibrational wavefunction is a symmetric function.

In case of methyl groups, the symmetry axis defines the z direction in the molecular frame.
At equilibrium, a methyl group has a pyramidal geometry with carbon located at the origin and
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three protons located in a plane perpendicular to the symmetry axis, z. Let (r;, 0}, ¢;) denote the
coordinate of the j™ proton relative to the origin. In the free rotor limit, when the methyl group is
freely rotating around the symmetry axis, ¢; is a random variable but the CH bond’s length and
angle are almost constant with displacements or vibrations near the equilibrium values. Indeed,
considering the pyramidal geometry, r; ~ rg, 0; ~ 6y forall j=1,2,3,and ¢ = ¢, ¢ = ¢ + ZT”
and ¢3 = ¢ — ZT” Therefore, if we just focus on the motion of the —CHj3 part of a symmetric
top molecule and neglect the anharmonicity of the vibrational potential, the internal rotation-
vibration part of the methyl group’s wavefunction is

Yrot-vib = vaib({Ql ) Q27 ceey Q6}) & Wrot(?)- (4-27)

Atlow temperature, the ground state of vibration, Wy, appears as as an effective potential, Vo ()
that influences the internal rotational motion, which is explained in detail in the next section.

4.7 Internal Rotation of a Methyl Group

The internal rotation or the forsional degree of freedom of a methyl group has been extensively
studied in literature, [71-74]. Idealistically, a methyl group is a free rotor that is a rigid body
freely rotating around the z axis and its Hamiltonian is simply the z component of the total angular
momentum,
. =W 9?
Hy=L,=——,
rot Z 210 agoz

where [j is the moment of inertia and the angle ¢ is conventionally defined as the angle between
a proton and a reference axis in the molecular framework. The eigenfunctions of this free rotor

are % with corresponding eigenenergies E; = f—; 1> where | € {0,41,42,....}. The constant

(4.28)

2.
F = th is also referred as the free rotor energy constant.
0

Realistically, a methyl group in X — CH3 molecule does not rotate freely because of existance
of a hindering potential which is imposed by the rest of the molecule as well as other external
molecules'. For example, in ethane the molecule prefers to be in the staggered configuration
rather than the eclipsed configuration, [76]. The amount of energy that is required to move
from one configuration to another defines the height of the hindering potential or the barrier
(Figure 4.3). Therefore, in addition to the free rotation term, there is an extra potential that

! The main source of hindering potential depends on the molecule. For example in case of ethane van der Waals
interactions and hyperconjugation have been reported in literatures [75] and [76].
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affects the rotational motion,

—h* 92
Hior = 2_108_([)2 +Va(o), (4.29)
in which v
Vh((p)zz Ek(l—cos[Sk ¢]), with k=1,2,.... (4.30)
k

Depending on the geometry of the molecule, the hindering potential has 3 fold symmetry, 6 fold

&

Vo

>

Figure 4.3: Ethane Hindering Potential: The barrier height is the amount of energy that is re-
quired to move from the staggered configuration to the eclipsed configuration.

symmetry and etc. But, often the first term V3 = Vj is the dominant one and all other V3,3 are
negligible. For the following discussion we consider a 3-fold potential only.

In the extreme rigid rotor limit or the high barrier potential, the motion along the ¢ direction
is also very restricted, because, the barrier height is much larger than the free rotor energy,
i.e., Vo > F. Thus, we approximate V(¢) with three quantum wells and treat each well like a
harmonic potential,

Vo (39 (3¢)*

~ V0 ~ 10 _
Vh = 5 (I —cos[3 ¢]) = 5 ( o1 1 ~|—) (4.31)

Reasonably, each level has the degeneracy of 3, because there are three wells, and so, three

harmonic oscillators. The corresponding 3-fold degenerate eigenenergies are E, = 3 ‘I/—g(n + %)
withn=0,1,2,...
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In non-extreme cases, where the methyl group is neither a free rotor nor an extreme rigid rotor
(harmonic oscillator), we solve the Schodinger equation numerically and plot the eigenenergies
as a function of a parameter 0 < g < 1, where the g = 0 corresponds to a free rotor (Vy = 0) and
the ¢ = 1 corresponds to an extreme rigid rotor (Vo > F'). The first tweleve eigenenergies of a
methyl group ranging from the free rotor limit to the extreme rigid rotor limit are demonstrated in
Figure 4.4. The left plot is associated with the nearly free rotor (Vo ~ 0), and as expected, other
than the ground state (I = 0), all other energy levels are double degenerate. At an intermediate
regime, when Vy > F, every three energy levels tend to group together and form a band that
consists of a non-degenerate level and a double degenerate level. Thus, at Vo > F limit we
label the internal rotation eigenstates with @, , with corresponding energies E; , in which n
refers to the band level (harmonic oscillator level) and A € {0,£1}. At each band n, we denote
the internal energy difference between the A = 0 level and the A = +1 levels with AE,. At
specific ¢, we observe that the sign of the energy splitting, AE,, changes from the n band to the
(n41)™ band, and its amplitude gets larger and larger as we go higher in n. Because of these two
observations, it is reasonable to see at some point the £ _ , level and E; _ , | merge together
and form a double degenerate level. Indeed, even in the intermediate regime where Vy > F, the
high energy levels behave like that of a free rotor and are doubly degenerate. Because in that
energy scale, the methyl group effectively does not see the barrier. These numerical observations
are better justified in the upcoming section. For larger g (or larger barrier height), the internal
splitting AE,, gets smaller and smaller and eventually it becomes zero at the extreme rigid rotor
limit, yielding to 3-fold degenerate levels. The right plot of Figure 4.4 is associated with the
nearly extreme rigid rotor (Vo > F).

Each molecule has a certain geometry and mass, and so, has a certain free rotation energy,
F. It also has an associated hindering potential with specific barrier heigh, ;. Thus, depending
on the ratio %, an organic compound may be considered as a free rotor, or an intermediate rotor,
or an extreme rigid rotor based on the structure of the lowest energy levels. Table 4.4 lists some
examples of chemical compounds with their corresponding barrier heights, free rotor energy
constant and the splitting of the ground state n = 0.

4.7.1 The Symmetry of the Torsional States

A methyl group forms a Cs group in the spatial space that has three irreducible representa-
tions, {A,E,E_}, with their corresponding character values {1,&,e*} with € = ¢F. In previ-
ous section, we solved the Schrodinger equation numerically, yielding the torsional eigenfunc-
tions @, ,() in the intermediate rigid rotor limit (Vo > F). Here, we analyze the symmetry of
D), (), and show that the label A is associated to one of the irreducible representations of C3

group.
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Figure 4.4: Torsional Eigenenergies of a Methyl Group: The left side, g = 0, is the free rotor
limit when the hindering potential is very shallow or nearly zero and the right side, ¢ = 1, is the
extreme rigid rotor when the barrier height is very large compared to the free rotor energy.

We expand @, , in terms of free rotor eigenfunctions which form an orthonormal basis,
eil(p

V2
If an eigenfunction @ has A symmetry, it must be invariant under the %’r rotation. Therefore,
the non-zero terms in the above expansion must be / = 3 k, where & is an integer. Similarly, if

D ,(0)=Y ¢ (4.32)
l

. L . 2
it has E symmetry, under the 2?” rotation it must pick up a phase e 3, ie., D, (0= 2?”) =

etF ®; ,(¢). Therefore, the non-zero terms in the above expansion must be / =3 k+ 1 for E,
symmetry and [/ = 3 k— 1 for E_ symmetry. This property can be used as a test to see which kind
of symmetry each numerical eigenfunction has, A or E. or a combination. We realize that in n"
harmonic oscillator level, the A = 0 state has only A symmetry and the the doubly degenerate
states, A = +1, have E+ symmetry. Because E. are degenerate, any superposition of them is
a solution to the Schrodinger equation. The first 6 numerical eigenfunctions of the torsional
Hamiltonian are plotted in Figure 4.5 for the choice of V) = 32 meV and F = 0.6 meV.

An alternative approach for finding the torsional eigenfunctions is to treat V;,(¢) as a peri-
odic lattice with three wells. According to the Bloch theorem [83], given a periodic potential
V(x) with N wells (atoms), the lattice (or the molecule) wavefunction, ®(x), has the following



Compound Vo(meV) | F(meV) | AEy(GHz) Ref Regime
o-fluorotoluene 28.14 0.64 20 [77] Intermediate
m-fluorotoluene 2.6 0.66 860 [78] Free Rotor
Lithium acetate 60 [79]

4-Methylpyridine 7.3 120 [80] Intermediate
o-toluidine 86.79 0.66 350 [81], [82] | Intermediate

Table 4.4: Examples of chemical compounds with their corresponding barrier height and free
rotor energy. The AEj in the third column is the energy splitting between (L = +1,n = 0) and
(A =0,n=0) levels of the torsional states (or the splitting between [ = 0 and [ = + levels of the
rotational states, in the limit of the free rotor).

properties:
D(x+a) = € d(x), (4.33)
O(x+Na) = B(x),

where a is the distance between two adjacent wells (lattice constant) and Kk = A 1% is the

pseudo-momentum with A = 0,+1,42,.... Using the Bloch theorem and the LCAO method
with no hybridization assumption, the lattice wave function of the n' energy level is @, (x) =
N o .
Y eikai x,gj )(x) in which y/(x) is the solution of each atom.
j=1

The 3-fold symmetry potential that hinders the methyl group’s rotation around the symmetry
axis is also considered as N = 3 periodic lattice with the lattice constant a = ZT” Therefore, we
take the Bloch periodic wavefunction and simply replace x = ¢ to get

3 )
®,(0) =Y ¥ (g), (4.34)
j=1

in which x,gj ) is the nth eigenfunction of the j™ well (harmonic oscillator). The boundary condi-

tion, @(¢ +27) = ®(¢), results in A =0, £1. Thus,

|
Picon = (x£1)+x,§2)+ xﬁf)), (4.35)
|
Proin = (x,gl)+e* x£2)+ex,53)),
1 *
Pr——1n = % <X;gl)+£ xr(12)+8 x,(,3)),
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Figure 4.5: Torsional Eigenfunctions: The first 6 eigenfunctions of the torsional Hamiltonian
are presented. The first and sixth levels are totally symmetric (A) and the rest have E+ symmetry.

with € = ¢/ . Because of the cyclic boundary condition, we have /(¢ + 2?”) = x/*1(¢p). Con-
sequently, the A = O state has A symmetry and the A = +1 states have E. symmetry. We should

also note that the above LCAO expansions are valid in the limit of no-hybridization assumption

(/) (")

where the overlap between ), and x,° 7 is negligible. In that limit, the Hamiltonian is block

j/
n+1
diagonal and the corresponding Schrodinger equation for the n™ block is

H, CD;W = E/l,n CD;W (4.36)
n Bn Bu 21. 14
2mi ) 27i g
Bn o Ba es’ = Ep,| €3’
Bn .Bn Oy 67%1 67%1
21
—Ey, = 0y+2p,cos (?A) :

Here, o, = E,SO) is the eigenenergy of each well and 3, = —E,SO)(CP,EJ )|€Dr5j +l)) is the overlap

between the wavefunctions of the two adjacent wells. This overlap results in a splitting |AE, | =
3B, between the A symmetry level and the £+ symmetry levels. This is an analogy to the energy
band gap in the solid state physics when we deal with a periodic lattice with large N.

The overlap between the wavefunctions of two wells provides a qualitative and yet informa-
tive description of the torsional eigenenergies. The symmetry of each well/harmonic oscillator’s
wavefunctions changes from the n'" level to the (n+ 1) level. Consequently, the sign of the
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overlap, f3,, or the splitting AE, changes from the n'" level to the (n+ 1)™ level, and accordingly
the ordering between the A level and the E 4 levels changes. Moreover, in high energy levels,
the wavefunction is less confined within a well and therefore its overlap with the neighbour’s
wavefunction is larger. This means, as we go higher and higher in energy, the splitting between
A symmetry and E+ symmetry gets larger and larger and at some point the labelling {A,E} is
not valid any more, because, the no-hybridization assumption breaks. Indeed, if the torsional
energy is high enough, the barrier is not effective any more and the methyl group behaves like a
free rotor. This symmetry analysis is consistent with the numerical result presented previously.

4.8 The Spin Hamiltonian of a Methyl Group

So far, we have not considered the spin degree of freedom, which is the subject of this section.
In the presence of a magnetic field and in the absence of any chemical shift anisotropy (CSA)
and/or any dipole-dipole interaction (DD), the spin Hamiltonian of the three protons in a methyl
group is

3
oy,
pin = — Z ol +omp ¥ 1.0, 4.37)
2 =
= Jj<k

where @y, = ¥,By is the proton frequency and Jj is the scalar coupling constant between any two
protons, which is normally small compared to the Zeeman energies. In the absence of CSA and
DD interactions, these protons are indistinguishable and they form a C3 group. This means that
the spin eigenstates are invariant under the cyclic permutation operator, that is defined by

P liy®|j)® k) k) @ i) @1J), (4.38)
Plyelpelk) = [)Helkel),

for V|ijk) € B (4%”1%3 ). Tt is straightforward to find a matrix representation of P and expand it

in the Pauli operator basis,

5 _ 1 ~(1) 2(2) | 2(2) 203) 4 2(1) 2(3) = ;
pizz<1+o<>.6<>+a<>.a<>+a<>.a<>¢lo§ygamoa®aﬁ®ay, @39)

where £y is the Levi-Civita coefficient with ¢, 8,y € {x,y,z}. The complex eigenvalues of the
P are {1,¢,&*} with &€ = ¢2™/3 that correspond to three irreducible representations {A,E, ,E_}
respectively. We represent the eigenstates of P, with |s, g;) where the s indicates the symmetry
irreducible representations, s € {A,E;,E_}, and the g; is a label to distinguish the degenerate
states within each symmetry subspace. Indeed, g4 € {1,2,3,4} and gg, € {1,2}. We name
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{|s,gs)} the Cyclic Permutation Invariant Basis (CPI basis). One can alternatively label the

CPI eigenstates with |s,m) where m is the eigenvalue of S = 2 Z (of ), because, the Zeeman
i=1

Hamiltonian that is proportional to S, is diagonal in the CPI basis. The explicit expansion of the
CPI basis in terms of the computational basis is given in Table 4.5. Note that the Hilbert space
is a direct sum of two subspaces, ¢ = .74 & 7%, and each subspace is further decomposed

into a product of the symmetry label s and the magnetization label m, i.e., 7 = C' ® C* and
Ay =C*®C2

|s,m) Expansion in ‘Bc(j‘lfg; ) P, ’s Eigenvalue | S, Eigenvalue

A,3/2) | 1) 1 3/2
4,1/2) | S5 (T +AD +[ 1) 1 172
4, =1/2) | G2 (LD + 1) +141) 1 -12
A, —3/2) |4 1 -3/2
E+,1/2) | 5 (1M1 +€7[ 1) + el 141)) € 12
|Ev,=1/2) | 75 (LD +€7[ 1) + e 114) € -172
[E,1/2) | o5 (1110 +e[ 411) + & 141)) e 12
E-,=1/2) | 5 (141 +e[ 1) + e[ 1) e* -172

Table 4.5: The cyclic permutation invariant basis expanded in the computational basis.

Note that the spin Hamiltonian in Equation 4.37, does not distinguish these identical pro-
tons, and thus, [H, spm,Pi] = 0. This commutation relation does not necessarily imply that spin
Hamiltonian and the cyclic permutation operator share an eigenbasis because of the degeneracy.
However, it does imply that Hp;, preserves the symmetry label, s, as it is shown in the following,
and so, the eigenstates of the spin Hamiltonian are represented by y; ,, € Span{|s, gs)}.

In the CPI basis, all components of the total spin angular momentum, Sq with o € {x,y,2},
are indeed block diagonal,

1

3
2
Z Gt A A |+ Y byt (|Em) (B |+ |E_m)(E_mi]). (4.40)

—_1
m,m 7

>
SQ

[S1i9%}

Being block diagonal shows that the symmetry label is preserved by the collective spin operators.
Considering an interaction noise model where the methyl group interacts symmetrically with the
environment via Equation 4.1, and in the absence of the DD couplings and/or the CSA in the
system, neither the environment nor the local spin Hamiltonian in Equation 4.37 breaks the cyclic
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permutation symmetry. Under these conditions, the symmetry degree of freedom is protected
against all collective noise, and hence, is a candidate for storing information. Section 4.10 is
devoted to a discussion about initializing protected states in the spin degree of freedom of the
group of three protons in a methyl group.

Now that we have some understanding of the spin symmetry, the torsional symmetry and
the symmetry of the vibrational and the electronic wavefunctions respectively, we proceed to the
argument of the symmetry of the total wavefunction and the correlation between the spatial space
and the spin space. One may take advantage of this correlation to create a protected state.

4.9 The symmetry of the Total Wavefunction

Considering the approximations we made in previous sections, the electronic, the vibrational, the
rotational and the spin degrees of freedom are treated independently and the total wave function
is written as a product of them,

lPtot =V, X Wyib 0%y Yior ® llfspin~ (441)

In addition, we discussed that at low temperature, Y, and Y, are symmetric wavefunctions.
Thus, the symmetry of the total wavefunction is determined by the symmetry of the product of
the internal rotation (torsional) eigenfunctions and the the spin eigenstates.

For both fermionic and bosonic systems, the total wavefunction of three identical particles
must be invariant under the 27/3 rotation, because this rotation is equivalent to two particle
exchanges: First, the j® particle with the (j + 1) one, and second the (j + 1)® particle with
the (j — 1) one, for all j € {1,2,3}. This invariance under the rotation narrows the allowed
combinations of the torsional eigenfunctions and the spin eigenstates to those that satisfy

Sym(Wior) X Sym(Wspin) = A,

where Sym( f) stands for the symmetry of f. Thus, the allowed combinations are A X A, E; X E_
and E_ x E. Moreover, for a fermionic system, the total wavefunction must not only be sym-
metric under the rotation but also be antisymmetric under the exchange of any pairs of particles.
We apply these rules to the case of a free rotor in the presence of a magnetic field, where the

rotational eigenfunctions are ——¢'? with [ = 0,=£1,... and the spin eigenstates are Y ,.
g e p g Ys,

Note that exchanging any pairs of protons leads to / — —I. In case of yy ,,, the spin eigen-
states are totally symmetric and therefore the corresponding symmetric rotational eigenfunctions

that satisfy A X A condition, are ﬁei’gk‘f’ with k being an integer. In case of Yg, ,, the spin
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Figure 4.6: Exchange of Two Protons in a Methyl Group: For the exchange of any pair, the
permutation cycle changes from 123 to 132, so, I — —/[. If we exchange 2 <> 3, the angle ¢ is
unchanged, otherwise ¢ — ¢ + 2?”

eigenstates are neither symmetric nor anti-symmetric and the corresponding rotational eigen-
functions that satisfy £ x E+ conditions, are ¢/GkF1)®  which have E~+ symmetry under rotation.
There is a delicate point here. Depending on which pair of protons are exchanged, the phase of
the rotational eigenfunctions and/or the spin eigenstate with symmetries £ varies differently.
Without loss of generality, let conventionally define ¢ to be the angle between the first proton
and a fixed axes in the space, Figure 4.6. Under the exchange of 2 <+ 3, ¢ does not change but
under the exchange of 1 <+ 3, ¢ — ¢+ 27” This is illustrated in Figure 4.6. Correspondingly,
the rotational eigenfunctions and the spin eigenstates pick up different phases that are listed in
Table 4.6.

Particle Exchange ‘ Rotational Wavefunction ‘ Spin Eigenstate
243 . e'? —>.e"l“’ VE m = VE m
12 LN e—tl((p+27r/3) VE m— et27t/3 VE, m
143 oo _y o—il(p—27/3) VE e—izn/azII,E+ .

Table 4.6: The phase of the rotational eigenfunctions and the spin eigenstate varies differently
depending on which pair of protons are exchanged. To obtain the spin part of this table we
used the explicit expansion of |s,m) in terms of the computational basis that was presented in
Table 4.5.
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Taking into account the above points, the anti-symmetric total wavefunction is

% (€19 — e 119) @ Y, [ =3k,
Ho=1 1 (" ® —e 1P ) [ =3k+1 (4.42)
\/E WEIJI’! l//Ei,m ) .

What is common between A X A combination and E4 X E+ combinations is that the wave-
function is a difference of two terms and particle exchange swaps them. Interestingly, the two
terms are degenerate and orthogonal to each other.

It is straightforward to extend the above argument to an intermediate rigid rotor, where the
3-fold hindering potential barrier height is larger than the methyl group’s free rotation energy.
In that case, the torsional eigenfunctions are labelled as @, , where n refers to the n™ harmonic
oscillator level and A refers to the rotational symmetry, A € {A,E1}. In Section 4.7, we showed
that for all values of n, the @, , is a linear combination of the free rotor’s eigenfunctions with
the same symmetry. As a result, the antisymmetric wave function of an intermediate rigid ro-
tor is simply a linear combination of the antisymmetric wave function of a free rotor that was
discussed above. Although, this generalization from the free rotor to an intermediate rigid ro-
tor sounds straightforward, an implicit approximation is considered. When a methyl groups is
rotating in the presence of a hindering potential, the three protons are no longer perfectly indistin-
guishable to the environment, and hence, the spin Hamiltonian Equation 4.37 and corresponding
spin eigenstates are an approximation.

4.10 Protected State in Methyl Group

Now that we analyzed the eigenenergies and the eigenstates of a rigid rotor and discussed the
symmetry induced coupling between the spin space and the torsional space, we are ready to
explore the possibility of initializing a protected state, or perhaps a logical qubit in the collective
spin degree of freedom of three identical protons.

4.10.1 Long Lived State by Thermal Means

A protected state is either a classical state (probabilistic mixture of eigenstates) or a quantum state
(with non-zero coherence terms). The Long Lived State that has been experimentally studied in
methyl groups by [73,79, 84] is an example of a classical protected state. In the following, we
review how an LLS in a methyl group can be implemented just by thermal means and discuss
why this state is not capable of storing quantum information.
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First, let us define the Long Lived State. We define symmetry polarized states as a set of
mixed states that are individually polarized in terms of the symmetry label, but yet are totally
mixed in terms of the total magnetization label. They are denoted by p4 /g, , and are given by

3
1 RYan
pro= 3 X W= (5 ). s
m==3
1 % 1 i 07
PE, = 5 Z |E+7m><E+vm|:§ 0 12& ’
= 00
m=-z
1 2 1 o 0
PE. = E Z |E*,m><E*7m‘:§ 0 0] 0
=1 01
m=—5 2

An LLS is y—polarized in terms of the symmetry label if there is an imbalance of population
between the A subspace and the E subspace, and is given by

1 1—
Ous = #PA + (—2wPE (4.44)
1

= —1+7(61.8™ 45250 15053
8 3 ’

where pg = % (pE L+ pgf). Because of the scalar terms 6.6 that are invariant under Sa, with
o € {x,y,z}, the Qs is protected against all collective noise. The appearance of a scalar term
here is similar to the argument of LLS for two spins via the singlet state in Equation 4.5.

Second, we show how to populate Q75 by thermally cooling a methyl group. Consider an
intermediate rigid rotor in the presence of a magnetic field which has torsional eigenfunctions
@, , and spin eigenstates Y . As discussed in section 4.9, for a fermionic system, the product of
D, ,, @ Yy, must be symmetric under the %” rotation, which narrows the allowed combinations
of the torsional eigenfunctions and the spin eigenstates to those with symmetry labels A x s €
{A x A, E+ x Ex}. This can be considered as a sort of symmetry correlation between the spatial
space and the spin space. One can take advantage of this correlation to initialize the methyl group
in a LLS just by cooling.

At relatively low field, when the Zeeman splitting, ¥,By, is negligible compared to the tor-
sional ground state splitting, A Ey, the spatial Hamiltonian is dominant. Figure 4.7 schematically
represents the energy diagram of the first ground state of a methyl group with a medium rotational
barrier, in which AE) is the splitting between the (A = A,n = 0) level and the (A = E4,n =0)
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levels. At relatively low temperature, when the methyl group is cooled much below the torsional
ground state splitting, kgT << AEy, the (A = A,n = 0) level in the torsional space is highly pop-
ulated. If this temperature is still high compared to the Zeeman splitting, the (s,m) levels in the
spin space are almost equally populated and the spin density matrix is almost equal to an identity
in terms of the spin magnetization label (Equation 4.43).

i 1/2
Ei ==::::::::__ vBg 1 E:F
AE,
. 3/2
e 1/2
A A
"""" —

Figure 4.7: Eigenenergies of a Rigid Rotor with Medium Barrier Height: Each torsional level
with symmetry A is further split to more energy levels with spin symmetry s, such that the
total symmetry is A x s = A. AEj is the splitting between the (A = A,n = 0) level and the
(A = E4,n=0) levels on the torsional space.

Thus, at low field and low temperature (yBg < k;T < AEy), according to the Boltzmann
distribution, there is a significant population imbalance between the @4 ,—¢ and the Pg, ,—o
in the torsional space. Consequently, due to the spin-space symmetry correlation, there is an
imbalance of population imbalance the p4 and the pg in the spin space. As a result, this thermal
process corresponds to initializing the collective spin state of a methyl group in a y-polarized
long lived state, Qrrs with v = tanh|[AEy/k,T|. This has been experimentally demonstrated
in [73,79, 84].

Note that the Q; ;s that was introduced in Equation 4.44 is a classical mixture of p4 and pg,
which are themselves mixed states. When neither the local spin Hamiltonian nor the interaction
Hamiltonians distinguishes spin, one is not able to create coherence between the A subspace and
the E subspace, and use {A/E} as a logical basis for quantum information processing. In other
words, the spin Hamiltonians have a block diagonal form when spins are indistinguishable, and
hence, the Hilbert space is a direct sum of the two subspaces, ¢ = 774 @ 7¢%. But, the subspace
A alone can be used for encoding a logical qubit, which is the subject of discussion in the next
section.
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4.10.2 Protected State via the Electromagnetic Field Interaction

As mentioned before, the E subspace of three identical protons is decomposed into a product
of two subsystems, .#% = C?> ® C2, where the first subsystem refers to the E symmetry and
the second subsystem refers to the total magnetization m € { i%} Mathematically speaking and
according to Section 4.2.3, the E subsystem of the spin space can be used for encoding quan-
tum information, since the logical basis states are well defined in that noiseless subsystem. But,
there is a delicate point here that prevents us from doing so. On one hand, the protection against
collective noise has its roots in the indistinguishably of spins which allows us to consider the
symmetry label E, /E_ as a noiseless subsystem. On the other hand, if neither the the local spin
Hamiltonian in Equation 4.37 nor the coupling to the environment in Equation 4.1 distinguishes
spins, the spin eigenstates Wg, ,, and Yg_,, are degenerate, and thus, the logical basis |0) and
|1) are not accessible individually. When the logical basis states are not individually accessi-
ble, implementing any arbitrary logical qubit is not feasible. We emphasize here that when the
methyl group is not a free rotor, the three protons are no longer perfectly indistinguishable to the
environment, but as a first order approximation, we treat them as identical spins.

One intuitive solution for accessing the E /E— noiseless subsystem without breaking their
degeneracy is to include a control Hamiltonian that selectively populates either the £ subsystem
(logical |0)) or the E_ subsystem (logical |1)). We propose to first prepare Qs with Y~ 1, as it
was explained in subsection 4.10.1. This step is done at very low temperature and very low field,
which initializes the collective spin state in p4 that is polarized in terms of the spin symmetry
label. In the next step, we apply a selective “7r” pulse between @4 o and Pg, o (or Pg_ o) on the
torsional space. This leads to populating pg_ (or pg, on the spin space without removing the
degeneracy in the E subspace. We have not yet described how to implement these “z” pulses.
This section is mostly devoted to exploring the possibility of addressing the logical basis (or E+
subsystems) by using an interaction between the methyl group and a circularly polarized external
electromagnetic field.

We are inspired by microwave spectroscopy [77, 85] which is a well known technique that
uses the microwave irradiation to cause transitions between the rotational states of molecules
in the gas phase. The emission and the absorption of the electric dipole allowed transitions
leads to extracting information about the geometry of rigid bodies such as the bond’s length and
angles, [85, 86]. We adopt this technique and apply it to our case, where at low temperature
the system is in the solid phase rather than the gas phase. At low field, we ignore the spin
space and just focus on the spatial space transitions. Consider a rigid rotor in a X — CH3 type
molecule, whose torsional ground state splitting A Ey 1s in the range of GHz. We explore whether
a circularly (right or left) polarized microwave filed that is on resonance with AEy, induces a
transition between the @4 ( and the @, ( or not.
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A molecule with a permanent dipole moment d interacts with a time varying electromagnetic
field, E(r,t), via an electric dipole Hamiltonian, H; = —% d.E(r,7). For a point charge, the
dipole moment is d(¥) = ¢ T, and for a charge distribution, the dipole moment is

d(F) = / po(E— 1) ¥ &P,
where p,(F) = |y, (¥)|? is the electron charge distribution. If the electromagnetic wavelength
is much larger than the molecule size, the field is constant across the molecule, E(r,z) ~ E(7).
According to Fermi’s Golden Rule, the probability of transition from the i level to the j™ level
due to an interaction Hamiltonian Hi, = H, is given by

VVi—>j =

2n
- [(vilHaly) [, (4.45)

- ( [ i ® p®) FEW) wj<6d3?)2.

The transition rate is proportional to an integral which is non-zero (allowed transitions) if and
only if the integrand is a totally symmetric function, i.e., a transition from y; to y; is dipole
allowed iff Sym(y;) x Sym(Hy) x Sym(y;) = A.

Excluding the spin space and the external rotations, y;(¥) is the internal rotation-vibration
wave function. Based on the discussion in Section 4.6, at low temperature, the vibrational wave-
function is symmetric, and therefore, the symmetry of y;(F) is determined by the symmetry of the
torsional wavefunction, @, ,(¢). Moreover, the electron charge distribution p,(¥) = |y (F)[%, is
also symmetric according to Section 4.5. Therefore, to find the selection rule (forbidden vs al-
lowed transitions), it is sufficient to analyze the symmetry of &, , F.E(r) ;. Since we are
only interested in the allowed transitions between @4 o and P, (, the only unknown component
in the above integral, is the symmetry of ¥.E(z).
it

A circularly polarized electromagnetic field is E. (1) = & (££if) ¢!®' where & is the am-

plitude of the field [87]. Thus,
FEL(f) =& (X +iY) ¥ (4.46)

According to the C3 group theory discussion in Section 4.3, one can find the symmetry of any
sApatiAal functipn by applying the symmetry projection operators to it. In particular, we apply
P4,Pg,. and Pg_ on (X +iY) and obtain
Py.(X+iY) = 0, (4.47)
Pp, . (X+iY) = 0,
Pp (X+iY) = (X+iY).
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This means that the electric dipole interaction with a right circularly polarized electromag-
netic field has E_ symmetry. Therefore, for this particular interaction, the transition from @, ¢ to
Dr, o is symmetrically allowed. Similarly, a left circularly polarized field has the E symmetry
that results in the transition from P4 o to Pg_o. This is an interesting observation, because, it
may enable us to selectively populate the £ or the E_ subspaces on the spin space resulting
from the correlation between the torsional space and the spin space.

We introduce an effective Hamiltonian that takes into account both the electric dipole al-
lowed transition due to the interaction with the right circularly polarized MW, and the spin-space
correlation due to Pauli exclusion principle,

He = K (|¢E70><¢A70|® ) ]E+,m><A,m]> +h.c.. (4.48)
me{+1/2}

The strength of the coupling, k, depends on the field amplitude &y and the component of the
electric dipole operator d that is perpendicular to the symmetry axis. Before turning on the MW,
and after the cooling, our system is initialized in’

32 4
Po = |Pao)(Paol® Y, 1 |A,m) (A, m|. (4.49)
m=-3/2

Once we turn on a right circularly polarized MW for a time 7y so that 27k 7y = 7, the collective
spin system evolves to

Popin = Trior [e 1™ pg e /Hetr™] (4.50)

1
= —| Y Am@m+ Y |ELm){Eqm||.
me{£3/2} me{£1/2}

Therefore, the cooling followed by the MW irradiation effectively converts the population from
|A,£1) to |E4,£1) on the spin space. But, because of the mismatch of the dimension of the
two subspaces, there is some undesired population left in the |A, i%) levels. Nevertheless, this
is not an issue because of the scalar coupling between the methyl group and an external spin,
such as carbon. This scalar coupling shifts the frequency of m = 41/2 from that of m = £3/2
and makes them distinguishable. Therefore, one can in principle post-select the £ events at the
expense of decreasing the probability of success,

: 1
pf;)iit select — PE+ — E Z |E+,m> <E+,m|. (451)
me{£1/2}

2The spin eigenstates are simply denoted by |s,m) rather than Y -
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Similarly, the system is initialized in pg_ = % y |E_,m)(E_,m| via an interaction with
me{+1/2}

the left circularly polarized MW. Thus, we have access to the logical basis states, |0) = |E.)
and |1) = |E_), individually. By the right choice of the intensity of the left and right circularly
polarized fields, one can create

1+8),, (=B

Ologic := PE_. (4.52)
Qlogic 18 still a classical mixture of the logical states. To prepare any arbitrary superposition of
the logical states, we require to implement an “X” gate which takes |0) <+ |1) and a “Z” which
takes |0) — |0) and |1) — —|1). Given the logical gates, “X” and “Z”, one has universal control
over a single qubit [20]. We now show implementing these logical gates is feasible.

Suppose we are able to implement the following rotations:
Ui(e) : ’(PA.Q) 0% ]A,m> (4.53)

0 . 6
— coso | Py 0) ® ]A,m)+sm§ |PE_0) ® |Ex,m),

form = i%. Given UL (), the control gates are implemented by the following sequences:

X = U_(n)Uy(m) U_(m) (4.54)
Z = U_(2r)U4+(27m) U_(27)

which act as

e
|

|Pe. o) (Pe.ol®@ Y, |Ex,m)(Ex,m| (4.55)

me{£1/2}

l

e, o) (Praol® ), |Ex,m)(Ex,ml
me{£1/2}

(4.56)

’¢E1,0><(DE1,0‘® Z ’E:tam><E:|:7m’
me{x1/2)

|Pe, 0)(Pe.ol® Y, |Ex,m)(Ex,m]|
me{=1/2}

| =

| =

7



Therefore, in principle, we have control over the logical subspace if we are able to implement
an arbitrary rotation between the torsional eigenfunctions,|®, o) — cos%|<IJA70> +sin gICDE L.0)-
This rotation can be achieved by controlling the intensity and the phase of the circularly polarized
MW fields.

4.11 Observation via Relaxation

In the previous sections we explored how to initialize the collective spin state of a rigid rotor in
Or.s by thermal means and/or Qjogic by MW irradiation. Both of these states are robust against
collective noise. However, neither of them is observable in an NMR measurement. The reason
is that if they are protected against collective noise, they are protected against the measurement
as well. Quantitatively, Tr[Qy s Sa] = T7[Qlogic Sa] =0forall a € {x,y,z}.

If there exists a quantum evolution process that does not preserve the cyclic permutation
symmetry, it can in principle turn the symmetry polarization into the Zeeman polarization and
hence make the protected state observable in NMR. One of the natural interactions that does not
preserve the spin cyclic permutation symmetry is the dipolar interaction between spins which
is the focus of our study. Another possibility is the CSA. In particular, this section studies
the possibility of reading out a protected state by relying on relaxation processes induced by
hetronuclear dipole-dipole interaction.

To initialize a protected state, we rely on cryogenic temperatures and low static field. But, in
order to observe it, we propose to make a sudden jump in both temperature and magnetic field
so that this time the torsional splitting can be neglected when compared to the Zeeman splitting.
Moreover, at high temperature, the sample is not frozen any more and is in the liquid phase of
the molecule, where all other types of molecular motions such as external rotation, translation
and etc are expected. These extra degrees of freedom result in a randomly fluctuating dipolar
interaction, which itself may result in observing the protected state.

For a X — CH3 type molecule, there are two types of dipolar interactions that may affect the
dynamics of the collective spin state: First, the homonuclear dipolar interaction within the methyl
group. Due to indistinguishably of spins, this internal coupling preserves the spin cyclic permu-
tation symmetry and therefore does not lead to observation of the protected states. Second, the
hetronuclear dipolar interaction between the methyl group and an external spin /. That external
spin could be from the same molecule (interamolecular interaction), or, it could be from some
other molecule (intermolecular interaction). In the following, we first show that in general, the
hetronuclear dipolar interaction does not preserve the spin cyclic permutation symmetry. Then,
at high field, we apply the semi-classical Redfield relaxation theory and solve the master equa-
tion analytically in order to understand the underlying physics that eventually leads to observing

78



the protected states. This symmetry analysis of the dipolar interaction predicts some features of
NMR peaks on both the proton channel and the external spin channel which is in agreement with
experimental observation of LLS in methyl groups.

4.11.1 Symmetry of Dipolar Interaction in a Rigid Rotor

Two magnetic dipole moments dy and d that are at a distance T apart, interact through space via
the dipolar Hamiltonian,

Mo 1 A N
Hap = 42— (3(d 7)(do.7) — v b ) (4.57)
Here, d) = hys Sand d, = hy; T with S= %6 and | = %8 for the case of spin half particles. The
use of different symbols S and I emphasizes that these operators act on different Hilbert spaces
and may represent two different spin species. The dipolar Hamiltonian is commonly written in a
product form of spatial functions and rank-2 spin irreducible tensors,

2
Hgp = Y H, (4.58)
q=—2

2
= ¢ Z e "% Fy(r,0) T4,
g=-2
where ¢g = —Toms g o constant, F,(r,0) a function of space parameters and 7> , a normalized
a7 g\’ p p q
bilinear spin operator. Explicitly,

Ty = \@ (3SZIZ—S.I>, Fo= \/;r—3(3cos o-1), (4.59)

N 31
The = F(Sde+S+L), Fi = 573 sin@cosH,
r
A 31
1o = Sili, Fip=—-— sinZ 6.
’ 4r

Given these definitions, we have

Ty, = (~1)iT5 Tr(Ty Ty =6

» F_,=(—1)F,. (4.60)

In case of homonuclear interaction, since [S; + I, T3 4] = g T 4, each T, term changes the z com-
ponent of the total spin magnetization from m to m+g. So, we may refer to g as the order number.
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In the case of hetronuclear interactions, each fz,q is further decomposed to szq =Y f(% p) based
p

on its commutation with the Zeeman Hamiltonian, i.e., [ S; + @y I, , T(%p)] = W(g.p) YA’(%IJ).
The explicit form of these bilinear spin operators and their corresponding frequencies are listed
in Table 4.7, but one can write them in a closed form by nothing f“(% p) < Sp®@Iy—pand @, ) =

pws+ (q — p)wy, where Iy or Sy represents %, and /1 or Sy represents %.

c Lig.p) Dq.p)

0 '\/LgS+I— %SZIZ _\%S—h— s — @y 0 — @+ @
+1 S+l S Ay - @y y —
+2 | Syl — — o+  — —

Table 4.7: Components of the Dipolar Hamiltonian.

Given the above definitions, the hetronuclear coupling between the collective spins, S, and
the test spin, /, consists of three terms,

HY = H§1p)+ H§)+H§) (4.61)
= C()Z Z e 9 F, rj,G)Tzq
J=lq==2
2
= Y HY, (4.62)
q=-2

where Héijg represents the dipole-dipole coupling between the j™ proton and the test spin and
¥; = (r},0;,¢;) is the relative distance between them in the Zeeman frame. Consider a particular
geometry where the test spin / is located at the symmetry axis, and a particular molecular orien-
tation where the symmetry axis is parallel to the field. Due to this special orientation, r; = ro and
0j=6porall je{1,2,3} and ¢; = @y, 2 = Qo+ 2?” and @3 = @p — 2?” Under the spin cyclic
permutation, we obtain

Fy(rj,0;)) — Fy(ro,60) Vje{l,2,3}, (4.63)
PR AP R LY SR Y L R LY
By replacing @; values, one concludes that each dipolar order picks up a different phase under
the cyclic permutation. Indeed

P, HS' PT = 45 S, (4.64)
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This implies that even in this particularly symmetrized orientation, the hetronuclear dipolar
Hamiltonian does not preserve the spin cyclic permutation, i.e., [Py, Y HqSI | #0.
q

It is straightforward to extend this to any orientation of the molecule in space, and conclude
that in general the hetronuclear dipolar Hamiltonian does not commute with the cyclic permuta-
tion transformation. Non commutativity of the dipoalr coupling with P_. implies that they do not
have a common basis. Thus, a hetronuclear dipolar relaxation might lead to a process that takes
the polarization from the symmetry order to the Zeeman order that is measurable.

4.11.2 Master Equation For Dipolar Relaxation

At high temperature and in liquid phase, the space coordinates ¥;(t) = (r;, 6;, ¢;) randomly fluc-
tuate in time, so does the dipolar Hamiltonian. In the absence of CSA, the total Hamlltoman
consists of a Zeeman term Hy = @y, S + @y IZ, a scalar coupling Hyeqlar = 27 (Jo ZS’ Si +J; S.7 )
ij

and a fluctuating dipolar term HC%; (). The scalar coupling is totally symmetric and does not
contribute to breaking the symmetry of the protected states, so, it is neglected in the following
discussion, unless otherwise stated. At high field, we treat H gii,(t) as a perturbation term and ap-
ply Redfield’s semi-classical theory that was introduced in Section 2.4.1 to study the collective
spin dynamics. In the following, we introduce the symmetrized irreducible rank-2 tensors and
re-write the hetronuclear dipolar Hamiltonian in terms of them. These symmetrized operators
provide insight about the key components of the dipolar coupling that leads into observing a
protected state. Then, we solve the master equation analytically and anticipate the NMR signal.

We substitute Bé = coe %iF,(r;,0;) in Equation 4.61 and re-write the dipoar Hamiltonian
as [88,89],

3
HY ()=Y ) BT, (4.65)
q.p J=1
_ | . 2 3\ (41
—qp{ + g(Bq+Bq+Bq)<T( ) gp T 1 ))
+ l(BlJre*BereB3) (Tl +eT? +e 17 )
3 \Pq q q (q,p) (q,p) (¢,p)
| . 2 o w3 (] %
+ 3 (By+eB +e B><T<q,p>+8 T >+€T<q,p>)}
— B’l
4.p A=0.+1
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where € = eizTﬂ. We emphasize that in the last line, the sum over different spins’ indices is
replaced by the sum over the symmetry label A € {0,£1} which corresponds to {A,E+} sym-
metries. The symmetrized complex functions B:} and the symmetrized irreducible rank-2 tensors

A }1’ .
T(%p) are given by

A 1 Ax p2 A R3
B = By+e" B+t B), (4.66)

1 (
V3
N 1 . N .
A o 1 A A2 Ax A3
T(cm) T3 (T(w) T Ty TE T(w)) :

In a closed form, T(’}] )< Slf,L ® 1, p, where the bold notation reminds us that Slf,L acts on all three

P
spins. To clarify the effect of Sl’} on the collective spin system, consider a simpler example of

. i2x L
two spins, where € = ¢ = —1 and A € {0,1} (or {A,E}). Thus, Sﬁ/E oc (S},:I:Sf,) is either
symmetric or anti-symmetric. By looking at the non-zero matrix elements of Sfﬁ in the triplet-
singlet basis, we conclude that the symmetric tensors Sﬁ causes transitions only within each

symmetry subspace and the anti-symmetric tensors Sllf causes transitions between two subspaces
of the triplet states (A) and the singlet state (E£). Indeed, for two spins we obtain

1 . .
Sl’g:ﬁ(sgﬂu(—l)*sl%) j,m) — [j+A,m+ p) 4.67)

where j = 1 is the triplet subspace and j = 0 is the singlet subspace.

Extending this to three spins is straightforward. Similarly, the S?, of three spins is a totally
symmetric operator and it has non-zero matrix elements only within each symmetry subspaces
A, E; or E_. Consequently, it is block-diagonal in CPI basis. In a similar manner to the two-
spin case, Sfi links between two different symmetry subspaces. But, in case of three spins,
Sgi is neither symmetric nor anti-symmetric and one needs to be careful about the direction of

transitions. We expand the Sgi in the |s,m) basis and conclude that Sg* transforms the symmetry

of the eigenstates in right cycle as (A — Ey — E_ — A) and the SIE,’ transforms the symmetry

of the eigenstates in left cycle as (A < E; < E_ < A). In summary, the upper index of S;
determines whether the transformation is within each symmetry subspace (A = A) or between
them in a right/left cyclic direction (A = E1). And, the lower index determines the change in
the the magnetization. Explicitly, when p = 0, Sé takes m — m and when p = £1 the Si takes
m — m= 1 for all values of A. In other words,

Sﬁ |s,m) — |[s+A,m+ p) (4.68)
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where the sum in s+ A is mod 3. The final remark is that the reverse process occurs via (S[’})T,
where

A -2
(Sp)F =87, (4.69)
For example, the transition from |E, %) to |A, %> occurs through Si* but the reverse process,

from |A,3) to |E4, 1) occurs through S™. The allowed transitions due to S* are demonstrated
in Figure 4.8. Now that we visualized the effect of these symmetrized irreducible tensors on the
symmetrized eigenbasis, we proceed to solving the master equation.

A A A
E_ Ey |[E- Ey E_ Ey

DA | I I B, VA NI

E_

S+

A
S VAN
E > £ 3

Figure 4.8: Allowed Transitions due to Si: The non-zero transitions between the CPI states are
demonstrated that are due to the non-zero matrix elements of the symmetrized collective spin
operators Sﬁ. The lower index + acts on the magnetization label where it takes m to m+ 1 and
the upper index A acts on the symmetry label in a cyclic manner. The blue/red arrows indicate
the non-zero transitions between different symmetry spaces in the right/left cyclic order and the
green arrows refer to non-zero transition within each symmetry space.

Consider the Lindbladian form of the semi-classical master equation that was introduced in
Section 2.4.1 and substitute A, operators with Té.p)

Ip A S LY T L Y R
ot ;gjq (@)1 (g.p) P Tam ™ E{T(q,p)T(q,p)’ P} (4.70)
where p = /o' pe~iH0! i the density matrix in the rotating frame of the Zeeman interaction. The

coefficient J;‘ (w) is the real part of the symmetrized spectral density of noise and is defined by

JHw) = / RX(7) e7'% d1, (4.71)
RX(t) = BAt)(BM)*(t+7).
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Here, Ré (1) denotes the symmetrized auto correlation function and the overbar notation refers
to averaging over the random variables. The imaginary part of the spectral density of noise leads
into the dynamical shift and can be absorbed in the coherence evolution part [30].

For the purpose of the following discussion, the explicit form of the J(®) is not required,
because we are not interested in the exact dynamic of the system. Rather we would like to know
which components of the hetronuclear dipolar coupling relax the collective spin system from
OLrs or Qjogic into the measurable basis.

We define Lindbladian map with DIL][.] := L . L" — J{L'L, .} in which L is the Lindblad
operator and re-write the master equation as

== =YY JH @) Ngp DISh @14 p)[ ). 4.72)
A 4P
where 19 = 8/3, No+ = —1 /6 and Ng,p = 1 for all g # 0 cases. Considering classical noise
J;L (w) = J:;L (—w) and neglecting ¢ = p = 0 term which just shifts the energy, one can break the

above master equation into three parts: the zero quantum transitions (ZQ), the double quantum
transitions (DQ) and the single quantum transitions (SQ),

aa_;;) ZZQ J+DQ*[p] +5Q* ] (4.73)
20M] = éJO(a)s—a)I) (DIs% @1 )1 +Dls* & 1,]])
DOM] = JM (o +ay) (D[sﬁ®1+][.]+D[s:1®1_][.])
SOM] == JHwy) (f)[si@IZ][.HD[s:’L®IZ][.])+J%(co,) (f)[s§®1+][.]+15[s;1®1_][.]).

Here, we replace (Sé)T —S~*. The ZQ and the DQ terms exchange the energy between the
collective spin and the test spin, and the SQ terms change either the collective spin states or
the test spin states. As it was mentioned before, the totally symmetric Lindblad operators S‘; ®
I, do not cause transition between two different symmetry subspaces of the collective spin.
Therefore, if it happens that the spectral density of noise is very well approximated with just
the totally symmetric component, i.e., J; (w) ~ Jf[‘ (w), one can conclude that the system is very
robust against noise and exhibits very long relaxation time. This is in agreement with the result
in [84]. For the sake of simplicity in the following discussion, we ignore all the totally symmetric
Lindblad operators, since they do not play a critical role in observing the protected state. We also
neglect the SQ* [.] terms, because we are interested in those transitions that the collective spin
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Figure 4.9: Left segment: The selection rule due to DQF* transitions. Right segment: The
selection rule due to ZQF+ transitions. Red vs blue refers to non-zero transitions due to Sg’

E
versus S, .

exchanges the energy with the test spin. The only important terms in the dissipator are DQF+
and ZQF+.

To obtain the allowed transitions due to ZQ and DQ terms, we need to calculate the effect of
15[517; ® 11][.] on the eigenbasis {|s,m) ® | 1)or| |)}. The non-zero components are,

DISE @ 1-s,m)ls,m|@ | 1)t ] = Sk ls,m){s,m| SH @ L | 1)(1 | L (4.74)
1
5 (STASh Ism(s,m| @ L | 1)(11)
1

5 (ls,m) (s.m| STh8h 0| 1)1 | L1
< |s+A,m+p)(s+A,m+pl@[L{L]=]s,m)(s;ml | T)(T]
Similarly,
DISE @ L [ls.m) (s, m| @[ 1) (L[] o< s+ Aym+ p){s -+ Aym+p| @] 1) (1] = |s.m) (s, m| ] 1) (L |.
The proportionality constant is 1 for transitions from/to m = £+3/2 and is % for all other levels.

Based on the above relations, the allowed transition due to ZQEi and DQEi terms are demon-
strated in Figure 4.9 in which A = E_ transitions are color coded with red and blue respectively.
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In general, the transition rates for the left rotation could be different from that of the right rotation
and hence JE+ () # JE- (), but if the noise is very symmetric in terms of the left/right rotation,
we consider these two to be equal.

The calculation in Equation 4.74 convince us that if the initial state is a probabilistic mixture
of different energy levels, the above master equation reduces to the classical rate equations,

& pili) = Lo (5s0)= 0, @75)
VF#x

where p,(t) is the population of the x™ energy level at time ¢ with x € {|s,m) ® (| T)or| 1))},

and W,, is the transition rate between two energy levels i and j. To solve the above differential

equation, the evolution time is discretized into N steps where ty = NSt and dt is small compared

to the energy scales of the system. Given the population distribution at time ¢,, the change in the

population of x'" level at time #, | is approximated by Apy(n+1) = 8t x Y. Wy, (py(n) — px(n)).
Xy

Therefore, if the initial condition is known, one should be able to calculate the NMR signal by
solving the rate equations recursively. Note that at any instance of time, ¢t = #y + ¢ the transition
occurs only between those energy levels that first, are allowed due to ZQ%* and DQ**terms, and
second, there is an imbalance of population at t = t.

The initial state of interest is

Iyl 0 0
_ | T 540
po = 0 ) 0 @l 7 1l (4.76)
—y1-B1 2
0 0 5503

where 7 is the amount of polarization between A symmetry subspace and E symmetry subspace,
B is the amount of polarization between E; symmetry subsystem and E_ symmetry subsystem
and o is the amount of polarization of the test spin. We chose this particular initial state be-
cause § = 0 corresponds to Qy;s and y = —1 corresponds to Qjegic. Since py is diagonal, we
alternatively represent it by a population vector

1 A)i
1 1
1+y) 1 A, 5
2 4 1 1
(5% ! o
5(0) = - ), where Go = 2 4.77
PO =y ( 525, 0 (1 (1 >%( 1 ) E+’%l 77
1 E 9 b}
s
1-y) (1~ >;< ! > -3,
2 2 2\ 1 E_,—3
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The ¢y represents the vector of population of three identical spins at # = 0 in which all energy
levels with the same symmetry label are equally populated, but, there is an imbalance of popula-
tion between energy levels with different symmetry label. For use in future analysis, we compute
those imbalance of populations and obtain

1_
Cy = qg_qgi:%;g( ) (4.78)

8 9
~ -y
G o= g5 —q, :5( , )ZCf—C+,

(4.79)

where qé refers to the population of |A,m) level for all possible values of m and at r = 0.

For the sake of abbreviation in notation, the population of the x energy level at time ¢, is
denoted by [x]; instead of p(t), and the change of population of the x" level during the interval
tn—1 and t,, is denoted by A[x], instead of Ap,(n). Thus, [x];, = [x];, , +Ax],. Additionally, we
denote JZ)L (w5 + y) with J% and J(’} (w5 — y) with J&.

Considering an unpolarized test spin, & = 0, the solutions to the rate equations for short
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evolution time, t = 8¢, are

AAZ Ay =-bt (c+ I e Jf*), (4.80)
|
[ 727” :_66t <C+J(‘)E++C7J(I)L),
|
A3 = —cor (c+ JEtc J{f*),
AlA, =31, =61 <c+ Yol Jf*),

1 1
A[Ei,%,ﬂl = Ot 5( JfﬂFCzJ >+6CiJ('fi>,
1

AlEs, 31 =0t (3x6(CiJ(ﬁq:czj )+CiJ§i),
1

[Ej:a 27ﬂ = Ot (3x6(Cifgi:FCng*)%—CiJf:F),
1 1

[E:b 27\” = Ot (§ (C:tjfi:FC2J2E:F>+8CiJOE:F>

Because all energy levels in A subspace are equally populated at r = 0, in the absence of DQA
and ZQ" terms, we obtain A[A,£1,1]; = 1A[A,£3,1]; and A[A, +1,]]; = SA[A, £3,]];. The
expressions in Equation 4.80, may appear very complicated and it may sound difficult to get an
insight about the relaxation. But, if we pay attention to the symmetry, there is a delicate and
simple relation between the population of different energy levels. First of all, for all values of
(s,m), the change in the population of |s,m,?) level is the same as that of |s,m,]) with just the
difference of replacing le > J61 /6. Second, the change of population in each level |s,m, 1) is the
same as that of |s, —m, 1) with just the difference of replacing J3 <+ J, % /6. 1t will be shown that
the anti-phase feature of the NMR peaks arises from these two properties which are also visually
captured from Figure 4.9. For m = j:% subspace, after summing over the symmetry labels and
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doing some algebra, we obtain

1 3

YAR A = —alA T (4.81)
A

ZAM‘,:E%,\LM = _A[A7j:§7ﬂl;

A

where A € {A,EL}. We see in the following that these very neat relations between different
energy levels enable us to anticipate the NMR signal for any arbitrary spectral density of noise.

To be more specific, we start from the NMR signal on the test spin channel. The scalar
coupling J; S.T that was neglected so far, shifts the frequency of the test spin condition on the
total spin magnetization of protons. Therefore, it is expected to observe 4 distinguishable peaks
on the I channel corresponding to m = j:% and m = j:%. We define a set of operators that projects
the collective spins to these magnetization subspaces with

3 3

o= = A £3)A, £, (4.82)

= = Z|/l,i—l)</l,i—l|.
) 2

For a short evolution time, the expected NMR peaks at the test spin channel are

3 1 3 3 0 I
(T2 @ L)y = 5([A,i5,ﬂ5,—[A,i5,ua,)=§t {iy (FE+FE+)+13% (rf—rt)|,

1 1 1
<Hi% ®Iz> gt:O - 5 (Z[A’iiaﬂéz_ Maiiv“&) = <Hi% ®Iz>|§ct:0a
A

in which I'* := J} — %Jé. To compute the above NMR signals, we used [x]g; = [x]o + A [x]; and
replaced the expressions from Equation 4.80 into it. Similarly, the anticipated NMR peaks on
the proton channel are

Sl = 3 (103 Mo— -3 10) +5 Z (1.5 M= 5,10

= R0 (pope) oy ()

= —(S;2| VUL, (4.83)

in which I'* .= J} + Lj2.
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There are two important remarks here: First, the 4 peaks on the test spin channel have an
in-phase part and an anti-phase part which in general results in peaks with unequal amplitudes
but the two peaks on the proton channel have the same amplitude and are anti-phase; second, If
the left-rotation noise is identical to the right-rotation noise, we get J&+ = JE-; consequently, the
B dependent terms vanishes meaning that the polarization within the noiseless subsystem E is
not observable.

It remains to solve the rate equations in case of o # 0. When the test spin has some initial
polarization, o # 0,in Equation 4.78 additional terms show up. Precisely, the imbalance of
population difference between different energy levels is now

1—
( - 7')) , (4.84)

A,m, Lo — [Ecm 1o = Ci—(%iaﬁ¥),

(1 —)
4
(1-7)
4 )

[A7m7T]0_[Ej:,ml,\Ho = C:I:"i_(%

[E-l-vmla/l\]()_[E—:m/v\HO = GQ+ta———

[E+7m/7~L]0_[E*7mI,T]O = G-«

Vm € {£3,£1} and Vm' € {£1}. By replacing these initial imbalance of population in the rate
equation (Equation 4.75) and after doing some tedious calculations, we obtain

<Hi2®l>|a#o — (T oL ggo_ﬁ[a (fE++fE*)iaﬁM (fE+—fE)] (4.85)

(2oL, = (T2eL),- 8’{ R >(fE+—F”E>}

Interestingly, all terms that have 8 dependency are proportional to JE+ (@) —JE- (®). This means
that the polarization within the noiseless subsystem is observable if the noise differentiates the
methyl group’s left-rotation from the right-rotation, which is intuitively true.

In case of JE+ (@) = JE- (@), Equation 4.85 reduces to

(M en)|d, = % [y (F*+T"%) —a (FF +T*")] (4.86)
I en)l, = o [y (05 +05) —a (F5 +75)]

90



The anti-phase contribution in the NMR peaks is proportional to the initial imbalance of popula-
tion between the A symmetry subspace and the £ symmetry subspace. The in-phase contribution
is proportional to the polarization of the test spin that is dipole coupled with the three protons.
Because we do not know the explicit value of different orders of the spectral density of noise, we
cannot make any conclusion about the relative magnitude of these two contributions. Neverthe-
less, we can conclude that the peaks in pair of ( %, %) or (—%, —%) have the same phase and the
same amplitude. Now, if the noise differentiates the left-rotation noise from the right-rotation
noise, JE+(w) # JE-(w), even for the case of B = 0, we can no longer make any judgment
about the relative amplitude and phase of these 4 peaks. Because, according to Equation 4.85,
even when 3 = 0 an additional anti-phase term survives for the m = i% peaks. In Chapter A,
we compute the NMR peaks for one step further when ¢ = 28¢ and conclude that for a longer
evolution time, additional terms show up that diffrentiates the amplitude of the m = i% from
that of m = i%. Thus, 4 peaks with unequal amplitudes is expected. This argument holds for
any arbitrary spectral density of noise and without any assumption about the magnitude of the
anti-phase contribution relative to the in-phase contribution. Now, we assume those terms with a
Y factor are larger than the others and conclude that the m peaks are overall anti-phase with the
—m peaks but with unequal amplitudes. A large y corresponds to the long lived state that was
experimentally demonstrated in [84], and surprisingly the above model, which considers only the
DQF* and the ZQF* transitions of the DD coupling between the collective spin and an external
spin, results in an analytic solution that predicts most features of the NMR peaks that have been
experimentally observed.

4.12 Summary

In this chapter, we first reviewed the theoretical concepts developed in QIP which motivates
the collective spin degree of freedom as a candidate for storing noise protected information.
Next, we explored the possibility of experimental demonstration of the protected states in a
methyl group. We analyzed the Hamiltonian and the eigenstructure of a methyl group and argued
the symmetry of the wavefunction in terms of electron, vibration, internal rotation and spin.
Furthermore, the symmetry restriction imposed by Pauli exclusion principle for fermions led
to a symmetry correlation between the torsional space and the collective spin space. We used
this correlation to propose an experiment that relies on MW irradiations and selection rules to
initialize the collective spin in the noise protected subspace. We further analyzed the symmetry
of DD coupling between the identical spins and a test external spin. We concluded that if the
dipolar spectral density of noise is completely symmetric, i.e., J4(®), the protected states Q;;s
and/or Qjoeic €xhibit a very long relaxation time. Moreover, the pure non-symmetric parts of the
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hetronuclear dipolar interaction, DQ*+ and ZQ* seems to be the the dominent component of
the dipolar relaxation that leads to observing a noise protected state. The analytic calculation
predicts four NMR peaks on the test spin channel with unequal amplitudes and anti-phaseing
features which is in agreement with the experimental obsevations in [84].
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Chapter 5

Quantum Key Distribution with Simplified
Trusted Relay

5.1 Introduction

In the realm of cryptography, a secure communication is guaranteed if two legitimate users have
access to a common secret key [90]. The task of key distribution protocols is to establish a secret
key between two remote users (Alice and Bob) in the presence of an eavesdropper (Eve). The
security of the classical key distribution protocols basically relies on the difficulty of solving a
mathematical problem. In contrast, the security of the Quantum Key Distribution (QKD) proto-
cols relies on the laws of quantum mechanics, where the more information Eve obtains, the more
disturbance Alice and Bob detect in their data.

A common class of QKD protocols are known as prepare and measure schemes, which can
be divided into two phases: the quantum phase and the classical phase. In the quantum phase,
quantum states are distributed between legitimate users via a noisy quantum channel monitored
by Eve. Afterwards, Alice and Bob measure their quantum states and each acquires a string of
classical data. In the classical phase, Alice and Bob communicate through an authenticated clas-
sical channel and proceed with Parameter Estimation (PE), Error Correction (EC), and Privacy
Amplification (PA) steps in order to first, have an estimate of how much information has leaked
to Eve, and second, convert their raw data to a pair of identical and secure keys.

A significant challenge in practical QKD is to establish a secret key over any arbitrary dis-
tance. The maximum distance that is achieved in direct link QKD is restricted to 250 km by cur-
rent technology [91]. One possible solution to increase the distance is to use a quantum network
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with interconnections between legitimate users. In this setup, the intermediate nodes collaborate
with the other users to finally establish a secret key between two disconnected, legitimate users.

An example of a quantum network in the existing experiments [13, 92] is a trusted relay
(TR) network. For instance, a satellite as an intermediate node performs a complete QKD with
each one of the two legitimate users on the ground, and establishes two independent secret keys:
K4 and Kp. Afterwards, the satellite computes K4 & Kp, and publicly announces the sum by
which Alice’s secret key is revealed to Bob. The announcement, K4 & Kp, has no information
about individual keys; thus, the protocol is secure. The negative aspect of this scheme is that
the satellite gets involved in all steps of the quantum phase and the classical phase for each link,
requiring significant computing and communication resources. In addition, at the end of the
protocol, Alice and Bob plus the intermediate node have full access to the final secret key; thus,
this node needs to be trusted.

Another example of a quantum network is a quantum repeater [14]. In link a, Alice possess
one qubit of a maximally entangled state, [¢) = %(|OO> +11)), and sends the other part to an

intermediate node; similarly, in link b, another entangled state is shared between Bob and the in-
termediate node. The middle node performs a joint measurement on the two independent signals
(one from link a and one from link /) in Bell basis, correlating Alice’s and Bob’s data directly.
In this way, the intermediate node takes part in the quantum phase only, and Alice and Bob carry
out the classical phase. Additionally, the intermediate node has no information about the final
secret key; thus, this node does not need to be trusted. Although the quantum repeater overcomes
the concerns in the trusted relay network, it introduces experimental challenges. Performing the
joint measurement requires a nearly perfect quantum memory, which is hard to implement. This
situation has inspired us to consider a trade off between the quantum trusted relay and the quan-
tum repeater: A protocol that reduces the intermediate node’s involvement in the classical phase
and removes the need for quantum memory.

In this chapter, we propose a simplified trusted relay (STR) protocol in which a new an-
nouncement made by the intermediate trusted nodes removes the need for substantial computing
resources and communication. This protocol establishes a reasonable key rate between the two
legitimate users in a quantum network and relieves the intermediate nodes from performing the
Error Correction and the Privacy Amplification steps. They contribute only to the Parameter Es-
timation step. This new announcement strategy simplifies the task of intermediate nodes in the
sense that, classically, there is no need for extensive amount of computing power, and quantumly,
there is no need for quantum memory and joint measurements.

Section 5.2 provides some basic definitions in information theory. In Section 5.3 and Sec-
tion 5.4, we review different steps of a conventional QKD protocol, and then in Section 5.5, we
provide a framework for the security proof of prepare and measure schemes. Eventually, from
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Section 5.7 to the rest of this chapter, we elaborate on our proposed STR protocol and examine
its security.

5.2 Basic Definitions in Information Theory

5.2.1 Classical Information

1. States: In classical information theory, every event X is associated with a random variable
with possible values {x,x»,...}. The statistical information about X is represented by a
probability distribution p(X). Correspondingly, to every classical information, p(X), a
classical density matrix, py, is assigned such that

px =Y. p(x) %) (. 5.)
X

Here, for every classical value x a quantum state |x) (x| is associated.

2. Uncertainty: The so called Shannon entropy characterizes amount of uncertainty about
an event X, and is defined by

H(X)=—Y p(x)logp(x) = —Tr|px log px]. (5.2)
X

3. Composite System: For two random variables, X and Y, with joint probability distribution
p(X,Y), the joint classical density matrix and the joint Shannon entropy are defined by

pxy = Y, pxy) )@yl (5.3)
XY
H(X,Y) = =Y p(xy) logp(x,y) = —Trlpxylogpxy].
Xy

For two correlated events X and Y, with p(X,Y) # p(X) p(Y), the knowledge about event
Y reduces the uncertainty about event X to

= —Y p(x,y)logp(xly),
XY
which is known as conditional Shannon entropy. Here, the conditional probability distri-
bution, p(x|y) = p(x,y)/p(y), is given by Bayes’s rule. The conditional Shannon entropy

satisfies
HX|Y)+H(Y)=H(Y|X)+H(X). (5.5)

95



4. Correlation: The so called mutual information characterizes amount of correlation be-
tween two events, X and Y, and is defined by

I(X:Y)=H(X)—H(X|Y). (5.6)

Intuitively, when we subtract the uncertainty about event X condition on knowing event
Y from the total uncertainty about event X, we obtain amount of common information
that is shared between the two events. When the two events are uncorrelated, we get
H(X|Y) = H(X); thus, the mutual information is simply zero.

5.2.2 Quantum Information

1. States: In quantum information theory, every event A is associated with a Hilbert space
4 and is referred as a quantum register. The statistical information about the quantum
register A is represented by a quantum density matrix pg € I'(J7;).

2. Uncertainty: Given py4, the analogy to the Shannon entropy is the von-Neumann entropy
that is defined by

S(A) = S(pA) = —TI’[pA 10gpA]. 5.7

To compute this, we need to find a basis {|a;)(a;|} in which py4 is diagonal and has eigen-

values {a;}. Then, S(ps) = — ¥ a;loga;.

3. Composite System: Similar to the classical case, for a composite system AB with joint
density matrix pap € I' (4 ® 3), the von-Neumann entropy is defined by

S(A,B) = S(pAB) = —Tl”[pAB logpAB]. (5.8)

Often in QKD we deal with a composite system where one party has classical information
and the other party has quantum information. In that case, the classical-quantum (cq)
density matrix is defined by

pxp =Y p(x)[x) (x| ® p3, (5.9)

where for every classical information x held by the first party, the second user has a con-
ditional quantum density matrix, pp. Given pxp, the classical-quantum von-Neumann
entropy is given by
S(X,B) = S(pXB) = _Tr[pXBlongB] (510)
H(X)+Y, p(x) S(p5).
X
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The last term in the above equation is known as cq-conditional von-Neumann entropy
S(BIX) =Y p(x) S(pg)- (5.11)
X

S(B|X) measures amount of uncertainty about a quantum event B provided that the classi-
cal information X, is known.

4. Correlation: The notion of the Holevo quantity is introduced to quantify the amount of
correlation between a classical register and a quantum register

X(X:B) = x(pxs) =H(X)—S(X|B). (5.12)
S(B) - S(B|X)

In summary, in classical (quantum) information theory, for given statistical information p(X,Y’)
or psp about two events (register), (X,Y) or (A,B), the uncertainty about individual events is
quantified by Shannon (von-Neumann) entropy and the amount of correlated information be-
tween two events is quantified by mutual information (Holevo quantity).

We close this section by two theorems that are often used in quantum information theory.

Theorem 5.1. (Schmidt Decomposition): Given a pure state |¥)ap € H4p, there exist an or-
thonormal basis {|is)} € 54 and {|ip)} € A% such that

¥)as =Y \/Pilia) ® in), (5.13)

where p; > 0 and Y. p; = 1. The basis |ix) and |ip) are called Schmidt basis and {./pi} are

l
Schmidt coefficients.

A useful consequence of the Schmidt decompotion is that if a joint quantum state, pap, 1S a
pure state, one can show S(p4) = S(pg) [20].

Theorem 5.2. (Purification): Given a mixed state pa = Y. p; |Yi)(Wi| there exist a pure state,

1
|W)ap € 4, in alarger Hilbert space, so that ps = Trg[|¥V)(¥|as]. The composite state |¥')sp
is called a purification of pa with the Schmidt decomposition

P)as =Y V/Pi [Wi)a ®1i)s. (5.14)

Note that the purification of p4 is unique up to an arbitrary unitary acting on B. Indeed, any
state |¥), = (L@ U)|¥) is also a purification of py.
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5.3 Quantum Phase of QKD

5.3.1 Quantum Signal Resources

In the quantum phase of the prepare and measure QKD schemes, Alice chooses a quantum
state |¢,) with probability p(x) from a set of quantum signal resources, S = {|@x,),|®x,),----},
and sends the quantum signal to Bob through a noisy quantum channel (monitored by Eve).
She repeats this process n times, where n is normally a very large number and asymptotically
n — oo. This is the preparation step. In general, each |¢,) € 77 is a d-dimensional quantum
state prepared in a quantum basis u € B(J;), where B() denotes the set of all possible
bases on Hilbert space .7#. Thus, the label x is a string that contains both bit information and
basis information. For example, in the well-known BB84 protocol, which was introduced by
Bennett and Brassard in 1984, the signal resource is S = {| 1),]}),|+),|—)} where {| 1),| })}
are eigenvectors of o, and {|+),|—)} are eigenvectors of o,. Each of these bases represents a
logical basis {|0),|1)}. In this example, x = (d,u) where d € {0,1} and u € {X,Z}. The logical
basis {|0),|1)} is also referred to as the computational basis or the canonical basis.

One can treat the preparation step in an alternative approach known as source replacement
scheme. In a hypothetical experiment, we assume Alice prepares an entangled state

[ P)an =Y, VP(X) [X)4® @), (5.15)
X

keeps the quantum register A for herself and sends the other register A’ to Bob. Once Bob receives
his other half, Alice performs a POVM measurement My = {7} with <% = |x) (x| on her part.
Alice’s measurement collapses Bob’s state to |@,). The prepare and measurement scheme and
the source replacement scheme are theoretically equivalent, but the later one is more convenient
in analysing the security proof of the QKD schemes. Therefore, for the rest of this chapter, we
consider the source replacement scheme for describing the quantum signal resources of the QKD
protocols.

5.3.2 Noise on Quantum Channel

In quantum phase, Alice communicates with Bob through a noisy quantum channel monitored
by Eve. As aresult, the flying pure state |¢,) transforms to a noisy quantum state pj; when arrives
at Bob’s laboratory. Indeed, Bob’s quantum information is given by a mixed state py due to the
correlation with the eavesdropper. For the security proof of the QKD protocols there are several
assumptions made which are often in Eve’s favour:
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1. Eve has access to unlimited quantum resources and she can implement any types of unitary
operator as long as it is permitted by the laws of quantum mechanics. For example, she
cannot duplicate a quantum state according to the no-cloning theorem.

2. Eve does not have physical access to Alice’s and Bob’s laboratories but she knows how
their equipment is performing. This means Eve can never alter Alice’s state, which is the
reference signal.

3. Eve can have quantum interference with Alice and Bob’s communication but she cannot
intervene on the classical communication. This means Alice and Bob communicate over
an authenticated classical channel which does not allow Eve to alter their messages and
she just listens to their conversations.

We assume any noise over the quantum communication channel is due to Eve’s interference
and name it as Eve’s attack. In Eve’s attack, she disturbs Alice and Bob’s quantum communi-
cation by attaching an ancillary register |E’) to the flying information |¢,), and performing a
unitary operator on the composite system, A’E’. Since Eve’s interaction is a unitary, the purity of
the combined three quantum registers does not change. Thus,

Y)age = (La@Uup—pe)(|P)an ®|E")) (5.16)

= ; V) 0 @y)se,

in which |y*)pg = U(|¢)4» @ |E")) is also a pure state. Alternatively, one can apply the system-
environment representation and describe Eve’s attack by a CPTP map

&lp) = Tre[U(p @ |E'VWE)UT).

In fact, the CPTP map & represents the quantum noise over the quantum communication channel
which transforms the density matrix of Alice and Bob as

pag = (1@6Enp)[(|P)(Plan)] (5.17)
= §,P(x) %) (x| @ p

in which pj = &[(|¢x)(¢x|] is the noisy quantum state received by Bob. |¥)spg in Equa-
tion 5.16 is a purification of psp in Equation 5.18 with dim(7%) = dim(7% ® #3), where
dim () denotes the dimension of the Hilbert space. There is a constraint of ps = Trp[pap] =
Tra[|P)(P|aa], because Eve does not have access to Alice’s laboratories, her state is the same
before and after the attack. It is important to note that the reduced density matrix pap = Trg[|¥V) (¥ |asE]
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is not a pure state, because Bob’s quantum states is now correlated with a third party. Accord-
ing to the Choi-Jamiolkowski isomorphism given in Equation 2.58, characterising the noise over
quantum communication channel, &, is equivalent to characterizing the noisy joint quantum
states pap-

What we described so far is one kind of Eve’s quantum attack where Eve applies an identical
unitary on each signal to correlate her register |E’) with the flying quantum state. After that, she
either makes a measurement right away or she waits until the end of the protocol and applies a
collective measurement on all n registers at once. The former is known as the individual attack
and the latter is known as the collective attack. For the purpose of this thesis we restrict our
discussion to the collective attacks. In both cases, the joint quantum state of all n signals is
written as pip = pfg, because Eve’s attack in each round is independent of the other.

There is also a more general class of attacks called coherent attack where Eve collects all
flying signals A’®" and correlates them with a large register E’ by applying a very large unitary
on them. In this case, p}, # pfg and the security proof is more complicated and is beyond the
scope of this thesis.

5.3.3 Measurements

Once the quantum signals are distributed, the legitimate users perform their local measurements
with POVMs My = {4/} and Mp = {%,}, and obtain strings of classical information, X =
{x1,x2,x3,....,x, } and Y = {y1,y2,....,yn }, respectively. The joint information of Alice, Bob and
Eve is described by a classical-classical-quantum (ccq) density matrix, given by

PXYE = Z p(x,y) bey) (xylas @ pg (5.18)
Xy

where p(x,y) is the joint statistical information about Alice and Bob’s data and pgy is Eve’s
conditional quantum state. Precisely,

p(x,y) = Tr{(o®%By) pasl; (5.19)
pr = Trap[(®By@1) |¥V)(¥lasel/p(x,y)-

For further analysis, it is useful to introduce a few notations. First, Alice and Bob’s measure-
ment is represented by a joint POVM operator, Mg = M4 ® Mp, and second, the ccq-density
matrix pxyg is equivalently represented by pxyr = {|¥)ase,Mag}. The latter notation empha-
sizes that the classical information is extracted from a quantum state by performing a quantum
measurement on it, and this notation is borrowed from references [93] and [94].

100



After the measurement step, Alice knows her own statistics, p(x) = Tr[( @ 1)|P)(P|aa],
and Bob knows his own conditional probability distribution

p(ylx) = Tr[%y pg]. (5.20)

However, neither Alice nor Bob knows the joint probability distribution, p(x,y). Thus, Alice and
Bob communicate over an authenticated classical channel to estimate their joint information,

p(x,y) = p(x) p(x[y).

5.4 Classical Phase of QKD

By the end of the quantum phase, Alice has sent n signals, Alice and Bob have performed
their local measurements, Mg, and two strings of raw data, X = {x,x2,x3,....,x,} and ¥ =
{¥1,¥2,....,yn }, have been obtained. The first task of the classical phase is to quantify the amount
of mutual information between X and Y, and to estimate an upper bound on the amount of infor-
mation that is leaked to Eve. If the estimated leakage of information is below a certain threshold,
Alice and Bob proceed with a classical error correction and privacy amplification in order to map
their raw data to a pair of secure and identical key string. An explicit description of these data
processing steps is as the following:

1. Parameter Estimation (PE): Alice and Bob sacrifice npg bits of their information in order
to characterize their joint statistical information, p(X,Y) = pxy. Given p(X,Y) Alice and
Bob are able to estimate an upper bound on the amount of information that is leaked to
Eve during the quantum phase. If they conclude Eve is highly correlated with their data,
they abort the protocol. Otherwise, they proceed to the next step.

2. Announcement and Post Selection: In some QKD schemes, Alice and Bob make an an-
nouncement and use it for further data processing. For example, given the announcement,
the users may decide to keep their data or ignore it or they may apply certain operations on
their raw data to enhance their mutual correlation.

3. Error Correction (EC): If the error estimated in the parameter estimation step is below a
certain threshold, the protocol is not aborted, and Alice and Bob run the error correcting
algorithms to enhance the correlation between their data. H(X|Y) quantifies the amount of
error correction that is required. If H(X|Y) > H(X), the protocol is aborted because Alice
and Bob’s mutual information is not positive. If it is positive, they proceed to the next step.
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4. Privacy Amplification If the QKD protocol is not aborted in the PE and the EC steps, Alice
and Bob use the well-known classical algorithms to map their raw data to shorter, identical
and secure key strings. The users shorten the data so that any possible information that may
have leaked to Eve during the quantum phase, as well as other classical communication
steps, is removed.

The above steps are not in chronological order, and depending on the protocol, their orders may
differ or they might be done in parallel.

5.5 Security Proof Formalism

5.5.1 Security Definition

If the QKD protocol succeeds, the two users’ individual raw data, X and Y each with length n, is
mapped to identical strings, k4 = k and kp = k, each with a shorter length /. Every key string & is
associated with a classical density matrix pgx € %, and correspondingly, Eve’s knowledge about
the secret key is associated with a quantum state pg, € J%,. The classical-quantum composite
state of the key and Eve is denoted by pxr, € 74 ® ¢, . Intuitively, if Eve’s state is uncorrelated
from the key, pxg, is not only a separable state but is also a product state. Formally, the key string,
k, is defined to be e-secure if

1
§|PKEk_1K®PEk|1 <eg, (5.21)

where |.|; is the trace norm. In the ideal case, when £ is a totally random string, we have p; = 1k,
which is a perfect key to comprise future cryptography algorithms.

5.5.2 Key Rate

By the end of a successful QKD protocol, n quantum signals are distributed, out of which two
secure and identical keys, each with length /, are generated. The rate at which Alice and Bob
establish the secret key quantifies the efficiency of the QKD protocol. In the asymptotic limit,

the key rate is

R = lim £ (5.22)

n—oon

In this limit, the mutual information, /(X : Y), measures the number of error-free bits that are
shared between the legitimate users, and the Holevo quantity, y (X : E), measures the number of
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bits that have leaked to the third party. Therefore, the key rate is practically computed by [95]
Ro=I1X:Y)—x(X:E). (5.23)

In quantum information theory, the lower bound of the key rate is of interest, because it corre-
sponds to the worst-case scenario. This lower bound is computed as a function of the error rate,
which indicates how much noise is tolerable by the QKD protocol in order to establish a secret
key at a positive rate.

The first term of the key rate, I(X : Y), is computed in the Parameter Estimation step when
Alice and Bob characterize the joint probability distribution, p(x,y) by which the amount of
correlation between their data is computed using the definition in Equation 5.6.

The computation of the second term of the key rate, x(X : E), is a little bit tricky. Given
the definitions in Equation 5.24 and Equation 5.11, the amount of correlation between Alice’s
classical information and Eve’s quantum knowledge is quantified as

X(X:E)=x(pxe) = S(pE>—Z p(x) S(pi) (5.24)

= S(pan) ZP

In last line, S(pg) = S(pap) and S(p3) = S(pj) due to the fact that |¥)spr and |y*)pg are pure
states according to Equation 5.16. The above relation states that if Alice and Bob have a good
estimation of their joint quantum state, psp, they are able to estimate the amount of leakage to
Eve. However, after the PE step, what Alice and Bob have access to is not the quantum state p4p,
but rather the classical state pxy. In fact, the statistical information p(x,y), or equivalently the
cc-density matrix pxy and the local measurement Mg do not uniquely determine the quantum
state pap. Thus, to be on the safe side, among all possible states psp that are compatible with
Alice’s and Bob’s statistics, (i.e., satisfy pxy = {pas, Mag}), we consider the one that maximizes
Eve’s information.

Definition 5.3. The subset Ixy C I'(p) is a set of all density matrices that are compatible
with the statistical information p(X,Y) due to the local measurements Myp = {27, ® %} such
that

Iy = {pap € I'(#ap) | p(x,y) = Tr((# @ By) pas]}- (5.25)
Given the above definition, the upper bound on Eve’s knowledge is quantified by

XX :E) = x({pap,Map}) < max {S(pan) Z p(x (5.26)
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Therefore, computing the lower bound on key rate requires an optimization over the set Ixy
under the constraint that Alice’s state is intact, i.e., ps = Trg[pap| = Tra'[|P){(P|sa’. Thus,

R= inf (I(X:Y)—x({pas, Mag}). (5.27)
pelxy

5.5.3 Announcement

In some QKD schemes, Alice and Bob make some announcements to maximize the correlation
between their data and/or to facilitate their data processing. For example, in BB84 protocol,
the legitimate users announce their basis of measurement and if their basis matches, they keep
the corresponding bit information; Otherwise, they ignore it. In the following, we provide a
mathematical description of the announcement step that fits into the security proof formalism.

Suppose that for each pair of data, (x,y), Alice and Bob announce # = (f4(x), f(y)) with
probability p(i). Based on the announcement i = (uy,u; ), the set of all data is repartitioned into
a sum of subsets, X =U X, and Y = U Y,,, where X, = {x € X|fa(x) =u;} and ¥, ={y €
Y|fs(y) = uz} Correspondingly, the set of measurement operators is repartitioned into subsets,
MA—UM and Mz = U M2, where

My = {AY:=d|x € Xy}, (5.28)
Mg = {B:=2lycv,},

and MY g = MZI ® 1\7[22. Here, the tilde notation emphasizes that each of the above subsets of
POVMs is not normalized, and so, j(x,y|ii) = Tr[(AY' @ By*)pap] does not add up to one. Indeed,
the sum, Y  p(x,y|d) = p(i) is the probability of announcing i.
Xu, Y
Taking into account the announcement step, the ccq-density matrix in Equation 5.18 is rewrit-
ten as

pxve = ¥ pli) 2 p(x,y[) |xy) (xylas © o | @ | (il (5.29)

M1> u2
=Y Plive ) @) ic.

Here, we replaced ): with Z Y and included an extra register C, which stores the classical
M Xul 7Y112

information that is known to public. In addition, p(x,y|i) is a normalized conditional joint
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statistical distribution and p};’y “ is Eve’s conditional quantum state that are given by

. px,y[i)
sl — 1) (5.30)
p(x,y[id) p(@d)
ol = L7 l(R @B 0 1)) (W],
p(x,ylii)

So far, the announcement is treated as a classical post-processing step, but in the following we
show that one can treat this step quantum mechanically by introducing an announcement map
that is applied before the measurements take place. Afterwards, the users perform an adaptive
measurement for each announcement. The reason that these two approaches are theoretically
equivalent is that the measurement and the announcement are two independent processes, and
therefore, they commute with each other. As long as the statistics p(x,y|i) are identical in either
approach, one can choose one way or another for fitting the announcement step into the security
proof formalism.

The author of [93] provides a quantum description of the announcement step by introducing
a set of Kraus operators
Ki= [}y o [Y B, (5.31)
Xu, Yu,

which maps the joint quantum state |'¥) sgr to the announcement subspace by |‘Pﬁ YABE = \/;pﬁ’ K;|'¥)aBE

where p(ii) = Tr[K;|¥) (‘I’]K;] is the probability of announcing i. This is a pure state because
we assume Eve has access to the classical information # before her attack, which is in Eve’s
favour. Therefore, condition on i, the announcement followed by Eve’s attack transforms the
joint quantum state of Alice and Bob to

1
Sal| @) (Planr] = PG Tre[Kg |¥Y)(Y|aBE K,;] (5.32)

= Trg[|P")(¥"|ane]

= Pas-
Then, the legitimate users carry out a local measurement adaptively with a set of adaptive
POVMs that are defined in [93],

o,
MY = (A= AR (5.33)

X,

" B
R e

Ya
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These adaptive measurements result in classical data X, and Y,,. Note that each of the above
POVMs satisfies the normalization condition, i.e., }. AY! =1 and ¥ By*> =1.

Xy Yy,

These adaptive measurements, denoted by M% , = M}}' ® M}, yield a conditional ccq-density
matrix p¥, p = {|¥")apr, ME,}, which is equivalent to p¥y . = {|¥)ape, ME,} that was ob-
tained from the classical approach. This implies that the quantum description and the classi-
cal description of the announcement step yield identical conditional probability distributions,
p(x,y|id), and hence, the two approaches are theoretically equivalent. Therefore, for the rest of
this chapter, we conventionally choose the quantum mechanical description of the announcement
step, since it is more convenient to use in feature security analysis.

On average, the announcement map and Eve’s attack transform the joint quantum states as

Whase = Y, /plii) [¥9)ape @ i), (5.34)
pap = Y, plid) pip |i){iilc
i
where the over bar notation reminds the averaging. Accordingly, the average of the mutual
information and the Holevo quantity is

I(X:Y) = Zp(ﬁ)I(X:YW)—I—H(p(ﬁ)) (5.35)

X({pap, Mag}) = Zp(ﬁ)%({PKB, Miip}) +H(p(id)).

Note that the extra term H (p(ii)) appears as a result of the classical information that is broadcast
publicly but it will be cancelled out in the key rate. The conditional mutual information is
computed by replacing p(x,y|#) in Equation 5.6. The computation of the conditional Holevo
quantity, however, requires more attention, because the quantum state pZB that is compatible
with the observed data, i.e., p}?Y = {pXB, Mf;B}, 1S not unique.

Definition 5.4. The subset 1}}7), C Ixy C I'(H4p) is a set of all density matrices that are com-
patible with the conditional statistical information p(X,Y i) due to the adaptive measurements
MY, = {Ay' @ By?} such that

Iy = {pas € T (Hap) | p(x,y[d) = Tr[(AY' ®BY) pag]}. (5.36)

Therefore, to find the lower bound on the average key rate, the Holevo quantity is maximized
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over the subset I'yy,

R > ) p(@@i) inf R (5.37)
i prelyy
= Z p(i) (I(X : Y]i) — max X({PgByMZB})> .
i prelyy

In the above description of announcement, we have not considered any post-selection step. An
example of post-selection is the sifting step of the BB84 protocol, where the legitimate users keep
only those data that their basis information matches. In that case, it is required to renormalize
the density matrices and the probabilities, because part of the data is filtered. However, not all
announcements involve a post-selection step. One example is the announcement strategy in our
proposed STR protocol, which will be explained in detail later.

To clarify each step of a QKD protocol and the notation that was introduced, we elaborate on
a well-known example of 6-state protocol in the next section.

5.6 Key Rate of 6-state Protocol

In a 6-state protocol, Alice generates a random number d4 € {0,1} and chooses a basis uy €
{X,Y,Z} with probability p(us). She then encodes the classical information x = (d4,u,) into
a quantum signal |x) € {|0),,,|1).,} and sends it to Bob. A basis u refers to the eigenstates
of the Pauli operator o, with & € {x,y,z}, for example, |0)x = |+). On the other side of the
channel, Bob receives a noisy quantum state p3 and with probability p(ug) measures his register
in basis up € {X,Y,Z}, resulting in an outcome dp € {0, 1}. Assuming that Alice has access to a
totally random number generator, we have p(dy) = %, and using the source replacement scheme
in Equation 5.15, the initial joint quantum state prior to Eve’s attack is

O = ¥ Vplun) plu) el L) (5.38)

Up,up

In the absence of noise, Alice’s and Bob’s data are perfectly correlated when their basis matches.
Thus, the legitimate users announce their basis information and post select those events that uy =

up = u. Therefore, |®)sp =Y, \/p(u) |P*)ap [96], where |@*2X) = |¢pT), and |P*V) = |9 ~),
u
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where [¢) is one of the Bell states that are defined in the Z basis as

97) = 7(!00>+\11>) (5.39)
07) = —5(00)=[11)
v = 5(00+110))
v = 5(0n=[10))

In the presence of noise, according to the discussion in Section 5.5.3, the announcement followed
by Eve’s attack maps the initial state to &;[|P)(P|ap] = p4z- This noisy quantum state results in
a basis dependent error rate that is defined by

= p(da # dplu) = Tr{(|01)(01], + (|10)(10[.) p4p]- (5.40)

As discussed before, the quantum state pj, that is compatible with Alice and Bob’s observations
is not unique. Nevertheless, it is shown in [97, 98] that the optimum attack corresponds to a Bell
diagonal state which is defined by

PR = O[O ut G207 NO |t O [W WY LS [y ) (Wl (541)
= ) 6 [0}l

Hence, to lower bound the key rate, we need to optimize with respect to a smaller subset I, =
{Pg.yi } rather than IY,. Thus, the Holevo quantity in Equation 5.24 becomes

IXGE) < F plu) max { S(pi) ZpdAl (p5"")} (5.42)

B ell

d d
= —Z p(u) max{Tr|pge; logppen] — Z Tripy"" logpy"}

Bell

in which p(d |u) = } and the conditional reduced density matrix is pg dalu _ FCAD) | 5T [(|da)(da|®
1) pgy)- For example, for u = Z basis, that reduced state is

Py = (814 8)[0)(0] + (85 + &) [1)(1], (5.43)
P =T = (84 &) 1)(1] + (8 + 84)|0) (0.
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To upper bound Eve’s knowledge, Alice and Bob require to use their statistical information,
p(da,dp|u), and characterize pg_;, or equivalently compute the ; parameters. They may need
to optimize the key rate with respect to the free (unknown) parameters, but in particular case
of 6-state protocol, no further optimization is required. Because, the measurement bases are
topographically complete, and hence, the basis dependent error rates

e = (8+8) (5.44)
ey = (62 +63)
e, = (53 + 54)

along with the normalization condition, }. 0; = 1, are enough to fully characterize the Bell diag-

l
onal state or to compute all &;. Explicitly,

0 = 1— %(ex +ey+e;), (5.45)
6 = %(emtey —e),
0 = %(ey—i—eZ —ex),
Oy = %(ez%—ex —ey).

Therefore, once the error rates are estimated in the PE step, Alice and Bob are able to compute
the upper bound on the Holevo quantity via Equation 5.42 and obtain

XX E)=(=) &logd)+}, p(u) hew). (5.46)

Here, h(x) = —xlog(x) — (1 —x)log(1 —x) is the binary entropy.
To computation the mutual information, we substitute p(d4,dp|u) into the definition in Equa-
tion 5.6, and replace p(da|u) = p(dp|u) = % and p(da = dg|u) = (1 —e,) to obtain
I(X:Y) = HX)—HX|Y) (5.47)

= =Y Y p(u) (2 p(dalu) log p(dalu) — p(da,dp|u) log p(da,dp|u)
U dy,dp

= ) p(u)(1—h(e))
Finally, the lower bound on the average key rate of 6-state protocol is

Rosiae > Y, p(u) (1-2 h(ew)) + () dilogdy), (5.48)

109



where the J; are substitute from Equation 5.45.

In case of BB84 protocol, the calculation is more complicated. The reason is that in BB84,
the measurement bases, {X,Z}, are not topographically complete, and hence, there is a degree of
freedom in e,. Therefore, the density matrix pg_;, is not uniquely determined from the observa-
tions and one needs to use this degree of freedom in such a way to maximize Eve’s information.
The authors of [99, 100] have done the optimization for the case of direct link QKD and obtained

Rppga > Y, p(u) (1—2h(ey)). (5.49)

Comparing the two key rates, we conclude that the 6-state protocol has a larger key than the
BB&84 protocol.

5.7 Security Proof of Simplified Trusted Relay Protocol

In previous sections, we provided the standard formalism for the security proof of QKD proto-
cols. In this section, we adopt this formalism and apply it to our proposed QKD protocol and
prove its security.

A simplified trusted relay (STR) consists of at least 3 users in a quantum network: Alice
and Bob are the legitimate users, and an intermediate trusted node, named T-node. Alice and
Bob communicate with the T-node independently, through links a and b, and there is no direct
quantum communication between them. In the source replacement scheme or in Entanglement
Based (EB) QKD, each one of Alice and Bob prepares an entangled state, keeps the first qubit,
A or B, for themselves, and sends the other qubit, A’ or B, to the T-node via a noisy quantum
channel monitored by Eve. In Eve’s attack, she attaches an ancillary register E’ to the flying
qubits, A’ and B’, and operates a unitary transformation on the composite system, Uy p E' ST, T,E-
The transformed noisy qubits, 7, and 7, arrive at the T-node’s laboratory and are measured
afterwards. Once the states are distributed, Alice and Bob carry out their local measurements on
their qubits, resulting in classical data x = (d4,us) and y = (dp,up), which are uncorrelated at
this stage. The first bit of data contains the raw key information and the second bit contains the
basis information. Similarly, the T-node carries out two local measurements on the two noisy
signals, resulting in two pairs of classical data, s = (s,,s), with s, = (dg,u,) and s, = (dp,up).
The quantum phase of a STR protocol is no different from a conventional trusted relay, where
the quantum signals are distributed and measured, and Eve’s attack occurs. Figure 5.1 pictorially
demonstrates this phase.

In the classical phase of a STR protocol, two types of announcements take place that even-
tually result in a direct classical correlation between Alice’s data and Bob’s data. The first type
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E / Eve E

Figure 5.1: Distribution and Measurement Steps of a Simplified Trusted Relay Protocol: Alice
(Bob) keeps the first qubit of the quantum state |®) (represented by solid lines) and sends the
second qubit A’ (B) to the T-node. Eve interacts with the flying qubits by a unitary transformation
U and sends the transformed qubits, T, and 7, to the T-node where they are measured. Each
measurement is denoted by a solid semicircle.

is the basis announcement made by all users in the network which leads to filtering part of the
data. The second type is the parity announcement made by the T-node which results in a direct
correlation between the legitimate users’ data and is the novelty of the present work.

In the following, we provide a mathematical description for each step of the above scenario
and analytically compute the lower bound on the key rate of a STR protocol. We treat the
announcement steps as quantum mechanical maps, based on the argument in Section 5.5.3, and
show that the parity announcement creates enough correlation between Alice’s and Bob’s data to
proceed with error correction and privacy amplification step by themselves and no further action
from the T-node is required.

5.7.1 Quantum State Distribution

In the source replacement scheme, the legitimate users prepare |¢,) and |¢@,) with probabilities
p(x) and p(y) respectively. In the absence of Eve’s attack, the initial state is

@)= |P)agam = Y, VPx) V) )4 @ |0)a ©|0)) 5 (5.50)

XY

Due to the presence of an eavesdropper on the channel, the flying qubits A" and B’ will not arrive
at the destination safely. Eve’s attack is described by a unitary transformation Uy g 7,7,
applied on the composite system of the flying qubits, A" and B’, and Eve’s ancillary register,
E’. Note that dim(#%/) = dim(#4p). After the attack, Eve resends the transformed qubits,
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T = T,Tp, to the T-node. Therefore, the outcome of the noisy quantum channel is

Whapre = (LapQ@Uupp—t,1,e)(| PR |E")), (5.51)

= XZ; V)V pB) X 3)ap@ W) TE

According to the system-environment representation, the reduced system transforms by a CPTP
map given by
pasr = Tre[|¥)(¥|asre] = (1ap @ &)[|P)(P]o], (5.52)
= Y p(®) p(y) xy)(xylas ® p77,
XY

where

pr” = Tre(ly™ ) (v re], (5.53)

= EQu)(@ula ® |§Dy><(Py|B’] .
Eve’s attack is thus characterized either by a unitary, U, in a larger Hilbert space or by a quantum
CPTP map &y/p'7,7, On the reduced system. Furthermore, according to the Choi-Jamiolkowski

isomorphism, the characterization of the noisy quantum channel, &, is equivalent to the charac-
terization of the noisy quantum state, papr.

Note that Alice and Bob’s reduced density matrix is a product state, ps ® pg = Trr[pasr],
which confirms that their data are uncorrelated.

5.7.2 Measurements

Each user in the network measures its qubits and obtains classical data: Alice and Bob mea-
surements are described by POVMs, Myp = {27 ® %, }, resulting in classical data X = {x} and

Y = {y} and the T-node’s measurements are described by POVMs, My = {Tgf) ® T§f)}, resulting
in classical data S = {(s4,sp)}. The upper index of the T-node’s measurement operators refers to
the link index, a or b. The joint classical information is described by

Pxys = Z p(X,y,E) |xy>(xy| ® “§><§’7 (554)
XY.S

in which p(x,y,¥) is the statistical information and is given by
. b
plrys) = Tr(BeT ©T,)) pasr] (5.55)
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Since Alice’s and Bob’s data are uncorrelated according to Equation 5.52, their joint statistical
information has a product form, p(x,y,s) = p(x,s) p(y,5)

Like before, we denote the subset Iy C I'(#4pr) as a set of all four-party density matrices,
papr, that are compatible with Alice, Bob and the T-node’s statistical information, p(X,Y,S) =

Pxys = {pasr , Map@Mr}.

5.7.3 Basis Announcement

Like most conventional QKD protocols, in a STR network, Alice, Bob and the T-node announce
the basis information, (ua, up, (44, up)), publicly and post-select those events that their basis
information matches and ignore the rest. Explicitly, the two pairs of raw key data, (da,d,),
from link a, and (dp,d}), from link b, are stored only if (ug = u, := uy) and (up = up, := uy).
According to Section 5.5.3, this public announcement repartitions the observed data as

X, = {xeX|x=(da,m)}, (5.56)
Yo = {yeY|y=(dpu)},
Si = { (Sa,5p) €S |sqa = (dg,u1) & sp = (dp,u2) },

where ¥ = (u,u). In the quantum mechanical approach, the basis announcement is described
by a quantum map with Kraus operators

K; = \/Z%®\/Z%y® Y1 1), (5.57)
Xul Yu2 Si

Correspondingly, the noisy joint quantum states in Equation 5.51 and Equation 5.52 are rewritten
as

|¥)aBrE = Z, V(i) [P aprE @ |id)c, (5.58)

pasr = Y, p(id) pipr ® i) (iilc,

where for a given i, the conditional reduced density matrix of all users in the network is pEBT =
ﬁ(Kﬁ PABT K;) with the normalization factor p(ii) = Tr[Ky pasr K;] Here, the information
stored in the classical register C, is accessible to everyone, including Eve. It is important to
note that since the data are post-selected, the probabilities must be renormalized. Indeed, the
probability of keeping the data is pyeep = Y. p(id), and thus, p(ii) = [@ Additionally, because
7}

keep :

113



the basis announcements in links a and b are based on local randomness, it is expected that
p(ii) = p(u1) p(uy). The final remark here is that the joint state |¥¥) 47 is a pure state, because
we assume Eve’s attack takes place after the basis announcement, which is an assumption in
Eve’s favour.

For a given i, the corresponding adaptive measurement operators are MK 5 =M, @ M} for
the legitimate users, and M'% for the T-node. The definition of MZ g 1s given in Equation 5.33 and

bluz)

(bluz)

el g g
ZT a\ul ® T

M

ME = ({T8.= |(5a,5) € S7 & TV T € My} (5.59)

“l ]

Correspondingly, these measurements result in the conditional statistical information p(x,y, 5]if).
The subset I'* C I contains all four-party density matrices that are compatible with Alice, Bob
and the T-node’s statistical informations, p¥, ¢ = {pi,, , M, @ M&}.

It is very important to note that the basis announcement correlates the data of each legitimate
user with the T-node’s data respectively, but no correlation with themselves, meaning that the
reduced density matrix of Alice and Bob is still a product state, i.e., p A' ® p =Trr [szT] or
equivalently, p(x,y,s|i#) = p(x,5]i) p(y,5]id) . Here is when the novelty of our announcement
strategy comes in to create correlation between Alice’s and Bob’s data.

5.7.4 Parity Announcement

In the parity announcement, which differentiates a STR network from a traditional trusted relay
networks, the T-node announces the bitwise parity of each instances of its raw key data denoted
by A = (d, ©d,). Within the subspace of matched bases, i, the parity announcement is described
by a quantum map with Kraus operators

K:=1up2 | Y Yy 1et?. (5.60)
Ta:(da:ul)sb:(da@/’lwlﬁ)

Correspondingly, the noisy joint quantum states in Equation 5.58 are rewritten as

|¥Y)aBrE = Z V(i) p(Alid) [P0 gy @ i), (5.61)

papr = ZP PABT®‘W'L><WUQ
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where Pﬂ%MT = (K% pisr K’;T) /p(Alid) is the noisy quantum state of all users conditioned on

the basis and parity announcements and p(A|i) = Tr[K% PABT K; "] is the probability of parity
announcement within the basis selected subspace.

We highlight on two crucial points here:

1. Once the bitwise parity information is announced by the T-node, the conditional reduced
density matrix of Alice and Bob, pﬁ; =Trr [pjl‘;uT] ,1s no longer in a product form meaning
that the legitimate users’ data is correlated. Consequently, Alice and Bob can proceed with
the other classical data processing steps by themselves and no further contribution from

the intermediate node is required. The T-node still needs to cooperates with the legitimate

-

users in the PE step in order to characterize ij”T.

2. In contrast to the conventional QKD schemes, in a STR protocol, the reduced density
matrix of Alice, Bob and Eve is not a pure state,

pjzl;z = Trr| |q’l|ﬁ> <lpMﬁ|ABTE]- (5.62)
This implies that there is some quantum information that are hidden to Eve. In other words,
because Eve does not have access to the T-node’s laboratory, the quantum registers 7, and
T}, are inaccessible to her. Consequently, even though the bitwise parity A and the basis
information # is known publicly, the individual data, s, and s;,, are unknown to Eve. Non-
purity of ij'g also implies that T-node needs to collaborate with Alice and Bob in the
PE step because the the T-node has some information that no one else has, but, no further
collaboration is required in the EC and the PA steps.

For given # and A, the corresponding adaptive measurements are MZB ® M;'”, leading to a
classical density matrix,

Alii Ai i Alii
pHi = (pli mE, o MET, (5.63)
M;'” = {T¢ e M¥| s, s, =1}

The above adaptive measurements result in the conditional joint statistical distribution p(x,y,5]i,A)
which admits correlation between Alice’s and Bob’s data.

5.7.5 Summary and the Key Rate

In the above sections, we broke a STR protocol to three stages: The first stage involves only
the Eve’s attack; The second stage involves the basis announcement followed by Eve’s attack;
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And, the last stage involves the basis and parity announcement followed by Eve’s attack. For each
stage, we provided a description of the corresponding quantum maps and the noisy joint quantum
states as well as the joint statistical information that is obtained once the adaptive measurements
take place. This is summarized as

Eve’s attack

M M . s
) apre 2220 p(x, p(:3). (5.64)

B ®@M - o
W) apre o inne, Z Vp(id) ¥ apre @ |id >CM—>P(X,S\M)P(Y7ﬂM)»

[P)o®|E)

7 +Par1ty annc. ‘ M, ® MM” .
|Y*)aprE —— Z V P(Aid) [P aprE @ L) e ———— p(x,,5]i, 1).

At the end of a STR protocol, an identical and secure key is shared between Alice and Bob at an
average rate

R > I(X:Y)~maxx(pxe) (5.65)
> Zﬁ‘,p(ﬁ){ Ry -
= L pl@) (X Yli) —maxx(pie)}
> L p(@ Lol (10 ¥12.0) - maxz ().

in which I"*1# CrIicC Iy defines the set of all density matrices ijﬁT that are compatible with
the observed data conditioned on the public announcements A and #. To obtain the lower bound,
we used the convexity property of the mutual information as well as the concavity property of
the Holevo quantity [93]. Moreover, in the second line, we introduced Rj; as the key rate in the
subspace of the announced #. Once more, we emphasize that the choice of basis is determined
by local randomness, and so, p(ii) = p(u;)p(u3), and the basis announcement does not correlate
link a with link b. But, A is determined by bitwise parity of the outcomes of two measurements,
and so, p(A|i) does not have a product form.

5.8 6-state and BB84 protocols

In previous sections, we demonstrated a formalism for the security of a simplified trusted relay
QKD protocol (STR-QKD). In this section we apply this formalism to two well-known examples,
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6-state and BB84 protocols, [4] and [101], and derive a numerical lower bound on the secure key
rate. In both of these protocols, we consider the ideal case where the legitimate users produce
and distribute an unlimited number of single-qubit signals. What follows is valid for both 6-state
and BB84 protocols, unless otherwise stated.

According to canonical-source replacement scheme, the initial state prior to Eve’s attack is

(@) anps =0 )an @07 ) gy (5.66)

As a starting point and for simplicity in calculation, we assume Eve attacks each link, a and b,
independently, meaning that

U = Uaa'gj—ate, © Uppe)—Br,E, (5.67)

This assumption sounds very strong and considers a very particular type of attacks. Nevertheless,
it will be discussed that the above attack can be used as a building block for deriving the key rate
of a more general type of attacks by using the inherent symmetry in 6-state and BB84 protocols.

The two independent collective attacks on links a and b leads to

U
| Panss = Pat, © P, (5.68)

= Y 5 10)(¢']ar, ®Z n; |69)(¢7 |51,

in which |¢%) € {|¢™),|07),|wT),|w™)}. As discussed before, among all possible quantum
states that are compatible with user’s observations, the Bell diagonal states corresponds to the
optimum attack, [97] and [98], and therefore, in the last line, we replaced the noisy quantum
state in each link with the Bell diagonal state.

After the state distribution and Eve’s attack, each one of the users in the network measure its
qubit(s) with POVMs, My = {p(ua) Ax*},Mp = {p(up) B}?} and M7 = {p(us) p(up) T5i @
Ts’ }, where

Ay € {10)(Ouys [1) (1]} (5.69)

BY € {10)(Ohuge [1){1l}:
T?;®T?If S { |OO><00|Mauh7‘11><11‘uaub7 ’01><01’u(1uh’ |10><1O|u“ub}

1 1
o= (g o= (1 ) analon =%

basis announcement takes place and the data are post-selected, the adaptive measurements result

1 ) and so forth. Once the
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in the basis dependent error rates that are given by

) = plda#da, up=us=u) =Y Tr[(AY @T}') par,] (5.70)
XF£Sq

eh, = plds#dy, up=u,=ur) =Y Tr[(BY>®@T2) ppr]
Y#Sp

In the next step, the T-node announces the bitwise parity of each instances of data, where in case
of single-qubit signals, the parity bit is either even (A =d, ®dj, =0) or odd (A =d, & d, = 1).
Therefore, in the subspace of the announced basis, ## = (u1,u;), the Kraus operators associated
with the parity announcement map are

K3 = 1458 ( 100)(00]uyuy + [11) (1 i)'/, G
Kgdd = 1AB®(’01><01’u1u2> |10><1O|M1u2)1/2‘

Consequently, the reduced density matrix of the legitimate users in the network, conditioned on
the parity information A and the basis information # is

Al Al
PAy = Trrlphsy. (5.72)
where
.
g (K% SWAP, [ par, ® psr,) K5 T). (5.73)

Papr = =
ABE p(Al)
Here, the SWAP].] operator ensures that the Hilbert paces are in the right order and has no effect

to the security proof. We consider p(even|ii) = p(odd|ii) = 1 and compute the reduced density
matrix of Alice and Bob for A = even, as an example, and obtain

i 1 g s
P = 5 (1 =25)(|00)(00] + [11) (11 )uyu + €z(|01) (01| + [10) {10] Yy, (5.74)
where é; = egff)(l - e,(j;)) + e,(g) (1— e,(ff)) is the effective error rate that is a function of errors
in each link. In the parameter estimation step, Alice, Bob and the T-node communicate over
an authenticated classical channel in order to estimate the basis dependent error rates in each

link, e,(f,’) and eg;), by which the reduced density matrix of Alice and Bob in Equation 5.72 is

characterized. Given ij” and the corresponding statistical information p(x,y|A,i), the average
mutual information between Alice and Bob is

I(xX:y) = Z,p(ﬁ) Y  p(Ali) <2+Z p(x,y|A, i) logp(xyyllaﬁ))

A€{even, odd} Xy

= Y p@) (1-h(e) (5.75)

uj 7MzE{X,Y,Z}
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The above expression is valid for both 6-state and BB84 protocols. But for computing the Holevo
quantity we need to differentiate the two protocols.

5.8.1 Holevo Quantity of the 6-state STR protocol

In order to calculate the Holevo quantity numerically, we consider an asymmetry version of the
6-state protocol, where the most frequent basis, Z, is used for the key generation and the other
bases, X and Y are used for the parameter estimation so that p(u = Z) > p(u = X,Y). Thus,
for simplicity in the notation, we drop the upper index i = (Z,Z). We use the definition in
Equation 5.24 and replace the density matrices from Equation 5.74 to obtain

_ 6-state 6 state
1 (X:E) < Z p(A ({Phsr-Maz ® M7 }) (5.76)

= 2. r(d) ( (Pisr) Z piriA) S M))
)
= —Z 0; n; log(0; n;j) —h(ez)

ij
= ¢+ (1-q)h (1 - (iqj;qz)/z)

= IE (CI)OQZ)

in which gy := e?(1 —€?) +e2(1 —e?) and ¢, := e? + €% — ebe? are replaced. Because measure-

ments are topograph1cally complete in case of 6- state protocol, one can fully characterize papr
from the error parameters e, in each link and no optimization is required.

Eventually, the difference between the mutual information and the Holevo quantity gives the

a/b a/b _ 6?/17

key rate. For a numerical evaluation, we consider Q = ey and obtain

_6-state - 6-state

R, > IX:Y)-2  (pxk)
= 1-h(20(1-0Q)) —1£(20(1-0),0(2-Q))
The key rate of the 6-state STR protocol is plotted in Figure 5.2 as a function of single-link error
rate, O, and is compared with the key rate of the direct link 6-state protocol. The result shows

that the simplified trusted relay network, in principle, extends the range of QKD protocols in the
expense of reducing the maximum tolerable single link error rate from 12% to 6.5%.
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6-state & BB84 (Asymptotatic limit)
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Figure 5.2: Key Rate as a Function of Single-Link Error Rate, Q: Blue lines refer to the BB84
protocol and the red lines correspond to 6-state protocol. The solid lines are plotted in contrast
to the dashed lines to show the comparison of this parity announcement strategy in a double-link
communication with the key rate of a direct single-link communication.

5.8.2 Holevo Quantity of the BB84 STR protocol

As mentioned in Section 5.6, in case of BB84 protocol, the POVM elements are not topograph-
ically complete, and hence, to compute the optimum attacke, one needs to optimize the Holevo
quantity with respect to a free parameter, ey,. We follow the optimization technique in [100] and
conclude that the optimum attack occurs at e, = e,. Similar to the 6-state STR protocol, we
assume an asymmetric version of the BB84 protocol and obtain

_BBS84 BB84
X (X:E) < ZP ({plpr-Map @ M%}) (5.77)
= h(%)
. . a/b _ a/b _ alb . . .
We consider again Q =e,’” =e)’ =e¢;'" for the numerical evaluation to obtain
—BB84 — _BB84
Rew = IX:Y)—x  (pxe) (5.78)

— 1-24(20(1-0)).

Figure 5.2 demonstrates the key rate of the BB84 STR protocol as a function of single-link error
rate, O, and compares it with the direct link BB84 protocol. The maximum tolerable single link
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error rate drops from 11% to 5.8%.

5.8.3 Extension to a More General Attack

To obtain a numerical value for the key rate, we considered a special type of collective attacks,
where the noisy quantum state of all users is written as a tensor product of two Bell diagonal
states in Equation 5.68. The authors of [102] and [103] analyzed a more general type of collective
attacks, where the noisy quantum state pspr is not necessarily in a product form, and instead,
used the symmetry inherent in the QKD protocols to reduce the size of I to a subset of Bell
diagonal states. This simplifies the maximization of the Holevo quantity since the optimization
runs over a smaller subset of free parameters.

Here is the summary of the key steps of the proof that is presented in [102] for the case of
BB&4 protocol:

1. The set of all density matrices that are compatible with the observed data, I, is extended
to a larger space, I, , which is a set of all density matrices that are compatible with the
basis dependent error rates.

2. It is shown that the Holevo quantity is invariant with respect to the local Pauli operators in
each link, and therefore, the set of Pauli permuted states, Ipyyi = {Ha[; PATB H; /3} results
in the same error rate as I... By definition the Pauli-permuting operator is

Mg = 0y © Of © 04 ® O (5.79)

where 0, 0p € {1,X,Y,Z}. Consequently, to maximize the Holevo quantity it is sufficient
to optimize over the subset Ipyyy; C Ie,.

3. The authors used the Pauli group permutation invariance property of the BB84 protocol
and the concavity property of the Holevo quantity and showed that

max ¥ ({pasr, Mapr}) = Z p(i) max x ({Phpr, Miz@ME})  (5.80)
0

Paul
< ZP max% {PAZUTIIM Mz @ M7 )

Pdu]l

— Bell|u
< T max 2 ({Pipr» Mip ®MF})

i
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where pFauli — Iy p H;B, and

=16

1

1 Jo . o L
pieli= ) p™ =) 0 [67) (9] @ |97) (9.
=1 ij
The author of [102] states that the same argument holds for the 6-state protocol.

Therefore, the particular noisy quantum state we considered in Equation 5.68 for numerical
evaluation of the key rate, was a particular type of pgej; with ¢;; = 9;1; that satisfies the constraint

Y. 6 =Y. n; = 1. By comparison between the result in Figure 5.2 with the numerical evaluation
i J
in [103], it is concluded that Equation 5.77 and Equation 5.76 provide a very good estimation of

the optimum attack.

For the derivation of the above steps, we refer to [102] and [93], and for the numerical
evaluation of the key rate in BB84 STR protocol, we refer to [103].

5.8.4 Insight on the security proof

In this section, we look at the parity announcement from another angle to get insight about the
security proof.

For given A, the T-node’s adaptive measurements are given by POVM operators
Tevenld — |00) (00| + [ 11) (11|41, (5.81)
T = (01)(01]+10)(10]ys.

Without loss of generality and for the sake of simplicity, we assume u; = up = Z and drop the
index, uju,. We then expand T? in terms of Bell states

= 19T (oT|+ o) (0|, (5.82)
T =y )yt -+ )y

Teven

This new expansion tells us that the two single qubit measurements followed by the parity an-
nouncement, A, is theoretically equivalent to performing a joint measurement in Bell basis, which
collapses the state of the two qubits to one of the Bell states, {|¢*),|w*)}, and then announcing
the parity information (¢ or y) publicly while keeping the phase information (+ or —) con-
fidential. The key component of the STR protocol security proof is that the T-node is in the
possession of some quantum information that is inaccessible to Eve. Precisely, there are two
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measured quantum systems that is shield from Eve’s access and a classical information that is
hidden to her. Therefore, we consider a hypothetical experiment, where the shield quantum state
is given to Eve but only once it is measured. A comparison between the actual STR protocol and
this hypothetical experiment brings clarity to the security analysis.

Suppose Eve has access to both classical information of the T-node, parity and phase, but
Alice and Bob only know the parity bit information. We rewrite the conditional quantum state
pf\LB to obtain

pry = %A)T”T[(]-AB@TA)PATBL (5.83)
= 5 Lp(HA) i+ p(-12) )
where
pag" = mmuw@!&xﬁf paBT), (5.84)
PAiAOdd = m Trr[1ag ® W) (W1 pasr].

Here, the probability, p(+|A), counts as the re-normalization factor. Note that we just rewrote
the reduced density matrix of the legitimate users in a different way, and so, from Alice and
Bob’s perspective nothing has changed and the mutual information /(X : Y|A) in this hypothetical
experiment is the same as before. However, the upper bound on Eve’s information is slightly
different. Eve has access to both classical bits about the shield quantum states: the parity bit, A,
and the phase bit (£). Therefore, the reduced density matrix of Alice, Bob and Eve is updated to

Pise = P(+2) [FT) (P g @A) (Al @[ +) (+]p, (5.85)
+ p(=|2) [P a2 A) (A ® | =) (— g

Here, ‘I’i|’l> is the purification of pﬂf and the register E stores classical information that is only

accessible to Eve. Intuitively, since extra information is given to Eve, Eve’s knowledge either
doesn’t change or increases. Thus, the key rate can only decrease. Therefore, the lower bound
on this hypothetical experiment is definitely a lower bound on the STR protocol.

We compute the key rate of the 6-state protocol for the above hypothetical experiment and
obtain

Rigpo. = 1-h(20(1-0Q)) —I£ (20(1 - 0),20(1 - 0)).
This key rate has a negligible difference with the actual 6-state STR protocol as shown in Fig-
ure 5.2, The two key rates are indeed hardly distinguishable.
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In BB84 protocol, the key rate is recalculated using Equation 5.85 and the result is

RESS =1-21(20(1-0)).

Surprisingly, the two approaches yield identical key rates for the BB84 protocol. One may con-
clude that the proposed announcement strategy creates a classical correlation between the legiti-
mate users’ data as strong as the quantum correlation due to a two-qubit Bell measurement, and
in this regard, a simplified trusted relay is similar to a quantum repeater.

5.9 Realistic considerations of STR-QKD

In standard security proof formalism of QKD, the key rate is typically derived under some as-
sumptions that might not hold in practical implementation of QKD. One of those assumptions
is that legitimate users generate infinite number of signals. Whereas, in realistic situation, there
is a limit on the number of transmitted signals. Moreover, it is usually assumed that each pulse
is a single-qubit signal, but, in practice, the weak coherent pulses are used which may contain
multiple-photon signals. In this section, we account for these realistic situations and recalculate
the key rate in each case.

5.9.1 Finite Size Effect:

In practical QKD, there is a time limit for the entire protocol, and so, a limit on the number of
exchanged signals. Consequently, Alice, Bob and the T-node characterize the noisy quantum
channel (or Eve’s knowledge) based on their “accessible information” that might deviate from
the ideal case. This deviation will affect the key rate and is considered in the following.

In the quantum phase of QKD, n number of signals are distributed, followed by the measure-
ments. In the classical phase, particularly in the parameter estimation step, the legitimate users
and the T-node sacrifice m bits of their data and obtain the statistics, p,,(x,y,s), which deviates
from the ideal probability distribution, p..(x,y,5), in asymptotic limit. According to the lemma
3 of [104], we define I to be a set of all possible density matrices that are compatible with
accessible information, p,,. Indeed,

I' = {p:|pe—puml<v} (5.86)
with
yY(m,d) = \/ZIH(I/SPE)—;dln(m_|_1))’
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where €pg is the probability of failure in the PE step and d is the dimension of the signal. For
single-qubits pulses, d = 2.

The finite size effects has been studied in [104] and [105], based on the theory developed by
Rennato Renner in [95].The theory states that for limited number of exchanged signals, the key
rate reduces to R = %r, where [ is the length of the raw key and r is upper bounded by

(leakEc + A)

r < Sy(X|E) - (5.87)

Here, S) (X|E) = minS(X |E) where S(X |E) is the conditional von-Neumann entropy, and leakgc
pel’

is the amount of information that is leaked to Eve during the error correction step. The non-
asymptotic effects appear as first, an extra term A = (2log,[1/2(e — €' —€gc)]) +5/110g,[2/(¢' — €pE)],
which depends on all the security and concreteness parameters [95], and second, an extra mini-
mization over I . This minimization, in practice, results in replacing all error rates with e — e+ 7y

to consider the worst-case scenario in the security analysis.

In the following, we take into account the finite size effects and derivation the key rate for
both cases of the 6-state STR and the BB84 STR protocols.

6-state

Like before, we consider an asymmetric version of the 6-state protocol. With probability p(u =
Z) := p;, the basis Z is used for generating the key, and so, [ = npg is the size of the raw data
after the sifting step. In addition, the basis X and Y are used for the parameter estimation with
the equal probabilities p(u = X /Y) := py = (1 — p;)/2. Thus, the number of sacrificed bits in
PE step is m = np)%. In the asymptotic limit, the conditional von-Neumann entropy is computed
in a similar way to the computation of the Holevo quantity in Equation 5.76 and is

S(XIE)=(1-2&)(1—h (1 - (Zéx—éz)/z)

1—¢,
To account for the non-asymptotic limit, we replace S(X|E) — Sy(X|E), which means to replace

the basis dependent error rates /) 5 o) y(m,d = 2) in both links a/b. Similarly, e§“/ b

e§“/ b) +7(l,d = 2). To numerically evaluate the key rate, we assume Q = e, = e, = ey, in both
links and compute H(X|Y) = Leakgc = 1.2 h(2Q(1 —Q)). Given Sy(X|E) and Leakgc, one
should be able to compute the key rate using Equation 5.87. Note that n, €, €gc and Leakgc are
fixed by the protocol and one needs to do an optimization over the free parameters, €', epg,[
and m under the constraints [ +m < n and € > €gc > € > €pg > 0. The numerical result is
demonstrated in Figure 5.3 as a function of exchanged signals, n, for three different values of
single-link error rate, Q.
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6-state & BB84(non-asympotatic limit)
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Figure 5.3: Key Rate as a Function of Total Number of Exchanged Signals, n: The solid lines
belong to the BB84 protocol and the dashed lines belong to the 6-state protocol. We considered
€ =107 and egc = 10'% and the error rates of Q = 0.5 % (blue lines), 2% (red lines), and 5%
(green lines).

BB84

Similarly, we consider an asymmetry version of the BB84 protocol, where the Z basis is used
more frequently with probability p., and the X basis is used with probability p, = (1 — p;). Thus,
= npg bits are used for key extraction, m = np? bits are used in PE step, and 2n p,pz bits are
discarded in the sifting step. The conditional von-Neumann entropy that accounts for the finite
size effects is

Sy(X|E) = 1 —h(é,+2y). (5.88)

Here, we replaced e, — e, + y(m,d = 2) for both link a and b which leads to &, — é&; +2y. We
optimized over the free parameters and obtained the key rate as a function of exchanged signals,
n, and the result is plotted in Figure 5.3.
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5.9.2 QKD with Decoy states

Another concern in practical QKD, which may threat the security, is the signal generators. In
implementation of QKD with current technology, single-photon sources are highly attenuated
lasers. However, laser pulses are described by coherent states where the probability of generating
a pulse with n photons follows a Poisson distribution. This means, in addition to the single-
photon pulses, there is a possibility of emitting multi-photon pulses which puts the security of
the QKD protocols at risk of Photon Number Splitting (PNS) attack [106]. Nevertheless, a secure
key can be generated if along with the actual pulses, the sender emits extra pulses with variant
intensities- the so called decoy state- in order to estimate the lower bound on the number of
detected single-photon pulses, [92, 107-110].

When sources generate coherent state pulses, there are different possibilities that may happen
which are demonstrated in Figure 5.4. In order to guarantee the security of the STR-QKD proto-
cols, we discard all events in which at least one of the sources (Alice’s and/or Bob’s) produces a
multiple-photon pulse, because, Eve has full knowledge about the key due to PNS attack. If any
of the sources produces a vacuum signal, neither Eve nor Alice and Bob can extract any infor-
mation, thus, vacuum signals are also discarded. Therefore, it remains to consider that fraction
of events that first, the sources generate single photon pulses, and second, the detectors at the
T-node’s laboratory click. The fraction of detected signals due to single-single photon pulses are
denoted by Fj, which are used for generating the secret key. The decoy-state techniques are used
to estimate the lower bound on Fi;.

Suppose that Alice’s source generates an x-photon pulse with probability Py, (x) = e« ’;—%‘C
where L, is the mean photon number. We denote the probability of event o € {Detect, Not-Detected }
occurring at the T,-detector, with p%. In addition, we define the yield, Y,(a = det|x), as the prob-
ability of detecting an x-photon pulse at the T,-detector. Because Eve is interfering with the
Alice’s and the T-node’s communications, the yield ¥,(a|x) is unknown and depends on Eve’s
strategy. Given the above definitions, the fraction of pulses that are originated from Alice’s
source and ended in the 7,- detector is
o Pu,(x) Yi(or = det|x)
fx - a

Pet

(5.89)

The error rate, €%, arises from an x-photon pulse that is observed at the 7;-detector, and x €
{Vaccume(v), Single(s), Multi(m) }. In a similar manner, Py, (y) denotes the probability of Bob’s
source generating a y-photon pulse, and fyb denotes the fraction of y-photon pulses that are de-
tected at the 7;,-detector.

Those useful events for key extraction are when both Alice’s and Bob’s source generates
single photon pulses and both detectors click, i.e., Fy; = f¢ f2. Consequently, the key rate
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Source 1 Source 2 Detector 1 |Detector 2

Sl Sl R Detected Detected

Vacuum Single/

VL Not- Detected/

. Muhl Detected  Not-
Multi Single/ Detected

Vacuum/
Multi

Figure 5.4: Two Multi Photon Sources and Possible Outcomes: The figure pictorially demon-
strate possible combination of Vacuum pulses, Single photon pulses or Multi-photon pulses from
two attenuated laser sources. The green arrows indicate those fraction of pulses that are useful
for key extraction. The gray arrows are neutral pulses where neither Eve nor the legitimate users
have any information. And, the red arrows are those fraction of events that Eve may have full
knowledge about the secret key, and hence, are discarded.

reduces to R = I(X : Y) — Fys (X : E)'. Furthermore, we subtract those events that at least one
of the sources generates a multi-photon pulse, because, Eve has full knowledge about the raw
key data, in other words, (X : E) = 1. The fraction of events with at least one multi-photon
pulse is

Fu < (I=fO 4= +0—f9 (=10 (5.90)
= (I_Evs)'

Accordingly, the key rate is further reduced to
Ro=IX:Y)—F5 x(X:E)—F, (5.91)

To find the lower bound on key rate, we need to find a lower bound on the yield, ¥,/ (det|s), and

an upper bound on the errors due to single-photon pulses , e?/ ? The decoy state techniques have
been extensively studied in literatures, such as [108] and [110], where coherent state pulses with

! Note that we indexed the key rate with oo to emphasize that the asymptotic limit of exchanged signals is
considered.
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variant intensities are used the users to estimate the lower bound on f /" and the upper bound

a/b

es’ and we take it as a promise.

5.10 Summary

We proposed a variation of a quantum trusted relay network with three users, where the interme-
diate node uses a new announcement strategy to reassign the task of classical data processing to
the end users. In simplified trusted relay protocol, the intermediate trusted node discloses the bit-
wise parity information about each instances of its data, resulting in a direct correlation between
the legitimate users’ data, and therefore, substantial computation and communication resources
at the trusted node is no longer required. The parity information provides enough classical cor-
relation between Alice and Bob’s data to perform Error Correction and Privacy Amplification by
themselves. We provided the security proof for STR-QKD protocol in general and computed the
key rate in particular cases of the 6-state protocol and the BB84 protocol. We numerically evalu-
ated the key rate in the asymptotic limit and compared it with the single-link QKD. Furthermore,
we considered the imperfections in practical QKD, such as finite size effects and multi-photon
pulses.
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Chapter 6

Conclusions and Future Works

Quantum Information Processing (QIP), with the ultimate goal of building a quantum device that
has the potential of solving certain classical problems more efficient than a classical counterpart,
has led to development of new theoretical tools such as the theory of open quantum systems and
the theory of quantum error correction. The main contribution of this thesis sits at the border
of QIP and Nuclear Magnetic Resonance (NMR) where the methods from the theory of open
quantum systems are used to provide a more profound understanding of the spin noise signal in
NMR and the experimental techniques from NMR are used to explore the noise protection ideas
from the theory of quantum error correction.

Our work on the quantum model of spin noise brings clarity and accuracy in the description
of the statistical fluctuation of a spin ensemble, known as spin noise. We have shown that the
quantum mechanical nature of measuring an ensemble of spins results in the statistical fluctu-
ations of the total spin magnetization that is independent of the external magnetic field but its
amplitude scales with the square root of the number of spins. According to our model, correla-
tions inherent in the spin noise have roots in the state disturbance introduced by the measurement
and in the quantum evolution of the ensemble during the data acquisition. Our model analyti-
cally computes the statistical distribution and correlation function of the spin noise signal and
the results unify the features of the spin noise in both limits of strong and weak measurement.
This distinguishes our work from previous theoretical models. Our theory is applicable to any
ensemble of quantum particles. In current work, the coil back action was taken into account in
the state update rule but not during the free evolution time. Indeed, we modelled the evolution
of the ensemble by a completely positive trace preserving (CPTP) map, which implies that the
environment is memoryless and has no initial correlation with the spin system. In future work,
one may consider non-CP maps in order to account for the memory effect of the environment
that influences the dynamics of the spin ensemble.
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Further, we investigated the concept of noiseless subsystem from the theory of quantum er-
ror correction in the NMR context. The work presented in Chapter 4 seeks for novel means of
storing quantum information in the noise protected subspace of a group of identical spins. Our
symmetry analysis of methyl groups’ wavefunction shows that one can indirectly populate the
noiseless subsystem of three identical protons through the electric dipole moment interaction of
the molecule with the circularly polarized microwave field. For quantum computing purposes
one may extend our work to initialize and control two logical qubits and test the scalability of
this idea. In addition, we have shown that the noise protected qubit becomes an NMR observ-
able through the dipolar relaxation processes of the methyl group and an external spin at high
temperature. We analytically calculated the NMR spectrum and our theoretical results match re-
ported experimental observations. Our approach makes no assumption about the spectral density
of noise and solves the master equation only by relying on the symmetry properties of the spin
operators in the interaction Hamiltonian. This approach might find application in other areas in
NMR where the underlying physics of the relaxation mechanisms are of interest.

QIP has also had some commercial applications such as quantum key distribution (QKD)
for secure communication. This thesis proposes a variation of QKD with trusted relay network
in order to extend the range of key distribution to any arbitrary distance and overcome some of
the practical challenges in the existing schemes. In our work, the intermediate node uses a new
announcement strategy to create direct correlation between the legitimate users’ data, leading to
significant reduction in the classical resources required for data processing at the intermediate
node. We showed that the two local measurements followed by the announcement is theoretically
equivalent to a joint Bell measurement in a quantum repeater network but in our proposal no
quantum memory is required. We analysed the efficiency of the key rate generated from our
simplified trusted relay proposal for two cases of the BB84 and the 6-state protocols and account
for finite source limit as well as imperfections in single photon signal generators. In future
direction, one may extend our work to continuous variable QKD.
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Appendix A

Rate Equation

In the main text, we solved the rate equations for short evolution time, t = 0. To compute the
change of population of the x energy level during fy and fo + 8¢, it is required to know the
population difference between the x' level and all other energy levels y at time fy which are
allowed due to the DQ* and ZQ* terms of DD coupling. For the first step, when 7y = 0, the
calculation of population difference between allowed transitions yields Equation 4.78 when the
test spin is unpolarized, and results in Equation 4.84 when the est spin has a polarization o # 0.
In this appendix, we move one step forward and compute the change of population of the x"
level during ¢t = Or and r = 28t. This requires the calculation of population difference between
the allowed transitions, x and y, at an earlier time, #y = &¢. This is computed by

el = Mo = o — Do+ Al — AR (A.1)

The first two terms, [x]o — [y]o are already calculated in Equation 4.84. To compute the second
two terms, we assume o = 0, for simplicity, and use the result in Equation 4.80. We start from
m= j:% and obtain

A[Aa;T]I—A[Ei,%,Hl = -0t (ap+ax) (A.2)

Al Al M = 1 (bo+by)
A[A,—§,¢]1—A[Ei,—%,T]1 _ 8t (ap+ap)f P
A[A,—%,T]l—A[Ei,—%,ul — 8t (ot be)P P
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in which ag, by, a+ by are constants and the subscript § — —f3 means that in the definition of
these constants, f is replaced with — . Those constants are explicitly

E E_
JEr 4, 1—
a = Yool gUZY (he (A3)
E, _ E. , ,E_
b = (Pt B ()
EL E. E~+
Y e Yo 1-7 Jo~ o
ar = (LT ——)EP ( )
4 18 8 9 18
N 1 2k gk
bj: — Z( 0 2 ):l:B( _’y)( 2 2 )
46 3 8 3 3

The expressions in Equation A.2 gives the population difference between allowed transitions at
time 7y = Ot. Thus, we substitute Equation A.2 into the rate equation, Equation 4.75, in order to
calculate Al[x|, and the result is

A[A,%,T]z = A[A,%,T]rf—&z ((a0+a+)J2E++(a()+a7)J27) (A4)
2
A[A,%,Hz = A[A,%,H1+%((bo+b+)]§+—|—(bo+b_).]g)
(A.5)
(A.6)
A=A =AM 6 5 yP P
oyl = [A7—§7ﬂ1+?((50+b7)% +(bo+b+) Jy")

3 3
AlA, =50k = AA =S+ ((ao+a )y +(ag+ay) ;)PP

Then, to compute the NMR signal on the test spin channel condition on the collective spin mag-
netization m = :t%, we subtract the above expressions from each other and in the calculation, we
encounter terms like this

1 1—
(ao+a )y = (bo+bs) 2l = %’A+ﬁTy B

which is written in such a way that A contains all terms with %’ dependency and B contains

all terms with [3%’ . This helps us to analyse the feature of the NMR peaks regardless of the
explicit form of the spectral density of noise. Intuitively, if B = 0, the NMR signal from +m
have the same amplitude but with opposite sign. This is because the counter part of |A, +%,T> is
A, —%,L) where both are involved in DQ transition and the counterpart of |A, +%,¢> is |A, —%,T)
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where both are involved in ZQ transition. Thus, the contribution from the %’ dependent terms
results in an anti-phase signal from m = :l:% peaks. In contrast, the contribution from the f8
dependent terms results in an in-phase signal from m = :I:% peaks, because, m = —% picks an
additional minus when 8 — —f3. Therefore, given the expressions in Equation A.4 and the first
order calculation that was given in the main text in Equation 4.83, the second order anticipated
NMR signal for evolution time, t =2 &t is

3 3 812 1—
<Hi2®lz>261 = <Hi2®lz>6t+?{i'yl4+ﬁ( 2)/)

B} (A7)

The same logic holds for m = i% NMR peaks and similar feature is obtained,

1 1 5t 1-
(T2 @L)s = (T2 @L)s+ o (rra+p 0 p)

> (A.8)

It is important to note that in contrast to the calculated NMR signals for t = &¢, here at t = 20t,
the NMR peaks of m = j:% do not have the same amplitude as that of m = j:%. This has root in
the fact that at ¢ = 01, all energy levels within each symmetry subspace are not equally populated
any more, leading to A # A’ and B # B'.

To conclude, the solution of the rate equations for the second step, ¢ = 26¢, has similar
features to that of Equation 4.80, and therefore, all arguments in the main text regarding the
phase and amplitude of the NMR peaks which were concluded for short evolution # = 0, can be
generalize to any time evolution by inductive reasoning.

142



	List of Tables
	List of Figures
	Introduction
	Postulates of Quantum Mechanics
	Mathematical Preliminaries
	Postulate I: Quantum State
	Composite system
	Quantum States in NMR

	Postulate II: Evolution of Closed Quantum Systems
	Unitary Evolution in NMR

	Postulate II: Evolution of Open Quantum Systems
	Master Equation in NMR

	Postulate III: Quantum Measurement
	Ideal Measurement
	Generalized Measurement
	Quantum Measurement in NMR

	Mathematical Representations of CPTP Maps
	System-Environment Representation
	 Kraus Representation
	Liouville-operator Representation
	Choi Matrix Representation


	Quantum Model Of Spin Noise 
	Introduction
	Open Quantum System Model
	 Cavity Interaction 
	N Spins Coupled to the Bath and the Cavity

	Strong Measurement Model
	Arbitrary Quantum Map  for non-interacting spins
	Arbitrary Initial State

	Weak Measurement Model
	Example
	Summary

	Protection Against Collective Noise In NMR
	Introduction
	Protection Against Collective Noise
	Collective Noise Model
	Decoherence Free Subspace
	Noiseless Subsystem

	Symmetry of C3 Group
	The Rovibronic Hamiltonian of a Methyl Group
	The Symmmetry of the Electronic Ground State
	Internal Rotation-Vibration Wave Function
	Internal Rotation of a Methyl Group
	The Symmetry of the Torsional States

	The Spin Hamiltonian of a Methyl Group
	The symmetry of the Total Wavefunction
	Protected State in Methyl Group
	Long Lived State by Thermal Means
	Protected State via the Electromagnetic Field Interaction

	Observation via Relaxation
	Symmetry of Dipolar Interaction in a Rigid Rotor
	Master Equation For Dipolar Relaxation

	Summary

	 Quantum Key Distribution with Simplified Trusted Relay
	Introduction
	Basic Definitions in Information Theory
	Classical Information
	Quantum Information

	Quantum Phase of QKD
	Quantum Signal Resources
	Noise on Quantum Channel
	Measurements

	Classical Phase of QKD
	Security Proof Formalism
	Security Definition
	Key Rate
	Announcement

	Key Rate of 6-state Protocol
	Security Proof of Simplified Trusted Relay Protocol
	Quantum State Distribution
	Measurements
	Basis Announcement
	Parity Announcement
	Summary and the Key Rate

	6-state and BB84 protocols
	Holevo Quantity of the 6-state STR protocol 
	Holevo Quantity of the BB84 STR protocol
	Extension to a More General Attack
	 Insight on the security proof

	Realistic considerations of STR-QKD
	Finite Size Effect:
	QKD with Decoy states

	Summary

	Conclusions and Future Works
	References
	Appendix Rate Equation

