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Abstract

Quantum computers hold the promise of solving computational problems that are
intractable for classical computers, by harnessing the principles of quantum mechanics.
However, quantum computations are highly susceptible to noise and decoherence,
which place strict limits on the size and depth of the circuits that can be reliably
executed on current hardware. Topological quantum computing (TQC) has emerged
as one of the promising approaches to building fault-tolerant quantum computers. The
key idea is to store quantum information in the global properties of a physical system,
making it naturally resilient to the local noise and errors that affect conventional qubits.
This thesis focuses on synthetic topological quantum matter, the physical platform on
which TQC is built, and investigates its electronic structure and topological properties.
We study the conditions under which these systems enter a topological phase and host
Majorana zero modes (MZMs), exotic zero-energy quasiparticles that appear at the
boundaries of the system. MZMs are the key building block of TQC, as their quantum
mechanical properties allow them to encode and process quantum information in a way
that is protected from errors. We demonstrate the existence of MZMs in two canoni-
cal topological systems, the Kitaev chain and the semiconducting-superconducting
nanowire. To address the experimental challenge of detecting MZMs, we develop an
optical spectroscopy technique based on excitonic interactions, which provides clear
and measurable signatures of the topological phase. We also explore the variational
quantum eigensolver as a quantum algorithmic approach to approximating the ground-
state energy of the many-body spectrum of topological systems. Furthermore, we
discuss the practical setups for topological quantum matter and simulate them through
numerical analysis. Altogether, we present several theoretical and numerical methods
that can be used for numerical simulations and practical purposes of detecting MZMs

in topological quantum matter.

i



Statement of Originality

This thesis presents original research carried out by the author under the supervision
of Prof. Stefanie Czischek at the University of Ottawa. The research was performed in
collaboration with co-authors, as detailed below. The results have been disseminated

in the following publications.

1. M. Mohseni, H. Allami, D. Miravet, D. J. Gayowsky, M. Korkusinski, and
P. Hawrylak, “Majorana Ezcitons in a Kitaev Chain of Semiconductor Quantum
Dots in a Nanowire”, Nanomaterials 13, 2293 (2023).  [Basis of Chapter 4,
Section 4.3, and Chapter 6, Section 6.1.]

I was the main contributor to this publication. I performed the analytical
derivations, developed the exact diagonalization source code, generated and
analyzed all presented data, participated in discussions on the direction of
research, and wrote most of the manuscript. The co-authors proposed the initial
research question, contributed to the interpretation of the results, and provided

feedback on the written manuscript.

2. M. Mohseni, I. Cunha, D. Miravet, A. Wania Rodrigues, H. Allami, 1. Assi,
M. Korkusinski, and P. Hawrylak, “Designing Majorana Quasiparticles in InAsP
Quantum Dots in InP Nanowires with Variational Quantum Eigenvalue Solver”,
physica status solidi (b) 262, 2400552 (2025).  [Basis of Chapter 6, Section 6.2.]

I was the main contributor to this publication. I designed the symmetry-adapted
variational ansatze, implemented the variational quantum eigensolver simulations,
generated the presented data, carried out the benchmarking across the topological
phase diagram, and wrote most of the manuscript. The co-authors contributed
to the atomistic modeling of the InAsP/InP quantum dot platform, discussed

the results and next steps, and provided feedback on the written manuscript.

3. M. Islam, M. Mohseni, I. Assi, D. Miravet, and P. Hawrylak, “Spin Resolved
Majorana Modes in Semiconductor Quantum Dot Arrays with Prozimity In-
duced Superconductivity”, arXiv:2601.14527 (2026), currently under peer review.
[Basis of Chapter 7.

il



I contributed to this publication as second author. I participated in developing
the bond fermion formulation, verified the analytical derivations and the exact
diagonalization results, contributed to the evaluation and discussion of the results
and next steps, and provided feedback on the written manuscript. The first
author, M. Islam, led the project, performed the calculations, and wrote most of

the manuscript.

Original contributions of this thesis. The following results, developed in publi-
cations [1] and [2] with the contributions described above, are presented in Chapters 4
and 6. First, the extension of the bond-fermion representation to the interacting
excitonic problem and the resulting absorption spectrum valid for an arbitrary chain
length V. Second, the identification of the edge-localized high-energy absorption peak
as an optical signature of the Majorana zero mode, together with its extension to
a mobile valence-band hole. Third, the design of the symmetry-adapted variational
ansétze and the benchmarking of four anséitze across the topological phase diagram of

the Kitaev chain. Chapter 7 presents the collaborative results of publication [3].

Background and review material. Chapters 1, 2, and 3, together with the
model-defining portions of Chapters 4, 5, 6 and 7, present established results from
the literature and contain no claim of originality. They are included to make the
thesis self-contained, and all sources are cited where the corresponding material is
introduced. The concluding Chapter 8 is an original synthesis of the above results

and an outline of directions for future work.

v



Acknowledgements

I would like to express my sincere gratitude to my supervisor, Prof. Stefanie Czischek
for allowing me to join her group. Her insights, patience, and continuous motivation
have been invaluable in shaping this research and helping me grow as a scientist.

I would also like to thank Prof. Pawel Hawrylak for his guidance, help, and support
throughout this work. I have learned a great deal from him, and I am deeply grateful
for the knowledge and insight he has shared.

I would also like to thank Dr. Daniel Miravet, who has been present since the very
beginning of my PhD journey. He has been not only an invaluable mentor but also a
constant source of support and encouragement, much like an older brother to me. I
am deeply grateful for all the guidance and help he has given me throughout these
years.

I would also like to thank Dr. Logan Cooke for his support and helpful discussions
throughout my PhD. His insights and encouragement were greatly appreciated and
contributed positively to my research experience.

I would like to thank all the people in the Quantum Theory group, especially Dr.
Marek Korkusinski, Dr. ITann Cunha, and Dr. Hassan Allami for having a bold part
in my PhD study.

I would also like to thank all the members of the APRIQUOT group, including
Riza, Faith, Edward, and Chris, for their friendship, support, and encouragement
throughout my PhD. They have been more than just colleagues, and their motivation
made this journey much more enjoyable.

Finally, I would like to thank my parents and my brother for their endless love
and support, especially during the more challenging moments of this journey. Their

encouragement and belief in me have always given me the strength to move forward.



Acronyms

QC
TQC
CNOT
VQE
HVA
ED

CI

HF
DMRG
MPS
SVD
IW
DOS
TB
BCS
BdG
TSC
SC
soC

TR

Quantum Computing
Topological Quantum Computing
Controlled-NOT (gate)
Variational Quantum Eigensolver
Hamiltonian Variational Ansatz
Exact Diagonalization
Configuration Interaction
Hartree-Fock

Density Matrix Renormalization Group
Matrix Product States

Singular Value Decomposition
Jordan-Wigner (transformation)
Density of States

Tight-Binding
Bardeen—Cooper—Schrieffer
Bogoliubov—de Gennes
Topological Superconductor
Superconductor

Spin—Orbit Coupling
Time-Reversal

vi



MZM
SM
SM-SC
QD

CB

VB
OBC

1D

Majorana Zero Mode
Semiconductor
Semiconducting-Superconducting
Quantum Dot

Conduction Band

Valence Band

Open Boundary Conditions

One-Dimensional

vii



Contents

Abstract

Statement of Originality

Acknowledgements

Acronyms

List of Figures

1

2

Introduction

1.1 The Quantum Computing Landscape . . . . . . . .. ... ... ...
1.2 The Problem of Fault-Tolerance . . . . . . . ... ... ... .....
1.3 Topological Quantum Computing and Majorana Zero Modes . . . . .
1.4 Physical Platforms for Majorana Zero Modes . . . . . . .. ... ...
1.5 The Many-Body Problem and Zero Mode Detection . . . . . . . . ..
1.6 Thesis Contributions and Outline . . . . .. ... ... ... .....

Topological Quantum Computing

2.1 Motivation and Limitations of Quantum Computing . . . . . . . . ..

2.2 Basics of Anyons and Braiding Statistics . . . . . .. ... ... ..
2.2.1 Topology of 34+1 and 2+1 dimensional Spaces . . . .. .. ..
2.2.2  Abelian and non-Abelian Anyons . . . . . .. ... ... ...
2.2.3 Fusion Channels and Topological Charges . . . . . . .. ...
2.2.4 Fusion Spaces . . . . . . ...

2.3 Topological Quantum Computing with Non-Abelian Anyons . . . . .

2.4 Majorana Zero Modes as Non-Abelian Anyons . . . . . .. ... ...
2.4.1 From the Dirac equation to Majorana Fermions . . . . .. ..
2.4.2 Majorana Zero Modes . . . . . ... ..o
2.4.3 Ising Anyons from Majorana Zero Modes . . . . . . . . .. ..

2.5 Physical Realizations of MZMs . . . . .. .. .. ... ... ... ..

viil

ii

iii

vi

xvi

0 O NN =

10



3 Methodology 43

3.1 Many-body Problem . . . . . ... .. ... ... ... .. 43
3.2 Configuration Interaction . . . . . . . . .. ... ... .. ... .. .. 49
3.2.1 Spinless Tight-binding Chain . . . . . .. ... .. ... ... 53
3.2.2  Spinful Tight-binding Chain . . . . . .. ... ... ... ... 57
3.3 Mean-field approximations . . . . . ... ... ... L. 64
3.3.1 Hartree-Fock approximation . . . . . . ... .. ... ... .. 64
3.4 Variational Quantum Eigensolver . . . . . . ... ... .. ... ... 69
3.4.1 Variational principle and cost function . . . ... ... . ... 70
3.4.2 VQE for quantum many-body systems . . . .. ... ... .. 73
3.4.3 Jordan-Wigner Transformation . . . .. ... ... ... ... 75
3.4.4 Pauli-string Representation of Many-body Hamiltonians . . . 80
3.5 Density Matrix Renormalization Group . . . . . . . .. .. ... ... 81
3.5.1 Tensors and Tensor Operations . . . ... ... .. ... ... 82
3.5.2  Grouping, splitting and the singular-value decomposition . . . 84
3.5.3 Tensor Networks for Quantum Many-body States and Matrix
Product States . . . . .. ..o 85
3.5.4 DMRG for a spinless tight-binding chain . . . . . . . ... .. 88
4 Majorana Zero Modes in the Kitaev Model 95
4.1 Topological Superconductors . . . . . .. .. ... ... 95
4.2 p-Wave Superconductors in One Dimension . . . . . . .. .. ... .. 99
4.3 Majorana and Bond Transformations . . . . . ... ... .. ... .. 110
4.3.1 Majorana Operators . . . . . . . .. ... ... ... ..... 111
4.3.2 Kitaev Hamiltonian in Majorana Representation . . . . . . . . 113
4.3.3 Bond Operators . . . . . . . ... .. ... 114
4.3.4 Energy Spectrum . . . . . . ... 115
4.3.5 Probability Density Distribution . . . . . . ... ... ... .. 117
4.4 Experimental Realizations and Limitations of the Kitaev Chain . . . 119

5 Majorana Zero Modes in the Semiconducting-Superconducting Nanowire121

5.1 S-wave Superconductivity . . . . .. ... oL 121
5.2 SM-SC Model . . . . . . . . 123
5.2.1 BdG Formalism: Periodic Boundary Conditions . . . . . . .. 126
5.2.2 Spin Texture of the Bands . . . . . . ... ... ... ... .. 127
5.2.3 SM Band Structure . . . . . .. ... 131
5.2.4 Comparison of the Magnetic Field Directions . . . . . . . . .. 133

X



5.2.5  Complete band Structure with the S-wave Superconductor . .
5.2.6  Superconducting Gap and Topological Phase Transition . . . .
5.3 Discrete lattice Formulation with Open Boundary Conditions . . . . .
5.3.1 Orbital Mode Representation . . . . ... ... ... .....
5.3.2 Lattice (site) Representation . . . . . . . ... ... ... ...

134
139

6 Optical Absorption Signatures and Variational Quantum Simulation

of Majorana Zero Modes in the Kitaev Chain
6.1 Microscopic Framework for Optically Probing Majorana Excitons

6.1.1 Interacting Kitaev Chain in a Semiconducting Nanowire

6.1.2 Exact Diagonalization of the Interacting Kitaev Hamiltonian .

6.1.3 Absorption Spectrum . . . . . .. ...

6.2 Majorana Zero Modes with Variational Quantum Eigenvalue Solver

6.2.1 Variational Quantum Eigensolver for the Kitaev Chain

152
153
154
156
160
168
169

7 Numerical Analysis of Majorana Zero Modes in the Semiconducting-

Superconducting Nanowire

7.0.1 Exact Diagonalization in Fermionic Representation . . . . . .
7.0.2 Longer Chains . . . . . . .. .. ... ... ... ... .....
7.0.3 Two Coupled Kitaev Chains . . . . . . .. ... ... .....
7.0.4 Spectral Function . . . . . . .. ... .o

8 Conclusions and perspectives

Bibliography

181
181



List of Figures

2.1
2.2

2.3

2.4

3.1

3.2

3.3

4.1

4.2

The braid generator o;. . . . . . . ... ..o
Fusion tree for three Ising anyons. The figure is read from bottom to
top. The intermediate fusion channel between o; and oo can be either
the vacuum 1 or the fermion v, leading to a two-dimensional fusion
space (94, 95]. . . ...
Fusion-tree basis for an Ising-anyon qubit with total topological charge
fixed to the vacuum: |0) = (01 X 09 — 1) and |1) = (01 X g9 — ) (see,
e.g., [32,95]). . ...
Schematic braid on three Fibonacci anyons (exchange of strands 1 and

2). Adapted from [32]. . . .. ..o

Full energy spectrum of the 3-sites spinless tight-binding Hamiltonian
witht=1and e=05using CL. . . . ... ... ... .. ... ....
Full energy spectrum of the L = 3 spinful tight-binding Hamiltonian
witht=1land e=05using CL. . . . . . ... ... ... ... ....
Schematic flowchart of the VQE optimization loop. . . . . . .. . ..

Plot of the dispersion relation for a 1D p-wave superconductor. The

solid lines correspond to Fi(p) = £4/€(p)? + |A[*p? with m = 1.0,

p = +0.1, |A] = 0.1. The dashed line shows the normal metal case

A = 0. The left figure shows the "strong-pairing phase" where p < 0.

The middle figure is the critical ¢ = 0 case, and the right figure is the
"weak-pairing" phase. . . . .. ...
Dispersion of the Kitaev chain with ¢ = 1 for (left) 4 = 2.5 (trivial),
(middle) p = 2.0 (critical), and (right) p = 0 (topological). Solid lines
show the superconducting quasiparticle bands, while dashed lines show
the normal-state dispersion (A = 0). The transition between trivial

and topological phases occurs when |u| =2¢t. . . . . .. ...

el

22

25

33

58

63
75

103



4.3

4.4

4.5

5.1

5.2

5.3

5.4

5.5

Schematic of Kitaev chain in the Majorana and bond representation,
with non-zero bond Fermions in purple, and the nonlocal zero mode
ay living on the two ends of the chain. Adapted from [163] . . . . . .
Energy spectra of Kitaev chain in normal (left) and bond (right) basis,
where A =t = —1 and g = 0. Energy is normalized to |t|. The energy
spectrum in normal fermions matches the spectrum in bond fermions.
As a result of being in the topological regime, the spectra of even and
odd parity subspaces also match in both bases. . . .. .. ... ...
Probability density ,05-”) = (¢”| c;cj |") of the ground state along a
Kitaev chain of 200 sites. In the trivial phase, p; is delocalized, while

in the topological phase, it is strongly localized at the two ends.

Energy dispersion of an s-wave superconductor (m = 1, p = 0.1,
|A| = 0.1). The solid curves represent E.(p) = +1/e(p)? + |A|?, while
the dashed lines correspond to the normal-state dispersion +e(p). The
characteristic energy scales 2|A| and 2u are indicated. . . . . . . . ..
Band structure (left) as a function of k£ and the normalized density of
states (right) and spin texture (bottom panel) for the SM nanowire
with Zeeman field of strength 10 peV. SOC and p are set to 0. The
energy is in units of pueV. The colour of the energy bands shows the
angle ¢ in the zy-plane, calculated using Eq. (5.27). . . . . . . .. ..
Band structure (left) as a function of k£ and normalized density of
states (right) and spin texture (bottom panel) for the SM nanowire
with Zeeman field of strength 30 peV. The gap between the bands is
larger compared to the case with the Zeeman field of strength 10 ueV
Band structure (left) as a function of k£ and normalized density of states
(right) and spin texture (bottom panel) for the SM nanowire with
spin-orbit coupling of strength ah = 5ueV. uym. Note that the e_ band
is the lower pink line for negative k, and continues as the yellow line
for positive k, whereas the e, band is the top yellow one for negative k,
and pink for positive k. . . . . ..o L
Band structure (left) as a function of k£ and normalized density of
states (right) and spin texture (bottom panel) for the SM nanowire

with Zeeman field of strength 10 peV and ah =5peV. ym. . . . . . .

Xii

113

116

119

124

132

133

134

135



5.6

5.7

5.8

6.1

6.2

6.3

Band structure (left) as a function of & and normalized density of
states (right) and spin texture (bottom panel) for the SM nanowire
with Zeeman field of strength 30 pueV and ah =5pueV. pm. . . . . . .
BdG band structure from Eq. (5.81) for g = 0.5 ueV, ah = 5 peV. pm,
and A = 0.6 u eV. Top: gapped spectrum for V, < /u?2 4+ A2. This
system is in the trivial phase. Middle: gap closing at V, = /u? + AZ.
This is where the topological phase transition occurs. Bottom: gapped
spectrum for V, > y/u2 + A2. This system is in the topological phase.
Electron-sector spin texture of the Bogoliubov-de Gennes bands of the
SM-SC nanowire, in the trivial phase (left) and the topological phase
(right). The top row colours each band by (o,) and the bottom row
by (o,). The colour is the spin of the electron component of each
quasiparticle, normalised by its electron weight. The odd-in-k pattern
of (o,) is the Rashba spin-momentum locking. At k£ = 0 the lowest
band flips its (o,) from negative in the trivial phase to positive in the
topological phase, which is the spin signature of the band inversion.
The parameters are « = 1, A = 0.5, and g = 0 in units A = 2m* = 1,
with V, below and above V= /p2 +|A]2. . . ... ..o

(a) Hexagonal InP nanowire with InAsP quantum dots in contact
with a p-wave superconductor and an external magnetic field, used
for the optical experiment. (b) Parameters of the Hamiltonian. Con-
duction(valence) levels are labeled by ¢;(h;) operators. We use the
conduction level as the reference of energy, so the downward arrow
indicates negative . Reproduced from [75]. . . . .. ... ... ...
Energy spectrum of the interacting Kitaev chain with a single hole
for N = 3 sitesat t = A = —1and g =n = 0 and 7 = 0.3]¢| and
V' = 1.5|t] in bond fermion representation using ED. The spectra are
shown separately in the even-parity (left panel) and odd-parity (right
panel) electronic sectors. Energies are normalized in units of || as a

function of the eigenvalue index. . . . . .. ... ... ... .....
T
i

fermions agﬂ and aZ(T_)l, according to Eq.(6.25). The interaction —Vn¢n?

¢; is a superposition of creation and annihilation operators of two bond

mixes up the two bond fermions according to Eq.(6.27). Note that

when i is one of the two ends, then one of the bond fermions is the zero

mode ay [75]. . . . ..

xiil

135

140

143

154

160

164



6.4

6.5

6.6

6.7

6.8
6.9
6.10

6.11
6.12

Energy spectra of the full Hamiltonian with one hole in the even
subspace, as a function of electron-hole interaction V', for N = 3 dots,
A =tand pu = 0. (left) for the case of localized hole, 7 = 0, (right)
for a mobile hole with 7 = 0.3|t|. The overlap of transparent markers
makes the degenerate levels look darker. The peak energies Fy and Ey
are also shown according to Eq.(6.36a) and Eq.(6.36b) [75]. . . . . . .
(left) The averaged absorption spectrum A(E), and (middle and right)
spatially resolved absorption A4;(E), for A = ¢, = 0, and for N = 3
dots. (top) for a mobile hole with 7 = 0.1|¢|, (bottom) for a localized

hole, 7 = 0, according to the analytic results in Egs. (6.35 and 6.36).

The spectra are plotted against (E — n)/|t| while changing V/|t| on the
y-axis. The bright curves show the location of the peaks as V' changes,
and the color scale shows their heights. Gaussian profile was used for
the peaks with the width ¢ = 0.025/t|. The maximum value of each
peak shows the magnitude of the corresponding matrix element [75]. .
Absorption spectrum for a chain of length N =9, and for A =t, u =
0,V = 10Jt|, and changing 7. (left) The full averaged spectrum A,
(middle) the spatially resolved spectrum for the first dot A;, and (right)
the spatially resolved spectrum for the second dot A,. The bright curves
show the location of the peaks as 7 changes, and the colorscale shows
their heights. Gaussian profile was used for the peaks with the width
o = 0.025|t|. The maximum value of each peak shows the magnitude
of the corresponding matrix element [75]. . . . . . .. ... ... ...
Energy spectrum of the fermionic and spin Hamiltonian in the analytical
solution case. The even (odd) eigenvalue indices correspond to the even
(odd) subspace eigenvalues [77]. . . . . .. ... ... ...
The quantum circuit for the even ansatz with 3 qubits [77]. . . . . . .
The quantum circuit for the odd ansatz with 3 qubits [77]. . . . . ..
Quantum circuit of the efficient SU(2) ansatz with 3 qubits and 1 layer
of linear entanglement [77].. . . . . . .. ... ...
The quantum circuit for the HVA with 3 qubits [77]. . . . .. .. ..
Relative error as a function of the number of parameters for different
ansétze in the analytical solution regime, A =t and p = 0, for a chain

of 10 QDs. The maximum number of layers is 10 [77]. . . . . . . . ..

Xiv

164

166

167

171
173
173

173
173



6.13

6.14

7.1

7.2

7.3

Ground state energy as a function of optimization steps for four ansatze:
Even, Odd, SU2, and HVA, for a chain of 10 QDs. The comparison
highlights the convergence pattern and efficiency of each ansatz in
minimizing the ground state energy. (a) corresponds to the analytical
case with A = ¢t and p = 0, while (b) represents a case outside the
analytical regime but still within the topological phase, with A = 2t
and p = —0.2¢. The optimal number of parameters is used in both
cases from Fig. 6.12 [77]. . . . . . . . .. ...
Relative error in the parameter space for all four ansétze, for a chain of
10 QDs. The choice of the parameters A/|t| and p/|t| is such that the
system remains in the topological phase, using 2000 iterations. The
dark regions indicate areas of lower relative error, with the analytical
solution located at the center of the plots (t = A, p = 0) [77].

Schematic illustration of an InP nanowire hosting an array of embedded
InAsP quantum dots, proximity coupled to an s-wave superconductor
and subjected to a perpendicular magnetic field, chosen to be orthogonal
to the effective Rashba spin orbit coupling and thereby inducing Zeeman
splitting [76]. . . . . . ..
First four energy levels of the SM-SC Hamiltonian in the topological
regime through using ED for a chain with 3 quantum dots, for t =
A=—-1,u=0,a=038, and V, = 1.7, ensuring that the system is in
the topological phase. All parameters and energy levels are normalized
to the unit of . Left panel shows even parity sector and right panel
shows odd parity sector. The energy splitting between states reflects
finite-size effects and hybridization of Majorana edge modes at the
chain boundaries. Without the hybridization, we would have expected
the ground states of the even and odd parity sectors to be the same (or
a doubly-degenerate ground state energy of the entire system). . . . .
Finite size scaling of the even odd parity splitting AE = |EE%™ — Q3|
as a function of number of quantum dots in the chain using DMRG
and the ITensor library [76, 218]. The parameters are chosen to be the

same as in Fig. 7.2. . . . . . .00

XV

178

179

182

185

187



7.4

7.5

7.6

7.7

7.8

7.9

Schematic of the two coupled Kitaev chains (upper for spin down and
lower for spin up) in the Majorana and bond Fermion representation,
with non-zero bond Fermions a;; and aj+ (j # N), and the non local
zero mode positioned at the two ends of the two chains represented as
ayn, and ayy. The couplings between the two chains are shown as red
and blue dashed lines [76]. . . . . .. .. ... ...
First four energy levels of H, showing even (blue) and odd (red) parity
states for the three-site spin down chain. There is perfect matching of
the even and odd energy spectra as H, represents the diagonal form of
the Kitaev Hamiltonian in the topological phase.. . . . . . . . . . ..
First four energy levels of H, showing even (blue) and odd (red) parity
states for the three-site spin up chain. Since H, is in the trivial regime,
the corresponding energy spectra of the even and odd parity subspaces
do not match. . . . .. ...
First four energy levels of the entire Hamiltonian H=H 1+ lffg +H 12
showing even (blue) and odd (red) parity energies for the three-site
spinful chain. There is a small difference in the even and odd parity
energy levels due to the finite system size effect as we include the
coupling between the two spin bands. . . . . ... ... ...
Site resolved spectral functions A;(w) of the down-spin bond Fermions
for chain of N = 3 quantum dots, evaluated at the chain ends and in
the bulk. Low-energy spectral weight is strongly localized at the chain
ends [T6]. . . . . . ..
Site-resolved spectral functions A;(w) of the up-spin bond fermions for
a chain of N = 3 quantum dots, evaluated at the end bond and in

the bulk. The low-energy spectral weight here comes mainly from the

interior bonds, while the end bond contributes only at higher energy.

The overall magnitude is also about two orders smaller. This is the

response of a trivial chain with no edge-localized zero mode [76]. . . .

Xvi

191

198

199

200

202

203



Chapter 1

Introduction

1.1 The Quantum Computing Landscape

The idea of using quantum mechanical systems to perform computation was first pro-
posed by Feynman in 1982, who observed that classical computers face an exponential
overhead when simulating quantum systems, and that a computer operating according
to the laws of quantum mechanics could overcome this limitation [1]. This insight
gave rise to the field of quantum computing (QC), which has since grown into one of
the most active frontiers of modern physics and computer science [2].

A quantum computer operates on quantum bits, or qubits, which unlike their
classical counterparts can exist in a coherent superposition of the basis states |0)
and |1) [2]. More generally, a register of N qubits can simultaneously represent a
superposition of all 2V computational basis states, giving access to an exponentially
large Hilbert space that a classical register of N bits can only traverse sequentially.
A quantum computer harnesses three fundamental quantum mechanical resources:
superposition, which enables parallel exploration of the state space; entanglement,
which generates correlations between qubits that have no classical analogue; and
unitary evolution, which manipulates these states through quantum gates, with the
final result extracted via classical measurement [2, 3].

The potential of this paradigm was made concrete by a series of landmark algo-
rithmic results. Shor’s factoring algorithm [4] demonstrated that a quantum computer
could break Rivest—Shamir—Adleman (RSA) encryption in polynomial time, a task be-
lieved to be classically intractable. Grover’s search algorithm [5] provided a quadratic
speedup for unstructured search problems. Perhaps most directly relevant to the physi-
cal sciences, quantum phase estimation and related algorithms provide the potential for
substantial speedups in simulating quantum many-body systems, with transformative
implications for quantum chemistry, materials design, and drug discovery [6, 7.

The pursuit of practical quantum advantage has driven rapid experimental progress

across a wide variety of physical platforms. These include superconducting transmon



qubits [8], trapped ions [9], photonic circuits [10], spin qubits in semiconductor quantum
dots [11], and neutral atoms in optical tweezer arrays [12]. Each platform offers a
different balance between coherence time, gate fidelity, scalability, and connectivity.
Recent demonstrations of quantum processors with hundreds of qubits have begun
exploring computational regimes that challenge classical simulation [13].

Yet, the path from today’s noisy devices to a large-scale, programmable quantum
computers remain formidable. As quantum circuits scale to larger sizes, their per-
formance is increasingly limited by quantum decoherence, the inevitable leakage of
quantum information into environmental degrees of freedom, which collapses coherent
superpositions into classical mixtures on a timescale set by the system’s coherence
time [14, 15]. Beyond decoherence, practical systems suffer from imperfect gate opera-
tions [16], leakage to non-computational states [17], and crosstalk between qubits [18].
Collectively, these noise processes impose a hard limit on the depth of quantum circuits
that can be executed reliably, and therefore on the complexity of computations that
can be performed. We are presently in the Noisy Intermediate-Scale Quantum (NISQ)
era [13], a regime of devices with tens to hundreds of physical qubits that operate
without full quantum error correction, powerful enough to explore near-term appli-
cations but not yet capable of running the deep circuits required by transformative
algorithms such as Shor’s.

Overcoming these limitations requires fault-tolerant quantum computation, the
ability to perform arbitrarily long quantum computations in the presence of noise [19,
20]. Standard approaches to fault tolerance, such as the surface code [21], rely on
encoding a single logical qubit in many physical qubits and performing error detection
and correction at every step of the computation. While these schemes are in principle
scalable, their overhead is enormous. Estimates for practically useful algorithms
suggest the need for thousands of physical qubits per logical qubit at the error rates
achievable today [20]. This resource burden motivates the search for an alternative
paradigm, one in which qubits are intrinsically protected against local errors by the

laws of physics rather than by active correction.

1.2 The Problem of Fault-Tolerance

The concept of fault-tolerant quantum computation addresses a fundamental question:
can a quantum computer perform a reliable computation of arbitrary length, even when
every physical component is noisy [19, 22]? The answer, established by the quantum

threshold theorem [19, 22|, is yes, provided that the noise affecting each physical



operation falls below a critical threshold value. Below this threshold, errors can be
suppressed to arbitrarily low levels by encoding logical qubits redundantly across
many physical qubits and by performing error correction continuously throughout the
computation [2, 19, 22].

Classical computers have long employed error correction, a bit can be protected
simply by tripling it and taking a majority vote [23]. Quantum error correction is
considerably more subtle, for three reasons rooted in the laws of quantum mechanics [2].
First, quantum states cannot be copied: the no-cloning theorem forbids the duplication
of an unknown quantum state, ruling out the straightforward classical strategy [24].
Second, quantum errors are continuous; unlike a classical bit-flip, a qubit can suffer
an error of any magnitude and in any direction on the Bloch sphere [2]. Third, any
attempt to measure the state of a qubit to diagnose its errors will in general disturb
the very quantum information one is trying to protect [2]. The resolution to all
three obstacles lies in encoding quantum information non-locally across an entangled
register of physical qubits, measuring only collective stabilizer operators that reveal
the syndrome of any error without exposing the encoded information [2, 25].

Among the many quantum error-correcting codes that have been developed, the
surface code [21] stands out as the leading candidate for near-term fault-tolerant
hardware, owing to its high-threshold error rate (approximately 1% per gate) and
its requirement of only local, nearest-neighbour interactions on a two-dimensional
qubit array. The surface code and related topological stabilizer codes [26] achieve
their resilience by distributing logical information across the global topology of the
code, so that any local error affects only a correctable syndrome. Here, the Clifford
gates, generated by the Hadamard, phase, and CNOT gates, are those mapping the
Pauli group to itself under conjugation; by the Gottesman-Knill theorem, circuits
built solely from them can classically be simulated and hence not universal [2, 27]. A
non-Clifford gate, such as the T’ gate T' = diag(1, ¢™/*), lies outside this group, and
adding one to the Clifford set suffices for universal quantum computation [2].

Fault-tolerant implementations of non-Clifford gates, which are necessary for
universal quantum computation [28], incur additional overhead through resource-
intensive procedures such as magic state distillation [29], further multiplying the
physical qubit count.

The combined effect of all these overheads is severe. The most recent resource
estimates indicate that factoring a cryptographically relevant 2048-bit RSA integer
with Shor’s algorithm would require on the order of one million noisy physical qubits

running for several days, and even this figure represents a roughly twenty-fold reduction



in the estimated qubit count achieved between 2019 and 2025 through algorithmic
and error-correction improvements [30, 31]. Since current devices operate at the scale
of hundreds to a few thousand noisy physical qubits, a fully fault-tolerant quantum
computer capable of breaking real-world encryption remains far beyond the reach of
current hardware [31]. This sobering assessment has stimulated intense interest in
approaches that reduce or eliminate the need for active error correction by engineering
qubits that are passively protected against noise at the physical level [26, 32, 33].
The central idea behind passive protection is to encode quantum information not
in the fragile state of any single physical component, but in a global degree of freedom
of a many-body quantum system, one that is invisible to any local perturbation. If
the logical qubit is stored in a global property of the system that cannot be altered
by any local perturbation, then the dominant source of errors in realistic devices
is automatically suppressed, exponentially in the system size [26, 32]. This is the
operating principle of topological quantum computing; rather than correcting errors
after they occur, the encoding itself makes the logical qubit immune to them [26, 32,
34]. The physical systems capable of realizing this vision are topological phases of
matter [35, 36], and the exotic quasiparticles they host, non-Abelian anyons, serve as

the hardware for topologically protected qubits [26, 32, 34].

1.3 Topological Quantum Computing and Majo-

rana Zero Modes

Topological Phases of Matter and the Role of Geometry

The notion that quantum information could be stored in the global, topological prop-
erties of a many-body system was placed on a firm theoretical footing by Kitaev [26],
building on earlier ideas connecting topology and quantum statistics [37, 38]. The
key insight is that the dimensionality of space has profound consequences for how
quantum particles can behave. In two spatial dimensions, the topological properties of
particles are fundamentally richer than in three dimensions, giving rise to an entirely
new class of quantum particles called anyons, whose exchange properties have no
three-dimensional analogue [32, 38].

The central property of a topological phase of matter is that it harbours a ground
state degeneracy that is globally protected, meaning that the degenerate ground states
cannot be distinguished by any local measurement, and no local perturbation can

induce transitions between them [26, 32, 35]. This is in sharp contrast to conventional
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ordered phases, where the ground state is selected by local order parameters and is
readily perturbed by local noise. In a topological phase, quantum information encoded
in the degenerate ground state manifold is therefore intrinsically protected against
the local errors that plague conventional qubit architectures [26, 39].

Topological quantum computing exploits this structure directly [26, 34, 40]. Quan-
tum information is encoded in the ground-state space of a topological system hosting
a collection of exotic quasiparticles, and quantum gates are executed by adiabatically
exchanging or "braiding" pairs of these quasiparticles. The outcome of such a braiding
operation depends only on the topology of the exchange sequence. Gate errors due to
environmental noise are therefore exponentially suppressed in the ratio of the bulk
energy gap to the temperature [26, 32, 34]. The physical systems capable of realizing
this vision support non-Abelian quasiparticles [41, 42] whose braiding implements
non-trivial unitary operations on the ground-state manifold [32, 43], and these quasi-
particles serve as the hardware for topologically protected qubits [26, 33, 34]. The
most experimentally accessible and extensively studied candidates are Majorana zero
modes [44-47]. A Majorana fermion is a particle that is its own antiparticle, first
conceived by Ettore Majorana in 1937 as a real solution to the Dirac equation [48].
While fundamental Majorana fermions have not been observed in high-energy physics,
their condensed-matter analogues Majorana zero modes (MZMs) emerge as zero-energy
quasiparticle excitations localized at the boundaries of certain superconducting sys-
tems [44, 49, 50]. MZMs arise in pairs. Two spatially separated MZMs encode a single
non-local conventional fermion. The two degenerate ground states corresponding to
this fermion being empty or occupied differ in fermion parity but are otherwise identical
in energy [32, 50]. This non-local encoding is the source of the topological protection.
Any local perturbation couples only to one of the two MZMs at a time, and because
a single Majorana operator cannot change the fermion parity of the state, it cannot
induce transitions between the ground states [33, 50]. The energy splitting between
the two ground states is exponentially small in the separation between the two MZMs
divided by the superconducting coherence length, vanishing in the thermodynamic
limit [46, 50]. This means that in a sufficiently long wire, the two ground states are
effectively degenerate, and the topological qubit encoded in them is well protected
against any local source of noise or decoherence. This degeneracy, however, is only one
of the two ingredients required for protection. The ground-state manifold is separated
from all excited states by a finite topological gap Fgap, defined as the minimum energy
needed to create a bulk quasiparticle excitation above the manifold. The two re-

quirements are complementary: the exponentially small ground-state splitting ensures



that local operators cannot mix the two qubit states, while the finite topological gap
ensures that no local perturbation or thermal fluctuation with energy below Eg,, can
excite the system out of the ground-state manifold. The encoded qubit is therefore
isolated both from itself, by the exponentially small splitting, and from the rest of
the spectrum, by the topological gap with residual errors suppressed exponentially in
the ratio Eg,p/kpT [26, 32, 34]. For the systems studied in this thesis, Ey,, is of the
order of the induced superconducting gap, typically ~ 0.1 meV (~ 1 K), so that at
the millikelvin operating temperatures of dilution refrigerators this ratio is large.
Several properties make MZMs uniquely attractive as a platform for TQC. Their
topological protection is intrinsic, i.e, the non-local fermionic qubit formed by a pair
of MZMs is strongly protected against local perturbations, since no local operator can
distinguish the two ground states [32, 50]. MZMs are predicted to arise in a variety of
solid-state systems that can be engineered and controlled in the laboratory, providing
a realistic experimental target. Their zero-energy pinning inside the bulk gap produces
distinctive, detectable signatures in spectroscopic and transport measurements [51-53],
giving a clear route to experimental verification. These properties have made the
search for and manipulation of MZMs one of the most active areas in condensed matter
physics over the past two decades [46, 47, 54], and they provide the central motivation

for the theoretical and numerical investigations that constitute this thesis.

1.4 Physical Platforms for Majorana Zero Modes

The theoretical prediction of MZMs in condensed matter systems has motivated an
extensive experimental effort to engineer and detect them in the laboratory [44-46,
49, 50]. The common ingredient across all platforms is topological superconductivity,
a phase of matter in which the superconducting pairing has a non-trivial topological
character, giving rise to a bulk energy gap and protected zero-energy modes at the
boundaries [49, 50, 55]. While intrinsic topological superconductors are rare in nature,
a key insight that has driven the field is that topological superconductivity can be
engineered by combining conventional materials, ordinary superconductors, semicon-

ductors, magnets, and topological insulators in carefully designed heterostructures [56—
58].



The Kitaev Chain

The conceptual starting point for all MZM platforms is the Kitaev chain, a theoretical
model proposed by Kitaev in 2001 [50]. It describes a one-dimensional wire of spinless
electrons coupled by spinless p-wave superconducting pairing between neighbouring
sites. In a certain regime of parameters, this simple model enters a topological phase
in which an unpaired Majorana is localized at each end of the wire, while the bulk
of the chain remains fully gapped. Despite its simplicity, the Kitaev chain captures
the essential physics of topological superconductivity and serves as the theoretical
benchmark against which all more realistic platforms are measured [33, 44, 45, 50].
The practical obstacle to directly realizing the Kitaev chain is that p-wave super-
conductivity does not occur naturally in most materials. For more than two decades,
SroRuO, was the leading candidate intrinsic chiral p-wave superconductor [59]. How-
ever, recent 'O nuclear magnetic resonance measurements have observed a pronounced
drop in the spin susceptibility below T [60], incompatible with the odd-parity (triplet)
pairing required for a p-wave state, and subsequent work has placed constraints tight
enough to exclude essentially all pure p-wave order parameters [61]. While the precise
pairing symmetry of SroRuQO,4 remains unresolved, it is now widely regarded as unlikely
to be a p-wave superconductor. The scarcity of robust intrinsic p-wave supercon-
ductivity, even in its most intensively studied candidate, motivates the engineered

(synthetic) route to topological superconductivity described below.

Semiconductor-Superconductor Nanowires

The most extensively studied experimental platform is the semiconducting-superconducting
(SM-SC) nanowire, proposed independently by Lutchyn et al. [57] and Oreg et al. [58]
in 2010. In a conventional s-wave superconductor, the most common type, in which
electrons with opposite spins pair up to form Cooper pairs, the pairing is topologically
trivial and does not support MZMs [62]. What is needed instead is p-wave supercon-
ductivity, in which electrons of the same spin pair up, giving rise to a topologically
non-trivial pairing that can host MZMs [49, 50]. While intrinsic p-wave superconduc-
tors are rare and difficult to work with, the key insight of Lutchyn et al. and Oreg
et al. is that p-wave-like pairing can be engineered by placing an ordinary s-wave
superconductor in close proximity to a semiconductor nanowire with strong spin-orbit
coupling and subjecting it to a magnetic field [57, 58]. The spin-orbit coupling mixes
spin-up and spin-down electrons, while the magnetic field lifts their degeneracy through

the Zeeman effect. Together, these two ingredients effectively transform the s-wave



pairing of the superconductor into p-wave-like pairing in the nanowire through the
superconducting proximity effect. When the magnetic field exceeds a critical value,
the system undergoes a topological phase transition and MZMs appear at the two
ends of the nanowire [44, 57, 58].

This proposal triggered a wave of experimental activity. The first reported sig-
natures of MZMs came from the Kouwenhoven group at Delft in 2012, using InSb
nanowires coupled to a NbTiN superconductor [52]. The experiment observed a zero-
bias conductance peak in tunnelling spectroscopy, a hallmark of a zero-energy bound
state at the wire’s end that emerged when the magnetic field exceeded the predicted
topological threshold. These early measurements reported zero-bias conductance peaks
consistent with Majorana zero modes, but did not constitute unambiguous proof. Sub-
sequent experiments on similar InAs and InSb nanowire devices reported increasingly
robust zero-bias peaks [63], and more recently, near-quantized conductance values
consistent with theoretical predictions for MZMs [47]. Proposals [64] and experimental
realizations of minimal Kitaev chains assembled from just two quantum dots coupled
by a superconductor have further advanced the field [64, 65]. However, a later claim
of quantized Majorana conductance was retracted in 2021 after inconsistencies were
identified in the data analysis [66], and it is now widely recognized that a zero-bias
peak alone is not a definitive signature, since trivial Andreev bound states can produce
strikingly similar features. This experience underscores the need for complementary
and more discriminating detection strategies, which forms part of the motivation for

the present thesis.

1.5 The Many-Body Problem and Zero Mode De-

tection

The theoretical and numerical study of topological systems hosting MZMs presents two
fundamental challenges that run throughout this thesis. The first is computational in
nature: topological superconductors are interacting quantum many-body systems, and
simulating them exactly becomes rapidly intractable as the system size grows [67-69].
This intractability is a fundamental consequence of quantum mechanics; the dimension
of the Hilbert space grows exponentially with the number of particles, making an exact
description computationally expensive [2]. The second is experimental. Even once a
topological phase has been identified theoretically, detecting its hallmark MZMs in a
real device is far from straightforward [46, 47, 53, 70]. We discuss each challenge in



turn.

The Many-Body Problem

A quantum system of N interacting particles is described by a wave function that
lives in a Hilbert space whose dimension grows exponentially with N [2, 69, 71]. For
a chain of N fermionic sites, each of which can be occupied or empty, the number
of independent quantum states is 2. Even for a modest chain of N = 50 sites,
this already exceeds 10'° states, far beyond what can be stored or manipulated on
any classical computer [2, 67]. This exponential wall is the central obstacle in the
theoretical study of quantum many-body systems [67, 68], and it is not merely a
limitation of current hardware, but it is a fundamental consequence of quantum
mechanics itself [1, 2].

In the context of topological systems, this challenge manifests in several ways.
Computing the energy spectrum of a topological chain, which is essential for identifying
the topological phase and detecting the zero-energy regime requires diagonalizing a
Hamiltonian matrix whose size grows exponentially with the chain length [67, 72, 73].

The system size and the visibility of topological features are among the factors
that contribute to the choice of the numerical method throughout this thesis. A key
message that emerges from our calculations is that the choice of numerical method

must be carefully matched to the physical regime of interest.

The Detection of Majorana Zero Modes

A second and equally important problem is how to detect MZMs in an experiment.
The difficulty stems from the property that makes MZMs attractive for quantum
computing, which is their non-local character [32, 33, 50]. Because the quantum
information stored in a pair of MZMs is distributed across the entire system, no
single local measurement can directly reveal it [32, 50]. Instead, one must rely on
indirect signatures such as observable quantities that are sensitive to the presence
of zero-energy boundary modes, and which can be calculated theoretically and then
compared with experiment [45, 46, 53, 74].

The most widely used experimental probe to date is tunnelling spectroscopy.
It is based on measuring the differential conductance at the end of a nanowire as
a function of bias voltage. A MZM localized at the wire ends produces a sharp
peak in the conductance at zero bias voltage, the so-called zero-bias peak, because

it provides a resonant channel for electrons to tunnel into the superconductor via



Andreev reflection [51, 52]. In the ideal limit of a perfectly separated MZM, this
peak is predicted to be quantized [51]. This signature has been observed in numerous
experiments [47, 52, 63], and has been widely interpreted as evidence for MZMs.

However, as discussed in the previous section, a zero-bias peak is not uniquely
diagnostic of a topological MZM. Trivial subgap states such as Andreev bound states,
which can form near the wire ends due to disorder or smooth confinement potentials,
produce strikingly similar conductance features [46, 53|. Distinguishing between
the two cases is experimentally demanding and has been the source of considerable
controversy in the field [47, 70]. What is needed are additional theoretical tools that go
beyond the zero-bias peak and provide complementary, more discriminating signatures
of the topological phase [33, 46, 47, 53, 70].

This thesis contributes to this effort in two directions. The first is the development
of an optical detection scheme based on excitonic spectroscopy. It works by adding an
electron-hole pair to the topological system and studying the resulting absorption spec-
trum. We show that MZMs created by photon absorption leave distinctive fingerprints
in the optical response of the system, including characteristic peak splittings and
edge-localized intensity patterns that are directly accessible in optical measurements
on InAsP quantum dot nanowires [75]. The second is the calculation of the local
spectral function of the semiconducting-superconducting nanowire, which provides a
spatially resolved map of the low-energy quasiparticle excitations and reveals the edge
localization of the zero-energy mode in a manner directly analogous to the zero-bias

conductance peaks sought in tunnelling experiments [76].

1.6 Thesis Contributions and Outline

The contents of this thesis are based on research published in peer-reviewed journals
and a manuscript currently under peer review. A list of manuscripts related to this

thesis is:

1. M. Mohseni, H. Allami, D. Miravet, D. J. Gayowsky, M. Korkusinski, and P.
Hawrylak, “Majorana Excitons in a Kitaev Chain of Semiconductor Quantum
Dots in a Nanowire,” Nanomaterials, vol. 13, no. 16, p. 2293, 2023. [75]

2. M. Mohseni, I. Cunha, D. Miravet, A. Wania Rodrigues, H. Allami, I. Assi, M.
Korkusinski, and P. Hawrylak, “Designing Majorana Quasiparticles in InAsP
Quantum Dots in InP Nanowires with Variational Quantum Eigenvalue Solver,”

physica status solidi (b), vol. 262, no. 7, p. 2400552, 2025. [77]
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3. M. Islam, M. Mohseni, I. Assi, D. Miravet, and P. Hawrylak, “Majorana
Fermions in Spin Up and Down Electronic Complexes in Spin-Orbit Coupled
Array of Semiconductor Quantum Dots in Proximity to s-type Superconductor
and in Magnetic Field,” arXiv preprint, arXiv:2601.14527, 2026. [76]

Figures 4.3, 4.4, 6.1, 6.3, 6.4, 6.5, 6.6, 6.7, 6.12, 6.13, 6.14, 7.1, 7.3, 7.4, and 7.8
are reused from the publications.

After reviewing the basics of topological quantum computing in Chapter 2, we
provide a self-contained development of the methods employed throughout the thesis
in Chapter 3. We introduce the configuration interaction approach, illustrated on
spinless and spinful tight-binding chains. We develop the Hartree-Fock mean-field
approximation as a computationally efficient complement to exact methods. We then
present the variational quantum eigensolver in detail, including the Jordan-Wigner
transformation that maps fermionic Hamiltonians onto spin operators, the construction
of physically motivated variational ansatze, and the classical optimization strategies
used to minimize the energy. Finally, we introduce the density matrix renormalization
group and its formulation in terms of matrix product states, which underpins our
treatment of longer chains in later chapters.

Our first main contribution concerns the Kitaev chain and its topological properties.
In Chapter 4, we establish an exact analytical and numerical characterization of the
Kitaev model by working in the Majorana and bond fermion representations. We show
that a bond fermion transformation diagonalizes the Kitaev Hamiltonian exactly in
the topological regime, making the non-local character of the zero modes transparent
and providing an analytical benchmark for all subsequent numerical work. Through
exact diagonalization, we compute the full energy spectrum of the chain as a function
of the Hamiltonian parameters and demonstrate the emergence of zero-energy states
as the system is tuned across the topological phase transition. We complement this
with a probability density analysis that directly visualizes the spatial localization of
the MZMs at the chain ends in the topological phase. This exact solution identifies
the topological phase, and explains why MZMs are robust against local perturbations.

Chapter 5 extends the analysis to the semiconducting-superconducting nanowire.
Starting from the Bogoliubov-de-Gennes (BdG) Hamiltonian for a semiconductor
nanowire with spin-orbit coupling and Zeeman splitting in proximity to an s-wave
superconductor, we carry out a systematic study of the band structure of this system.
We examine the effects of each physical ingredient, the Zeeman field, spin-orbit coupling,
and superconducting pairing on the band structure and spin texture of the nanowire,

and show how their interplay drives the system through a topological phase transition.
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We identify the precise condition on the Hamiltonian parameters under which the
gap closes and reopens in a topologically non-trivial fashion, and demonstrate the
emergence of MZMs in the open-boundary spectrum. This analysis establishes a clear
and quantitative connection between the microscopic parameters of the device and
the topological phase diagram, which is essential for guiding experimental efforts.

In the first part of Chapter 6, we introduce the optical detection scheme based on
optical spectroscopy [75]. We model an InAsP quantum dot nanowire in proximity
to a p-wave superconductor and add an excitonic interaction to the Kitaev chain
by coupling a mobile or localized hole to the electronic degrees of freedom. Using
exact diagonalization in the bond fermion representation, we calculate the absorption
spectrum of this interacting system. We show the characteristic peak splittings and
edge-localized intensity patterns that are qualitatively distinct from the response of
the trivial phase and are related to MZMs. For the case of a localized hole we derive
an analytical solution for the absorption spectrum that is valid for chains of arbitrary
length, enabling the results to be directly compared with optical measurements without
requiring large-scale numerical simulations. This work introduces optical spectroscopy
as a new tool in the MZM detection toolkit.

The second part of Chapter 6 addresses the question of whether near-term quantum
computers can be used to simulate topological phases of matter. We apply the
variational quantum eigensolver to the Kitaev chain, constructing symmetry-adapted
variational ansatze that respect the parity structure of the Hamiltonian and are
therefore capable of correctly capturing the ground-state degeneracy of the topological
phase [77]. We benchmark four ansitze including physically motivated and hardware-
efficient designs against the exact solution, demonstrating that a suitably constructed
VQE reliably reproduces the ground-state energy throughout the topological phase.
We further map out the performance of each ansatz across the topological phase
diagram, identifying the parameter regimes where each approach is most effective.
This work establishes a concrete framework for quantum simulation of topological
matter on near-term quantum hardware, and points toward a route for extending
quantum algorithmic methods to experimentally relevant topological platforms.

Chapter 7 returns to the SM-SC nanowire and develops a comprehensive numerical
analysis of its many-body spectrum [76]. We begin with exact diagonalization of
short chains and demonstrate the emergence of near-degenerate even and odd parity
ground states in the topological regime, a direct signature of the MZMs. We then
address the finite-size limitation of exact diagonalization by employing density matrix

renormalization group (DMRG) to study longer chains, and perform a finite-size
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scaling analysis of the parity splitting that reveals the minimum chain length required
for the topological features to become clearly visible. We introduce an exact analytical
mapping between the SM-SC model and a pair of coupled Kitaev chains, which
makes the connection between the two topological platforms explicit and provides an
analytical handle on the conditions required for MZMs to form. Using this mapping,
we calculate the local spectral function of the system by exact diagonalization, and
show that it displays a sharp low-energy peak exclusively at the chain boundaries,
which is a direct numerical counterpart of the zero-bias conductance peaks sought in
tunnelling experiments, and a spatially resolved confirmation of the edge localization
of the MZMs.

Taken together, the contributions of this thesis advance the field of topological
quantum matter in three interconnected directions. First, we provide exact analytical
and numerical benchmarks for two canonical MZM platforms, the Kitaev chain and
the SM-SC nanowire that clarify the conditions for topological behaviour and establish
reliable reference points for future theoretical and experimental work. Second, we
introduce and develop two new detection strategies for MZMs, optical excitonic
spectroscopy and the local spectral function that go beyond the standard zero-bias
peak and bring the theoretical analysis into direct contact with experiment. Third,
we demonstrate that hybrid quantum-classical algorithms are capable of correctly
capturing the topological ground state of the Kitaev chain, opening a concrete path
toward quantum simulation of topological phases on near-term quantum hardware.
Together, these results lower the barrier between theoretical models of topological

matter and the experimental and computational tools available to probe them.
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Chapter 2

Topological Quantum Computing

In this chapter, we introduce topological quantum computing (TQC) with non-abelian
anyons, quasiparticles that are generalizations of bosons and fermions [26, 32]. TQC
is considered as a promising fault-tolerant version of quantum computing (QC) [34].
This is done through storing the information in the geometrical features of the system,
which are robust against local errors. We begin by discussing the limitations of QC,
then defining the basics of anyons and their statistics [32, 34]. We then show how
non-Abelian anyons are used for TQC. Next, we introduce a promising candidate for
realizing non-Abelian anyons: Majorana zero modes (MZM)s [54, 78]. We conclude
the chapter by giving examples of systems that host MZMs [32, 79]. These will serve

as motivation for all the work that follows.

2.1 DMotivation and Limitations of Quantum Com-
puting

The ultimate goal of QC is to build a real-world quantum computer with, for example,
a few million logical quantum bits (qubits) to provide us with capabilities to solve
computationally challenging tasks, such as simulating quantum systems for chemistry
and material science [26, 80]. A quantum computer, in principle, uses the quantum
mechanical resources of linear superposition, unitary evolution, and the exponentially
large Hilbert space of the entangled and non-entangled states; however the final
read-out process is still a classical measurement [3, 20].

When scaling up to larger scales, many problems appear, such as interconnectivity,
leaking, and most importantly, quantum decoherence: a physical system will remain
in a coherent superposition of states only for a finite and short coherence time
(compared to the quantum gates operation time) [14, 81]. Any interaction with the
rest of the world or any measurement that leads phenomena such as wavefunction

collapse will decohere the system [2, 15, 82]. Apart from decoherence, there are also
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coherent sources of error such as leakage error [17] and crosstalk error [18], to name a
few. This leads to the concept of quantum error correction, or fault-tolerant
quantum computation. Error correction looks to detect and correct both coherent
and decoherent sources of error [19]. In other words, quantum decoherence is the noise
in quantum computation and error correction minimizes or eliminates the noise in the
computer [19, 83-85] . On the other hand, there exists other alternatives, which do
not try to make the system noiseless, but instead, they make it immune to the usual
sources of quantum decoherence. One of these approaches is topological quantum
computation [32, 86, 87| . In TQC, quantum decoherence becomes irrelevant due to
the globally robust topological nature of the computation.

As proposed by Alexi Kitaev in 2003, if a physical system has topological degrees
of freedom that are insensitive to local perturbations, then information contained in
those degrees of freedom would be intrinsically protected against errors caused by
local interactions with the environment [26]. The topological degrees of freedom refer
to the fundamental, irreducible components of a system that cannot be continuously
altered or eliminated while preserving the system’s essential topological structure [39] .
Most physical systems have local degrees of freedom that react to local perturbations
[88] . Take the famous 2-level spin quantum system used to represent the so-called
qubit [11] , in particular, the spin-up |1) and spin-down ||) states of an electron in a
magnetic field. Any variation in the local magnetic field B(¢) alters the Zeeman energy
splitting between these two states, thereby changing the relative phase between them.

The qubit is defined as:

0y =1, H=H. (2.1)
The Hamiltonian for a spin—% particle in a magnetic field is given by
H=—-~S" B, (2.2)

where ~ is the gyromagnetic ratio and S is the vector of spin operators. Fluctuations
or inhomogeneities in the magnetic field lead to changes in the Zeeman splitting, which
will be given by AF = hyB, if we take the magnetic field along z-axis. This in turn

modifies the relative phase between the two spin states in the superposition

[0(t)) = cre™™ 1) + cpe ™ L), (2.3)

with wy —w) = 7B,. Such variations cause dephasing in the qubit’s superposition,
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representing a key source of decoherence in spin-based quantum systems [11]. So
at first sight the TQC solution does not sound too realistic until we recall that
condensed phases of matter do exist that are insensitive to local perturbations that
are called "topological phases" that are topologically invariant at low temperatures.
A topological phase is a gapped quantum phase of matter whose long wavelength,
low-energy properties are invariant under any smooth local deformation that does
not close the bulk gap [35] . Illustratively, topological phases are special quantum
states of matter whose global properties remain unchanged even if you gently distort
the system, as long as you don’t cause a phase transition (i.e., close the energy gap
between the ground and excited states). “Gapped” means there’s a finite energy gap

between the ground state and the first excited state:
Egp =FE1 —Ey >0 (2.4)

Because of this gap, low-energy excitations (with energy £ < E,,, ) cannot easily
excite the system, so the system is stable. Moreover, long wavelength means the
system is being probed over large distances, much larger than the atomic spacing a of

your system. For a wavevector k,

2
A= % > a. (2.5)

Low energy excitations correspond to slow, collective modes of the system (not atomic
vibrations or microscopic fluctuations). At these scales, as the distance between two
particles (say fermions for instance) is changed by stretching the system, the other

fermions in the system will rearrange themselves so as to keep the energy unchanged.

2.2 Basics of Anyons and Braiding Statistics

2.2.1 Topology of 34+1 and 241 dimensional Spaces

In quantum mechanics, the statistical properties of identical particles are determined by
how their many-body wavefunction transforms under particle exchange [37] . Particles
in (3+1) spatial+time dimensional systems are categorized into two groups, namely
bosons and fermions. This essentially describes the two possible symmetries of a

many-body system wave function. Under the exchange of any two particles, the
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bosonic wave function remains symmetric,

Y(r1,T2) = P(r2,11), (2.6)

while that of fermions is anti-symmetric,

Y(r1,r2) = —(r, 11). (2.7)

The symmetry of the wave function leads to many prominent features, such as the
Pauli principle, superfluidity, the metallic state, and Bose-Einstein condensation, to
name a few [89] . For bosons and fermions in three dimensions (3D), interchanging
twice corresponds to a 27 rotation of one particle around the other, since rotations
in 3D are topologically trivial (one can continuously deform a loop to a point). If
we denote each interchange by €% for 6 being an arbitrary angle, the acquired phase
after interchanging twice becomes €2 = 1. This is topologically equivalent to the
case where none of the particles move at all, and the wave function remains unaltered
by two such interchanges of particles.

In the language of path integral, we consider all possible trajectories in (3+1)
dimensions that take N particles from initial positions Ri, R, ..., Ry at time ¢; to
final positions R}, R), ..., R}y at time t;. When the particles are distinguishable, all
trajectories can be continuously deformed into the trajectory in which the particles do
not move at all. However, when the particles are indistinguishable, the permutation
group Sy will classify each trajectory [90]. The group Sy contains all N! possible
permutations of NV identical particles, and each element of Sy represents a distinct
way of exchanging particle positions, specifying how the initial positions are permuted
to obtain the final positions. In quantum mechanics, the representation of Sy under
which the many-body wavefunction transforms determines the quantum statistics of
the particles: symmetric representations correspond to bosons, antisymmetric ones to
fermions [37, 38].

Now we focus on (2+1) dimensional systems. A particle loop that encircles another
particle in 2d cannot be deformed to a point without cutting through the other
particle. As a result, the trajectory of double interchange is nontrivial, and the system
does not necessarily come back to the same initial state. This is the basis of the
(2+1)d statistics, which is called "braiding statistics", and the particles that obey these
statistics are called "anyons" [32] . Let us denote the operation of exchanging particles
1 and 7 + 1 with the operator o;, illustrated in Fig. 2.1.. By convention we choose

the exchange to be counterclockwise through the operator o;. These exchanges form
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Figure 2.1: The braid generator ¢; exchanges neighbouring particles ¢ and 7 4+ 1. Time
flows upward, so each line is the worldline of a particle. By convention o; denotes
the counterclockwise exchange; here strand i+1 passes over strand i. The inverse o; '
corresponds to the opposite (clockwise) crossing, in which strand i+1 passes under.
In contrast to a transposition in the permutation group, a double exchange o? leaves
both particles in their original positions but is a non-trivial braid that cannot be
undone in the plane, i.e. o7 # 1.

the braid group By, which differs fundamentally from the permutation group. For N

particles, the braid group is generated by o1, 09,...,0n5_1 and obeys the relations

o0,0; =0;0; forli—j|>1
j j | | (2.8)

0i0i+10; = 0;410;041.

Unlike the permutation group, o2 # 1, allowing more general representations [80, 91].

2.2.2 Abelian and non-Abelian Anyons

There are two categories of anyons, Abelian and non-Abelian. For Abelian anyons,
the effect of an exchange is a global phase 0 [32]. When two anyons are exchanged,

the wavefunction transforms as

Y(ry,1y) = eeh(ry,11). (2.9)
Performing the exchange twice gives

P(ry,19) = 2ih(ry, 1s). (2.10)

Bosons correspond to 6 = 0, fermions to §# = 7, and anyons have 0 < 6 < 7 [38] .
In general, the topological interaction between anyons of different types a and b is
encoded by mutual statistics 0, the phase acquired when anyon of type a encircles

anyon of type b. These phases define the statistics and can be fractional, which
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underpins phenomena like the fractional quantum Hall effect [92].

In addition to Abelian anyons, there exist non-Abelian anyons whose exchange op-
erations correspond to non-commuting unitary transformations acting on a degenerate
ground-state manifold. In such systems, the many-body wavefunction does not simply
pick up a scalar phase e upon particle exchange; instead, the system’s state vector is
rotated within a multidimensional Hilbert space that depends on the braiding history
of the particles. Consequently, successive exchanges of non-Abelian anyons do not,
in general, commute, giving rise to rich topological quantum statistics distinct from
both bosons, fermions, and Abelian anyons.

The presence of non-Abelian anyons implies that the ground state of the system
is degenerate. This degeneracy arises because different exchanges of anyons, known
as fusion channels, correspond to orthogonal ground states with identical energy, as
long as the particles remain spatially well separated and the bulk energy gap remains
open. Since no local operator can distinguish between these globally different fusion
outcomes, the degeneracy is intrinsically robust against local perturbations. The
collection of these degenerate ground states forms a finite-dimensional Hilbert space in
which the braiding operations are represented by unitary matrices and act as unitary
transformations [32, 41, 93].

Suppose there are g-fold degenerate ground states {1, }?_, associated with a fixed
configuration of non-Abelian anyons. When the two neighbouring anyons at positions
1 and 7+ 1 are exchanged, the system remains in the degenerate ground-state manifold,

but the wavefunction undergoes a nontrivial unitary transformation described by

g
Yo = D p(0i)as Vs, (2.11)
p=1

where o; is the braid generator introduced above, which exchanges the anyons in
positions ¢ and ¢ + 1 (with ¢ = 1,..., N — 1 for N anyons), and p(o;) € U(g) is its
unitary representation. It is important to distinguish the two index families appearing
here: the positional index i specifies which adjacent pair of anyons is braided, whereas
the indices o, B =1, ..., g label the basis states of the g-fold degenerate ground-state
manifold on which the matrix p(o;) acts. The matrices p(o;) act on the g-dimensional
Hilbert space spanned by the degenerate ground states. Since p is a representation

(a group homomorphism) of the braid group By, these matrices inherit the braid
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relations,

p(ai) ploj) = p(a;) p(oi) for [i —j] > 1, (2.12)

p(03) p(ois1) p(oi) = p(oir1) ploi) p(oit).

Physically, the set of all unitary operations that can be realised by adiabatically
braiding the N anyons is the image of the representation p, i.e. the subgroup of U(g)
generated by the braid matrices p(o;):

p(Br) = (1), p(o2), ... plon-1) ) € Ulg), (2.13)

that is, all unitary transformations obtainable by composing the elementary braids.
The explicit form of p(o;) (and hence U(g)) depends on the underlying topological
field theory that describes the anyons, such as SU(2); Chern—Simons theory, the Ising
anyon model, or the Moore-Read state in the fractional quantum Hall effect [32, 41,
42]. In practice, these matrices are obtained by solving the consistency relations of
the braiding rules of the anyons, as we will illustrate in our examples.

Braiding operations do not commute in general

[p(di), p(o;)] # 0 for some 1, j (2.14)

This non-commutativity is the signature of non-Abelian statistics and underlies
their potential use for topological quantum computing, where quantum gates are
implemented by physically braiding particles. Unlike Abelian anyons, whose braiding
results only in an overall phase factor and therefore cannot transform quantum
states within a degenerate manifold [13, 26, 32], non-Abelian anyons act as non-
commuting unitary operators on a topologically protected ground-state subspace. This
property allows braiding to implement robust quantum gates, with information encoded
nonlocally and thus intrinsically protected against local sources of decoherence [26,
32, 39].

2.2.3 Fusion Channels and Topological Charges

In systems hosting anyons, not only can particles be braided around one another,
but they can also be fused together. Fusion describes the process of adiabatically
bringing two anyons to within a separation much smaller than their distance to all

other anyons, so that the pair appears from outside as a single composite excitation
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with a definite total topological charge. The fusion rules describe the possible values
¢ of this combined charge when anyons of types a and b are fused. The outcome is
unique for Abelian anyons and generally multi-valued for non-Abelian anyons. This
behaviour is governed by fusion rules [32, 94, 95]. Fusion rules describe the possible
outcomes when two anyons of types a and b are brought together. Mathematically,
this is written as

axb=> Ngec, (2.15)
where:
o c labels all the possible resulting particle types,
o N& € Z>o counts how many times type c appears in the fusion of a and b.

If NS, = 0, then fusion into c is forbidden. If N > 1, the fusion space is degenerate
and spans multiple orthogonal states. A prototypical example of non-Abelian anyons
is the Ising anyon model, relevant to Majorana zero modes [32, 44, 50] (we will discuss

this in 2.4). This model includes three types of particles:

o 1: the vacuum (trivial particle),
 0: the non-Abelian anyon (associated with Majorana zero modes),

e 1 a fermionic excitation.

The fusion rules are

oxo=1+4+v¢
oxXp=0 (2.16)
Y xyY=1

These rules imply that fusing two g-anyons may result in either the vacuum or
a fermion 1. In section 2.2.4 we will illustrate the basics of topological quantum
computing with this model. It is important to note that these fusion rules are axioms
of the effective topological quantum field theory defining the Ising anyon model, rather

than properties derived from a microscopic system.

2.2.4 Fusion Spaces

When multiple anyons are present, the total fusion space becomes a high-dimensional
Hilbert space [32, 40]. The Ising fusion rules in Eq. (2.16) imply that each pair of o

anyons can fuse either into the vacuum (1) or into the fermion () channel. When
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multiple anyons are present, the number of possible consistent fusion outcomes grows
exponentially with n, but the total topological charge constraint reduces the count by
one binary factor, yielding a Hilbert space of dimension 2"~ [32, 43, 95]. Therefore,
for a system of 2n Ising anyons with their topological charged being constrained to
the vacuum sector 1, the dimension of the corresponding fusion space (or degenerate
ground-state manifold) is 27!, Each allowed fusion path defines a state in this space,
often visualized using fusion trees, where branching represents intermediate fusion

outcomes. A schematic representation of this process is shown below

g

lorv

01 02 03

Figure 2.2: Fusion tree for three Ising anyons. The figure is read from bottom to top.
The intermediate fusion channel between oy and o9 can be either the vacuum 1 or the
fermion 1), leading to a two-dimensional fusion space [94, 95].

Each anyon carries a topological charge, a label that defines the superselection
sector it belongs to. A superselection rule means that the topological charge commutes
with every local observable, so that all local operators are block-diagonal with respect
to these sectors [32, 42]. The statement that states of different topological charge
“cannot be coherently superposed” is thus an in-principle one rather than a practical
limitation: although such a superposition can be written down formally, no local oper-
ator possesses matrix elements between the two sectors, so the relative phase between
them is unobservable by any local measurement, and the superposition is physically
indistinguishable from an incoherent (classical) mixture. What singles out topological
charge is its non-locality, meaning that it cannot be created, altered, or detected by
any operator acting within a bounded region, but only by a non-local process such
as bringing in another anyon or braiding a test anyon around it. It is precisely this
requirement of non-locality that protects the quantum information encoded in the
topological charge from local noise, while still permitting its manipulation through
controlled non-local (braiding) operations. In systems with topological order, each
distinct type of anyon then defines a separate superselection sector, and the possible
charge combinations obey the system’s fusion rules.

The set of all topological charges in a theory forms a fusion algebra, which includes
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the vacuum as identity and is associative under fusion. Each topological charge a is
associated with a quantum dimension d,, which characterizes how the dimension of the
fusion space grows as more anyons of type a are added to the system. Mathematically,

the quantum dimensions satisfy the fusion algebra constraint

dody = > _ N5 d.., (2.17)

where N, ¢ are the fusion coefficients appearing in the rules a x b = >, N,/ c.
Formally, if n identical anyons of type a are fused together, the total dimension of the
resulting Hilbert space scales asymptotically as d}* for large n. For Abelian anyons,
the fusion outcome is unique, so d, = 1. In contrast, non-Abelian anyons can fuse
in multiple distinct ways, leading to d, > 1. The quantum dimension thus quantifies
the internal degrees of freedom associated with each anyon type and determines the
system’s total topological ground-state degeneracy on nontrivial manifolds For Abelian

anyons, d, = 1. Applying this relation to the Ising fusion rules gives
d2 = dy +dy, dody = d,, di =d;.

Since the vacuum 1 always has dimension d; = 1, the second and third equations

imply dy = 1. Substituting into the first equation yields
P=141=2 = d,=V2
Therefore, the quantum dimensions for the Ising theory are
di=1, dy=1,  d,=V2 (2.18)

These values indicate that the vacuum and the fermion 1) are Abelian particles (since
d = 1), while the non-Abelian anyon ¢ has a quantum dimension d, = v/2, reflecting
its two possible fusion outcomes and the resulting internal fusion-space degeneracy. A
non-integer quantum dimension may at first appear puzzling, since the Hilbert space
of any finite collection of anyons is necessarily of integer dimension. The resolution is
that d, is not the dimension of a single anyon’s state space, but rather the asymptotic
rate at which the collective fusion-space dimension grows as anyons of type a are
added. For N such anyons, the dimension scales as d}¥. For Abelian particles (d = 1)
this rate is unity, so no additional states are generated and no quantum information

can be stored. For the non-Abelian o anyon, d, = v/2 means that each additional
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o multiplies the available Hilbert space by v/2 asymptotically, so that a pair of &
anyons contributes a two-dimensional space (one qubit). The non-integer value reflects
the fundamentally non-local character of this degeneracy: a single ¢ anyon does not

possess a well-defined state space of its own, and only collections of anyons do.

2.3 Topological Quantum Computing with Non-
Abelian Anyons

Topological quantum computing (TQC) leverages the exotic properties of non-Abelian
anyons to encode and manipulate quantum information in a way that is intrinsically
protected from local sources of noise, including local fluctuations in electric and
magnetic fields, lattice vibrations (phonons), charge impurities, or other forms of
environmental coupling that induce unwanted transitions or dephasing of the qubit
states [26, 32, 96]. This protection arises from the non-local nature of the topological
degrees of freedom associated with anyons. In TQC, qubits are encoded in the fusion

space of non-Abelian anyons. Consider the Ising anyons (o) with their first fusion rule
oxo=1+1. (2.19)

A qubit can be encoded using four g-anyons with total topological charge fixed to
the vacuum [26, 32] . The two basis states correspond to two distinct fusion paths,
that is, two possible sequences of intermediate fusion outcomes consistent with the
overall constraint of total topological charge being the vacuum. In a system of four
Ising anyons (o1, 09, 03, 04), one convenient choice of fusion path is to first fuse the
pair (o1, 07), and then combine the result with the remaining two anyons. The two

possible fusion outcomes of the first pair define the logical basis states:
‘O) E(O’l XO’Q%l), ‘1) E(O’l XO’2—>@D),

where the total fusion outcome of all four anyons is constrained to the vacuum. This
choice of fusion order defines one particular fusion basis [32, 94, 95].

Braiding anyons around each other implements unitary operations on the degenerate
fusion-space manifold. In the Ising anyon model, exchanging two ¢ anyons corresponds

to applying a braid operator p(c;) that acts nontrivially on the qubit basis. For
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Figure 2.3: Fusion-tree basis for an Ising-anyon qubit with total topological charge
fixed to the vacuum: |0) = (01 X 09 — 1) and |1) = (07 X 09 — ) (see, e.g., [32, 95]).

example, exchanging o; and o9 performs the unitary transformation

which acts as a phase gate (also known as the 7/4 or T-gate up to an overall phase) on
the computational basis { |0),|1) } defined earlier. Because these braiding operations
do not depend on the microscopic details of the trajectories of particles, they are
intrinsically fault-tolerant and robust to local sources of noise [32, 43, 95]. This
robustness can be made precise at the level of the computational basis. Because
the states |0) and |1) are distinguished only by the non-local fusion channel of well-
separated anyons, they are locally indistinguishable, meaning that any operator Oy,
supported in a bounded region acts within the computational subspace as a multiple

of the identity, up to corrections exponentially small in the anyon separation L,
(i] Ouoe |j) = 035 + O(e7"%), (2.20)

where £ is the correlation length. A local perturbation can therefore neither connect the
two basis states, so there is no bit-flip error, since (0] Ojoc |1) & 0 nor distinguish them,
so there is no dephasing, since (0] O |0) & (1| Ojoc |1). The encoded information is
thus invisible to local noise.

To determine how the braid operator p(o) acts on the qubit encoded in four Ising

anyons, we start from the algebraic structure of the Ising anyon model
oxo=1+1, o X =o, Y x =1

For four o anyons (o1, 09, 03, 04) with total topological charge fixed to the vacuum

1, the Hilbert space is two-dimensional, spanned by the basis |0), |1). It is worth
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clarifying why four o anyons (two pairs), where each is able to fuse to 1 or ¢, encode a
two-dimensional space rather than a four-dimensional one. Without any constraint on
the total charge, the two pairwise fusion outcomes a (for oy X g9) and b (for o3 X 0y4)
would indeed give 2 x 2 = 4 states. However, the total topological charge of all four
anyons is the fusion a x b, and fixing it to the vacuum requires a x b = 1. By the Ising
fusion rules this holds only when a = b (since 1 x 1 = x ¢ = 1, whereas 1 x ¢ = 1),
so the two pairs are forced to fuse into the same channel. The outcome of the second
pair is locked to that of the first and is not an independent degree of freedom. Only
one binary label therefore remains, which is the common fusion channel of the pairs,

and it gives the two basis states

0) = [(0102)1, (0304)1) , 1) = [(0102)y, (0304) ) , (2.21)

in agreement with the dimension 2"~ ! = 227! = 2 established above. Figure 2.2
accordingly labels the qubit by the fusion channel of a single pair, the channel of the
remaining pair being fixed by the total-charge constraint. This also explains why four
anyons, rather than two, are required to encode one qubit: for a single pair, fixing the
total charge to the vacuum forces the unique outcome o; X g9 = 1, leaving no free
label and hence no qubit.

The operator p(o;) represents the effect of exchanging the i-th and (i + 1)-th
anyons counterclockwise. For the Ising theory, these operators form a non-Abelian
representation of the braid group B,. The elementary exchange of two anyons is
governed by the R-matrix

R - Vab — ybe (2.22)

which introduces a phase factor depending on the fusion channel ¢. For two ¢ anyons,

oo __ _—im/8 oo __ _i31/8
R =e , Ry =e .

These phases are derived from the conformal spins of the Ising primary fields h; = 0,
h, = 1/16, and hy, = 1/2, through

RO — e*iw(hcthg)
c .

The exchange of o1 and oy acts within a fixed fusion channel, since both anyons are
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fused first in our chosen basis. Therefore, p(oy) is diagonal in the {]0),|1)} basis:

R77 0 . 1 0
plor) = =i/ _
0 Ry 0 1

This unitary operation multiplies the two basis states by different topological phases,
implementing a relative /2 phase rotation between |0) and |1). Up to a global phase,
this corresponds to the phase gate S = diag(1, 1), a Clifford gate (in some conventions
called the 7/4 phase gate). Note that this is distinct from the non-Clifford T' (or 7/8)
gate diag(1, e™/4):

10

0 1

plor) ~

This operator acts on the encoded qubit purely through the topological exchange of
o1 and o9 and it depends only on the braid topology, not on microscopic details of
motion [32, 43, 95].

The single-qubit construction generalizes directly. Since 2n Ising anyons with
total topological charge fixed to the vacuum span a fusion space of dimension 27!,
encoding two logical qubits (a four-dimensional space) requires 2"~! =4, i.e. n =3, or
six o anyons (o1,...,06) with total charge 1. Grouping them into three pairs (o103),
(0304), (0506), each pair fuses to a channel a,b, ¢ € {1,1}. The total-charge constraint
a X b x ¢ =1 fixes the third channel in terms of the first two, ¢ = a x b (each Ising
charge being its own inverse), leaving two free binary labels that are precisely the two
logical qubits. Identifying the channel 1 with |0) and ¢ with |1), and assigning the

first qubit to (oy102) and the second to (0304), the computational basis is

00) = [(0102)1, (0304)1, (0506)1) ,
01) = [(0102)1, (0304)p, (0506)y)
10) = |(0102)y, (0304)1, (0506)y) , (2.23)
111) = [(0102)y, (0304)y, (0506)1),

where the third pair (o506) is kept to the first two so as to keep the total charge
in the vacuum sector. The four states are those containing an even number of
pairs, consistent with dim H = 2"~! = 4. In practice a “sparse” encoding using eight
anyons (two independent groups of four), (o7 ...04) and (o5 ... 0g), each with its own
sub-charge fixed to the vacuum is often preferred, since it keeps the two qubits in

separate fusion subspaces and reduces leakage out of the computational space during
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braiding. The six-anyon encoding above is the minimal one; both are consistent with
the rule that 2n anyons of fixed total charge encode n — 1 logical qubits.

For Ising anyons, braiding alone is not computationally universal [32, 97]. The
reason can be read directly from the braid relations of Eq. (2.2.2): the generators p(o;)
they constrain generate only a finite subgroup of the unitary group, which for the Ising
theory is (a subgroup of) the Clifford group. The single-pair exchange computed above
gives the phase gate S = diag(1, %), while braiding within and between groups of four
anyons generates the Hadamard gate and an entangling two-qubit gate; together these
are the Clifford operations. By the Gottesman—Knill theorem, any circuit composed
solely of Clifford gates can be simulated efficiently on a classical computer [27, 98], so
the Clifford group is not universal. What braiding cannot produce is a non-Clifford
gate such as the T (or 7/8) gate T = diag(1,e™™/*), which lies outside the finite
image p(By). Universality is recovered only by supplementing braiding with such a
gate, for instance through magic-state distillation [29] or a non-topologically protected
operation. This limitation motivates the search for richer anyon models whose braiding
is computationally universal, which we turn to next. The operators p(o;) represent the
elementary exchanges (or braids) of the i-th and (¢ + 1)-th anyons. These exchanges
are not simple swaps, but rather topologically distinct operations corresponding to
one particle moving counterclockwise around another in two dimensions. The set of
all possible braids of N anyons forms a group, known as the braid group By, whose
generators {o1,09,...,0x_1} obey the relations in Eq. 2.2.2. These relations are
known as the Yang-Baxter equation [32, 99, 100]. It encodes the associativity of three
consecutive exchanges: braiding particles ¢ and i + 1 first, then (i 4+ 1) and (i + 2),
produces the same overall braid as doing them in the opposite order. Geometrically,
this ensures that different smooth deformations of the same braid correspond to the
same topological operation.

The second relation,

p(0)p(0,) = ploy)plo) for i~ j] = 2,

means that exchanges of well-separated pairs of anyons commute: braiding disjoint
pairs in either order yields the same final state.

Together, these relations define a non-Abelian group when the p(o;) are represented
by non-commuting unitary matrices, as in the case of non-Abelian anyons. Thus,
the exchange (braiding) operations generate a non-trivial representation of By on

the degenerate fusion Hilbert space, forming the foundation of topological quantum

28



computation [26, 32, 95].
Another anyonic model is the Fibonacci anyons. Fibonacci anyons can achieve
universality through braiding alone [29, 32, 101]. The Fibonacci theory has a single

nontrivial anyon 7 (besides the vacuum 1) with fusion
TXT=1+4+T. (2.24)

It is the minimal non-Abelian model whose braiding is computationally universal. The

quantum dimensions {d,} satisfy the fusion—algebra constraint
dody =) Ny de, (2.25)
where N, ¢ are the fusion coefficients [32, 42, 95]. For the Fibonacci theory,
& =d+d.=1+d,. (2.26)
Thus d, satisfies the quadratic
d?—d, —1=0, (2.27)

whose positive root is the golden ratio ¢

d, = = . (2.28)

The non-Abelian fusion rule of this model implies that the Hilbert-space dimension
grows non-trivially with the number of anyons. The dimension of the fusion space
for n T-anyons with total topological charge fixed to 1 or 7 is given by the (n — 1)-th
Fibonacci number Fj,_;

dimH = F,_4, (2.29)
where a denotes the total topological charge [32, 94, 95].
(i) Three-t encoding. For three 7 anyons, the possible fusion channels can be

found recursively:

(Tl X 7'2) X T3.
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The first pair 7 X 75 can fuse into either 1 or 7. If the total charge of all three anyons

is constrained to 7, only the following two fusion paths are consistent:

|0>E((7'1><7'2—>1) ><7‘3—>7'), (230)

1) = ((n x 7 —7) X735 = 7). (2.31)

These two independent fusion channels form a two-dimensional fusion space, which
can be used to encode a single logical qubit. The total charge being 7 ensures the

system remains within a nontrivial topological sector.
(ii) Four-T encoding. Similarly, for four anyons,
((T1 X T2) X T3) X T4,

and the total charge is now fixed to 1 (the vacuum). The allowed intermediate fusion

outcomes yield again two consistent paths:

10)
1)

(mxm—=1)x(gx1—1)—1), (2.32)

(M X1m—=7)X(m3X1—7T)—1). (2.33)

Thus, the logical subspace spanned by |[0) and |1) is two-dimensional. This encoding
is topologically equivalent to the three-7 construction, but with total charge 1 instead
of 7.The four-anyon scheme is often preferred for two related reasons. First, fixing
the total topological charge (equivalently, the total fermion parity) of the group of
four anyons confines all braiding operations to a single charge-conserving subspace.
Braids permute the basis states within this subspace without leaking the qubit into a
sector of different total charge, so the encoded information remains protected. Second,
this encoding is naturally compatible with measurement-only topological quantum
computation [94], in which logical gates are realized not by physically transporting
anyons but by an adaptive sequence of joint topological-charge (parity) measurements
of anyon pairs. Since the qubit is defined through the fusion channels (pair parities)
of the four anyons, the same measurements that define the qubit can be used to
manipulate and read it out, making the four-anyon unit the natural building block
for measurement-based architectures [33]. It should be emphasized that Fibonacci
anyons have not yet been unambiguously realized in any physical system. The
leading candidate is the v = 12/5 fractional quantum Hall plateau, proposed to be
described by the k = 3 Read—Rezayi state, whose quasiparticles include Fibonacci
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anyons [102, 103]; numerical density-matrix renormalization-group studies support
this identification, but the non-Abelian nature of the state remains experimentally
unconfirmed and the plateau is fragile. Engineered platforms have also been proposed,
for example coupled networks of parafermion modes in superconductor-quantum-Hall
heterostructures [86]. More recently, the non-Abelian braiding of Fibonacci anyons has
been emulated digitally on a superconducting quantum processor [104], demonstrating
the braiding rules in a synthetic setting, though this is a programmable simulation
rather than a solid-state realization. Fibonacci anyons therefore remain, at present,
primarily a theoretical model, albeit one of great interest, since their braiding alone is
computationally universal.

In both cases, the two possible fusion channels form a logical qubit:

Hiogical = span{ |0), 1) }. (2.34)

Because braiding of 7 anyons corresponds to unitary transformations that depend only
on the topology of the exchange, this qubit enjoys intrinsic protection from local sources
of noise. Furthermore, Fibonacci anyons are computationally universal: their braiding
matrices densely generate the full unitary group SU(2) on this two-dimensional logical
space [32, 95, 105].

We use p(o;) for the braid representation on the fusion space of three 7 anyons
T1, Te, T3, consistent with earlier notation. To write p(o;) explicitly we first define
the F-matrix, which encodes the associativity of anyon fusion at the level of Hilbert
spaces.

For three anyons of types a, b, ¢ fusing to a total charge d, the fusion can be carried
out in two natural orders: either by fusing a and b first into an intermediate charge
e and then fusing the result with ¢, or by fusing b and c first into an intermediate
charge f and then fusing with a. Each order provides a basis of the same fusion
space, indexed by the allowed intermediate charge. The F-matrix F¢% is the unitary

transformation between these two bases,

(ab)ec—d) = > [Fs] ; ja(be); — d), (2.35)

f e
with e running over the allowed channels of a x b and f over those of b x ¢. The
F-symbols are not free. They are constrained, up to gauge, by the pentagon equation,
which requires that the different sequences of F-moves on any fusion tree of four

anyons commute [32, 42, 95]. Together with the R-matrix encoding pairwise exchange
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(constrained by an analogous hexagon equation, the F- and R-symbols specify the
modular category that defines a given anyon model.

Specializing to Fibonacci, the only non-trivial F-matrix in the theory is £77", since
this is the unique choice of external charges (a,b, ¢, d) for which both intermediate
channels can take more than one value (e, f € {1,7}). The pentagon equation then
determines this 2 x 2 unitary uniquely (up to gauge), as follows. Both fusion orders
span the same two-dimensional Hilbert space with total charge 7. The matrix F]__ is
obtained by demanding consistency with the Fibonacci fusion rule 7 x 7 =1+ 7 and
by solving the pentagon equation, the fundamental associativity condition of anyon
fusion [32, 42, 94]. For the Fibonacci theory, this equation uniquely fixes the absolute
values of the F-matrix elements (up to overall phases), leading to the simple real

orthogonal form expressed in terms of the golden ratio

-1 ~1/2
F=F" —(90 4 ) Fl=FT=F (2.36)
TTT -1/2 -1

¢ @

The R-matrix describes the phase accumulated when two anyons are exchanged
(braided) within a given fusion channel, given in EQ. (2.22). For Fibonacci anyons,
the only nontrivial fusion channel is 7 x 7 = 147, so the exchange operator is diagonal

in the channel basis:

. Ri’r 0 6—47”'/5 0
I G R

—4ri/5 3mi/5

The specific phases e and e are determined by the topological spins hy = 0

and h, = 2/5 of the Fibonacci conformal field theory via
RTT = ¢ 2milhe2he), (2.38)

These values ensure consistency with the hexagon equations, which enforce compati-
bility between fusion and braiding operations. Conventions differing by overall phases
are physically equivalent; the choice above follows the standard unitary normalization
used in Refs. [32, 80, 94, 95].

For three anyons in the order (11, 7o, 73),

—47i/5 0

p(01) = R = (e ) . plos) = F'RF = FRF. (2.39)

0 e+37ri/5
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Figure 2.4: Schematic braid on three Fibonacci anyons (exchange of strands 1 and 2).
Adapted from [32].

These two unitaries satisfy the braid relation p(oy)p(o2)p(o1) = p(o2)p(o1)p(os) and,
under repeated products, generate a set that is dense in SU(2) on the encoded qubit,
as shown in Fig. 2.4. Thus braiding Fibonacci anyons alone implements universal gate
set [32, 101, 105].

The topological nature of the encoding provides protection against local perturba-
tions. Errors that do not involve braiding or fusion of anyons cannot affect the stored
quantum information. This makes TQC inherently fault-tolerant. Topological charge
measurements can be performed by fusing anyons and detecting the resulting particle
type [26, 32, 94]. We next show a promising candidate for non-Abelian anyons that
could be used for TQC.

2.4 Majorana Zero Modes as Non-Abelian Anyons

In this section we introduce Majorana zero modes (MZMs) and how they can be
considered as Non-Abelian anyons. MZMs are quasiparticle excitations that emerge at
zero energy in certain topological superconductors. We discuss their difference with
bosons and fermions and why their topological protection makes them one of the most
promising platforms for TQC [32, 43, 50].

2.4.1 From the Dirac equation to Majorana Fermions

The Dirac equation is the fundamental wave equation describing spin—% particles such
as electrons. It was introduced by Paul Dirac in 1928 [106] in order to combine two
key principles of physics: quantum mechanics, which describes the wave-like behavior
of particles, and special relativity, which requires that all physical laws take the same
form in every inertial reference frame [106].
In natural units we take /i and ¢ (speed of light) to be one (A = ¢ = 1), the Dirac
equation reads
(iv"0, —m) 1 = 0. (2.40)
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Here each symbol has a clear physical meaning: v is the Dirac spinor, a four-component
complex wavefunction describing the quantum state of a spin—% particle. Two compo-
nents represent spin-up and spin-down states of a particle, and the other two represent
those of its antiparticle [107, 108]. m is the rest mass of the particle, usually expressed

in units of energy (for example, electron mass m. = 0.511 MeV). 0, denotes differ-
% and
V = (04, 0,,0.). The indices p and v label the four spacetime directions (0, 1,2, 3),

corresponding to time and the three spatial dimensions. These indices are summed

entiation with respect to spacetime coordinates: 9, = (9;, —V), where 0, =

over whenever repeated (Einstein summation convention).
The v* operators appearing in the Dirac equation are 4 x 4 matrices that generalize

the Pauli matrices to relativistic four-component spinors. They satisfy
{47} =20, nt = diag(1, —1,—-1,—1), (2.41)

which ensures the Lorentz invariance of the Dirac equation [107-109].
A convenient representation for explicit calculations is the chiral (or Weyl) basis,

in which the gamma matrices take the block form

0 I . 0 ot
A0 = , v = , , (i=1,2,3), (2.42)
I 0 —at 0

where the ¢! are the 2 x 2 Pauli matrices,

) (0 1) , (0 —i) , (1 0)
o= , o= , 00 = . (2.43)
1 0 1 0 0 —1

Here, I denotes the 2 x 2 identity matrix. It is also useful to define the fifth gamma

matrix,

70
7’ =iy = . (2.44)
0 I

In the Dirac representation (often used in relativistic quantum mechanics), the gamma

matrices take the form

0 I 0 ; 0 o
v = , v = , : (2.45)
0 —I —o' 0

The Dirac and Weyl representations are related by a unitary transformation, so
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physical predictions are identical in either basis [109].

Majorana fermions emerge as a special solution to the Dirac equation, obtained by
imposing a reality condition on the Dirac field. To understand this, it is helpful to
look at how a Dirac spinor can be decomposed and what its components represent

physically. A Dirac spinor ¢ has four complex components, which can be organized

b = (XL) : (2.46)
XR

where y, and xg are known as the left-handed and right-handed components (or

into two two-component spinors:

chiral components) of the field. This decomposition is most naturally expressed in the
Weyl or chiral basis of the Dirac matrices [107, 109].

The labels “left” and “right” refer to the particle’s chirality, a property related
to how the particle’s intrinsic spin is oriented relative to its momentum. For a left-
handed (right-handed) particle, the spin points in the opposite (same) direction as its
momentum. In the massless limit, chirality coincides with helicity, the direction of
spin relative to motion. When mass is introduced, the two components yr and xgr
become coupled by the Dirac mass term, allowing a left-handed particle to transform
into a right-handed one and vice versa.

In the standard (Dirac or Weyl) representation, one convenient choice is the charge-
conjugation matrix C' = —iy?, which satisfies C~'y#C = —(v*)*. A Majorana fermion
is obtained by requiring ¢ = )°.

To see the resulting reality condition explicitly, the Dirac spinor decomposes into

its left- and right-handed Weyl components, ¥ = (xz, xgr)? with 45y, = —xz and
0 2
YXr = +xgr Writing 2 = ) ? , the charge-conjugation matrix is block
—0
off-diagonal,
0 —io?
C=—iy’ = : 2.47
7 (i02 0 ) ( )

Acting on ¥* = (X%, x%)! gives

. . 0 —io?\ (3 —io? \
@D:Cw:(,Q )(f)z(.Q*R. (2.48)
1o 0 Xr 0 X
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Imposing the Majorana condition 1) = ¢¢ and equating components yields

XL = —i0°Xs,  XR=10"X}. (2.49)

The two relations are not independent: conjugating the second and using (0?)* = —o?

together with (02)? = ¥ returns the first, so the Majorana condition expresses xr
entirely in terms of y . This precisely halves the number of independent components
of the field (from two complex Weyl spinors to one). This relation shows that the
right-handed part xg is not independent but completely determined by the complex
conjugate of yr. As a result, a Majorana fermion contains only two real degrees of
freedom, half that of a Dirac fermion.

The Majorana condition eliminates any distinction between particle and antiparticle
states. Because the field equals its own conjugate, it cannot carry an electric charge
or any conserved U(1) quantum number. Such a fermion is therefore neutral by
definition. This property underlies the concept of Majorana zero modes in condensed-
matter systems: localized, charge-neutral quasiparticle excitations that are their own
antiparticles and emerge as zero-energy solutions of the effective Dirac equation [33,
74].

2.4.2 Majorana Zero Modes

Having introduced the concept of Majorana fermions as self-conjugate particles, we
now turn to their physical realization in condensed-matter systems: Majorana zero
modes (MZMs). These are quasiparticle excitations that appear at zero energy in
certain superconductors, typically localized at the edges, ends, or topological defects
of the system [33, 44, 50, 74].

To describe such a mode at the operator level, an ordinary fermion is described
by creation and annihilation operators ¢’ and ¢ obeying {c,c'} = 1 and ¢* = 0. A
pair of Majorana operators is obtained by taking the Hermitian and anti-Hermitian

combinations of these,
n=c+c, Yo = —i(c—cl), (2.50)
which invert to reconstruct the fermion,

c=3m+in),  =in—in). (2.51)
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By construction, each Majorana operator is its own Hermitian conjugate,

%= (2.52)

which is the operator analogue of the reality condition ¢ = ¢ introduced earlier and
expresses that a Majorana mode is its own antiparticle. Using {c,cf} =1 and ¢ = 0,

the operators in Eq. (2.50) satisfy

in contrast to ordinary fermions, for which ¢? = 0.

Equations (2.50)—(2.51) make explicit that a single ordinary (Dirac) fermion mode
is equivalent to two Majorana modes, and conversely that two Majorana operators
combine into one fermion. In this sense a Majorana zero mode represents half of a

conventional fermion. The occupation number of the reconstructed fermion is
n=cec=1(1+in7), (2.54)

so its two eigenvalues n = 0, 1 are encoded jointly in the pair (71, y2) rather than in
either operator alone.

MZMs typically arise in systems that combine superconductivity, spin-orbit cou-
pling, and time-reversal-symmetry breaking (for instance, due to a magnetic field) [33,
44, 57, 58]; two such systems are introduced in Chapters 4 and 5. Because they
are neither ordinary fermions nor bosons but emergent zero-energy quasiparticles,
MZMs are natural candidates to realize the non-Abelian anyons discussed earlier
in this chapter. Establishing this connection is what would make the systems that
host MZMs useful for topological quantum computation, and it is the central theme

pursued in the remainder of this thesis.

2.4.3 Ising Anyons from Majorana Zero Modes

Majorana zero modes (MZMs) provide a concrete physical realization of non-Abelian
anyons, specifically of the Ising type [32, 43, 44, 50, 110].

The combined state of the two Majoranas is characterized by their fermion parity,
defined as

—1, n =0 (even parity),
+1, n =1 (odd parity).
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The parity operator P, distinguishes whether the joint fermionic mode formed by
71 and 72 is in an even (no unpaired electron) or odd (one unpaired electron) state.
Because 7, and 7, can be localized far apart, the encoded information stored in the
parity Pjo = +1 is nonlocal and hence robust against any local perturbations [33, 50].

This structure is precisely that of the Ising anyon model introduced in Section 2.2.2.
The name refers to the fact that the three superselection sectors of this anyon theory
(the vacuum 1, the non-Abelian anyon o, and the fermion 1) coincide with the
three primary fields of the two-dimensional critical Ising conformal field theory, with
conformal weights hy = 0, h, = 1/16, and h,, = 1/2 (the same fields whose conformal
spins fixed the R-matrix). Majorana zero modes realize this model under the following
identifications: a single MZM carries the non-Abelian charge o, while the complex

fermion
f=3n+in),  fT=3m—in) (2.56)

built from two MZMs carries the fermion charge 1 in its odd-parity (occupied) state
and the vacuum charge 1 in its even-parity (empty) state. Combining two Majoranas
into one complex fermion therefore corresponds to fusing two ¢ anyons, o X 0 = 1+ 1,
with the outcome (1 or 9) selected by the fermion parity Pj; = £1. In this sense the
Majorana system is a physical realization of the fusion and braiding rules of the Ising
anyon model [32, 43, 50].

Based on the fermionic parity, when the occupation is even (n = 0), the pair
fuses to the vacuum (1); when it is odd (n = 1), the pair fuses to the fermion (1).
Therefore, the parity P distinguishes between the two possible fusion channels of
01 X 09, directly linking fermion parity in the Majorana picture to the Ising anyon
fusion outcomes [32, 44].

Exchanging two neighbouring Majoranas «; and v; can be represented via a unitary

braid operator
T
Uij = exp (4 %’yj>. (2.57)
To see this, note that the product v;7; is anti-Hermitian:
(%”Yj)T = = %%

so that ~;7y; acts as a generator of infinitesimal unitary rotations. And because
(7iv;)* = —1, the exponential of this operator produces a unitary rotation, just as the

exponential of Pauli matrices generates rotations in spin space
e = cos § + v, sin 0. (2.58)
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This unitary can be viewed as a rotation by angle 26 in the two-dimensional plane

spanned by (7;, ;).
Applying this unitary rotation to v; and ~; gives

D1 ;e = 1y, cos(26) + ; sin(260),
(2.59)
i i e~ = v; 005(29) — Y% sin(29).

Setting § = 7/4 produces a rotation by 90°:
Vi — Y Vi o

which exactly corresponds to the counterclockwise exchange (braiding) of the two
Majorana modes.

The operator U;; therefore represents the process of physically exchanging (or
winding) the Majorana +; around ~,. Because such an exchange acts nontrivially, U;;
performs a non-Abelian unitary transformation that depends only on the topology of
the braid, not on microscopic details of the path [32, 43, 44]. These operators form a

non-Abelian representation of the braid group, satisfying
UiUjiUj = UjaUsUjra, - U Ukl =0 (|7 — k[ = 2). (2.60)

This non-commutative algebra is what endows Majorana zero modes with non-Abelian
exchange statistics, central to topological quantum computation.

Using the Majorana algebra, one can verify that
Uij%Uz‘Tj = Y5> Uz’ﬂjUz‘Tj = % Uij'YkUiTj = Yk (k' # i,j)~ (2-61)

This transformation corresponds to a counterclockwise exchange of +; and ;. Because

the operations for successive exchanges do not generally commute,
U12Uaz # UssUsa,

the set of braid operators {U;;} provides a non-Abelian representation of the braid

group, as was expected for Ising anyons [32, 43].

Four-Majorana Qubit and Braiding Gates. A system containing four Ma-
jorana modes (71, 72,73,74) with fixed total parity (iv172)(i7371) = +1 defines a

two-dimensional Hilbert space, i.e. one logical qubit. Introducing the two pair parities
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Py = iy and P3y = 17374, the total-parity constraint P P34y = +1 fixes Py = Pio.
The two parities are not independent, and specifying P, determines P34. We encode
one logical qubit (the subscript L denoting the encoded or logical qubit) in this fixed

total-parity sector, with logical basis states
|OL> IP12:—|—1, P34:+1, |1L> IP12:—1, P34:—1. (262)

The logical information is therefore stored in the shared parity of the two Majorana
pairs which is a nonlocal quantity rather than in any single Majorana mode. In the
anyonic language, |07) corresponds to both pairs fusing to the vacuum channel and
|1.) to both fusing to the fermion channel 1, consistent with the total charge being
fixed to the vacuum.

Within this space, the braid operators act as single-qubit gates:

U12 = BZZZ, U23 = GZZX, U34 = BZZZ, (263)

where X and Z are Pauli matrices acting on the encoded qubit subspace. Explicitly,

in the computational basis {|0.), |17)}, these operators have the matrix forms

- 61‘71'/4 0 - 1 1 4 - e'L'Tr/4 0 (2 64)
12 — . ) 23 — T = ) 34 — . . .
0 e in/4 V2 \; 1 0 e—in/A

The action of these gates on the logical states is then

U12‘0L> :ei”/4]0L>, U12‘1L> :e*”/‘l\lL), (265)
Uzs0r) = 5(102) +i[1L)), Unsllr) = 5(il0r) + [11))- (2.66)

The operator Uss thus performs a /2 rotation about the X axis on the Bloch sphere,
while Uyo and Usy implement 7/2 rotations about the Z axis.

Since these unitaries do not commute,
U12Uss # UszUns,

their composition yields a nontrivial rotation in Hilbert space, illustrating the non-

Abelian nature of Majorana braiding.
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Scaling to Multiple Qubits and Two-Qubit Gates. FEach logical qubit uses
four Majorana modes with their total parity fixed, as constructed above. This four-
Majorana unit is often called a tetron [111]. A register of N logical qubits is built
from N such groups, that is 4N Majorana modes in total. The total parity of each
group is fixed separately, and each group stores one qubit in its own protected parity
sector. This per-group scheme is the sparse encoding introduced earlier for anyons.
It keeps every qubit in a separate fusion subspace, which reduces leakage out of the
computational space during braiding [33, 110]. Adding qubits in a physical device
therefore means adding more such groups of Majorana modes, for example more wire
segments or more tetrons in a scalable array [111].

Single-qubit gates act inside one group. They are exactly the braids Ui, Uss, and
Us, written above, which rotate the encoded qubit about the Z and X axes. Two-qubit
gates act between groups. They are obtained by braiding a Majorana of one group

with a Majorana of a neighbouring group. The operator has the same form as before,

Ujr, = exp (Z fyj*yk), (2.67)

now with v; belonging to the first qubit and v, to the second. This braid does not
factorize into separate operations on the two qubits. It therefore entangles them
and realizes a two-qubit Clifford gate, equivalent to a controlled-Z gate up to single-
qubit gates [32, 44]. In many Majorana platforms these gates are realized without
physically moving the Majorana modes. Instead one performs an adaptive sequence
of joint fermion-parity measurements of Majorana pairs. The entangling gate uses a
pair taken from two different qubits. This measurement-based route is the basis of
measurement-only topological quantum computation [94, 111].

Although these braiding rotations are not by themselves sufficient for universal
quantum computation, they form the fundamental building blocks of topological
quantum gates in Majorana-based qubits [32, 43, 110]. As discussed for Ising anyons,
braiding Majorana zero modes generates only the Clifford group, comprising the
single-qubit Clifford gates from braids within a four-Majorana qubit together with
an entangling two-qubit gate from braids between qubits. By the Gottesman-Knill
theorem, this gate set is efficiently classically simulable and therefore not universal [27,
98]. Universality requires supplementing these protected braiding operations with a
single non-Clifford gate, the canonical choice being the T' (or 7/8) gate. This gate
cannot be realized by braiding and must instead be implemented by an unprotected

operation. For example, by bringing two Majoranas close together for a controlled
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time so that their finite energy splitting accumulates the required dynamical phase,
or by coupling the qubit to an ancillary system [110, 111]. Because such operations
lack topological protection, they introduce errors. The non-Clifford gate they provide
can nonetheless be made fault-tolerant. A noisy auxiliary state prepared by the
unprotected operation is purified to arbitrarily high fidelity using only the protected
Clifford operations, and then used to apply the T' gate by gate teleportation [29]. In
this hybrid scheme the bulk of the computation remains topologically protected, and
only the comparatively rare non-Clifford gates carry this additional, non-topological

cost.

2.5 Physical Realizations of MZMs

While Majorana fermions were originally introduced as mathematical solutions of the
Dirac equation by Ettore Majorana in 1937 [48], condensed-matter systems can realize
them as emergent quasiparticle excitations in topological superconductors. Over the
past two decades, several promising platforms have been theoretically proposed and
experimentally explored as hosts for MZMs. These implementations share the key
ingredients of superconductivity, spin—orbit coupling, and time-reversal symmetry
breaking, which together enable the formation of topological superconducting phases
supporting localized zero-energy modes at defects or boundaries [32, 44, 45, 50, 112].

The explicit construction of how these ingredients combine to produce a topological
superconducting phase and its localized Majorana zero modes is developed in the
following two chapters, which present the two systems studied in this thesis. Chapter 4
introduces the one-dimensional Kitaev chain, the abstract model of a spinless p-
wave topological superconductor, in which the Majorana end modes appear most
transparently. Chapter 5 then presents the semiconductor-superconductor nanowire
of Lutchyn and Oreg [57, 58], in which proximity-induced superconductivity, Rashba
spin-orbit coupling, and a Zeeman field that breaks time-reversal symmetry combine
to realize an effective spinless p-wave superconductor hosting Majorana zero modes at
the wire ends. Each system provides a distinct pathway to realize, manipulate, and
potentially braid MZMs, forming the foundation for topological quantum computing.
Our overarching goal is to introduce and implement analytical and numerical methods
for detecting MZMs, so as to better characterize the topological systems that could

serve as a basis for topological quantum computing.
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Chapter 3

Methodology

In this chapter, we dive into the theoretical and numerical methods used throughout
the rest of the work. The focus is on four different subjects: Exact Diagonalization
(ED) sometimes known as Configuration Interaction (CI), Hartree Fock mean field,
Variational Quantum Eigensolver (VQE), and Density Matrix Renormalization Group
(DMRG). We begin by introducing the many-body problem, first and second quanti-
zation notation followed by ED. Spinless and spinful tight-binding (TB) models are
provided as examples of ED. We then continue with the mean-field approximations,
in particular Hartree Fock method. VQE is then introduced to show how we can
formulate the problem of finding the ground state of a many-body system by using
a quantum algorithm. Finally we conclude the chapter by presenting the DMRG
method, along with Matrix Product States (MPS) and the computational benefits
that will be of great use in the many-body problem.

3.1 Many-body Problem

We begin by defining the many-body system. Let us consider /N interacting electrons
subject to the potential of nuclei [69, 71, 113]. Our Hamiltonian is given by

. N h2 ) 1 N 2
H= — Vi + Vet (T3 = — 3.1
; 2m* z+ t(T) +2;|7’2—7’j| ( )

The first term in the Hamiltonian corresponds to the kinetic energy of electrons
with effective mass m*. The second term Vi (7;) is the Coulomb interaction between

electrons and ions. If we have M ionic positive charges, Vi (7;) is given by
_ (3.2)
with 75 being the electron position, ﬁa the ion position, Z, the atomic number and e
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the electron charge. The final term in Eq. (3.1) describes the Coulomb interaction

among pairs of electrons.
We can rewrite the Hamiltonian in terms of one and two-body operators [69, 71,
113]. We introduce a one-body Hamiltonian term Hy and a two-body interaction term
H = Hy+ V. (3.3)

The one-body part is a sum over the NV electrons of a single-particle Hamiltonian hy,

R N ~ h2
Hy =Y ho(7),  ho(F) = V2 + Ve (7). (3.4)
=1

- 2m*

Here 7; is the position of the i-th electron, and V; differentiates with respect to 7;.
The symbol 7 denotes the position of a single electron. We focus on the single-particle

part first. In first quantization, the Hamiltonian acts on a many-electron wavefunction
\I’(F1701;~-;FN,UN)a (3.5)

where o; labels the spin degree of freedom of the i-th electron. This wavefunction
contains explicit sums over particle coordinates as well as spin indices.

Second quantization provides a more compact and powerful representation by
expressing the Hamiltonian in terms of field operators that create and annihilate
particles with a given spin at position 7 [69, 71, 113]. To move from first to second
quantization, we introduce the fermionic field operators W, (7) and W! (), which
annihilate and create, respectively, an electron with spin ¢ at position 7. These

operators satisfy the canonical anticommutation relations
{0, (7), UL(7)} = 0, 6(F =), {T,(7), Uou(7)} = 0. (3.6)

These operators allow us to write the Hamiltonian in a basis-independent way, where
both particle labels and spin labels are absorbed into the algebra of the field operators.
In second quantization, a general one-body operator O, that may act on both

spatial and spin degrees of freedom is written in the form [69, 71]

01 = Y [ dF W (7) O (7) (7). (3.7)

o0’

This expression follows from the fact that Wl (7)¥,/(7) acts on the spin-resolved

fermionic density at position 7, while OUU/(F) operates in spin space and may include
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spin-independent terms.

Applying this general rule to the single-particle Hamiltonian Hy, we obtain
}AIO = Z / dF \I/}L(F) FIO,JU’ (F) \ija’ (f‘) (38)

This formula expresses the kinetic energy and external one-body potentials, including
possible spin-dependent terms, in terms of field operators. The dependence on the
spin indices o and ¢’ arises from the fact that the single-particle Hamiltonian acts
not only in real space but also in spin space [69, 71, 113]. In first quantization, the

one-body operator is generally written as
]f[(] - ﬁo(?ﬁ@ ® S, (39)

where S is a spin operator that acts on the internal spin degree of freedom. If
the Hamiltonian is spin-independent (e.g., purely kinetic energy and scalar external
potential), then it is proportional to the identity in spin space,

N h2
Hyyor (7) = | ——=V? + Vit (7) | 507 (3.10)

2m*
In this case, the operator is diagonal in the spin basis. The advantage is that the
particle and spin labels no longer appear explicitly in the many-body wavefunction;
instead, fermionic statistics and spin structure are automatically encoded in the
anticommutation relations of ¥, and Ui .

Similarly, a two-body operator of the form

N A
Z W(ﬁ7o-i;7?jao-j) (311)

ij=1
i#j

O, =

N —

is written in second quantization as
A 1 A A ~ A A
0 =353 / i di’! WA (7, o)V (7' oYW (7, 0; 7, VU (F', 0 )0 (7 0).  (3.12)

To proceed further, we expand the field operators in a complete orthonormal set

of single-particle orbitals {¢;(7)}, for example Wannier functions localized at lattice
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sites [114, 115]:
V(7 0) = 3 6i(F) bio, (3.13)
V(7o) =Y ¢i () el (3.14)

Here ¢;, annihilates an electron in orbital ¢ with spin o, and éjg creates one electron

in orbital ¢ with spin ¢. They obey the anti-commutation relations

{Cio, &} = 005y {i0r 0} =0, {2l ) =0. (3.15)

107 Yjo’

Substituting the expansion of the field operators gives

B=Y [ aF (Z 5:(7) *) Hy(7) (Z%(ﬁ )
=St [ 47 617 Hol7) (7). (3.16)

o Z,j
We define the one-body matrix elements
by = [ 7 67(7) Hol7) 65(7), (3.17)

so that the one-body Hamiltonian becomes

Hy =YYty )0 (3.18)

o Z’]

The choice of single-particle orbitals {¢;(7)} is not unique. In general, they only
need to form a complete orthonormal basis. They are eigenstates of Hy only if we
deliberately choose the single-particle energy eigenbasis [69, 113].

If we select ¢; to be eigenfunctions of the one-body Hamiltonian,

Ho(7)¢s(7) = €igi(7), (3.19)
then the matrix elements ¢;; become diagonal due to orthonormality,

tij = 52'61‘]‘, (320)
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and the Hamiltonian is diagonal in the orbital index,
ﬁo = Z Eié;-rgéig. (321)

This situation corresponds to working in the energy (or band) basis.

However, in lattice models it is often advantageous to use localized orbitals, such
as Wannier functions centered at lattice sites [114, 115]. A Wannier function is a
localized orbital built from the extended Bloch eigenstates of a periodic single-particle
Hamiltonian. In a crystal the eigenstates of Hy are Bloch functions 1 _;(7), labelled
by a band index n and a crystal momentum /2, and each one is spread over the whole
crystal. The Wannier function for band n tied to lattice site R is defined as their
Fourier transform over the Brillouin zone,
(7), (3.22)

nR

\/m Z ik-R e
where Ny is the number of k points. These functions are localized around ﬁ, form
an orthonormal set, and are translates of one another, w, () = wWyo(7" — R). They
are not unique. The Bloch states carry a gauge freedom, namely an arbitrary k
dependent phase, or for several bands a unitary mixing Umn(lg), and different choices
give Wannier functions with different localization. A common way to fix this freedom
is to choose the gauge that minimizes the spatial spread of the orbitals. This defines
the maximally localized Wannier functions [116, 117], which are obtained numerically
from a band-structure calculation, for example with the Wannier90 package [118].
With the orbitals ¢; taken to be such Wannier functions, the matrix elements t;;
defined above become the onsite energies and hopping amplitudes of the lattice model.

Wannier functions are generally not eigenstates of Hy. In this case the matrix ¢;; is

not diagonal, and the Hamiltonian naturally separates into onsite and hopping terms,

Zglczocw' + Z th zo'cj0'7 (323)
i#£],0

where

are the onsite energies and t;; (i # j) are hopping amplitudes. This is the most
general form of a second-quantized Hamiltonian in terms of creation and annihilation

operators of the single-particle.
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We now treat the electron-electron interaction term. In first quantization it is

Using Eq. (3.12), the corresponding second-quantized form is
1 ~ A ~ A
-3¥ / i di” U (7, o) (7, 0V (7 — PO (R, o' U (7, o).
We again expand the field operators in the orbital basis:

= Z@(F) Ciors
SEDIAGE!

Substituting these into Eq. (3.26) yields
1w (o) (5]

x V(i —i") (Zcbk(F')éko') <Z¢Z(F)élo)

=3 5 bt [[ drd 61565 (- o))

0,0’ 1,5,k,l

We define the two-body Coulomb elements

Vo= [ drdi” 1757V (7 = #)ul7) (7).

so the interaction term becomes

*Z > Vime el jgfcka/éla-

o,0’ ,5,k,l

| —

(3.25)

(3.26)

(3.27)

(3.28)

(3.29)

(3.30)

(3.31)

If the interaction does not depend explicitly on spin (as is the case for the Coulomb

interaction), the spin indices only appear in the creation and annihilation operators,

and the matrix elements V;; are spin-independent.

Combining the one-body and two-body parts, Eqgs. (3.18) and (3.31), the full
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many-body Hamiltonian in second quantization reads

H Zztz] wCJU + — Z Z ‘/Ukl Cw ]U/C]m/élg. (332)

o,0" i,5,k,l
which is the standard second-quantized form of the interacting tight-binding Hamilto-

nian. This completes the formulation of a many-body problem. In the subsequent

sections, we introduce various approaches to solve a many-body problem.

3.2 Configuration Interaction

The configuration interaction (CI) method, also known as exact diagonalization (ED),
takes the many-body Hamiltonian and finds its energy spectrum by representing the
Hamiltonian as a matrix in a chosen many-body basis and then diagonalizing this
matrix [69, 119, 120]. In this way, the ground state and all excited states within the
chosen Hilbert space are obtained in a numerically exact manner.

The starting point of the CI method is a set of single-particle orbitals {¢;(7, o)},
where 7 labels the orbital quantum numbers and o denotes the spin degree of freedom.
These orbitals may be atomic, molecular, or lattice Wannier orbitals, or any other
convenient orthonormal basis [119-121]. Associated to each orbital we introduce

1.

fermionic creation and annihilation operators ¢;, and ¢;,, satisfying

{Cwa Cior '} =04 0gor, {Cio, jor} = {Awa Cior '} =0. (3.33)

We then construct the many-body Fock space by acting with the creation operators

on the vacuum state |0):

@) = ]I &, 10), (3.34)

(i,0)€Q
where o denotes a configuration, i.e. a specific pattern of occupied single-particle
orbitals. In most cases such as the many-body Hamiltonian shown before, one usually
restricts to a sector with fixed particle number N (and often fixed spin projection), so
that the basis states {|®,)} form an orthonormal basis of this N-particle subspace.
The dimension D of this Hilbert space grows combinatorially with the number of
available single-particle orbitals [69]. For example, if there are M distinct single-particle

spin-orbitals and the particle number is fixed to N, then

D= (% ) (3.35)
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The growth becomes most severe near half filling, N = M /2. Using Stirling’s
approximation n! ~ v/2mn (n/e)" for large n, one finds

M M! oM
(?!) TM/2
which scales asymptotically as
2M
D~ —. (3.37)

VM
Thus, at half filling the Hilbert space dimension grows exponentially with M, up to a
subleading algebraic prefactor. This exponential scaling of the Hilbert space is the
fundamental limitation of exact diagonalization methods for interacting many-body

systems.

Second-quantized Hamiltonian and matrix elements

We now demonstrate the application of ED on the many-body Hamiltonian in Eq. 3.32.
The coefficients are assumed to be known from the underlying microscopic model or
from ab initio calculations.

The CI method proceeds by computing all matrix elements of H in the basis

{I2a)}: )
Hap = (Do) H |D). (3.38)

Using the fermionic anticommutation relations, these matrix elements can be evaluated
analytically in terms of ¢;; and V;j; and the occupation patterns defining |®,) and
|®3). The resulting matrix H is a D x D Hermitian matrix that fully encodes the
many-body Hamiltonian within the chosen Hilbert space.

To reduce computational cost, it is advantageous to exploit all symmetries of the

Hamiltonian. If H commutes with a set of conserved quantities {Qu},
[H,Q,] =0, (3.39)

then H and all Qu can be simultaneously diagonalized [69, 122]. This implies that the
Hilbert space decomposes into invariant subspaces characterized by definite eigenvalues
(quantum numbers) of the conserved operators.

Let I" denote the collection of quantum numbers associated with {@u} The full
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Hilbert space H can then be written as a direct sum of orthogonal symmetry sectors,

H=PH", (3.40)
r

where each subspace H() consists of states satisfying

Qulv™) = |pD) . (3.41)

Because H preserves these quantum numbers, it maps each symmetry sector onto
itself,
HHD cHD, (3.42)

As a result, in a basis ordered according to symmetry sectors, the Hamiltonian matrix

takes block-diagonal form,
H=pH", (3.43)
r

where H™) denotes the restriction of H to the subspace H™). The symbol € denotes
a direct sum. It indicates that the full operator acts independently on mutually
orthogonal subspaces, so that matrix elements connecting different symmetry sectors

vanish:

(WOLH [pT) =0 for T #AT". (3.44)

Thus, diagonalizing H reduces to diagonalizing each block HD separately. The CI
procedure can then be applied independently in each block, which significantly reduces
the effective matrix dimension in comparison to considering the full Hilbert space at
once. In particular, when one is interested in the ground state, it is often sufficient to

focus on the sector containing the physical ground-state quantum numbers.

Numerical diagonalization

After constructing the Hamiltonian matrix in a given symmetry sector, the next step
is to obtain its eigenvalues and eigenvectors. In principle, one can perform a full
diagonalization,

HOvE) = 0y (3.45)

which yields the complete spectrum { £V} and the corresponding eigenstates {| ¥},

with
WD)y =3 o) |@,) . (3.46)

ael
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For moderate matrix dimensions D = dim H", full dense diagonalization can be
performed using standard O(D3) algorithms such as QR or divide-and-conquer methods
implemented in LAPACK [73, 123, 124]. Here, “moderate” typically refers to matrix
sizes D < 10105, for which storing the full dense matrix (requiring O(D?) memory)
and performing cubic-time diagonalization remain computationally feasible. Since
dense diagonalization scales as O(D?) in time and O(D?) in memory, the computational
cost rapidly becomes prohibitive beyond this regime.

Once the eigenstates have been obtained for a given symmetry sector, any observable
represented by an operator O can be evaluated straightforwardly. For an eigenstate

|W,,), the expectation value is

(O)n = (Ta| O[¥,) = Zﬁ(“n,a)*vn,ﬂ (04| O |®5). (3.47)

For operators that are expressed in second quantization (e.g. densities, currents,
spin operators, or correlation functions), the matrix elements (®,| O |®5) are again
evaluated using the algebra of creation and annihilation operators.

In this way, the CI/ED method provides access not only to the full many-body
spectrum but also to a wide range of static and dynamical observables, limited only
by the size of the Hilbert space that can be handled numerically [67, 69, 125].

Computational Limitations

Despite its simplicity and numerical exactness within the chosen Hilbert space, the
CI method suffers from an exponential growth of the Hilbert space dimension with
system size [67, 68, 72]. For example, a one-dimensional spinless chain of L sites has a
Hilbert-space dimension D = 2°. Here each of the L sites is either empty or occupied
by a single spinless fermion, so there are two states per site. The dimension 2% is
therefore that of the full Fock space, and it sums over all particle numbers from 0 to
L.

The computational cost is directly determined by this dimension. If the Hamiltonian
is stored as a dense matrix, the memory requirement scales as O(D?), while full
diagonalization scales as O(D?) in time using standard eigensolvers [73, 123]. Even for
sparse representations, iterative methods such as the Lanczos algorithm do not form
the full matrix. They keep only a small, fixed number of vectors of length D, together
with the sparse Hamiltonian. For example, the Lanczos three-term recurrence retains

only about three such vectors at a time. The memory therefore scales linearly with D,
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as O(D), rather than as the O(D?) of a dense matrix [126].

To illustrate the hardware limitation, consider L = 16, for which D = 26 = 65,536.
These estimates assume real double-precision numbers, which occupy 8 bytes each. A
single state vector then requires 8D = 0.5 MB of memory, while a dense Hamiltonian
requires 8D? =~ 34 GB, already approaching the limits of typical workstation hardware.
If the Hamiltonian is complex, each entry occupies 16 bytes and these figures roughly
double, to about 1 MB per vector and 69 GB for the dense matrix. Since dense
diagonalization scales as D3, the computational time rapidly becomes prohibitive
beyond this range.

As a consequence, ED is restricted to systems with a modest number of degrees of
freedom, typically one-dimensional spinless chains with L ~ 10-16 sites on present-day
hardware [67, 72, 126]. To reach such system sizes in practice, careful use of symmetries
and optimized numerical techniques (e.g., sparse-matrix representations, Krylov or
Lanczos eigensolvers, and parallelization) is essential [68, 126].

In practice, ED is therefore most powerful as a benchmarking tool and for gaining
detailed insight into the many-body physics of small clusters, which can then guide

the development and validation of more scalable approximate methods [67, 68, 126].

3.2.1 Spinless Tight-binding Chain

To illustrate the CI procedure, we now consider a spinless tight-binding Hamiltonian
with nearest-neighbour hopping and onsite energy . In second quantization, for a

chain of L sites with open boundary conditions, the Hamiltonian reads
. L L—1
H=cY ii—tY (elei +e,6), (3.48)
i=1 i=
where éI and ¢; create and annihilate a spinless fermion on site 7, and

hy = éle (3.49)

is the local number operator. The first term in Eq. (3.48) assigns an energy ¢ to each
occupied site, while the second term allows particles to hop between neighbouring
sites with amplitude ¢.

For spinless fermions there are only two possible local states at each site, empty or

occupied

« |0), : site i empty,
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_ Aty , L
« |1), = ¢/ |0), : one fermion at site .

As an example, we take a chain of L = 3 sites. The full Fock space is obtained by
taking tensor products of these local states. A convenient notation is to write a basis

state as a binary occupation string
[ninang) = (&)™ (24)"™ (&)™ |0) , (3.50)

where n; € {0,1} and |0) is the vacuum with all sites empty. For 3 sites, we will have

23 = 8 configurations. The eight many-body basis states are

|0) = 1000), ¢1 |0) = [100),
¢y10) =1010),  ¢3|0) = |001),
é162 |O |110>7 6163 |0> - |101>»

>:
) =1o11), élebel|o) = 111).

ey 0
In CI, we use these states as a basis in which to represent the Hamiltonian. In
numerical implementations it is convenient to associate each binary string with the

corresponding integer obtained by interpreting it as a bit pattern, e.g.
’7’L17’L27”L3> —n= n122 + n221 + n320, (351)

so that
|000) — 0, ]001) — 1, [010) — 2, |011) — 3,

(3.52)
1100) — 4, |101) — 5, [110) =6, [111) — 7.

This indexing allows us to store state coefficients in arrays and to use bit operations
to implement the action of H. For efficient implementation on a computer, we store

these binary strings in objects such as dictionaries.

Action of the Hamiltonian on basis states. We now compute the action of H

on some basis states to illustrate how matrix elements are obtained.

Onsite term. The onsite part is diagonal in the occupation basis:
A 3
H.=¢) n. (3.53)
i=1
For a given basis state [ningong), we count the number of occupied sites:

H. [ningns) = e(ny + ng + ns) [ningns) . (3.54)
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For example,

H. |100) = ¢ [100), (3.55)
H. |110) = 2¢ |110) . (3.56)

Hopping term. The hopping part for L = 3 is
Hy = —t(eles + chey + cles + e)n). (3.57)

Each term moves a particle between neighbouring sites provided that the departure
site is occupied and the arrival site is empty. Fermi statistics enter through possible
sign factors, but for spinless fermions with the standard ordering 1 < 2 < 3 the
examples below are straightforward.

Consider first the one-particle state [100):

1,100y = —t(é{@ + e, + ey + é};ég) 1100) . (3.58)
Only the term é;él gives a non-zero contribution:
¢ [100) = ]000) , (3.59)
¢4 |000) = ]010) , (3.60)
so that
H,[100) = —¢ |010). (3.61)

All other terms annihilate the state because either the departure site is empty or the
arrival site is already occupied.

Similarly, for |010) we obtain

¢le,1010) = &l 1000 = |100), (3.62)
¢léy |010) = &1000) = |001), (3.63)

while the other two terms give zero, so

H,1010) = —#(]100) +]001)). (3.64)
Finally,
H,{001) = —¢ |010). (3.65)

%)



The CI method often exploits particle-number conservation to work within a
fixed-N sector. For L = 3 and N = 1 the basis states are

¢1) = [100),  |¢2) = [010), [¢s) = [001). (3.66)

Using the results above, we can read off the 3 x 3 Hamiltonian matrix HN=1 defined
by

3
Hg;) =Y H ™ |o3). (3.67)
=1
We find
H|¢1) = (£]100)) — ¢ [010) =& [dr) — ¢ |¢2) , (3.68)
H [¢o) = (£]010)) — (|100) + [001)) = —¢ |¢1) + & o) — ¢ |3) , (3.69)
H |¢3) = (£]001)) — ¢ [010) = —t |¢o) + € |¢s) . (3.70)
Therefore,
e —t O
HN=D = | ¢+ ¢ —¢|. (3.71)
0 —t ¢

Diagonalizing this small matrix yields the exact one-particle energy spectrum for the
three-site chain. The entire 8 x 8 Hamiltonian is shown in table (3.1), and the energy

levels are displayed in Fig. 3.1.

Growth of the Hilbert space with system size. For a spinless fermionic chain
with L sites, each site can be either empty or occupied. The dimension of the full

Fock space is therefore

dim Hy = 2. (3.72)

If we restrict ourselves to a fixed particle number N, the relevant Hilbert space is the

N-particle sector, whose dimension is given by the binomial coefficient

, L
dim Hy = ( N) : (3.73)

corresponding to the number of ways to distribute N indistinguishable fermions over

L sites with at most one fermion per site. Summing over all possible particle numbers
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recovers the full Fock-space dimension:

XL: (Jf[) =2k, (3.74)

This exponential growth with L is the fundamental limitation of the CI approach:
although the method is conceptually straightforward and numerically exact within
the chosen Hilbert space, the size of the Hamiltonian matrix increases so rapidly that

only relatively small systems can be treated in practice.

1000) |100) ]010) ]001) |110) [101) [011) [111)
(000] | 0 0 0 0 0 0 0 0
(100 | 0 e —t 0 0 0 0 0
| o -t e -t 0 0 0 0
(001] | 0 0 -t e 0 0 0 0
(110 | 0 0 0 0 2 —t 0 0
(101 | 0 0 0 0 -t 2 —t 0
(011] | 0 0 0 0 —t 2 0
(111 | o 0 0 0 0 0 0 3

Table 3.1: Hamiltonian matrix for the spinless three-site tight-binding chain in
the Fock basis {|000),]100),]010),|001),|110),]101),[011),|111)}. The diagonal
elements count the number of occupied sites and thus carry factors of €, while the
off-diagonal elements —t connect configurations that differ by a single hop of a fermion
between neighbouring sites. The matrix is block diagonal in the particle-number
sectors N =0,1,2,3.

3.2.2 Spinful Tight-binding Chain

We now extend the CI construction to a spinful tight-binding Hamiltonian with onsite
energy. In contrast to the spinless case, each lattice site can now host up to two
electrons, distinguished by their spin projection o =1, |. This increases the size of the
local Hilbert space and leads to a faster growth of the many-body Hilbert space with
system size.

We consider a one-dimensional chain of L sites with nearest-neighbour hopping

and a spin-independent onsite energy . In second quantization the Hamiltonian reads

L
Z Z Rig — t Z > (cwc,H RIS ng) (3.75)
1o

i=1 o=1,0
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Figure 3.1: Full energy spectrum of the 3-sites spinless tight-binding Hamiltonian
with t = 1 and € = 0.5 using CI.

.|.

where ¢} (¢;,) creates (annihilates) an electron with spin o on site i, and

g = Elytin (3.76)

is the corresponding number operator. The first term in Eq. (3.75) assigns an energy &
to each electron, independent of its spin, while the second term allows spin-conserving
hopping between neighbouring sites with amplitude ¢.

The Hamiltonian conserves both the total particle number

N =3, (3.77)
and the spin projection
N 1 R R
8. =3 Z(m — fiy). (3.78)

Therefore, the Hilbert space naturally decomposes into sectors labelled by NV, N; and
N, (or equivalently N and S,).

For each site ¢ there are now four possible local configurations:

« |0), : site 7 is empty;

[1); = ¢4 10); : one electron with spin up;

[1); = ¢, 10); : one electron with spin down;
o 1), = éj@u |0), : a doubly occupied site.
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Thus the local Hilbert space on a single site has dimension 4.
The full Fock space for the chain is obtained as the tensor product of the local

spaces. A generic basis state can be written as

@) = ]I € 10). (3.79)

(i,0)€a

where we can order the product according to a fixed convention (for example, increasing
site index and, for each site, spin-up before spin-down), and « denotes a particular
configuration specifying which spin-orbitals (i,0) are occupied. In an equivalent

occupation-number notation we can write

L
{nir, ni }) = [Tk (el )me

=1

0,  nie{01} (3.80)

Since there are 2L spin-orbitals (i,0) and each can be either empty or occupied,

the dimension of the full Fock space is
dim Hyy = 22 = 4%, (3.81)

reflecting the four local states per site.

To use the symmetries of the spinful chain, we typically fix the total number of
electrons N and often also the spin projection S, or equivalently the numbers N; and
N,. These are related by

1
N = N;+ Ny, S, = i(NT—NJ,). (382)
The dimension of the Hilbert space in a fixed (N, N|) sector is obtained by a

simple combinatorial argument: there are L possible sites for spin-up electrons and

L independent sites for spin-down electrons. Choosing N; spin-up electrons and V|

L L
dim ,HNT,NJ' == (NT> <N¢> (383)

Summing over all Ny, N| reproduces the full Fock-space dimension:

EEEO-(EENEE) - o
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In practice, the CI basis is constructed explicitly in the desired sector by enumerating
all configurations with the given values of N; and N and assigning each of them a
unique index.

To illustrate these general considerations, we now work out explicitly the Hamilto-
nian matrices for a short chain with L = 3 sites in several (Ny, N|) sectors. In the
one-particle sector N = 1 the Hamiltonian matrix in the basis {|11),]21),(3 1),
111),124),[3 )} is shown in Table 3.2.The two-particle sectors with parallel spins,
(N3, N;) = (2,0) and (0, 2), are summarized in Tables 3.3 and 3.4, respectively, while
the fully polarized three-particle sectors (3,0) and (0, 3), which each contain a single
basis state, are shown in Tables 3.5 and 3.6. Finally, the mixed-spin three-particle
sector (N4, N}) = (2,1) is represented in Table 3.7. The full many-body energy
spectrum for L = 3 is plotted in Fig. 3.2.

Now we proceed to construct the Hamiltonian matrix. Once the basis {|®,)} in a

fixed sector is constructed, the CI method requires the matrix elements
H.p = (0, H|Pp) . (3.85)

The diagonal matrix element is
H.o = €N, (3.86)
where N, is the total number of electrons in configuration «.

The hopping part of the Hamiltonian is

L—1
Ht = —t Z Z(éZUéi—l—l,o + 6;[4_17061‘0). (387)

=1 o

Each term éjaéj,, moves an electron with spin ¢ from site j to site 7 + 1. Acting on a

basis state [{n,}), such a term yields a non-zero result only if
Nje = 1, Njg = O, (388)

i.e. there is an electron at (j, o) and the target (i,0) is empty. The resulting state is
another basis configuration in which the occupations at (i,0) and (j,0) have been
exchanged:

& gl nie =0, nje=1,..)=%|.. . nix=1,...,n0,=0,...).  (3.89)

The overall sign + arises from commuting the fermionic operators through the string
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of creation operators defining the basis state; it is given by (—1)F, where P is the
number of occupied spin-orbitals between (i,0) and (j, ) in the chosen ordering. In
an actual implementation, this sign is computed efficiently using bit operations.
Thus, for two basis states |®,) and |®3) that differ by the motion of exactly one
electron with spin ¢ from site j to i = j+1, the hopping term generates an off-diagonal
matrix element
H.p = —t x (£1), (3.90)

with the sign determined as above. If the two configurations differ by more than
one single-particle occupation, the hopping term does not connect them directly and
H,; =0.

Because H commutes with both N and 5’2, the Hamiltonian matrix constructed in
this way is block diagonal in sectors labeled by (Nt, N|). The CI method proceeds by:

1. Enumerating all configurations in the chosen (N;, N|) sector and assigning them
indices to form the basis {|®,)}.

2. Computing the diagonal onsite energies from H., which depend only on the total

particle number in each configuration.

3. Applying the hopping operator H; to each basis state to find the connected

configurations and their associated matrix elements =+t.

4. Assembling the resulting sparse Hermitian matrix H,s and diagonalizing it
(typically using iterative eigensolvers such as Lanczos) to obtain the many-body

spectrum in that sector [125, 126].

Growth of the Hilbert space. The spinful tight-binding model already exhibits
a rapid growth of the Hilbert space. For L sites the full Fock space has dimension
4% and even restricted sectors such as half filling (N = L) with S, = 0 still have

dimensions of order )
) L
dim Hy,—n, =12 = (L/Q) : (3.91)
For example, for L = 3 sites,

dim Hey = 4° = 64, (3.92)

which already exceeds the 23 = 8 states of a spinless chain of the same length. This

combinatorial growth ultimately limits the CI/ED approach to relatively small system
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sizes, despite the conceptual simplicity of the method and the absence of interactions
in the present example. Nonetheless, for small L the CI method yields the numerically
exact many-body eigenstates, which makes it a valuable benchmark for more advanced
and scalable techniques discussed later in this chapter. An explicit example of the full

spectrum for L = 3 is shown in Fig. 3.2.

11;0) 12;0) [3;0) [0;1) [0;2) 0;3)

(10| ¢ =t 0 0 0 0
Qo | =t & -t 0 0 0
Bol| o -t @« 0 0 0
;1] | 0 0 0 e —t 0
;2] | 0 0 R —'
;3| 0 0 0 0 -t e

Table 3.2: Hamiltonian matrix for a spinful three-site tight-binding chain in the
one-particle sector NV = 1. The matrix is block diagonal in spin due to spin-conserving
hopping. Each block is identical to the spinless tight-binding Hamiltonian, with onsite
energy ¢ and nearest-neighbour hopping —t.

12;0)  [13;0) [23;0)
(12;0] | 2¢ —t 0
(13:;0| | —t 2% —t
(23:0/ | 0 —t 2%

Table 3.3: L = 3 spinful tight-binding Hamiltonian in the (N4, N}) = (2,0) sector.

0;12) [0;13) |0:23)
(0;12] | 2¢ —t 0
0;13] | —t 2% —t
(0;23) | 0 —t 2%

Table 3.4: L = 3 spinful tight-binding Hamiltonian in the (N4, N}) = (0, 2) sector.
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|123;0)

(123; 0| 3¢

Table 3.5: L = 3 spinful tight-binding Hamiltonian in the (N4, N}) = (3,0) sector.

|0; 123)

(0; 123| 3¢

Table 3.6: L = 3 spinful tight-binding Hamiltonian in the (N4, N}) = (0, 3) sector.

[12;1) [12;2) [12;3) [13;1) [13;2) [13;3) [23;1) [23;2) [23;3)
a1|| 3e —t 0 —t 0 0 0 0 0
az2l| -t 3 —t 0 —t 0 0 0 0
(123 0 —t 3¢ 0 0 —t 0 0 0
az1)| —t 0 0 3¢ —t 0 —t 0 0
(132/| o —t 0 —t 3 —t —t 0
a33| o 0 —t 0 —t 3 0 —t
231 0 0 0 —t 0 0 3¢ —t 0
23;2]| 0 0 0 0 —t 0 —t 3¢ —t
(23:3]| 0 0 0 —t 0 -

Table 3.7: L = 3 spinful tight-binding Hamiltonian in the (Ny, N|) = (2,1) sector,
basis |ij; k).

Energy (in units of t)

0 10 20 30 40 50 60
eigenvalue index

Figure 3.2: Full energy spectrum of the L = 3 spinful tight-binding Hamiltonian with
t =1 and e = 0.5 using CIL.
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3.3 Mean-field approximations

So far we have discussed both non-interacting systems (single-particle Hamiltoni-
ans) and fully interacting many-body systems treated by exact diagonalization in
a restricted Hilbert space. While configuration interaction or exact diagonalization
provide numerically exact results within the chosen basis, their computational cost
grows exponentially with system size [67, 68, 72]. This makes them impractical for
larger systems, or for systematic scans over many parameters.

In this section we describe the mean-field approaches employed in this work to treat
electron—electron interactions at reduced cost. The central idea of mean-field theory
is to replace the full interacting many-body problem by an effective single-particle
problem, in which each electron moves in a self-consistent potential generated by the
average distribution of all the other electrons [69, 113].

We focus on the Hartree-Fock (HF) approximation, which explicitly treats both
direct (Hartree) and exchange (Fock) contributions at the mean-field level [69, 71,
119].

3.3.1 Hartree—Fock approximation

We start from the general many-body Hamiltonian written in second quantization

in an orthonormal single-particle basis {(,(7)}, with fermionic operators ¢}, and ¢,
creating and annihilating an electron in orbital ¢ with spin ¢ [69, 71, 113]:
1 -
H=Y ejclcjo+ 5 S (i, 4k, D) c}GC}J,ckg/qg. (3.93)

1,5,0 i,5,k,l 0,07

Here ¢;; contains all one-body contributions such as onsite energy or hopping, and

G,V Ik, 1) = [ drd & (7) () V7 = 7) o) () (3.94)

are the two-body Coulomb matrix elements [69, 119]. They satisfy the symmetry
properties
(i, jIVIk, 1) = Gy ilVI|L k) = (B, VI3, )" (3.95)

The first term in Eq. (3.93) is quadratic in the fermionic operators and can be
diagonalized straightforwardly. The second term is quartic and is responsible for the
complexity of the interacting many-body problem.

In the Hartree—Fock approximation we assume that the many-body ground state
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can be approximated by
occ

HF) = [T §,10), (3.96)

where b  creates an electron in a Hartree Fock orbital labelled by A and spin o. The
symbol “occ” indicates that the product runs over all occupied single-particle orbitals
in the Hartree-Fock ground state. That is, for a system with N electrons, exactly N
orbitals {\} are filled, and the remaining orbitals are empty. These orbitals are linear

combinations of the original basis states:
b:r\g = Z aipc;(,, c;w_ = Z ai;;b:r\g. (3.97)
p )

Because |HF) is a Slater determinant, Wick’s theorem applies: any expectation value of
a product of fermionic operators can be expressed as a sum of products of two-operator
contractions [69, 71, 127].

It is convenient to introduce the one-body density matrix in the original basis
o, = (HE|cl, c;, [HF). (3.98)

Since the Hartree—Fock Hamiltonian conserves the spin projection S,, the up- and
down-spin sectors remain independent [69, 113]. Consequently, the Hartree—Fock

ground state factorizes into a tensor product of two independent Slater determinants,
|HF) = |HF;) ® |HF). (3.99)

Because of this factorization, operators that mix different spin projections connect
orthogonal Fock sectors and therefore have vanishing expectation values. In particular,

the one-body density matrix becomes diagonal in spin space,
(lyCior) = Goor 15, (3.100)
where

p5 = (clatso) (3.101)

is the spin-resolved density matrix. This case is known as a collinear Hartree—Fock
solution. Collinear means that the spin moments everywhere point along a single
common axis, taken here as the spin quantization axis z. Equivalently, the single-

particle states are eigenstates of S., and the mean-field Hamiltonian contains no
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spin-flip terms connecting 1 and |. The spin structure therefore remains block
diagonal, and each spin sector can be treated independently. A non-collinear solution,
by contrast, allows the spin moments to point in different directions. The two spin
sectors then mix, S, is no longer conserved, and the block-diagonal structure is lost.
Such solutions are required when spin-flip terms are present.

We now focus on the interaction part of the Hamiltonian,

~ 1
‘/ee = 5 Z Z<Za]|V|k? l> CZUC;U’CkU'ClU‘ (3102)

i,5,k,l 0,0’

As noted above, because |HF) is a Slater determinant, Wick’s theorem applies, and
it is exact. Written out for a product of four fermion operators, it expresses the

expectation value as a sum of two-operator contractions,
<c}acga,ck0/clg> = (c}aclgﬂc;r-a,ck(,/) — (c}ack(,/}(cj-a/clg). (3.103)

This is an identity and involves no approximation.
The approximation enters at a separate step, as the mean-field decoupling of the
operator. We write each fermion bilinear as its average plus a fluctuation, A = A— (fl)

For any two bilinears this gives the exact relation

A A

AB = (AYB+ A(B) — (A)(B) + 6A4B. (3.104)

The Hartree-Fock approximation neglects the last term, 5A 5f3, which carries the
correlations beyond mean field. Applying this to the four-operator product, in both the
direct (Hartree) and exchange (Fock) channels, and absorbing the resulting constant

into an overall energy shift, we obtain

7T ~ (o T | T
CigClorCho' Clo R <cjg,ck0/)ciaclg + (cwcla)cjg,cka/
direct (Hartree) direct (Hartree)
T T T T
— (cjg,clg)cmc;w/ — <cl-ac;w/>cjg,cl(7 ) (3.105)
exchange (Fock) exchange (Fock)

The symbol ~ here denotes the mean-field neglect of the fluctuation term in
Eq. (3.104), not Wick’s theorem, which is exact. Using Eq. (3.100), the expectation

66



values are written in terms of the density matrix:

(corrar) = 05 (choeio) = 15, (3.106)
(c}a,cw) = o0’ P (cj»ackal> = g0 P (3.107)

Substituting Eq. (3.105) into Eq. (3.102) we obtain

N 1
Vee @ 5 Z Z Z j|V|k’ l> |:pkjczo'cl0' +plz ]g’cka

i,5,k,l 0,07

\)

- 50'0"p%6:|i-o'ck0' - 50’0"p(]:;-ficj'o-clo' . (3108)
We now simplify term by term.

Direct (Hartree) contribution. Consider the first two terms in the square brackets.

The first one reads

Vél) = EZ [Z (1, 7|V |k, 1) pk]] CloClo- (3.109)

i7l7o. j7k70

The second Hartree term has operator structure c;r-g,c,w/; by relabelling dummy indices
(i,0) <> (j,0’) and (I, k) <> (k,l) and using the symmetry of the Coulomb matrix
elements, we obtain an identical contribution. Therefore the factor of 1/2 cancels and

the full Hartree term is

i,lo

= [Z i, J\V k1) pk]] CloClo- (3.110)

Exchange (Fock) contribution. The third term in Eq. (3.108) reads

P =33

'Lko

> (i gIVIk, 1) pé}] ChoChor (3.111)
75l

where the Kronecker delta d,, has been used to perform the spin sum o’. The fourth
term in Eq. (3.108) can be treated in exactly the same way by relabelling dummy
indices, leading to an identical contribution. Again, the factor 1/2 cancels and we
obtain

Ve = — > [Z(z JIVIk, D) pl]] ChoChio- (3.112)

i7k’a- ‘77l
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Quadratic Hartree—Fock Hamiltonian. Collecting the Hartree and Fock contri-

butions, the interaction part in the Hartree—Fock approximation becomes

VAR =SS (GdIVIk, 1) o7 — (VIR D) 0000 ) | clycio (3.113)

il,o |7,k,0’
It is convenient to define the Hartree—Fock self-energy (or effective mean-field potential)

Aol = 3 (GalVIED o7 = (0 JIVILE) pF000) (3.114)
7.k,0’
so that

VHE = N 52900] oo (3.115)

il,0
Adding the one-body part of the Hamiltonian, the full HF Hamiltonian is purely
quadratic:
Hyrp = Z hzl N zcrcl07 hzl o — Gl + ZZ [IO] (3116>

ilo
This is of the same form as the non-interacting Hamiltonian, but with an effective
single-particle matrix A [p] that depends on the density matrix itself.
The Hartree-Fock ground-state energy is obtained by taking the expectation value
of the full Hamiltonian with respect to |HF):

Eyr = <HF’H’HF>
=> e+ - Z > (i, 3V Ik, ) ((eloelyrcrorciohur ) - (3.117)

%,J,0 1,5,k 0,0’

Evaluating the four-operator expectation value by Wick’s theorem and using the same

contractions as in Eq. (3.105), we find

o 1 - o o o o
Eur = > €0+ 5 2 Z<27]|V|k7l><pilpjk - 500’pikpjl)' (3.118)
1,5,0 1,5,k,l 0,07
The first term inside the parentheses is the Hartree (direct) energy, while the second
term is the Fock (exchange) contribution. The prefactor 1/2 ensures that each pair
interaction is counted only once, avoiding double counting when summing over all
indices.

Using the effective single-particle matrix A defined in Eq. (3.116), one can
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equivalently write

EHF = Z Z]O‘pl_] 5 Z Z i j‘V'k l (pglpjllc - 600’10;'716/)?[)7 (3119)

©,J,0 zyklaa

which makes explicit that, although h''F already contains mean-field interaction effects,
a separate interaction energy must be subtracted to avoid double counting.

Since the Hartree-Fock Hamiltonian Hyr depends on the density matrix p through
Eq. (3.114), the HF equations must be solved self-consistently. The practical algorithm

proceeds as follows:

1. Initial guess. Choose an initial density matrix p(®), e.g., from the non-

interacting ground state or a simple trial configuration.
2. Build HF Hamiltonian. Construct hfF[p(™] via Eq. (3.116).

3. Diagonalize. Solve the single-particle eigenvalue problem
Z hzl o ¢(n - )\J w)xw (3120)

and fill the lowest-energy orbitals according to the required particle number and

spin sector.

4. Update density matrix. Construct a new density matrix

va () Z w)xw w)\ja' (3121)

A Eocc

5. Convergence check. Compare p™ ) (or EZ YY) with p™); if the change is
smaller than a chosen tolerance, the self-consistent solution has been found.

Otherwise, set n — n + 1 and repeat.

Compared to exact diagonalization, HF replaces the exponential growth of the
many-body Hilbert space by a polynomial-cost sequence of single-particle diagonaliza-
tions. The price is that correlations beyond a single Slater determinant are neglected
[119-121].

3.4 Variational Quantum Eigensolver

In this section we introduce the variational quantum eigensolver (VQE), a hybrid

quantum-—classical algorithm designed to approximate ground-state properties of
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interacting quantum many-body systems. VQE was first demonstrated by Peruzzo [128]
and has since become one of the most widely studied approaches for exploiting near-
term quantum devices for electronic structure and other many-body problems [129,
130]. The exact diagonalization method scales exponentially with system size because
it requires explicit storage and manipulation of the full many-body wavefunction.
VQE instead represents the wavefunction implicitly as a parametrized quantum circuit
acting on a register of qubits and uses measurements on the quantum device, combined
with a classical optimizer, to minimize the energy expectation value, thus providing

an approximation of the ground state energy [128-131].

3.4.1 Variational principle and cost function

The starting point of the variational quantum eigensolver (VQE) is the Rayleigh-Ritz
variational principle [69, 122]. We consider a Hamiltonian H with (unknown) ground-
state energy Ej and choose a family of normalized trial states [1)(0)), parametrized by

a set of real parameters @ = (61, 60,,...,0y,). The corresponding energy functional,
E(6) = (0 ()| H [4(6)). (3.122)
satisfies the variational bound
E(0) > E, forall 6, (3.123)

with equality only when [¢)(0)) coincides with the exact ground state (up to a global
phase). The variational bound follows directly from the Rayleigh-Ritz variational
principle [69, 122]. Let {|E,)} be the complete orthonormal set of eigenstates of H,

H|E,) =E,|E,), E/<E <Ey<... (3.124)
Any normalized trial state |1)) can be expanded in this basis,

The expectation value of the Hamiltonian is therefore

(| H [¢) = Z |eul* En (3.126)
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Since E, > Ej for all n, we obtain

W H )y = Eo Y |eal* + Y |eal(En — Eo) > Ey. (3.127)
n n>0

The inequality becomes an equality only if |¢,|? = 0 for all n > 0, i.e., when [¢)

coincides with the exact ground state |Ep).

The VQE algorithm aims to solve the optimization problem
Evae = min ((8)]  [¢(6)) . (3.128)

In practice, H could be an interacting many-body Hamiltonian acting on a high-
dimensional Hilbert space, and the trial state |¢)(0)) is generated by a parametrized
quantum circuit (ansatz) on a qubit register.

VQE is a hybrid algorithm: state preparation and measurement are carried out on
a quantum device, while the optimization over @ is performed on a classical computer.

The algorithm proceeds iteratively as follows:

1. Hamiltonian of the problem. One first specifies the quantum many-body
system of interest (for instance, an interacting electronic system or a lattice
spin model) and writes down the target Hamiltonian H in a form suitable for
implementation on a quantum computer, which will be clarified. For VQE to
be efficient, H must decompose into a sum of a polynomial number of terms
whose expectation values can be measured separately (e.g. a sum of few-body
interaction terms). Details of the Hamiltonian representation and fermion-to-

qubit mapping are discussed in later sections.

2. Definition of the ansatz. One chooses a parametrized quantum circuit U/(8)

acting on n qubits, and defines the trial state as

[0(6)) = U(8) [¢rer) . (3.129)

where |)f) is a fixed reference state. The circuit is built from a sequence of
one and two-qubit gates, some of which depend explicitly on the parameters
0 = (0y,...,0n,). Typically, these parameters enter as rotation angles in single-
qubit gates,

R, (0) = e7M000/2, (3.130)

where o, € {0;,0,,0.} are Pauli matrices, or as continuous parameters in
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entangling gates such as controlled rotations or parametrized two-qubit evolutions.
In this way, each 0y controls the strength of a unitary transformation generated

by a chosen Hermitian operator, and the full unitary takes the structured form

U(8) =[] e <, (3.131)
k

where {Gk} are Hermitian generators determined by the ansatz design.

The depth and structure of the circuit determine the expressiveness of the ansatz

and its sensitivity to hardware noise [129, 132, 133].

. State preparation on the quantum device. For a given parameter vec-
tor 6, the circuit U (0) is executed on the quantum hardware, preparing the

corresponding n-qubit state |1(0)).

. Measurement of observables. The expectation value F(0) is estimated by
repeated projective measurements of H on |¢(0)).The Hamiltonian is decom-
posed into a sum of measurement-friendly terms (e.g. tensor products of Pauli
operators), and each group of mutually commuting terms is measured separately.
The resulting bit strings are collected over many repetitions (shots) and used to
estimate F(60) as a statistical average. The number of required measurements
grows with the number of Hamiltonian terms and with the inverse square of the

desired statistical precision (error).

. Classical optimization. The estimated energy E(0) is passed to a classical
optimizer which proposes an updated parameter set 8, attempting to reduce
the cost function. Gradient-free (Nelder-Mead, COBYLA, SPSA) and gradient-
based (stochastic gradient, L-BFGS) optimizers are both commonly used [129,
131, 134-137]. Because measurements are noisy and each evaluation of E(6) is
stochastic, the choice of optimizer matters, and the methods listed above are not
equally robust to this noise [129, 138|. Stochastic optimizers such as SPSA and
stochastic gradient descent are built for noisy function and gradient estimates,
and they tolerate sampling noise comparatively well [129, 136]. Methods that
fit local models or curvature approximations to the sampled values, such as
Nelder-Mead, COBYLA, and L-BFGS, are more sensitive to noise. They tend
to perform well only when E(0) is estimated with many measurement shots or
in noiseless simulation [134, 135, 137]. On present-day hardware, noise-robust

optimizers together with error-mitigation techniques are therefore often required
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[131, 139, 140].

6. Convergence and post-processing. Steps 3-5 are repeated until a conver-
gence criterion is satisfied, for example when the change in the energy estimate
between successive iterations falls below a given threshold or after a fixed maxi-
mum number of iterations. Once converged, the final parameter set 0, provides
an approximation to the ground state, from which other observables can be

measured straightforwardly on the quantum device.

3.4.2 VQE for quantum many-body systems

The VQE framework can be used for quantum many-body problems, where the size
of the Hilbert space grows exponentially with the number of degrees of freedom. By
encoding the relevant many-body degrees of freedom into a register of qubits, VQE
can represent states using a number of parameters and gate operations that scale only
polynomially with system size, provided a suitable ansatz is chosen [128-132].

From the perspective of many-body methods, it is useful to compare VQE, CI,

and mean-field approaches:

o Compared to CI, VQE does not require explicit construction and full diago-
nalization of the many-body Hamiltonian matrix: the Hilbert-space dimension
appears only implicitly through the number of qubits and the structure of the
ansatz and Hamiltonian decomposition. In practice, however, this advantage is
offset by several serious challenges on current noisy devices. For small systems,
CI/ED is routinely used to benchmark VQE: even for modest problem sizes,
classical diagonalization (possibly with symmetry reduction or sparse methods)
always remains more accurate and more predictable in cost, whereas VQE can
suffer from noise, barren plateaus, ansatz expressibility issues, and difficult
classical optimization landscapes.[6, 128, 129, 133] For larger systems where CI
becomes intractable, VQE is in principle a candidate route to capturing correla-
tion effects beyond mean-field on quantum hardware, but recent studies indicate
that achieving a practical quantum advantage will likely require substantial error
mitigation, problem-specific ansétze, and improved optimization strategies, and

remains an open challenge on near-term devices.[130, 141, 142]

o Compared to mean-field methods, VQE can represent entangled many-body
states that go far beyond a single Slater determinant or product state [128, 129,
131, 143, 144]. While mean-field approaches replace the full interaction with
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an effective one-body potential, VQE keeps the full interacting Hamiltonian
and uses the variational freedom of the ansatz to approximate its ground state

within the accessible variational manifold.

Whether VQE provides an actual computational advantage over classical many-
body methods depends on several factors: the expressiveness and trainability of
the chosen ansatz, the scaling of measurement requirements, the performance of
the classical optimizer, and the noise characteristics of the underlying hardware.
[130] discusses in detail how these aspects affect the overall resources needed and
formulates conditions under which VQE could achieve a genuine quantum advantage
for many-body problems [129, 133].

To summarize the VQE approach:

1. Choose the many-body Hamiltonian H.

2. Select a parametrized ansatz circuit U (0) acting on qubits and a reference state

|¢ref> .

3. Prepare [0(8)) = U(0) |ther) on the quantum device.
4. Estimate E(8) by repeated measurements of H on [¢(8)).
5. Use a classical optimizer to update 8 so as to reduce E(6).

6. Iterate steps 3—6 until convergence, and then extract ground-state properties
from the optimized state [1(60,)).
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Figure 3.3: Schematic flowchart of the VQE optimization loop.

It is graphically shown in Fig. 3.3. In the remainder of this section we will specify
how we can represent a many-body Hamiltonian in a suitable form to be used for

VQE, through applying the Jordan-Wigner transformation.

3.4.3 Jordan—Wigner Transformation

In the previous sections we have formulated our many-body problem in second

quantization using fermionic creation and annihilation operators c; and ¢; (or c;r-a

¢jo for spinful systems). To implement these Hamiltonians on a quantum computer, or

and

to recast them as spin models, it is convenient to map fermionic operators to operators
acting on spin-1/2 degrees of freedom. The main difficulty is that fermionic operators

satisfy non-local anti-commutation relations,

{CZH Cq} = 07 {C;Li-)? C(E} = 07 {Cp7 C;} - 5pq; (3132)

whereas local spin operators acting on different sites commute. The Jordan—Wigner
(JW) transformation provides an explicit, invertible mapping between fermionic
operators and tensor products of spin-1/2 operators such that the anti-commutation

relations in Eq.(3.132) are exactly preserved [145-147]. In this way an interacting
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fermionic Hamiltonian can be rewritten as a sum of spin (Pauli) strings, which is the
form required by VQE and other quantum-algorithmic approaches.

We consider a one-dimensional ordering of the fermionic modes, labelled by j =
1,..., M. On each site j we introduce a spin-1/2 degree of freedom with spin operators
5‘]1’ , ﬁjy, gj (equivalently Pauli matrices 6§ = 25’]9‘, a =x,y,z). We also define the spin
raising and lowering operators

o+ _ Gz | ;&Y - _ Yy
S; =57 +157, ST = 7 (3.133)
which satisfy the usual su(2) algebra together with 5’; Operators acting on different

sites commute:

[Se,50] =0  forp+#q, (3.134)

for any o, 8 € {z,y,2,+,—}. If we naively tried to identify ¢; ~ S”]— operators on
different sites would commute instead of anti-commute, in contradiction with (3.132).
The key idea of the JW transformation is therefore to attach to each fermionic mode
a phase string that keeps track of the fermion parity of all sites to the “left” of j in
the chosen ordering.

For each site 7 we introduce the phase operator

j—1

=7y (; - Sm> (3.135)
m=1
and its exponential
j—1
e = ] (-25%). (3.136)
m=1

which plays the role of the Jordan—Wigner string. Because (257)> = 1 and S?,
commutes with S'Ji for m # 7, this operator simply keeps track of whether the number
of fermions on sites 1,...,j — 1 is even or odd. The JW map for spinless fermions is
then defined as

C} = e_icbjg;_’ cj = 5*]_ eicbj, (3137)

One can verify explicitly that Eq.(3.137) satisfies the canonical fermionic anti-commutation
relations Eq.(3.132). The non-local phase string e!®s ensures that exchanging the
order of ¢, and ¢, (with p # ¢) produces the required minus sign.

In this convention the local fermionic number operator becomes

(3.138)



so that an empty fermionic mode corresponds to the spin-down state |]) ; with
eigenvalue —% and n; = 0, while an occupied mode corresponds to the spin-up state
) i with eigenvalue % and n; = 1. This establishes a direct correspondence between
the fermionic basis {|0),|1)} and the spin basis {|]),|1)} on each site.

In the following we apply this JW construction to a spinless tight-binding model,
expressing the basic second-quantized operators in terms of products of spin operators
Sf,gjy,gj (or equivalently Pauli matrices), as required for implementation on a

quantum computer.

Nearest-neighbour hopping. Consider a generic hopping term between sites ¢

and j (with ¢ < j for definiteness),

T;; = cle; + cles. (3.139)

7

Using the commutation relations between 5% and 7, one finds

clej = e ™85 e = S| TT(25%) | S5 » (3.140)
k=i
and similarly for c}ci. It is convenient to write
Ty = (S48 +8757) I1 (25%). (3.141)
k=it1
Expressing 5% in terms of $% and $Y via Eq.(3.133) yields
Ty =2[SrSr+ 805Y] TT (25%). (3.142)
k=it1

For nearest neighbours (j = i+ 1) the string between 7 and j is empty and the product
reduces to the identity, so the hopping term reduces to a purely local XX + YY
coupling,

T =2(S7S5 + 8752, . (3.143)
Example: spinless tight-binding chain with on-site energy For the one-

dimensional spinless tight-binding Hamiltonian with a uniform on-site energy e and
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nearest-neighbour hopping ¢ on a chain of N sites,

N N-1
H = EZc;r-cj —t> (c}cjﬂ + cj-ch) . (3.144)

j=1 j=1

The on-site term becomes
EZCCJ—EZTL]—EZ( —i—Sz) (3.145)

For nearest neighbours j and j + 1 we start from the Jordan-Wigner map for spinless

fermions
cl = e ST, Cje1 = S e (3.146)
with
Jj—1 . J R
B, — (;+an), jﬂ_wz( +SZ>:q>j+7r(;5;>. (3.147)
m=1
Then

C;[CjJrl = 671@3‘ S+Si 1€z(bj+1

eSS ), (3.148)

The operators e*®i depend only on San with m < 7, so they commute with both S’;r

and 5’3_ +1- Thus, we can move them together and cancel them:

chejy = 8785, G+, (3.149)

J 7

Next we simplify the exponential. Since gj has eigenvalues j:%, we have

gma+S) — 17 (3.150)
eZW(O) — _|_1’
so as an operator identity
¢35 = 98z, (3.151)
Hence
clejo = 28755, 8z, (3.152)
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Because S ;+1 acts on site j + 1, it commutes with 57, so we can rewrite
T z &—
CiCip1 = ZS S] SJ+1

Using the spin—% identity

we obtain

Similarly, starting from

T _ —1® — i®;
Clyy = e SE, = 5;e

(3.153)

(3.154)

(3.155)

(3.156)

one finds, by analogous steps (or by taking the Hermitian conjugate of the previous

result),

oo -
Cj11Cj = SJHS. .

(3.157)

Therefore, for nearest neighbours the Jordan—Wigner strings cancel, and we arrive at

C}Cj_i_l + c;ch S+S 1t SJHS»_.

We now express this in terms of $% and $Y using
&+ _ & - &y o— _
S5 =57 +157, ST =
First,

ST j_+1:( gg‘c+isy>( j+1 Z‘S?,J )
Jx]+1 i57 S]+1+ZS J+1+S;'JSJZ'/+1’

SHS7 = (S5, +iSY,)(SF —iSY)

= 551157 —157,15) + 8,155 + 57,157,

Using the fact that spin operators on different sites commute, 5’]0@36

can rewrite the second expression with the same ordering of sites:
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(3.159)

(3.160)

(3.161)

SHS we

J

(3.162)



Adding the two,

[Sysy + S SJH]

:2(5“ L+ SYSY ) (3.163)

because the mixed terms oc S Sj 41 and SJ SJ’““ 11 cancel pairwise.

Therefore the hopping term in Eq. (3.144) becomes

N-1 N-1
—t (c Cjt1 + CJ_HCJ) = —2t ( f Tt S]H) (3.164)

J=1 Jj=1
Equation (3.164) expresses the original fermionic tight-binding model entirely in terms
of spin operators (or, equivalently, Pauli matrices via o = 25’?), and serves as the

starting point for the VQE simulations.

3.4.4 Pauli—string Representation of Many-body Hamiltoni-

ans

Combining the above ingredients, any second—quantized fermionic Hamiltonian with

one and two—body operators can be mapped to a qubit Hamiltonian of the form
. . A M
= Z he Py, P, = ® 6,7, Qp € {0,2,y, 2}, (3.165)
a p=1

where 69 = ] is the identity operator on a single qubit and M is the total number of
qubits introduced by the Jordan—-Wigner mapping (equal to the number of fermionic
modes) [145-147]. Each operator P, is thus a tensor product (“Pauli string”) of
single—qubit operators, and the real coefficients h,, encode the microscopic parameters
of the original many—body model: on—site energies, hopping amplitudes, interaction
strengths, and pairing amplitudes [2, 131].

From the point of view of many-body physics, the transformation Eq.(3.165)
replaces the original Fock—space problem (whose dimension grows combinatorially

with particle number and system size) by an equivalent spin—1/2 model acting on M
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qubits [147]. The nonlocal fermionic statistics are carried entirely by the structure of
the Pauli strings, while the spectrum and eigenstates of H are identical to those of the
original interacting fermionic Hamiltonian [145, 146]. In particular, all many—body
properties of interest—ground-state energy, excitation spectrum, correlation functions,
and entanglement measures—can be recovered from Eq.(3.165).

In the VQE framework, Eq. (3.165) is the natural endpoint of the mapping stage and
the starting point of the variational optimization [128, 129, 131]. Given a parametrized
many—body trial state [1)(0)) prepared on M qubits, the energy expectation value can

be written as

B(0) = ((0)| 7 [0(8)) = " ha (1(8)] P 11(8)) (3.166)
Hence the interacting many—body energy is obtained as a weighted sum of expectation
values of Pauli strings, each of which corresponds to a measurable observable on the
quantum device [128, 131]. In practice, the strings P, are grouped into mutually
commuting sets so that the corresponding many-body observables can be measured
in a common basis, reducing the total measurement overhead [130, 140].

This Pauli-string representation plays the same role for VQE that the matrix
representation of the Hamiltonian plays for exact diagonalization: it provides the
complete description of the interacting many—body problem in a fixed basis. The key
difference is that, instead of constructing and diagonalizing the full Hamiltonian matrix
in classical memory, VQE evaluates Eq.(3.166) by sampling the expectation values of
Pauli strings on a quantum processor and uses a classical optimizer to variationally
approach the ground state [128-130]. We will later specify the particular many—body
Hamiltonians and ansétze used in this work, always starting from their Pauli-string

representation Eq.(3.165).

3.5 Density Matrix Renormalization Group

We return to the exponential growth of the Hilbert space of many-body systems.
For a chain of L spin-1/2 degrees of freedom the Hilbert-space dimension is 2°.
Even for modest system sizes, configuration interaction becomes impractical. The
ground states and low-lying excitations of local Hamiltonians, however, occupy only
a small and structured corner of this large space. Tensor-network methods exploit
this structure. The Density Matrix Renormalization Group (DMRG) is the most
important of these methods in one dimension [68, 148-150]. In short, DMRG is an
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algorithm that optimizes a matrix-product-state (MPS) ansatz for the ground state of
a local Hamiltonian on a chain [148-151].

In this section we introduce the tensor-network notation that underlies DMRG.
The goal is a compact graphical language for many-body tensors. In this language the
structure of a state and the cost of manipulating it are both easy to see.

We build up to the algorithm in four steps. First we introduce tensors and the
few operations that DMRG needs. These are products, traces, contractions, and the
singular value decomposition. Second we use the singular value decomposition to
define the matrix product state, which is the variational form that DMRG optimizes.
Third we explain why this form is so efficient in one dimension, using the area law for
entanglement. Finally we describe the DMRG algorithm itself on a concrete spinless

chain.

3.5.1 Tensors and Tensor Operations

A pure state of L local degrees of freedom, each with on-site Hilbert-space dimension

d, can be written in a local basis as

d—1
W)= > i i) ® i) @ -+ ®iin) (3.167)

J1yeJL=0

The coefficients C}, j, j, form a rank-L tensor [69, 71]. More generally, a rank-r tensor

is an array of complex numbers

T; € Cirxdzxxdr (3.168)

1920

with one index iy for each factor space of dimension dj. Scalars, vectors, and matrices
are the rank-0, rank-1, and rank-2 cases.
In tensor-network notation, a tensor is drawn as a node (a geometric shape) with

one leg for each index [150-152]. For instance, a rank-four tensor R,,,, is drawn as

p
Rpops < V o. (3.169)

0

In many-body applications it is convenient to distinguish two kinds of index.
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Physical indices label the local basis states |j) on each site. Virtual or bond indices
connect tensors and encode the entanglement between subsystems [150, 153]. In
diagrams we keep track only of which legs are connected. The choice of node shape or
leg orientation carries no extra meaning.

DMRG manipulates tensors through a small set of operations. These are tensor
products, traces, contractions, and singular value decompositions. Fach has a simple
graphical rule. The rules mirror Einstein summation, but without writing the indices
explicitly.

The tensor (outer) product of a rank-r tensor A and a rank-s tensor B is the

rank-(r + s) tensor shown below.

The value of a disconnected network is the product of the values of its connected
components.
Given a tensor 7;, ;. whose z-th and y-th indices have the same dimension, the
partial trace over these indices is
da
[Trm,yT]il...z‘z,lizﬂ...z‘y,lz‘yﬂ..Air = Z T iy Qg1 enly—1 Qg1 (3.170)

a=1

In the diagram, summation over a shared index is shown by connecting the corre-

sponding legs.

{:@ = Tr R Q :Z {Ij
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The usual trace of a matrix and the partial trace of a density matrix over a
subsystem are special cases of this operation.

The most common operation in a tensor network is contraction. To contract two
tensors, we take their tensor product and then trace over a shared set of indices. For

instance, contracting the last index of A;, with the first index of B,; gives

which is ordinary matrix multiplication. We draw this contraction below.
_0- o o
i, JJ

In DMRG, inner products, expectation values, correlation functions, and effective

Hamiltonians are all expressed as such contractions of the state with the local operators.

3.5.2 Grouping, splitting and the singular-value decomposi-
tion

A central idea behind tensor-network methods is that a high-rank tensor can be treated
as a matrix. We do this by grouping several indices into a single combined index. For

a tensor T we define

1---i’nj1---j7n7

Trg =T injrjm> (3.172)

where I runs over all combined values of (iy,...,i,) and J over all combined values of
(J1,- -+ Jm). We can now apply standard matrix operations to 7. The most important

is the singular value decomposition (SVD),

Try = US.Vi, (3.173)

shown in graphical form below.
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Here U and V are isometric tensors. Their legs across the decomposition satisfy
U'U = I and VIV = I. The matrix S is diagonal, with non-negative singular values
Sa-

In many-body physics the singular values are the Schmidt coefficients of a biparti-
tion of the chain. Their distribution measures the entanglement across the cut. It also
guides truncation. By discarding the small singular values, we obtain the best low-rank
approximation of the state. DMRG uses this property directly. After optimizing the
local tensors, it applies an SVD to compress the state back to a fixed bond dimension,

keeping only the largest Schmidt modes.

3.5.3 Tensor Networks for Quantum Many-body States and
Matrix Product States

With these ingredients we can define a tensor network. It is a set of tensors together
with a pattern of contracted legs. The uncontracted legs are the external indices, and
they fix the rank of the overall object. To evaluate the network for a fixed assignment
of the external indices, we multiply all tensor entries and sum over all internal indices
allowed by the connections.

We saw that the wave function of a one-dimensional many-body system of length

L can be written in a local basis as

d
W)= > Cipy i) @li2) ®--® 1), (3.174)
J1yjr=1
Here d is the on-site Hilbert-space dimension. The coefficient C},;, j, is a rank-L
tensor with d components along each physical index. The Hilbert space has dimension
d*, which grows exponentially with system size. This growth is the source of the
difficulty of exact diagonalization.
A matrix product state (MPS) parametrizes a many-body state |¥) as a product of

local tensors with bounded internal dimension. The idea is to factorize the coefficient
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tensor into a product of low-rank objects,

. . oy
Cj1j2--~jL = {z:} A[o}g\g;At[ﬂgfz o 'A[aL]iﬁaL7 (3175)
The indices a; with ¢ =0, ..., L are auxiliary bond indices of dimension D;. For open

boundary conditions we set Dy = Dy, = 1, so the first and last tensors are row and

column vectors. The maximum bond dimension
D = max D; (3.176)

controls how much the ansatz can express. It is the main variational parameter of the
DMRG calculations below.

Equation (3.175) defines an MPS with open boundary conditions. Inserting it into
Eq. (3.174) gives the standard MPS form

0 = Z Al gR2la2 . gl G |7172---JL), (3.177)

J1s-JL

For each configuration (jy,...,jz) the product of matrices AN APz ... AlEIL jg 4
scalar, because Dy = Dy = 1.

In the tensor-network language, each tensor A is a node with three legs. One leg
is physical, of dimension d. The other two are bond legs, of dimensions D;_; and D,.
The MPS in Eq. (3.177) is then a chain of such nodes with their bond legs contracted,

as drawn below.

J J2 Jr

--

Each horizontal line is a contracted bond index. Each vertical line is an uncontracted
physical index.

The power of the MPS form comes from the entanglement structure of low-energy
states of local Hamiltonians. Consider a bipartition of the chain into a left block
L=A{1,...,¢} and aright block R = {¢+1,...,L}. Any pure state |¥) has a Schmidt

decomposition across this cut,
X
T) =" Aalot?) @ o), (3.178)
a=1

The Schmidt coefficients satisfy A\, > 0 and >, A2 = 1. The Schmidt rank x is at
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most d™™4L=9  The entanglement entropy across the cut is
X
Son == A log A2, (3.179)
a=1

The MPS form encodes this structure directly. The bond dimension D, across the
cut between sites ¢ and ¢+ 1 bounds the Schmidt rank, x < D,. It therefore bounds

the entanglement entropy as well,
Sen < log Dy. (3.180)

Ground states of gapped local one-dimensional Hamiltonians obey an area law for
entanglement. That is, S,y saturates to a constant in the thermodynamic limit.
The entropy therefore does not grow with system size. This is why a modest bond
dimension suffices, and why MPS and DMRG work so well for one-dimensional systems
(150, 151].

It is convenient to bring an MPS into a canonical form [150, 151, 153]. In this form
the tensors to the left of a chosen bond build an orthonormal basis for the left block.
The tensors to the right build an orthonormal basis for the right block. One reaches
this form by a sequence of singular value decompositions along the chain. This is
equivalent to a sequence of Schmidt decompositions. Each site tensor then factorizes
as

Al — plils pli] (3.181)

where Al is a diagonal matrix of singular values, which are the Schmidt coefficients,
and 'l is an isometric tensor obeying the orthonormality conditions of the canonical
form.

The number of variational parameters in an open-boundary MPS is of order
Nups ~ Ld D?, (3.182)

This scales only linearly with the system size L. A generic many-body state needs d*
parameters, which is exponential. For moderate D the MPS therefore explores only a
small slice of the Hilbert space. That slice is the important one, because it matches
the entanglement structure of low-energy states in one dimension.

Local observables and correlation functions are computed by contracting the
matching tensor network. For a nearest-neighbour Hamiltonian, the cost of evaluating
(U| H |¥) scales as O(Ld*D?). This is polynomial in L, not exponential. DMRG is
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then a variational energy minimization over the manifold of MPS with fixed bond

dimension D.

3.5.4 DMRG for a spinless tight-binding chain

To illustrate how DMRG operates in practice, we consider again the one-dimensional
spinless tight-binding model with on-site energies and nearest-neighbour hopping
introduced earlier.

Before the details, here is the idea of the algorithm. DMRG searches for the ground
state within the set of matrix product states of a fixed bond dimension D. It does
not vary all the tensors at once. It works on two neighbouring tensors at a time and
holds the rest of the chain fixed. For that small local problem it solves a standard
eigenvalue problem and keeps the lowest eigenvector. It then splits this result back
into two tensors with a singular value decomposition, and it truncates the bond back
to dimension D. Moving this active pair along the chain, and sweeping back and forth,
lowers the energy until it converges. The rest of this section makes each step precise.

For a chain of L sites with open boundary conditions, the second-quantized

Hamiltonian reads

L L—-1
H=e>ny—t> (el +e,.¢), (3.183)
j=1 j=1

where é; (¢;) creates (annihilates) a spinless fermion on site j, and 7; = é;éj is the

number operator.

Each lattice site has a local Hilbert space spanned by the occupation number basis
0), = (1, 0)" = empty, 1), = (0, 1)" = one fermion, (3.184)

so the local dimension is d = 2. In this basis the local operators are the 2 x 2 matrices

A 0 1 4 00 R 00 ; 10 (3.185)
C»: s C': s n~: s . = . .
! 00 J 10 ! 0 1 ! 0 1

An arbitrary many-body state is written in the occupation basis as

|\IJ> = Z Cj1j2---jL |j1j2 .- ]L) . (3186)

J1se-JL=0,1

Rather than store the full coefficient tensor Cj, ;,, we represent |¥) as a matrix
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product state with open boundary conditions,

T) = Z Al gRl5z . plEGL |7172 - JL), (3.187)

J1yeJL

Here At ig a 1 x D; row vector and AXIL is a D; ; x 1 column vector. For
2<i¢< L -1, each AllJi is a D, ; x D; matrix. The maximum bond dimension
D = max; D; sets how much entanglement the state can hold. It is the main variational
parameter of DMRG.

To evaluate expectation values efficiently, we bring the MPS into a mixed canonical
form. The purpose of this form is simple. It makes the left and right block bases
orthonormal, which turns the local energy minimization into a small standard eigen-
value problem. We reach it by performing successive singular value decompositions
along the chain, so that the tensors obey orthonormality conditions on their bond
indices [150-152].

A tensor AUk is left-orthonormal if it satisfies

Z AlFlix (A[k]jk >* = Onra - (3.188)

, g1k \"Tag_1ay kO

Tk Ok—1
View this tensor as a matrix with row index (ax_1,jx) and column index ay. The
condition says that its columns are orthonormal. Equivalently, contracting the tensor
with its conjugate over the physical index 75 and the left bond index ay_; gives the
identity on the right bond space.

Similarly, a tensor is right-orthonormal if

> (BB )AL = ey, (3.189)
Ik, Ok
Now view it as a matrix with row index ay_; and column index (ji, o). The condition
says that its rows are orthonormal.
These conditions have a simple meaning. They make the block states built from
the tensors orthonormal. If all tensors to the left of bond (¢, £+ 1) are left-orthonormal,

then the left block states form an orthonormal basis,

(GBI = 5. (3.190)
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If all tensors to the right are right-orthonormal, the right block states do as well,
(@R = 5,5. (3.191)
In this mixed canonical form, the full state reads

|\Ij> = Z @O‘Z 1]Zjl+1al+1 |®ae 1> ® |~7€> ® |j£+1> ® ’Q[a@]‘,1> ? (3192)

Qp—1,J0:J0+1,00+1

where the left and right block bases are orthonormal, as above. The central tensor

—1]p[4 041] 0+1]
O 1jejeriaess = ZALZ Tt | T e gl (3.193)
collects the two active site tensors and the neighbouring Schmidt coefficients A~

and AU, The objects FL@{'@M , are the site tensors of the canonical MPS. Each Il is

a rank-three tensor with three indices.
 one physical index j, =0,...,d — 1,
o one left bond index ap_1 =1,..., Dy_1,

e one right bond index ay = 1,..., Dy.

For each fixed physical index j,, the object T3 is a D, ; x D, matrix. The
bond indices ap_; and ay connect neighbouring sites and carry the entanglement. The
physical index j, selects the local state |j,) at site £ [150-152].

In canonical form, the I' tensors are separated from the Schmidt coefficients A.
The MPS then takes the structured form

Allie — Al e Al (3.194)

The diagonal matrices Al hold the Schmidt values for the bipartition at bond ¢. The
I tensors give the change of basis between neighbouring Schmidt spaces.

In the product
e pl+ges (3.195)

Qp—_10y ~ 0Oyt

the shared bond index ay is summed over. This is the contraction between adjacent
sites. It propagates entanglement along the chain. The A tensors control the magnitude

of that entanglement through the Schmidt spectrum.
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The Hamiltonian in Eq. (3.183) is a sum of on-site and nearest-neighbour terms,

Ei,m, (3.196)

”ML

with

hi = EiTALZ‘, hi,i+1 = —t(éjéH_l + 6j+1éz) (3197)

On two neighbouring sites (¢, ¢ + 1), the Hamiltonian restricted to those sites is
AE = Ry 4 gy + s (3.198)

We build its matrix in the local basis {|00),]01),|10),|11)} = {]|0,0¢41), ...} from

tensor products of the local operators,

~

hy=€n® I, (3199)
host = €1 I @1, (3.200)
hee = —t(df@e+ewel). (3.201)

Using the explicit matrices for &, ¢, and 7, we find

0 0 0 0
Fleen _ 0 €1 —t (3.202)
loc 0 —t €
0 0 0 €+ €

This 4 x 4 matrix enters the effective Hamiltonian used in the DMRG update.
DMRG minimizes the energy over the MPS manifold of fixed bond dimension D,

(V| H|9)

B =g

(3.203)
It does so by optimizing two neighbouring tensors at a time. We take the two central
tensors, collected in © of Eq. (3.192), as the variational object. The left and right
block states are held fixed. These block states are orthonormal, so the norm of the

state reduces to the norm of © alone,
2

<\IJ|\P> - Z ‘Qw—ljzjz+1ae+1 : (3204)

QY—1,J0,J64+1,00+1
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Thus © is a normalized vector in a small effective space. Its dimension is D,y x d? x
Dy, which is far smaller than the full Hilbert space.

The energy of the full state can then be written as an expectation value of © alone,
(V| 1) = (O] #5"" |0). (3.205)

Here H L641) ig an effective Hamiltonian that acts only on ©. It collects the following

pieces.

the local Hamiltonian terms acting on the active bond (¢, ¢+ 1), denoted ng 1]
in Eq. (3.202),

 all contributions that lie entirely within the left block, summarized by a left

environment tensor L1,

o all contributions that lie entirely within the right block, summarized by a right

environment tensor R,
« the remaining terms that couple the active bond to its neighbouring blocks.

In the tensor-network language, we obtain H. éﬁ“l} by contracting all tensors of the
MPS and of the (matrix-product) Hamiltonian except those at sites £ and ¢+ 1. We

then solve the eigenvalue problem
attliey = E|e) (3.206)

for its lowest eigenvector, using an iterative sparse-matrix method such as Lanczos or
Davidson. The resulting eigenvector ©gs minimizes the energy while the rest of the
MPS is held fixed.

Once we have the optimal two-site tensor ©gs, we reshape it into a matrix by

grouping indices,

@az—ljij£+la£+l — @(045713'@),(]‘“101“1)7 (3'207)
and perform a singular value decomposition,
.|.
@(Oée—ljf ), (Jer1er1) — Z U(Oég 17¢) (X[SOL@VO% Ges10es1)” (3208)

Here S is diagonal, with the singular values in non-increasing order. DMRG truncates

the bond by keeping only the largest D singular values, that is &, = 1,...,D. The
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discarded weight
€disc = Z SC%“Z (3209)

ap>D
measures the truncation error at this bond.
We then define the new MPS tensors as

'y
Ff[lliﬁdz = Ulag—rie).acs (3.210)
A&} = Says (3.211)
e _ (g1t _ 919
drs = (STVE) (3.212)

This restores the canonical form, with the orthonormality conditions now imposed on
the updated tensors. Finally we update the environments L) and R by contracting
the new tensors with the local Hamiltonian terms.

The full DMRG algorithm is a sequence of sweeps through the chain.

1. Initialization. Start from an initial MPS, for example a product state such as
all sites empty or a half-filled configuration, with bond dimension D. Build the
initial left and right environments for Eq. (3.183).

2. Left-to-right sweep. For ¢/ =1,2,..., L — 1, carry out the following steps.

(a) Bring the MPS into mixed canonical form around bond (¢, ¢+ 1).

(b) Construct the effective Hamiltonian H éﬁ’”” by contracting all tensors except
those on sites ¢ and ¢ + 1.

(c) Solve the eigenproblem in Eq. (3.206) for its lowest eigenvector O¢s.

(d) Perform the SVD, truncate to bond dimension D, and update the tensors
A% and Al

(e) Update the left environment L.

3. Right-to-left sweep. Repeat the same steps for { =L —1,L —2,...,1, now

updating the right environments R!.

4. Convergence check. After each full sweep, compute the ground-state energy
Fqs and the discarded weight. Repeat the sweeps until the change in energy
and the discarded weight fall below set thresholds.

In the non-interacting case treated here, the exact ground state can also be found

by diagonalizing the single-particle hopping matrix and filling the lowest orbitals. The
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value of the DMRG formulation is that it carries over directly to interacting versions of
Eq. (3.183), where no simple single-particle picture exists. The spinless tight-binding
chain therefore serves as a convenient benchmark for the MPS and DMRG machinery

used later in this thesis for more complex many-body Hamiltonians.
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Chapter 4

Majorana Zero Modes in the Kitaev
Model

Parts of this chapter including the numerical diagonalization of the Hamiltonian are
based on Ref. [75], with more derivations and detail shown. I have done all calculations
in this paper.

In this chapter we introduce the Kitaev model and how it describes a system
with topological degrees of freedom, making it a candidate for topological quantum
computing. We show the existence of MZMs through Majorana and bond mathematical
transformations of the Hamiltonian. Finally we discuss why this model is not suitable

for experimental purposes due to the nature of the superconductivity.

4.1 Topological Superconductors

A superconductor is a phase of matter that, below a critical temperature T, shows
two hallmark properties [154, 155]. The first is zero electrical resistance, meaning
that an electric current can flow indefinitely without energy dissipation. The second
is the Meissner effect, the expulsion of magnetic flux from the bulk of the material.
These properties arise from the formation of Cooper pairs, which are bound states of
two electrons with opposite momenta and spins. The Cooper pairs condense into a

macroscopic quantum state described by a complex order parameter
A(r) = |A(r)|e*), (4.1)

where |A| is the magnitude of the so-called superconducting gap and ¢ is the macro-
scopic phase and r denotes the position in real space, i.e., the spatial coordinate
where the superconducting order parameter (or pair potential) is defined. It represents
the energy required to break a Cooper pair and create two quasiparticle excitations.

In the normal metallic state, electronic excitations can occur with arbitrarily small
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energy near the Fermi surface. In contrast, in the superconducting phase there exists
an energy window of width 2|A| around the Fermi level in which no single-particle
states are available. This energy gap is a direct consequence of Cooper pairing and is
responsible for the stability of the superconducting state. The order parameter A(r)
is defined at each point in real space. It describes the local strength and phase of the
Cooper pair condensate. Here r is the position of the pair in the material, which we
take to be the center of mass of its two electrons. The dependence of A on r therefore
tells us how the condensate varies from place to place, for example near a vortex or
close to a sample boundary.

The pairing symmetry is set by a separate coordinate. The two electrons of a pair

sit at positions r; and ry, and their relative separation is
o =TI —I9. (42)

This separation is the distance of one electron from the other. It is not a position
in the material. The way the pair amplitude depends on ry,, or equivalently on the
relative momentum after a Fourier transform, fixes the type of superconductivity. This
dependence is what distinguishes s-wave, p-wave, and d-wave pairing [156]).

A topological superconductor (TSC) is a superconducting phase that is distin-
guished not only by the presence of a finite pairing gap in the bulk, but also by
a nontrivial topological invariant defined for its quasiparticle band structure [55,
157]. Unlike a conventional superconductor, whose properties are fully described by
spontaneous symmetry breaking and the magnitude of the order parameter, a TSC
possesses a global topological property that cannot change unless the bulk energy gap
closes [36, 158].

In the Bogoliubov—de Gennes (BdG) description, the superconducting state is
described in terms of quasiparticle excitations, which are coherent superpositions of
electrons and holes [159-161]. The corresponding quasiparticle spectrum forms energy
bands in momentum space. If these bands are separated by a finite bulk gap, one can
define a topological invariant from the structure of the occupied BAdG bands [36, 158].
For a one-dimensional superconductor with particle-hole symmetry, this invariant is a
Zo number. It takes only two values, which label the trivial phase and the topological
phase. This invariant is the Majorana number [50].

We start with a simple metal with spin degeneracy given by the single-particle

Hamiltonian

p2
H = (2777/ - ,LL) _[2><2, (43)
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where 1 is the chemical potential that defines the Fermi surface, m is the electron mass,
and I5y» is the identity matrix in the spin variables. The total momentum is the vector
p = (p1,...,pqa) in d spatial dimensions, and p = |p| is its magnitude. Assuming
isotropy, the Hamiltonian depends on the momentum only through p? = %, p?,
which is the square of this magnitude. If we include many electrons, the system must
be described by a many-body Hamiltonian written in second quantization. It takes
the form

2
p
H = ZCLU (2m — ,u> Cpo = Ze(p) CI)JCpa, (4.4)
p?o—

p7U

where c;fw creates a fermion with momentum p and spin o, and

p?
D)= (145)
Here p is the chemical potential. At zero temperature, the chemical potential
coincides with the Fermi energy Er, which is defined as the energy of the highest
occupied single-particle state in the ground state. The set of momenta satisfying
¢(p) = 0 defines the Fermi surface. States with e(p) < 0 lie below the Fermi level and
are occupied in the ground state, while states with e(p) > 0 are empty.
The many-body ground state is therefore obtained by filling all single-particle

states with energies below the Fermi level. It can be written as

e(p)<0

FS) = T[ <, 0), (4.6)

where |0) is the vacuum state defined by cp,|0) = 0 for all p, 0.

The notation |FS) emphasizes that this state is the Fermi sea: all momentum
states inside the Fermi surface are filled, and all states outside are empty. This state
minimizes the total energy of the Hamiltonian in Eq. (4.4).

The operators CLU, cp'or Obey the anti-commutation relation

{01}-)0'7 Cp’a’} = 500’6pp’, (47)
which implies
cpaclw =1- cLUcpJ. (4.8)

Using Eq. (4.8), we can rewrite the number operator as

1 1

Chotpr = 5 (Chotpr — Coothe) + 5. (4.9)
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Substituting this into the Hamiltonian gives
H = Z e(p) {2 (cpgcpo — cpgcpg) + 2}
p,o

1 1
D) > _ep) (C;rmcpo - Cpoc;rm) + 2 > _e(p). (4.10)
p’o— p7a

The last term is a constant energy shift. The summand ¢(p) does not depend on
0. The sum over the two spin values o =1, | therefore gives a factor of 2. This factor

cancels the prefactor %, so the constant becomes

;Ze(p) = ;Z2€(p) = €(p). (4.11)

Therefore, we can rewrite the Hamiltonian as

H = 5 Z [CTPJ E(p) Cpo — Cpo E(p) CI)O’:| + Z E(p)
| P, P (4.12)
=5 > [CTPU €(P) cpo — C—po €(—P) CT—po’i| +> e(p),

where we also relabeled the sum index p in the second term to —p. Because the
sum runs over the full momentum space, this relabeling does not change the value
of the sum. For a free particle dispersion ¢(p) = ¢(—p), the spectrum is even in
momentum, which makes the expression explicitly symmetric between p and —p.

In order to write the Hamiltonian in a more compact form, we introduce the
Nambu spinor

Cpt

v, =| P, (4.13)
Cpt

cipi
The reason for introducing the Nambu spinor is that superconductivity mixes particle
and hole degrees of freedom. In a superconducting state, the pairing term creates
or annihilates pairs of electrons with opposite momenta and spins. As a result, the
Hamiltonian no longer conserves the particle number. Writing them together in the
Nambu spinor allows us to treat particle and hole operators on equal footing. The

Hamiltonian then becomes

H =Y VUl Hpys(p)¥p + constant, (4.14)
1
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with

elp) 0 0 0
HBdG(p):; 8 E(éj) _G(O_p) 8 (4.15)
0 0 0 —e(-p)

The matrix Hpqg(p) is called the Bogoliubov—de Gennes (BdG) Hamiltonian. It
describes the dynamics of Bogoliubov quasiparticles, which are coherent superpositions
of electrons and holes. The eigenvalues of this matrix give the quasiparticle excitation
spectrum of the superconductor. In this way, the many-body problem is reduced
to considering an effective single-particle matrix in the enlarged Nambu space. The
additional constant term originates from rewriting the Hamiltonian in symmetric
form using fermionic anticommutation relations. This term is proportional to 3-, €(p)
and represents a uniform shift of the total energy. Since physical observables such
as excitation energies depend only on energy differences, adding a constant does
not modify the spectrum of excitations or the eigenstates of the system. Therefore,
dropping this constant does not change the physical properties of the model.

It can be seen that the block Hamiltonian Hgqg(p) is invariant under

Hpac(p) = —CHfya(—p)C 7, (4.16)

. (01
7% = (1 0). (4.17)

This represents the particle-hole (or charge-conjugation) symmetry of the BAG Hamil-

where C = 77 ® I54o and

tonian. It becomes more important when we consider superconducting pairing. Note
that instead of having two degrees of freedom (one band and two spins), the BdG
Hamiltonian has four. These four energy eigenvalues of Hgqq are two copies of ¢(p) and
two copies of —e(—p). The point of this formalism becomes clear once we introduce

superconducting pairing.

4.2 p-Wave Superconductors in One Dimension

One of the topological superconductor models is mean-field BAG Hamiltonian of
spinless fermions in one and two dimensions [50, 162]. Spinless fermions can be
viewed as fermions that are fully spin-polarized due to a source of time-reversal (TR)

breaking such as a magnetic field [44, 55]. We consider a one-dimensional wire with
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p-wave superconductivity as an illustration for the topological superconductor model.
This was first introduced by Kitaev [50]. We begin with a non-superconducting

one-dimensional metal of spinless (or spin-polarized) fermions:
— P[P ’
H = 4.18
Xp: C;D <2m /’L> CZH ( )

where p is the chemical potential and m is the fermion mass, and the operator C;; (cp)
creates (annihilates) a fermion with momentum p. We will use a momentum-dependent

p-wave potential:
Ha = ; Xp: (Apc;cT_p + A* pc_pcp) . (4.19)
The p-wave potential pairs the electrons with the same spin but opposite momenta
with strength A, and as it can be seen from its form, it does not conserve the number
of fermions. The name p-wave refers to the momentum dependence of the pairing. The
gap function is A(p) = A p, which is odd under p — —p. This odd form is required
by the Pauli principle. The two paired fermions carry the same spin, so the orbital
part of the pair must be antisymmetric. In the classification of Cooper pairs by their
orbital angular momentum ¢, the channels ¢ = 0, 1,2 are named s-wave, p-wave, and
d-wave, after the atomic orbitals. An even gap belongs to the £ = 0 channel. A gap
that is odd and linear in momentum belongs to the ¢ = 1 channel. The form A(p) x p
is therefore a p-wave gap.
It is useful to compare this with conventional Bardeen-Cooper-Schrieffer (BCS)

superconductivity [154]. The BCS pairing term is

HRS =% (A el + A c,mcm) : (4.20)
p

where the gap A is constant in momentum. It pairs electrons of opposite spin at
opposite momenta, forming a spin singlet. The singlet is antisymmetric in spin, so
the orbital part is allowed to be symmetric, which is why a constant gap is permitted.
The p-wave case is the mirror of this. The spins are aligned, so the orbital part must
be antisymmetric, and the gap must be odd in momentum. One consequence is a
difference in the gap structure. The BCS gap is finite everywhere on the Fermi surface,
while the p-wave gap A(p) o p vanishes at p = 0. Throughout this work, we only take

discrete lattices, but for the sake of generality the continuous version of the above
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Hamiltonian is [44]

H= /dw [‘lﬁ(z) (;ﬁ; - y) U(z) + U(x)|Alep, V() 4+ h.c.|, (4.21)
where U(x) (¥(z)) is the real-space creation (annihilation) operator, m is the effective
electron mass, and p, = —ith 0, is the momentum operator along the wire. In contrast
to the momentum-space form in Eq. (4.63), where p is a momentum eigenvalue, here
p. is a differential operator that acts on ¥(z).

We now combine the normal-state Hamiltonian in Eq. (4.18) with the pairing term
in Eq. (4.63). The total Hamiltonian becomes

1 *
H=> elp)che, + 5 > (Apc;cf_p + A pc_pcp) : (4.22)
p p
where )
p
= — — U. 4.23
ep) =~ —n (4.23)

Because of the pairing terms, the Hamiltonian no longer conserves particle number.
Instead, it mixes states with different fermion numbers. To diagonalize the Hamiltonian,

we group the operators ¢, and cT_p into a Nambu spinor,

U, = ( v ) . (4.24)

In this basis, the Hamiltonian can be written in matrix form as

H— zp: ;\If; (e(p) Ap

U, + constant. (4.25)
A*p —e(p)) '

The off-diagonal entries Ap and A*p are linear in the momentum p. A momentum that
enters linearly is the hallmark of a Dirac Hamiltonian. The 2 x 2 matrix appearing
above is the BAG Hamiltonian for a one-dimensional p-wave superconductor. The
negative sign in the lower diagonal element reflects the particle-hole structure.

The quasiparticle energy bands are obtained by diagonalizing this matrix. They

are given by the eigenvalues of

(4.26)

Hiacs(p) = (6(1)) Ap ) '

A*p —e(p)
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Solving the characteristic equation
det(HBdg(p) — E]I) =0 (427)

gives
Ey(p) = £1/e(p)? + |Al2p2. (4.28)

The spectrum consists of two symmetric bands, F,(p) and E_(p), which reflect
the particle-hole symmetry of the BAG Hamiltonian. It is shown in Fig. 4.1. The
system remains gapped for all © # 0, while the gap closes at the critical point p = 0.

This critical point separates two distinct physical regimes: the weak-pairing phase
(1 > 0) and the strong-pairing phase (1 < 0).

To understand the difference between these two phases, it is useful to first consider
the system in the absence of pairing, i.e., when A = 0. In that case, the dispersion

reduces to the following spectrum

2
ep) =5~ h (4.29)

For > 0, the system has a Fermi surface defined by €(p) = 0. Low-energy
fermionic states exist near the Fermi momentum +pr. When a small pairing term
A is introduced, it couples states close to the Fermi surface and opens a gap there.
This is the usual BCS mechanism: pairing occurs between fermions near the Fermi
level, and the superconducting state can be viewed as a weak instability of a metal.
In this regime, the system is called the weak-pairing phase. Although the pairing is
p-wave and momentum-dependent, the basic picture remains similar to conventional
BCS theory.

In contrast, for u < 0, the normal-state dispersion has no Fermi surface. All
single-particle states lie above zero energy, meaning the system is already gapped even
before pairing is introduced. Adding the pairing term does not open a gap at a Fermi
surface, since no such surface exists. Instead, the system forms tightly bound pairs,
and the resulting superconducting state does not arise from a weak instability of a
metal. For this reason, this regime is called the strong-pairing phase.

Although both phases are superconducting and gapped, they are topologically
distinct. The gap closing at ;1 = 0 marks a topological phase transition between them.

To decide which phase is topological, it is useful to rewrite the BAG Hamiltonian
in a form where its direction in Pauli-matrix space is explicit. The phase transition

occurs when the bulk gap closes. In this model the gap closes at p = 0 when u = 0.
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Figure 4.1: Plot of the dispersion relation for a 1D p-wave superconductor. The solid

lines correspond to Ey(p) = £4/e(p)? + |A]?p? with m = 1.0, p = £0.1, |A| = 0.1.
The dashed line shows the normal metal case A = 0. The left figure shows the
"strong-pairing phase" where p < 0. The middle figure is the critical u = 0 case, and
the right figure is the "weak-pairing" phase.

Therefore, to study the structure near the transition, we expand around small p and

keep the leading terms. Since €(p) = p?/2m — u, for sufficiently small |p| we may

approximate
e(p) = —u, (4.30)
so that
Hpac(p) ~ (_*M Ap) . (4.31)
A'p p

Any 2 x 2 Hermitian matrix can be expanded as
H=dyl+d,o" +dyo’+d,o%, (4.32)

with the Pauli matrices

1 —1 1 0
o’ = 0 , oY= 0~ , o= : (4.33)
10 1 0 0 —1

and d;s being coefficients. Now write the pairing amplitude as A = Ag + 1A, where
Ar =ReA and A; = Im A. Then the off-diagonal term becomes

Using Eq. (4.31), we can separate the real and imaginary parts in the off-diagonal
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entries:

— (Ar+iApp) (1 0 0 1) 0 —i
((AR—iAI)p u )_ “(0 —1)+ARP (1 0) AP (@ 0)'

Therefore,
Hpac(p) = (ReA)po® — (ImA)po? — po®. (4.36)

For a single uniform superconductor, the overall phase of A is not physical, it can
be removed by a global U(1) redefinition of the fermion operators (the usual gauge
freedom of the mean-field description) [154, 159]. If we write A = |Ale’?, then under

cp — €%, ct, — e (4.37)
+ h.c. becomes real. We may therefore take A to be real

- t
the pairing term Ap c;c_p

and positive, and Eq. (4.36) reduces to
Hpac(p) = Apo® — po”. (4.38)

Equation (4.38) has the same structure as a one-dimensional massive Dirac Hamil-

tonian written in a 2 X 2 representation,
HDirac<p) - 'Upo-m +m O-Za (439)

where v plays the role of a velocity and m is the Dirac mass. Diagonalizing Eq. (4.39)

Ey(p) = £/ (vp)* + m?, (4.40)

so the mass term opens a bulk gap of size 2|m| at p = 0.
Comparing Eq. (4.38) and Eq. (4.39), we identify

gives

v=A, m= —pu. (4.41)

This is the main reason the Dirac viewpoint is helpful. The sign of the mass is
controlled by the sign of . In Dirac-type models, changing the sign of the mass
requires the bulk gap to close, and it separates phases that cannot be smoothly
connected without a gap closing. Therefore, the weak-pairing regime (x> 0) is the
topological phase, while the strong-pairing regime (u < 0) is trivial [50].

In this system, MZMs appear as bound-state zero-energy modes localized at the
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edges of an open wire. To make this property more clear, we move from the momentum
description to a lattice (site) representation. This allows us to explicitly describe a
finite chain with boundaries.

We begin by discretizing the one-dimensional wire into N sites with lattice spacing
a. In the continuum model, the kinetic energy is given by p?/2m. On a lattice, this
term is replaced by a nearest-neighbour hopping amplitude ¢, which describes the

tunneling of fermions between adjacent sites. In the long-wavelength limit, we have

1

t~ ,
2ma?

(4.42)

so that the lattice model reproduces the continuum dispersion at small momenta.

Restricting ourselves to nearest-neighbour hopping, the Hamiltonian of the chain

becomes
. N N-1 N-1
Hehain = —u Z n; —1 Z (CjciJrl + C']L'L+1Ci> + A Z (Cici+1 + C:L'T+1C;'r>7 (443)
i=1 i=1 i=1

]

where n; = ¢;¢; is the number operator at site . We have chosen the superconducting
phase to be zero, so that A = |A| is real. The pairing term now couples fermions on
neighbouring sites. This reflects the p-wave nature of the superconductivity. Because
the fermions are spinless, each site can be either empty or occupied by a single fermion;
double occupancy is forbidden by the Pauli exclusion principle. Therefore, the pairing
is between different sites, leading to the nearest-neighbour term c;c; 1.

Equation (4.43) is the lattice model introduced by Kitaev [50]. From now on, we
refer to this system as the Kitaev chain or the Kitaev model. To obtain the dispersion
relation of the Kitaev chain, we first consider the system with periodic boundary
conditions. In this case, the chain forms a closed ring. As a result, the wavevector
k becomes a good quantum number, and the Hamiltonian can be diagonalized in
momentum space. This allows us to define the bulk energy spectrum of the system.
Once the bulk properties are understood, we can return to the open chain to study
edge states.

With periodic boundary conditions, the fermionic operators can be expanded in

plane waves through the Fourier transformation
cj = L > e b = L > cl etk (4.44)
VN %5 7 VN5

where N is the number of lattice sites and k = 27n/N with n =0,1,..., N — 1. The
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inverse transformation is

1 i
Cp = —— Y cie "M, 4.45

We now explicitly substitute the Fourier transform into the real-space Kitaev
Hamiltonian with periodic boundary conditions.

First consider the chemical potential term. Substituting the Fourier expressions,

> c;cj =~ >N chege™h ¢l (4.46)
J J kg
1 A A
=~ > che > ela=k)i, (4.47)
k.q J

Using the orthogonality relation

SR = N gy, (4.48)
J

we obtain

> c;cj =) cler. (4.49)
j k

Therefore,
—,ch;cj = —;LZCLCk. (4.50)
j k

Next consider the hopping term. Substituting,

1 G
> c}cjﬂ =N > chegem i gl (4.51)
J J ka
1 ) . )
= > chege > a3 (4.52)
k.q J

Again using orthogonality,
> c}cjﬂ =) el ey (4.53)
j k

Including the Hermitian conjugate term gives
= (cjcjﬂ + h.c.) =ty (e“f + e‘ik) chep = —2t > cosk cler, (4.54)
j k k
Which is also diagonal and can be combined with the chemical potential term to

obtain
& = —p — 2t cos k. (4.55)
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Now consider the pairing term

> ejcin = N SN epegetietttith (4.56)
J J kg
=¥ S cpe e’y ek, (4.57)
k.q J

The orthogonality condition now gives

St = N gy, (4.58)

J
SO

ZCjCj+1 Ze CrLC_k. (4.59)
J

The sum runs over the full Brillouin zone, so we may relabel the dummy index

k — —k without changing its value,

Ze CrLC_}, —Ze C_1Cp. (4.60)

k

The fermion operators anticommute, so ¢_pc, = —crc_g. Substituting this,
Ze CLlCjp = Ze“"’ckc_k. (4.61)
e

We now have the same sum written in two ways. Adding them and dividing by two

gives a manifestly antisymmetric form,

chcj+1 = ;Z (e‘ik — eik) CLC_f = — 1 Zsin k cre_p, (4.62)
J

k k

where e™%* — ¢i* = —2isink.
Including the amplitude A and the Hermitian conjugate, and using the same
anticommutation to order the operators symmetrically in the Nambu indices, the

pairing term becomes

— Z (Acjcjrr +hee) > (Ak chel, + A c_kck) , (4.63)
k

l\D\»—l

with
Ap =21 Asink. (4.64)
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Collecting all terms, the Hamiltonian becomes

~ 1
Hpain = Z |:§k C;rgck + 5 (Ak CLCT_]C + Al: C_ka>:| . (465)
k

Since the pairing term creates two particles of &k and —k, the Hamiltonian does

not conserve particle number. As before, we introduce the Nambu spinor
Uy = (ck7 Cik)—r? (466)

which allows us to write the Hamiltonian in BAG form,

A 1
Hypoin = 3 3" U} Hgaa (k) Wy, + const, (4.67)
k
with
A
Hpac (k) = Sk* ") = ¢, + 2Asink ay. (4.68)
An =&

Here o; are Pauli matrices acting in particle-hole (Nambu) space.

The quasiparticle energies are obtained by diagonalizing Hpgg(k), which gives

Ei(k) = 4/ €2 +402sin2k = £/ (—p — 2t cos k)? + 4A2sin? k. (4.69)

These two symmetric bands describe the bulk quasiparticle excitation spectrum
of the Kitaev chain, as shown in Fig. 4.2. Because the square root is a sum of two
nonnegative terms, the bulk gap can close only if both contributions vanish at the

same momentum:

& =0 and sink = 0. (4.70)

The condition sin £ = 0 holds only at
k=0 or k=m. (4.71)
Evaluating &, at these momenta gives
o= —p—2tcos0 = —pu — 2t, &= —p—2tcosm = —p + 2t. (4.72)
Imposing & = 0 or &, = 0 yields the two gap-closing (critical) points,

=0 = pu= -2t &=0 = p=+2t (4.73)
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To understand the topological distinction between the phases, it is helpful to look
at the BAG Hamiltonian in Pauli-matrix form in Eq. (4.68). This can be viewed as a

two-level system with an effective pseudospin field
d(k) = (07 2Asink, §k)a Hpac(k) =d(k) - o. (4.74)

As k varies from —7 to m, the vector d(k) traces a curve in the (d,,d.) plane. A
topological phase corresponds to a curve that winds around the origin, while a trivial
phase does not. The only places where the curve can switch between these two
behaviours are the points where it passes through the origin, i.e., where the bulk
gap closes. This is the geometric reason why the gap closings in Eq. (4.73) mark
topological phase transitions.

Since sink = 0 at k = 0, 7, we have

d(0) = (0,0,&),  d(m) = (0,0,&). (4.75)

)

So at k = 0 and k = 7 the vector d(k) lies purely on the d, axis, pointing either “up’

or “down” depending on the sign of &,. In other words, the signs

senféo] = sen[—p — 26, sgnlé] = sgn[—p + 21] (4.76)

tell us whether d(k) points to +d, or to —d,. A qualitative difference occurs depending
on whether d(0) and d(7) point in the same direction or in opposite directions: If
sgn[&o] = sgn|&,], then d(k) starts and ends on the same side of the d, axis. In this
case the curve traced by d(k) can be continuously deformed away from the origin
without crossing it, and the phase is topologically trivial.

If sgn[&] # sgn[¢,], then d(k) points in opposite directions at £k = 0 and k = 7.
Since d(k) varies continuously with k, it must rotate from one side of the d, axis
to the other as k goes from 0 to m. When |A| # 0, this rotation is provided by the
dy(k) = 2Asin k component. Geometrically, this means the curve winds around the
origin, which is the signature of the nontrivial topological phase.

This criterion can be written compactly using the product &y&,:
Eolr = (—p — 2t)(—p + 2t) = p® — 4%, (4.77)

Therefore,
C&r <0 = <4’ = |u| <2t (4.78)
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So the topological phase occurs precisely when &, and &, have opposite signs, i.e.,
when |u| < 2t. Crossing p = £2t flips the sign of either &, or &, which forces the gap
to close at £k = 0 or kK = 7 and produces a topological phase transition.

The phrase band inversion refers to this sign flip. At the critical points, the pairing
term vanishes, so the BdG energies reduce to £[&|. When the sign of &, flips at
one critical point, the ordering of the positive- and negative-energy BdG levels at
that momentum is exchanged relative to the other critical point. This rearrangement
cannot happen without a gap closing and is another way to see that the transition is
topological.

The sign criterion in Eq. (4.78) also has an interpretation in the normal state
(A =0). Then E(k) = &, and the band runs between

gmin = —H— 2t7 fmax = —p+ 2t7 (479)

corresponding to k = 0 and k = 7. If |u| > 2¢, then & does not cross zero anywhere:
the chemical potential lies outside the normal-state band, and there are no Fermi points.
Turning on pairing does not gap out any Fermi crossings; the resulting superconductor
is topologically trivial, as shown in the left panel of Fig. 4.2.

At |u| = 2t, the normal band touches zero at k = 0 or k = 7, and the super-
conducting gap closes there (critical case, middle panel). Finally, when |u| < 2t, &
crosses zero at two momenta +kp, so the normal state is metallic with two Fermi
points. The p-wave pairing then opens a gap around these Fermi points, producing the
topological superconducting phase (right panel). In an open chain, this is the regime

where Majorana zero modes appear at the ends, as we show in the next section.

4.3 Majorana and Bond Transformations

A direct way to display the existence of Majorana zero modes (MZMs) in the Kitaev
chain is to rewrite the Hamiltonian in terms of Majorana operators and diagonalize it
explicitly [44, 50]. This procedure makes the zero-energy edge modes transparent.
We proceed in two steps. First, we rewrite the fermionic Hamiltonian in terms of
Majorana operators (Majorana transformation). Second, we apply a bond transforma-
tion that pairs Majoranas on neighbouring sites. This ultimately yields a diagonal

form of the Hamiltonian where the presence of unpaired Majoranas becomes explicit.
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Figure 4.2: Dispersion of the Kitaev chain with ¢ = 1 for (left) u = 2.5 (trivial), (middle)
= 2.0 (critical), and (right) u = 0 (topological). Solid lines show the superconducting
quasiparticle bands, while dashed lines show the normal-state dispersion (A = 0). The
transition between trivial and topological phases occurs when |u| = 2t.

4.3.1 Majorana Operators

Consider a system with 2V spatially separated Majorana fermions (MFs), vq,..., 7.
The number of Majoranas must be even, since one Majorana operator carries only
half of the degrees of freedom of a fermion operator [50, 162].

A fermion operator can be decomposed into two Majorana operators as

1

C = B (y2i—1 + 172:) - (4.80)
The inverse relations are
Y2i—1 = C;-r + ¢, (481)

The Majorana operators satisfy hermiticity

v =,
and anti-commutation relation
{vi, v} = 205 (4.83)
Setting ¢ = j in Eq. (4.83) gives
%=1
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This differs from fermions, for which ¢7 = 0. A single Majorana operator therefore does
not define an occupation number in the usual sense. If we try to define a Majorana

number operator as
M _ .t
n; =%,

we find

' =9 =1

Thus, a single Majorana cannot be occupied or empty. Only when two Majoranas are
combined into a fermion does a meaningful number operator appear. The physical

number states are therefore defined through fermions
n; = c;-rci, n; =0, 1.

If two Majorana operators, say 72;—1 and 7;, are spatially close, their wavefunctions
can overlap. This overlap lifts the zero-energy degeneracy and generates a finite energy
splitting [44, 50].

A Hermitian quadratic coupling between two distinct Majoranas ~, and v, has the
form i v,,. The bare product 7,7, is anti-Hermitian, since (7.7%)" = %Ya = —YaVo
and the factor of ¢ restores Hermiticity. Such a coupling can occur between any
pair of Majoranas. The simplest case is the pair on the same site, v9;_1 and 7,
which are the two halves of the fermion ¢;. We treat this case first, because it shows
most directly how an overlap between two Majoranas becomes an energy splitting.
Couplings between Majoranas on different sites, such as 292,41, also occur. They
appear when we write the full Kitaev Hamiltonian in the Majorana basis. For now we
keep the same-site pair. Using Eqs. (4.81)—(4.82),

Yoic1v2i = (¢} + )il — ;) (4.84)

=1 [c}cl —clei+ el — cz-cz} . (4.85)

Using fermionic relations
=0, (CT)Q =0, co=1- cj»cz-,

i —

this simplifies to

Y2i—172i = 7 [—C;[Ci + (]_ — CZCZ')} (486)
= i(1 - 2ny). (4.87)
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Therefore,

| | 1 1
S = 5 i1 = 2m) = S(2n— 1) =ni — . (4.88)

Including an overlap amplitude ¢, we obtain

it 1
9 V2i—-172 (n 2) ( )

This result shows that Majorana overlap is equivalent to introducing an energy
splitting between the occupied and empty states of the corresponding fermions. If
n; = 0, the energy contribution is —t/2. If n; = 1, the energy contribution is +t/2.

The experimentally measurable quantities are the occupation numbers n;. Such
a measurement can be done by bringing two MFs close together and measuring the
energy splitting according to Eq. (4.89), which reveals the occupation through the
coupling term [44]. Note that it does not make sense to talk about the “state of a

MF” since a single MF contains only half a degree of freedom.

4.3.2 Kitaev Hamiltonian in Majorana Representation

We now express the Kitaev Hamiltonian in Eq. (4.43) in terms of Majorana Fermions.
First, as schematically shown in fig. 4.3, we write each electron operator, ¢ and ¢, in

terms of two Majorana Fermion operators, v, and 7, as

5 aq @ anp  an
P eee (P @
C &) CN-1 6N

Figure 4.3: Schematic of Kitaev chain in the Majorana and bond representation, with
non-zero bond Fermions in purple, and the nonlocal zero mode ay living on the two
ends of the chain. Adapted from [163]

1 . 1 )
cj = 5(7j,1 +17j.2), C} = 5(%}1 — j2), (4.90)

where the 7’s are Majorana Fermion operators with the anti-commutation relation

Visar Vi.8} = 20i50ap-
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Using (4.90) and Majorana anti-commutation relations, the Kitaev Hamiltonian

in Eq. (4.43) can be written in terms of Majorana Fermions as

. N-1 N-1
Hepain = 5 ((t +A) D VY2 + E=A) D Yz — MZ YiiViz — 1)

J=1 J=1 J=1
(4.91)
The form in (4.91) shows the pairing between Majoranas of different types in adjacent
sites. But it also shows that the Hamiltonian is not diagonal in Majorana Fermions,
they are not quasiparticles of the Kitaev Hamiltonian. The form in Eq. (4.91) shows

the pairing between Majoranas of different types on adjacent sites.

4.3.3 Bond Operators

To illustrate the zero modes explicitly in the Hamiltonian, we define a new transfor-
mation as "bond transformation". In this transformation, two Majoranas of different

types from adjacent sites are combined as

1 : 1

aj = 5(%’,1 +iYjt1,2) = §(C} + ¢t ¢ — ), (4.92a)
1 : 1

an = 5(7N,1 +in2) = 5(037 +ont e — ), (4.92b)

where we also defined ay, to which we refer as the zero mode, from the two unpaired
Majoranas at the two ends of the chain, as shown in Fig. 4.3. Then, the Hamiltonian

in terms of bond operators is

. 1 N—-1 N—-1
}Ichain:2 t+A ZQCLCLJ—]. t— Z j+1a]1+a3+1agl+h6)
Jj=1 J=1
N
—p 3 (14 (afajo1 + ajaj1 + he)) | | (4.93)
=1

where in the second and the third sum one should identify ag = ay. The Hamiltonian
is still not diagonal, but we notice the diagonal term corresponding to the ¢ + A term.
We know that as long as |u| < 2|t| the system remains in the topological phase. For a
specific example, we take a special case of t = A and p = 0. This choice of parameters

ensures the system to be within the topological phase. As a result, the bond Fermions
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diagonalize the Hamiltonian in (4.93) and reduce it to

N-1
chaln =t Z 2& a5 — 1 —|— 0 x (ZJ][VCLN, (494)

7=1
which implies a set of N — 1 quasiparticles with energy 2t, and one non-local quasi-
particle ay with zero energy, hence the name zero mode. In this case, since bond
fermions are the quasiparticles of the Kitaev Hamiltonian, their configurations are the

eigenstates of the system.

4.3.4 Energy Spectrum

In order to verify the validity of the bond transformation, we need to confirm energy
spectra matching between normal and bond fermions. We use ED to calculate the
energy spectrum of the Kitaev Hamiltonian. Beginning with normal fermions, for a
chain of N sites, there are (]g) + (]Y ) + ..+ ( N]\i 1) + (%) = 2% possible configurations

for spinless fermions, which we construct as

10Y, (4.95)

where |0) is the vacuum of fermions, a; = 1 or 0, corresponds to having (1) or not
having (0) fermions at site 1.

For a given number of fermions M, there are pj; fermionic configurations. But
since the superconducting term does not conserve particle number, the eigenstates
of the Hamiltonian are coherent linear combinations of fermionic configurations with

different fermion numbers. Based on this, the vth eigenstate is written as

Z CV 7P1\4 ,pM) y (496)
7p1VI
where we are populating N sites with M = 0,1, ..., N fermions. To solve for coefficients
Cl1pys We apply the Hamiltonian on this state, and by using the orthogonality of the

configurations we obtain the eigenvalue equation

> {aurr, M| Hepain |par, M) Cp,,, = EVCYy,

pm M

(4.97)

At

However, since the Kitaev Hamiltonian only changes particle number in pairs, the

matrix element (qp;, M| Hyc |par, M) is non-zero only if M and M’ have the same
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parity, i.e. if they are both even or odd. This parity symmetry allows us to break the
Hilbert space into two decoupled subspaces of even and odd configurations.

For bond fermions, we construct any bond fermion configurations just as in

Eq. (4.95)
jar—aw) = [](ah)™

i=1

0a) (4.98)

where |0,) is the vacuum of bond Fermions, and we used the overline to distinguish
these configurations from the normal Fermion configurations. In the special case
of t = A and u = 0, the Hamiltonian in bond fermions is diagonal, as expressed
in Eq. (4.94). This is the usefulness of bond fermion basis that makes the energy
spectrum calculations easier. We now describe the energy spectrum of a chain of

N = 3 quantum dots, obtained both in the normal and bond fermion basis using ED.

N=3,A=t<0,u=0

Normal basis Bond basis
209 @ odd ® O 1 o o L4
1.5 4 ® cven | even
1.0 4 B
05 :
=
~~ 0.01 e o o o B [ ) [ ]
K
—0.5 1 B
_10 - .
715 - -
-201@®@ @ 10
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8

Index Index

Figure 4.4: Energy spectra of Kitaev chain in normal (left) and bond (right) basis,
where A =t = —1 and g = 0. Energy is normalized to |t|. The energy spectrum in
normal fermions matches the spectrum in bond fermions. As a result of being in the
topological regime, the spectra of even and odd parity subspaces also match in both
bases.

Figure 4.4 shows the energy spectrum for the case of A =t = —1. As mentioned
above, in this case, the configurations of bond fermions are also the eigenstates of
the system since the Hamiltonian is diagonal. Being in the topological regime, the
system has a doubly degenerate ground state, one in the odd subspace |GS) = [111)
with all bond fermions, and the other in the even subspace |GS) = |110), which is
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missing the zero energy bond fermion ay = a3. Next, we have the singly excited
states, missing one non-zero bond Fermion, with excitation energy 2|¢|, from which
we have two in each subspace, |a;) = |011) and |ay) = |101) in the even subspace, and
|a;) = |010) and |az) = |100) in the odd subspace. Finally, in each subspace, there is
one doubly excited state, missing two non-zero bond fermions with excitation energy
4|t], |araz) = |000) in the even subspace, and |ajas) = |001) in the odd subspace.

Table 4.1 summarizes the description of the spectrum in terms of bond Fermions.

Table 4.1: Describing the spectra plotted in Fig. 4.4. Configurations of bond fermions
are the eigenstates of the Kitaev Hamiltonian when A = ¢ and p = 0. The configuration
labels are chosen to sort the corresponding energies from lower to higher.

index 1 2 3 4 5 6 7 8

configuration | [111) |110) [0I0) |01I) |[100) |101) |OOI)  |000)

label |GS> |@> |61> |a1) ’62> |CL2> |a1a2) |CL16L2>
parity odd even odd even odd even odd even
excitation

0 0 2 2t 2t 2t 4l 4l

energy

4.3.5 Probability Density Distribution

Once the eigenstates [¢”) of the Kitaev Hamiltonian are obtained by ED according
to Eq. (4.97), we can compute the site-resolved probability density to visualize the
localization properties of the quasiparticle states, in particular the Majorana edge
modes.

The local fermionic occupation operator n; = c}cj at site j and its expectation

value in an eigenstate |¢)”) defines the probability density at site j
p) = WAy 19Y). (4.99)

Using the configuration basis introduced in Eq. (4.96), we write

(W)= > Clipy Mopar), W= > (Cipp,,)" (M par]. (4.100)

M,pp M p g
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Substituting Eq. (4.100) into Eq. (4.99) gives

pyj) = ( Z ( ]1(4/7PM/)* <M/7pM") fj ( Z CJI(LPM |M’pM>)

M’ ;pppr M,py

- Z Z ( K/I,va/>*CK/LPM <M,7pM’|ﬁj|MapM>- (4.101)

M’pr/ M,prr

A configuration state |M, pys) is an eigenstate of every number operator 72; because it

has a definite occupation (either 0 or 1) on each site. Therefore,
fj M, par) = ni (M, pur) |M,pur) (4.102)
where

1, if site j is occupied in the configuration |M, py),
ni(M, py) = (4.103)
0, if site j is empty in the configuration |M, pyy).

Taking the overlap with (M’ py/| and using orthonormality of the configuration
basis,
(M, parr | |M par) = Onr a1 Opyyr pas (4.104)

we obtain

(M, page| 7 | M, par) = ng (M, pag) (M, parr| | M, pas)
= TL]‘(M, pM) 5M’,M 6le7p]\/I' (4105)

Substituting Eq. (4.105) into Eq. (4.101) gives

pE’V) = Z Z ( KWJ?M/)* CK/LIJM nj(M’ pM) 5M'7M 6pM”pM

M,,PM/ M,prr

= Z (CK/LPM)* CJI(LPM nj(M’pM>

M,py

= Z ’CK/LPAI

M,py

“ (M, pag). (4.106)

Since (M, pm| 7y |M,py) = n;(M,py) equals 1 when site j is occupied and 0

otherwise, pg-y)

eigenstate v, obtained by summing the probabilities of all basis configurations that

is simply the total probability of finding a fermion on site j in the

have site 7 occupied.
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Plotting py') across the chain reveals the spatial structure of the eigenstate: for

trivial superconducting phases (|u| > 2t) the lowest-energy eigenstate is extended
throughout the bulk, while in the topological phase (|u| < 2t) the lowest-energy
eigenstate shows localization at the chain ends, the Majorana zero modes as shown in

Fig. 4.5.

0.010}
203 2 0.008}
w w
f= f=
3 S 0.006}
302 >
z 3 0.004}
301 3
3 2 0,002}
Q Q
0.0 , , ‘ ‘ , , , ‘ 0.000 ‘ ‘ ; ; ‘ ; ; ‘
25 50 75 100 125 150 175 200 25 50 75 100 125 150 175 200
site index j site index j
(a) Topological regime (b) Trivial regime

Figure 4.5: Probability density p§-y) = (Y] c;r-cj |Y") of the ground state along a Kitaev
chain of 200 sites. In the trivial phase, p; is delocalized, while in the topological phase,
it is strongly localized at the two ends.

4.4 Experimental Realizations and Limitations of
the Kitaev Chain

The Kitaev chain model provides one of the most elegant theoretical realizations of a
topological superconductor, exhibiting localized MZMs at its ends [50]. Its minimal
form, however, assumes a one-dimensional (1D) lattice of spinless fermions with
intrinsic p-wave pairing [50]. Although this model captures the essential topological
physics, its direct experimental realization in condensed matter systems is highly
nontrivial.

Conventional superconductors found in nature are generally of the s-wave type,
where Cooper pairs form between electrons of opposite spin and momentum, leading
to a spin-singlet, isotropic pairing potential Ag(r) o< {(er(r)e)(r)) [154, 159]. In
contrast, the Kitaev model assumes a p-wave, spinless, spin-triplet pairing of the
form A,(r,r’) o (¢(r)c(r’)), which is odd under exchange of spatial coordinates and
corresponds to parallel-spin pairing [44, 162]. Such superconductors are extremely
rare in nature and usually occur in strongly correlated materials such as SroRuQOy,
where the pairing symmetry remains under debate [59].

The absence of robust, intrinsic p-wave superconductors poses a fundamental
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obstacle to implementing the Kitaev chain directly in the laboratory. This conceptual
mapping between the idealized Kitaev model and real semiconductor—-superconductor
hybrid systems has guided many experimental efforts [44, 164, 165]. Signatures
consistent with Majorana zero modes, such as zero-bias conductance peaks, have
been reported in InSb and InAs nanowires proximitized by aluminum [52, 63]. While
the unambiguous identification of topological superconductivity remains a subject of
active investigation, these systems provide the most promising and controllable route
toward realizing Majorana-based qubits.

While the Kitaev chain remains a powerful theoretical model for understanding
topological superconductivity and Majorana modes [44, 50], its assumption of intrinsic
p-wave pairing is experimentally unrealistic. The search for realizable platforms has
thus shifted toward spin—orbit coupled semiconductor nanowires and related hybrid
systems, where conventional s-wave superconductivity is transformed into effective
p-wave pairing by spin—orbit interaction and Zeeman splitting [44, 164, 165]. This
motivates the study of the Rashba nanowire Hamiltonian, which we introduce in the

next chapter.
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Chapter 5

Majorana Zero Modes in the
Semiconducting-Superconducting

Nanowire

In this chapter, we describe the semiconducting-superconducting (SM-SC) model that
is shown to exhibit topological features and host MZMs [47, 50, 166-169]. The reason
we turn to this system is the nature of its superconductivity which is a natural choice
for experimental purposes [47, 168]. As we will see throughout the chapter, this model
is theoretically more challenging compared to the 1D spinless chain described by the
Kitaev Hamiltonian. Moreover, it is only an approximate topological system which
shows MZMs under certain conditions. Despite that, it is much more experimentally
friendly, so a comprehensive theoretical introduction is required. We will begin by
introducing the s-wave superconductivity, which plays an essential role in this model,
and the key differences of this type of superconductor compared to the p-wave one.
We then proceed by presenting the 1D SM-SC system and its features. In doing so,
we first study the semiconducting nanowire, and then we add the superconductor and
see its effects. Finally, we discuss the superconductivity gap and how we derive the

condition in which keeps the system in the topological phase.

5.1 S-wave Superconductivity

Following the discussion of superconductivity in sec. 4.1, starting from equations (4.14)
and (4.15), we include the s-wave pairing to the BAG Hamiltonian. The s-wave pairing
couples the spin up and down with opposite momenta [166, 167]. It has the following
form

Hx=A CLTCJLpi + A%c_picpm (5.1)
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where A is the strength of superconductivity and is a complex number. To be able to
add this term into our BAG form, we need to write it in an antisymmetrized form.

Through using the anti-commutation relations [69]

{C;ET, CT_N} =0, {cpp =0 (5.2)
we obtain
L N I | - _ (5.3)
CprClpy CL 1 Cots C_p|Cpt CpCp - .

Using these identities, each term can be written in an explicitly antisymmetric

form
P }( bl — e ch) 5 4
CptCpl = 9 CptCopl = C=plCpt ) (5.4)
1
C-pipt = 5 (C—picpT - CpTC—pi)- (5.5)

Substituting these expressions back into Ha gives

A A A*
Ha = E(C;TCT_N - CT—NCLT) + 7<c_p¢cp¢ — CpTC—m) (5.6)
1 *
=3 [A (CLTCT_pi — CT_pJ,CLT) +A (c_mcm — CpTC—pi)} . (5.7)

The superconductivity term creates a Cooper pair by forming two electrons or two
holes (absence of electrons) [159, 160, 168].
The total Hamiltonian (the BAG Hamiltonian in Eq. (4.14) plus the s-wave pairing

term) is given by

B+ s = 3 Ul (o, A) T, (58)
P
ep) O 0 A
. 1 0 €ep) -A 0
Hpaa(p, A) = = . 5.9
BaG (P, Q) 9 0 —A* —e(—p) 0 (5.9)
A0 0 —e(—p)

It can be rewritten in terms of Pauli matrices
ﬁBdG(pv A)=€P)7° @ Ioxo — (ReA) T @ 0¥ — (ImA) 7% ® 0¥, (5.10)

where 7s are Pauli matrices in the particle-hole basis and os are the Pauli matrices in

the spin basis. 7s take the same form of the Pauli matrices, but we are denoting them
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with different notation to indicate that they act on particle and hole bases. To find

the energy spectrum, we proceed as follows. We can write the Hamiltonian as
ﬁBdg(p,A) EaF1+bF2—|—cF3, (511)

with
F1:7'Z®12, FQZT:E@O'y, F3:'Ty®0'y,

a = €(p), b= —ReA, c=—ImA.

Using the Pauli algebra {7%,77} = 20,15, {0",07} = 26;;15, and (7%)* = (¢*)? = I,
we have

F? = Iyxa, {Fz‘>rj}:0 (27&])

Therefore,

(I:—,BdG)2 = (CL Fl + bFQ + CF3)2
= a’T? + 0°T'5 + T3 + ab{T1, o} + ac{ly, T3} + be{ly, T3}
= (@ + 6+ ) Lia = (e(p)* + |A]) Lia. (5.12)

Since the final form is diagonal, the eigenvalues are simply the diagonal elements.

Hence the spectrum consists of two doubly degenerate bands with energies

Es(p) = £y/e(p)* + AP, (5.13)

where the twofold degeneracy is due to spin (the Hamiltonian squared is proportional
to Iy in spin space and I, in particle-hole space). If A # 0, the spectrum has an
energy gap which is called the superconducting gap, as shown in Fig. 5.1. This picture

becomes important when we calculate the band structure of the SM-SC system.

5.2 SM-SC Model

The system we consider is a 1D semiconducting (SM) nanowire of length L with
Rashba spin-orbit coupling of strength « and a Zeeman field V, [47, 166-168]. The
SM nanowire is placed in contact with a conventional s-wave superconductor. The
nanowire is not superconducting on its own. Through the superconducting proximity
effect, Cooper pairs from the adjacent superconductor tunnel into the nanowire across

the interface, and this induces an effective s-wave pairing in the wire [166-168]. This
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Figure 5.1: Energy dispersion of an s-wave superconductor (m = 1, u = 0.1, |A| = 0.1).

The solid curves represent E(p) = £/€(p)? + |AJ?, while the dashed lines correspond

to the normal-state dispersion +e€(p). The characteristic energy scales 2|A| and 2
are indicated.

induced pairing is the term Hye given below. Its amplitude A(x) is the induced gap,
which is generally smaller than the gap of the parent superconductor. The Hamiltonian

of the system is given by

H = Hgy + Hsc, (5.14)
292

Hey = /0de Wi(z) [(—Zﬂ% — w)I +iaho,0, + VIJI] P(z), (5.15)

fiso = [ “do | A@) )l () +h.c}, (5.16)

where we have taken the nanowire along the x-axis. Note that i(z) here is not the

wave function, but is a column spinor of annihilation field operators

b(z) = [M(l’)] .

Yy (z)
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P2
2m*

electron. p is the chemical potential, « is the spin-orbit coupling, and V), is the Zeeman

The first term of Hgyy is the kinetic energy with m* being the effective mass of the
field parallel to the nanowire (later we will show that one can take the Zeeman field
perpendicular to the nanowire, but that will not change the physics of the problem).
A(z) is the strength of the proximity-induced s-wave pairing in the nanowire, and
I,0,,0, are the 2 x 2 identity, Pauli-x, and Pauli-y matrices, respectively.

The Zeeman term is in fact

gsmppB
2

_ gsmppB

L (5.17)

—p-B= o, =V,0,, V;
where p is the magnetic moment of the electron, defined as p = —gsmpp /2, where
the negative sign reflects the electron’s negative charge [115, 122|. B is the externally
applied magnetic field vector, and the letter Z denotes Zeeman. In this case, it
is taken along the x-direction, i.e., B = B, which couples to the spin through o,.
gsm is the dimensionless Landé g-factor (or effective g-factor) of the semiconductor
material. It characterizes the strength of the spin coupling to the magnetic field
and can be very large in narrow-gap semiconductors such as InSb or InAs (typically
|gsnm| ~ 10-50) [170, 171]. up = eh/(2m.) is the Bohr magneton, the natural scale
for the magnetic moment of an electron, where e is the elementary charge and m, is
the bare electron mass [122, 172]. B is the magnitude of the external magnetic field.
V., is the resulting Zeeman field, which quantifies the spin splitting between spin-up
and spin-down states induced by the magnetic field [115, 122, 166, 167].

The spin—orbit coupling (SOC) term in the Hamiltonian is given by

A

Hp=a(o xp) -z, (5.18)

where o = (0,, 0y, 0,) are the Pauli matrices acting on the electron spin, p = —ihV is
the momentum operator, and Z is the unit vector perpendicular to the xy plane. This
term arises due to the relativistic coupling between an electron’s spin and its motion
in an electric field E, which in the electron’s rest frame acts as an effective magnetic

field Beg o< E X p that couples to the spin through the Zeeman interaction [171, 173].

In semiconductor nanowires the electric field E originates from either the confining
potential at the heterostructure interface or from an applied gate voltage [171, 173].
When E is along 2, the effective magnetic field points along ¢ for motion along Z, and

the Rashba Hamiltonian reduces to
Hg = ap,o,. (5.19)
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This couples the electron’s spin and momentum, and resulting in two helically spin-
polarized bands displaced in momentum space [168, 171, 173, 174]. The Rashba effect
is essential for realizing topological superconductivity when combined with Zeeman
coupling and proximity-induced s-wave pairing [166-168], as will be explained later

on.

5.2.1 BdG Formalism: Periodic Boundary Conditions

Diagonalizing the Hamiltonian in Eq. (5.14) is possible using Fourier transformation
for periodic boundary conditions, where the field operators for each spin ¢ =7, | are

expanded as

1 .
7% (IE) = ﬁ Z elkxca,kxga (520)
k

with k = 27n/L (n € Z), and X7 are the eigenstates of Pauli z-matrix, i.e. o,xI¥ =
+(—)xI®). We first focus on the SM nanowire. Through using

2mn

L .
dr e = L ==
/0 X e q,05 q L )

we apply the Fourier transformation to the SM Hamiltonian from Eq. (5.14) to obtain

the BAG form. The chemical potential term transforms as

L
—,u/o dz i (2)p(z) = —pd_ — Z/ dz ' k) Lk’cak’ = —uZZchcavk.
Tk

o kk’

The kinetic energy term gives

h?0? 1 Lo 4
/ dx ' () ( >w = 2m* Z /0 dve ka@z(elkx) ci’k,cmk.

kk

Since 836““” = — k2t

[ et -5 2% o

L
/ da e k=k)z 2 Tk,cgk—zz

2m* i 0

Rk

* O'k?ok

The SOC term gives

zah/ dx T (x) x)o, 0, () = iah — Z/ dxe ™ %L/ay(a em)ck,

kk’
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where ¢, = [c1x, ¢ ]7. Since d,e*® = ike™™®,

=iah — Z/ dz &) (k) f ChyOyCl = zahz (k) ckayck = —athckayck.

kk’

The Zeeman term gives

V/ dxz/JT Yo b(z) =V, — Z/ dxekk)chaxck VZZC,L%C;C.
e

Liw
Collecting all the terms, we obtain the SM Hamiltonian in k-space

h?k?

Flaw = ch<

—pu—ahko, +V, O'z> Chs (5.21)

with ¢ = [crx, ¢, k)7 being the spinor of annihilation operators. The s-wave pairing

term transforms as

/ dLL"(ﬂT ¢¢ / dxe Cchik'_ZCchi k-
k K k
Therefore
I{ISC = Z <A CrkCl,—k T hC) (5.22)
k

We can write the (fo — ahk o, + V. 0,) in the SM Hamiltonian as

PR hk + V.,
am TR IR (5.23)
—athk +V, 5= —
and the eigenvalues of this matrix are the two bands
h2k?
ex(k) = 5 H +\/(ahk)? + V2, (5.24)
m

with k = 2mn/L (n € Z).

5.2.2 Spin Texture of the Bands

It will be advantageous to study the SM nanowire itself and all its parameters to get

a better sense of the system. Having the eigenvalues of the kernel of the Hamiltonian
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in Eq. (5.23), we can easily find the corresponding eigenvectors, given by

aihk+V,
_ VEH(ahh)? (5.25)

o = | T VR | (5.26)

Firstly, we find the angle ¢ that each vector v, makes in the xy-plane

V.

tani(gb) = j:ozhk

(5.27)

This angle determines the phase difference between each vector. To determine the
number of electronic states available at each energy level, we compute the density of
states (DOS). The DOS represents how many electron states exist per unit energy
interval within the electronic bands [114, 115]. As electrons move through a lattice
with different momenta k, they occupy distinct energy levels e(k) given by the band
structure Eq. (5.24). The DOS essentially “unfolds” this band structure from k-space
to energy-space, providing a measure of the density of available states as a function of

energy. In our system, the DOS is given by

ppec(w) = I{Z d(w — Ek) (5.28)

where the wavevector k takes discrete values determined by the periodic boundary

conditions

k:27£n’ n=0,+1,£2, ... (5.29)

and §(w — E}) is the Dirac delta function that picks out states at energy Fy, and L

is the length of the system in one dimension. The DOS formula arises from converting
the discrete k-space distribution to energy-space. With periodic boundary conditions,
available wavevectors are quantized as k = 27n/L, meaning states are discrete in
k-space with spacing Ak = 27 /L. The density of k-states per length is therefore
pr. = L/(27), meaning that there is one k-state per interval 27/L. To measure states
in energy-space instead, we use the Dirac delta function é(w — Ej) to “pick out” which
discrete k-states contribute to a given energy w. The sum >, §(w — Ej) counts all
states at energy w. The prefactor 1/L appears as the appropriate normalization: it

converts the raw count of k-states into a density per unit system length. This ensures
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the DOS has proper physical dimensions [1/energy /length] and that integrating over
all energies recovers the total number of electronic states divided by system size. In the
continuum limit (L — o0), this sum can be replaced by an integral using the density
of states in k-space, which naturally produces the familiar forms p(F) = %Ml@ JdE|
for parabolic bands.

Another quantity that will help us to know the SM nanowire, is the spin texture.
Spin texture refers to the spatial distribution and orientation of electron spins across
the Brillouin zone in momentum space. The spin polarization varies with wavevector
k, creating a texture of spin orientations.

The spin texture is quantified by computing the expectation values of the Pauli

spin matrices o,, 0,, and o,

(0 1) (0 —i) (1 0)
Op = , ooy =|. , 0, = (5.30)
10 i 0 0 —1

in each band. For v, the spin components are:

S = (uyloglvs), ST = (viloylvy), S = (vi]oufvy) (5.31)

Evaluating the spin expectation values yield

1 V. —ialk 1 1
(vilog|ve) = /2 (m 1) /2 V. tiohk (5.32)

V2+(ahk)?

. - -y

1 V, —iahk SERY V., +iahk (5.33)
2 1\/V2 + (ahk)? V2 + (ahik)?

_ 1|V = tahk +V, + iahk (5.34)
2| V24 (alik)?

_1 % (5.35)
2\ V2 + (ahk)?

N/ (5.36)
V2 + (ahk)?

Therefore v
S (k) = : (5.37)
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giving

And finally

leading to

(viloyfus) =

1
)

1 ( V,—iahk ) —1
[ QS 7 i 70 117, S I R
sz ahk)2 iV, —ahk
9 \ V/VZ+(alik) V2 (—ahk) )
—iakik _ iV, — ahk ]

VZ2 + (ahk)? W/V2 (ahk)?

—iahk) - i+ (iV. — ahk))
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In the same fashion, we can compute the spin texture of v_

S)(k) = — = fz(ahk)Q (5.53)

S (k) = — 2k (5.54)
’ V2 + (ahk)?

SO (k) =0 (5.55)

The spin texture results do make physical sense. Since we have taken the magnetic
field along x direction, and the SOC along y direction, the spin texture has no z
component. Moreover, v, and v_ have opposite spin components, which was expected
from their form.

For the numerical calculations, we take InAs or InP as our candidate materials for
SM nanowire. InAs has an effective mass of m* = 0.02m,, and SOC strength within
the range [0,0.2] eV AInP has the same SOC strength range, but an effective mass
of m* = 0.08m, [47, 170, 175, 176] . The length of SOC can be calculated from MZ*.
We take the length of the chain to be L = 100 wm, which is considered to be a long

nanowire chain.

5.2.3 SM Band Structure

We consider various cases of parameters of the nanowire, and compute the band
structure, spin texture, and DOS. In all cases, we set ;= 0 since it only shifts the
energy, and we use InP for the nanowire. The first case is the Zeeman field, shown
in figure 5.2 We can clearly see the m phase difference between the two parabolic
bands. The spin texture also shows the spin orientation of the eigenvectors. Since
the magnetic field is in the x direction, spins are polarized in the + x directions, and
they are not affected by the SOC as it is turned off. The DOS on the right shows the
occupation of electronic states at each energy. There is no occupation for energies
below -10 eV, and the two peaks correspond to the energies -10 and 10 peV for the
e_ and €, bands, respectively. The occupation decreases as we go to higher energy
values. The Zeeman field controls the gap between the two bands. As it can be seen
in figure 5.3, with higher Zeeman field (30 peV), the gap between the two bands opens
up.

The next case is the SOC only, shown in figure 5.4. We set the Zeeman field to be
zero, and take ah = 5ueV. pm. In the SOC only case, the bands change phase as they

pass through the k£ = 0 point. It can be seen from the equation of the band structure
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Figure 5.2: Band structure (left) as a function of k£ and the normalized density of
states (right) and spin texture (bottom panel) for the SM nanowire with Zeeman field
of strength 10 ueV. SOC and p are set to 0. The energy is in units of peV. The colour
of the energy bands shows the angle ¢ in the zy-plane, calculated using Eq. (5.27).

Eq. (5.24), when V, = 0 it is reduced to

/{ZQ
ex(k) = o HE lak?|, (5.56)

and k£ = 0 is when the bands change phase. The highest occupation is localized around
energy —10 peV, which is the two minima of e_ band, and it shows a small bump at
the point £ = 0 due to the phase change of the band structures. As expected, the
spins are polarized along 4y axis, changing directions at k£ = 0.

In the final case, we consider both the Zeeman field and SOC to see their sum
effect on the band structure and spin texture. The result is shown in figure 5.5, where
ah =5peV. pm and V, = 10 ueV. We can see that the phase of the bands change at
every point k, going from 0 to —x for the lower band ¢_, and 7 to 0 for the upper
band e;,. The highest DOS is located at the two minima of e_ at energy around
—15 pueV. Then the next peak is at the maximum of e_ at energy —10 peV, and the
last peak is related to the minimum of €, at energy 10 ueV. Moreover, spin texture
now has components in both x and y directions, changing orientation at point k£ = 0.
At the point & = 0 the spin is purely in the + x direction, since it only depends on the
Zeeman field, as it can be seen from the spin texture equations. If we take a higher
Zeeman field, the gap between two bands will open up, resulting in a more flattened
e_ band. This effect is displayed in figure 5.6, where we are taking a Zeeman field of
strength V, = 30 peV.
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Figure 5.3: Band structure (left) as a function of k£ and normalized density of states
(right) and spin texture (bottom panel) for the SM nanowire with Zeeman field of
strength 30 pueV. The gap between the bands is larger compared to the case with the
Zeeman field of strength 10 pueV

5.2.4 Comparison of the Magnetic Field Directions

As stated earlier, the direction of the magnetic field does not change the physics
of the problem, and is rather a subtle choice for experimental purposes [166, 167].
So far, we have taken the magnetic field to be along the nanowire axis (the -
direction). Alternatively, one may consider a field applied perpendicular to the wire
along the z-direction. In that case, the Zeeman term Vo, is replaced by V,o,, and

the semiconductor (SM) Hamiltonian in k-space becomes
A k2
Hqy = ZCZ < —u—akay—i—‘/zaZ)ck. (5.57)
k 2m*

Following the same procedure in section 5.2.1, we rewrite the SM Hamiltonian as

h2k2 .
- — V. hk
[m o o a (5.58)
—athk s — =V
The eigenvalues of this matirx give the two energy bands
h2k?
ety = T8 s R vz, (5.59)
m

which is equal to Eq. (5.24) for a magnetic field along x direction. This equivalence
arises because a global spin rotation about the y-axis by 7/2 transforms o, — o, while

leaving o, unchanged. Consequently, the energy spectrum is invariant under such a
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Figure 5.4: Band structure (left) as a function of k£ and normalized density of states
(right) and spin texture (bottom panel) for the SM nanowire with spin-orbit coupling
of strength ah = 5ueV. pm. Note that the e band is the lower pink line for negative
k, and continues as the yellow line for positive k, whereas the ¢, band is the top
yellow one for negative k, and pink for positive k.

unitary transformation. However, the spin texture changes: it now lies in the yz-plane
instead of the xy-plane, acquiring no component along x. Hence, all spin-related
interpretations previously made with respect to the z-axis will now correspond to the
z-axis. Conclusively, the direction of the magnetic field (either along the x or z axis)
does not alter the underlying physics of the system, but rather represents a convenient

convention chosen for experimental or numerical purposes.

5.2.5 Complete band Structure with the S-wave Supercon-

ductor

Now that we have studied all the elements of the SM nanowire, we include the s-wave
superconductivity and calculate the band structure. Starting from Eq. (5.22), we
introduce the Nambu operator ¢; = (cxt, cxy) ", which allows us to use the identity

ChtCi, = 3 C4(i0y)c_y. The SC Hamiltonian can be expressed in matrix form as

N 1
Hsc = 5 > {c,t (Aioy) e 4+ ¢y (~Aday) ck]. (5.60)
k

We now define the four-component Nambu spinor

C;i = [cchTv C;rgi, C_kt, C,ki}, (561)
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Figure 5.6: Band structure (left) as a function of k£ and normalized density of states
(right) and spin texture (bottom panel) for the SM nanowire with Zeeman field of
strength 30 peV and ah =5 peV. pm.

and write the semiconductor Hamiltonian kernel from Eq. (5.23) as

h2 k>
2m*

ﬁSM(k:) = ( - u) I, —ahkoy, +V,0,. (5.62)
Then the total Hamiltonian including both the semiconductor and superconductor

contributions becomes

Hon(k) —iA'o
> cf sulh) G+ T, (5.63)
; iNo, —Hzy(—k)

N[ —

Hpac (k) =

O

where T}, = 3% —

1 is the constant shift term arising from fermionic commutation
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relations such as c;kcgyk = %(1 + c;kca,k - ca’kc;k). The explicit form of the 4 x 4

matrix is given by

V., —iahk Ty —A 0
, (5.64)
0 —A* —Tk _(‘/z + ZOéhk’)
A* 0 —(V, — i) ~T,

We will now show that this Hamiltonian conserves the particle-hole symmetry.
The particle-hole conjugation operator C is defined as an antiunitary operator acting

on the Nambu spinor as
cCrCt=rCr, colct=CT, . (5.65)

where 7, is the Pauli matrix acting in particle-hole (Nambu) space. If we show the
complex conjugation of the coefficients by the operator K, the particle-hole operator
becomes

C=1.K,  C*=+1. (5.66)

Under this operation, the BAG kernel transforms as
CHpac(k)C™' = Ty Hb e (k)T

iy (k A
N (5.67)
—iA*o, —Hsm(—k)

Using the property 7,(4 8)m. = (8G), one finds

= — Hpac(—Fk). (5.68)

CHpag(k)C ' = <_ Hswi(—h) _iA*(’y)

iAo, ﬁé"M(k)

Equation (5.68) shows that the BAG Hamiltonian satisfies the fundamental particle—

hole symmetry condition

CHpac(k)C ' = —Hpaa(—k) | (5.69)

Although the kernel changes sign, the full Hamiltonian

a

N | —

S O Hpac (K)Cy + T,
%
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remains invariant under C because the spinor transforms as in Eq. (5.65):

N 1 N
CHC™! = 2 3 (CCIC™) (CHpac (W)C)(CCCT™) + T
k

1 N
— 5 Z CIka{ — %Bdg(—/{})}ﬂcCﬁk + T3
k
1 N N
= 5 Z Oik/HBd(;(—k)C_k + 71, = H. (570)
&

Thus, despite the minus sign in Eq. (5.69), the total Hamiltonian is invariant under C.
Note that T}, remains the same under the transformation. This symmetry guarantees
that the quasiparticle spectrum satisfies £, (k) = —E,(—k), leading to eigenvalue pairs
+F, (k). From the particle-hole symmetry condition in Eq. (5.69), every eigenstate
®; of ﬂBdg(/ﬂ) with energy Ej has a corresponding conjugate state C®, that is an
eigenstate of —ﬂBdg(—k) with energy —FEj:

Hpac(k) @y = B, & = Hpaa(—k) (COy) = —F; (COy). (5.71)

Thus, all quasiparticle excitations come in pairs at +Fj. However, when the system
parameters (for instance the Zeeman field V) are tuned such that one of these energy
pairs satisfies F, = 0, the corresponding state is its own particle-hole conjugate.

Indeed, for £ = 0, the eigenvector ®, satisfies

Hpac (k) Do = 0. (5.72)
Applying the C operator to both sides gives

C Hpac (k) @y = 0. (5.73)

Using the commutation relation C Hpaq (k) = —Hpac(—k)C (from Eq. (5.68)), we
obtain
—Hpac(—k) (CP) =0 = Hpaa(—k) (CDy) = 0. (5.74)

This means C® is also a zero-energy eigenstate. Since the zero-energy eigenspace

may be degenerate, we write
Chy = NP (5.75)
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for some eigenvalue . Applying C again and using C* = +1:
Oy = C(CPy) = C(ADg) = A" (CPy) = N\ Dy (5.76)
Therefore |A]? = 1, implying A\ = €’¥ for some real phase angle . This yields
CPy = e dy. (5.77)

The zero-energy state is thus its own particle-hole conjugate (up to a phase). This
is the same self-conjugacy we met in Chapter 2. There the Majorana condition ¢ = ),
in Eq. (5.72) states that a Majorana field equals its own charge conjugate, and the
operator form v = ' in Eq. (4.83) states that a Majorana mode is its own antiparticle.
We obtained the same statement from the BdG formalism of the SM-SC Hamiltonian.

Physically, this symmetry reflects the fact that a quasiparticle excitation with
energy E above the Fermi level is indistinguishable from a missing quasiparticle
(a hole) with energy —FE below it [159]. The ground state of the superconductor—
the condensate of Cooper pairs—defines the reference point £ = 0, around which
these excitations are symmetric. Consequently, the BdG Hamiltonian effectively
“doubles” the number of modes compared to the normal-state Hamiltonian, but this
redundancy is constrained by particle-hole symmetry: the particle and hole sectors
are not independent [160].

In topological superconductors, this intrinsic particle-hole symmetry plays a central
role: at certain parameter values the gap can close and reopen, yielding zero-energy
modes that are their own particle-hole conjugates, as we saw earlier when we introduced
the s-wave superconductivity [49, 50, 166-168] . We will see this explicitly in the band
structure of the SM-SC system.

Because of particle-hole symmetry, the eigenvalues occur in £F pairs. To find the
band energies, we solve the eigenvalue problem ﬁBdg(kJ) ®, = E &, whose eigenvalues
are the roots of the secular equation det [ﬁBdG(k’) - F H‘} = 0. Using the compact
form

ﬁBdg(k) =Ty 1. +ahkoyr, + V,0, + ATy,

this gives the characteristic polynomial

E'—2A.E*+ B, =0,
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with

Ap =T + (ahk)? + V72 + |AP, (5.78)
By, = A — 4Cy, (5.79)
Ch = T ((ahk)* + V2) + |APV. (5.80)

Only even powers of E appear, which is the particle-hole symmetry at work. The

equation is therefore quadratic in E?, and solving it gives the two positive branches

Ei(k) = Ay £/A? — B, = Ay £2/C,.

Hence the band energies are

EL(k) = w’g + (k)2 + V2 + |AP + 2\/T,3((ahk>2 V) H APV, (5.81)

and the remaining two are their particle-hole partners —FEL (k).
We can check that when A — 0: Ey(k) = ‘Tk + /(ahk)? + V2| it gives the SM

bands. Now we are in a position to show how adding the superconductivity term will

open the superconducting gap, as was promised to show in figure 5.1.

5.2.6 Superconducting Gap and Topological Phase Transition

The three panels in Fig. 5.7 show the evolution of the quasiparticle band structure
obtained from Eq. (5.81) as the Zeeman field V, is varied. The key feature that
distinguishes the trivial and topological superconducting phases is the behaviour of the

energy gap at k = 0. At this point, the kinetic and spin—orbit terms vanish (7, = —p,

ahk = 0), leading to
Ex(0) = | V. & /2 + A (5.82)

The lower branch E_(0) thus closes when

Vi= 2 +IAP, (5.83)

which marks the critical point of a topological quantum phase transition.

In case (a), we apply a Zeeman field smaller than the critical value V, < /u? + |AJ2.
The system is in a conventional s-wave superconducting phase, characterized by a
finite energy gap of size 2|A| that separates the occupied and unoccupied quasiparticle

states. Both spin subbands are degenerate, and the lowest positive-energy branch
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+F_(k) remains gapped for all k. Particle-hole symmetry is clearly preserved: the red
and blue bands (+E4 (k)) are exact reflections of the yellow and green bands (—E4 (k))
about the zero energy line, respectively. Similarly, the blue band (+E_(k)) mirrors
the orange band (—F_(k)). Although the spectrum is gapped, no topological order is
present. For V, < V¢ the Zeeman splitting is insufficient to invert the two spin-split
parabolic bands at £ = 0. The order of the occupied and unoccupied states remains
the same as in the normal state: the lower band is predominantly spin-down and the
upper band is predominantly spin-up (or vice versa, depending on convention). Thus,
the energy gap visible in panel (a) is a conventional s-wave superconducting gap, not
a topological one. We refer to this regime as the trivial regime or phase.

At the critical field, shown in Fig. 5.7 (b), the Zeeman energy exactly compensates
the energy scale that maintains the separation between the two spin-split subbands.
As a result, the two lowest quasiparticle branches +F_ (k) touch each other at k =
0, and the bulk superconducting gap closes. This is the precise point where the
superconducting spectrum switches from trivial to topological. Physically, the closing
of the gap means that the lowest electron-like and hole-like states at k = 0 become
degenerate in energy. The spin character of the bands begins to interchange: the
state that used to belong to the lower band moves upward in energy, while the one
that belonged to the upper band moves downward. This marks the onset of a band
inversion. At this critical field the system is extremely sensitive to perturbations. A
tiny increase or decrease of V, immediately opens a new gap, but with a different
character: for V, slightly smaller than the critical value, the gap is still the ordinary
s-wave gap of the trivial phase, whereas for V, slightly larger, the gap reopens after the
inversion, signaling the topological regime. Therefore, the gap-closing point represents
the boundary between two qualitatively different superconducting states. In a finite
nanowire, this is the parameter point where Majorana modes start to emerge at the
ends of the system as the topological phase sets in.

In Fig. 5.7 (c), the Zeeman field exceeds the critical value, V, > \/u? + |A|2. The
superconducting gap that had closed at the transition point now reopens, but with a
completely different character. This reopened gap marks the onset of the topological
superconducting phase. The most important change occurs in the structure of the
bands near k = 0. After the transition, the order of the two lowest energy bands is
reversed compared to the trivial phase (the previously two flat lines are now replaced
by two symmetric parabolas): the state that was previously above the Fermi level now
lies below it, and vice versa. This band inversion is the key signature that the system

has changed its topological character [36, 177-180]. The quasiparticle wavefunctions
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on either side of the inversion carry different spin textures, so the reopened gap does
not simply correspond to the same s-wave pairing as before—it now has a built-in
spin—momentum locking that mimics an effective spinless p-wave superconductor [56,
166]. Figure 5.8 makes this explicit. The colour gives the electron-sector spin of
each band. The component (o) is odd in k, which is the Rashba spin-momentum
locking. Across the transition the lowest band at k = 0 flips its (o,) from negative to
positive, the spin signature of the band inversion. Although the bulk remains gapped,
the nature of this new gap is topologically distinct from the ordinary s-wave gap in
panel (a). If the nanowire were cut open, the bulk-boundary correspondence ensures
that a pair of localized zero-energy states would appear at its ends [44, 167]. These
states are protected by the reopened bulk gap and cannot be removed by any local

perturbation unless the bulk gap closes again [32, 168].

5.3 Discrete lattice Formulation with Open Bound-

ary Conditions

To analyze finite-size effects and study the emergence of localized edge states, it is useful
to move from the continuous k-space description of the SM-SC nanowire to a discrete
real-space (tight-binding) representation [50, 166-168] . We will do this in two ways.
First, through representing the continuous Hamiltonian in the orbital mode formalism,
where we expand each field operator in the basis of a 1D quantum well. And second,
the nanowire is modeled as a one-dimensional chain of sites indexed by 7 =1,..., NV,
hosting spinful electron operators c;,, C}U, for o =1,]. The continuous derivatives
and momentum-dependent terms in the Hamiltonian are replaced by discrete hopping
terms between neighbouring lattice sites. The second approach naturally allows the
imposition of open boundary conditions (OBC), which are essential for capturing
boundary physics such as the appearance of Majorana zero modes at the nanowire ends.
Moreover, the lattice representation provides a convenient framework for numerical
diagonalization and for connecting the continuum parameters (u, a, V., A, m*) to
experimentally relevant discrete energy scales such as hopping amplitudes and on-site
potentials [50, 114, 166-168] . In the following, we construct the tight-binding version
of the SM-SC Hamiltonian that faithfully reproduces the continuum model in the
long-wavelength limit, and explicitly implement open boundary conditions to reveal

the real-space structure of the topological superconducting phase.
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5.3.1 Orbital Mode Representation

We now rewrite the continuum SM-SC Hamiltonian in a basis suited to a finite nanowire.
The wire has length L, so the electrons are confined to the interval x € [0, L]. With
open boundary conditions the wavefunction vanishes at both ends. This confinement
is a one-dimensional quantum well, or particle in a box. Its single-particle eigenstates

are the standing waves
@()—\/g(k; ) k, = =1,2 (5.84)
n(2) =/ 7 sin(kn), "= n=12 ..., :
satisfying

/OL dz @, (2) Py, () = i /OL dz sin(k,,z) sin(k,z)

2 (1 sin(27wn)
(TN L1 m=n=1,2,... .
L<2 - >L , m=n=12, (5.85)
2 nsin(mm) cos(nmw) — msin(nm) cos(mmn)
- = L= .
- e 0, m#n (5.86)
which yields
L
/ dz @, = O (5.87)
0
We expand the field operators in this basis
Vo) =D o Pn(2)x7, (5.88)

n>1

where ¢, , annihilates a fermion with spin ¢ € {1,]} in mode n, and xJ are the
eigenstates of Pauli z-matrix, i.e. o,xI) = 4(—)xIW.

We now rewrite the entire SM-SC Hamiltonian in the orbital mode basis

N L h?
Hg\ = /0 dx T (z) { - Qm*ai — p+iaho, 0, +V, 0,0 (2), (5.89)
Hyo = /0de (A Yr(x)) (x) + h.c.)7 (5.90)

with ¢ = (¢1,%,)7, and real, uniform A for clarity (phase may be reinstated as
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needed). Using (5.84)(5.88) one needs the overlap matrices

L
/ A By, () Do (2) = Srrm, (5.91)
0
L 9 L
/ dx @, () 0, Py (x) = — k;m/ dx sin(k,x) cos(ky,x)
0 L 0
0, n =m (mod 2),
= 4nk,, (5.92)

m, n#m(mod 2),

so the second integral vanishes when n and m have the same parity and is nonzero

otherwise, making a selection rule for Rashba SOC term.

Kinetic, chemical, and Zeeman terms. The kinetic operator is diagonal in n:

L h? h2k?
de @, (2)( — 2)% .y .
/0 x (:U)( Sy o (x) Sy (5.93)
Hence
; i ! 5.94
Hy = — — o )
' 7;;(27%* M)C”"’C’ (5:94)
The Zeeman term V, o, is on—site in n and flips spin:
V.Y (CIL,TCn,i + cjwcnﬁ). (5.95)
n>1
Collecting these, the n—diagonal block in the spin basis (¢, +, ¢, ) is
h2k?2
Py e Y nt
(chs b)) F2p2 . (5.96)
‘/z n CTL,\L
2m*
Rashba spin—orbit coupling. Using (5.92), the SOC matrix elements are
. L
Hyo = 1ah Z z CL o (0y) oo’ Crmor / dx ®,, 0,9,
n,m g o’ ' 0
4dahmn
_ T T
= nmz;l m (Cnﬁcm’l, — Cn,icm’T + hC) . (597)
n#m (mod 2)

The sign structure follows from o, = (9 *). Equation (5.97) shows explicitly the

inter—-mode nature of SOC under OBC and its parity selection rule.
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Superconducting Term And lastly, the superconducting term is written as

“ L
HSC = / dx (A 1/JT'¢¢ + hC) = Z (A CntCn,l + A CIL ic:rz T)’ (598)
0 ) )

n>1

since fOL D, D, = dpm-

Putting everything together,

Hoi =Y (cjm CIL,i) o {Cm]

dahmn
f t
’ n%l (m2—n?)L <Cmcm7¢ = Cn Cmt h-e->, (5.99)
nzm (mod 2)
ﬁSC = Z (A CpnaCn, + A Ciwcjm)’ (5'100)
n>1

with single—particle level energies

R2k2 R o2
B T S <L) e (5.101)

Equations (5.99)—(5.100) are the desired orbital representation of the SM—SC Hamil-
tonian under OBC.

For numerical simulations it is convenient to scale energies by the Rydberg energy

h2

Fry = ——
Yo 2mra?’

(5.102)

where a is a chosen length in units of angstrom. We now introduce the dimensionless

parameters represented by tildes

L==, j=—, V.= . A=—  a= , 5.103

a /’L ERy ERy ERy h ( )
so that [2p2 ()2 sk 4 -
nm ahmn mn &

n_ [ - =Fp, ——m——. 5.104

2m* Wofe (m? —n?) L W (m2—n?) L ( )
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Dividing Hsm + Hgc by ERy, one obtains

o= 35 ()

) nUC”U+V Z ( nTcni_’_cnich)

nzl o n>1
dmna
LR SNy (%cm,¢ —chylma + h.c.), (5.105)
n,m>1
nZm (mod 2)
Hgc = > (A CngCny + A CL’¢CL7T)’ (5.106)
n>1

E
Hamiltonian in fully dimensionless form. Since each level can be occupied by up to two

with Hgy = IéSRM and Hge = H—ff Equations (5.105)-(5.106) are the mode-space
y y
electrons with different spins, a system of n levels will have 22V = 4" configurations.

5.3.2 Lattice (site) Representation

Now we obtain a second-quantized lattice Hamiltonian in terms of fermionic operator
Cio ( w) that annihilates (creates) an electron with spin ¢ =1,] on site (or dot)

1=1,...,N. We discretize the wire into IV sites with lattice spacing a:
xr; =1a, 1=1,..., N, L = Na.

To preserve the fermionic anti-commutation relations, we define
1 1
c.
N Vva

so that {1, (z), !, (2')} = 6,0:0(z — 2') is mapped to {ciy, ¢} Cigr } = 0ij0gor.
The spatial integral is replaced by a sum,

el (5.107)

77Z)U(xi) = Qb(];(‘r%) = 10

/DL dx f(r) — aZf(x,) (5.108)

Spatial derivatives are approximated by finite differences:

wa(xz—&-l) ¢U($i—1)
2a ’

Vo (Tiy1) — 20, (2;) + 1%(%'71).

a?

Outho () ~ (5.109)

02 (21) ~

(5.110)

We impose OBC: there are no sites beyond 1 and N, so terms involving ¢ = 0 or
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1 = N + 1 are simply omitted.

Kinetic energy and chemical potential

We first consider the kinetic plus chemical potential part, since they have the same

functionality
L h2
H, :/ dr o) =292 — ) (). (5.111)
0 2m*
Discretizing using Eq.(5.108)—(5.110) and Eq.(5.107):
1 h? w ($‘+1) - 21/} (iU) +1/1 (.’17;1)
H ~ - T _ o 7 o 7 o 7 _ . ;
X | ! pt )
h2
= ; [— Sy (c}aciﬂo + c}aci_la — 202(,02-0) - ,ucjacw] ) (5.112)
For the second term, relabel : — ¢ —1in }, c}aci_la gives
Z C;[oci_lg = Z C},_laci/’g = Z Cgflocig = Z C;[UCi_lg + h.c. (5113)
Grouping the kinetic energy terms symmetrically gives
h2
—m <C:IL'.0—CZ'+10' + C:Ii-o-ci—la'> = —1 <CI+10-C7§O' + C:ii.o-ci-‘y-lU)a (5114)
where we define the hopping amplitude as
h2
t= : 5.115
2m*a? ( )

The on-site diagonal term combines the kinetic energy contribution and chemical

potential:
h? 72
—o— QCZTUCz‘a - ,uC;rUCiU = — <m*a2 + ,u) cjgcw =g cggcw, (5.116)
with an on-site energy
fo =2t = p. (5.117)

we can redefine the chemical potential to absorb the 2t shift u.s = u — 2t, and write

N—1 N
Hy=—-t> > (czﬂgcw + h.c.) — Jleft ZZCL;Cw- (5.118)

=1 o i=1 O
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Zeeman term

The Zeeman contribution is

L
Hy :/0 dz V1 (x) Voo, b().

Using Eq.(5.108)—(5.107),

Hy; ~ CLZ 1 Z C};—(‘/zo'z)oa"c’io"

) o,0’

=V, (CZTCQ + cjicm),
i=1

which also makes physical sense since o, is the spin-flip operator.

Rashba spin—orbit coupling

The Rashba term is
L
Hso = / da ¢/(2) (iaho,d,) ¥ ().
0

Discretizing the derivative as in Eq.(5.109),

Hso ~ a Z ! Z c;ra [iah (0y) oo Yo (Ti1) = Yo (mi—l)]

i / 2a
0,0
1ah i
- % Z Z Cio<0y)oo’ (Ci+1g/ - Ciflo’>-
i o0

Separating the forward and backward terms gives

- i,
LD 35 SEACHNPRIILLS 3 SEATR NN

v o,0’ i o,0'

For the second term, relabel the summation index ¢ — ¢ + 1 gives

Z C;'rcr(ay)aa’cifla’ = Z C;r'-s-lcr(ay)oa’ Citg! = Z Cl‘LJrla(Uy)cw/cicr"
. - .

1 ) (2

Using the anticommutation relations for fermions we can write

CI+1,U(Uy)aa’ Cio! = _C;‘r,a’ (Uy)a’aCiJrl,o-
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(5.120)

(5.121)

(5.122)

(5.123)

(5.124)

(5.125)



Grouping the forward and backward hopping symmetrically gives

iah
HSO = % Z Z ij"g<0-y)aa"ci+1,o’ — Z C;»f+17g<0'y)ga./ci’01 . (5126)

7 o,0’ o0’

Writing in spinor notation ¢; = (c;p, ¢;)7, this becomes:

iah
Hyo = 5 > (cgﬂayci — c;rayciﬂ). (5.127)

7

By defining the lattice Rashba coupling strength

2ah
at = i, (5.128)
a
we obtain the final form
. N-1
Hgyo = Zo;lat <cj+1ayci — czayciﬂ). (5.129)
i=1
Equivalently, in components,
N-1
Hso = aso Y (CLLTC% — CLMCZ-T - h.c.), (5.130)
i=1

where ago = ’a% is an effective spin—orbit hopping amplitude.

s-wave pairing

The superconducting part becomes

Hse = [ de (Av(@)y(e) + A0 @) ()

1
R~ aZ(A cirCiy + A” c}ic;ro. (5.131)
~ a
Thus
N

i=1
This is an on-site (local) s-wave pairing between opposite spins on the same site.
Collecting Eq.(5.118), (5.120), (5.130), and Eq.(5.132), we obtain the second-
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quantized lattice version of the SM-SC nanowire:

N-1 N
H=—t Z Z (CLrl’UCiU + h.c.) — lhoff Z Z cjgci,, (5.133)
i—1 o

i=1
N
+ V. <ch0¢¢ + CLC,’T)

=1

N-1
+ ago Z (CL_LTCN — CzT+1,¢CiT — h.c.)
i=1

N

+> (A circip + A” CLCIT>.

=1

h2
[ t _=
2m*a?

is the nearest-neighbour hopping amplitude,

o e = ft— 2t is the effective chemical potential (after absorbing the discretization
shift),

o V. is the Zeeman energy coupling opposite spins on the same site,

e ago is the effective spin—orbit hopping between neighbouring sites (proportional

to the continuum Rashba coefficient «),
o and A is the on-site induced s-wave pairing.

The sum over ¢ = 1,..., N — 1 in the hopping and spin—orbit terms reflects open
boundary conditions: there is no hopping or SOC between site /N and site 1. This lattice
Hamiltonian is the standard tight-binding SM—-SC model used to study topological
superconductivity and Majorana bound states in a chain of quantum dots or a

discretized nanowire, and we will be using this model in the numerical simulations.

151



Chapter 6

Optical Absorption Signatures and
Variational Quantum Simulation of

Majorana Zero Modes in the Kitaev
Chain

This chapter is based on Refs. [75, 77|, with more derivations and detail shown. I
have conducted all the calculations in this chapter.

In this chapter we use the methods from Chap. 3 on the nanowire chain of quantum
dots in contact with a p-wave superconductor described by the Kitaev Hamiltonian,
to better comprehend the topological phase and to find a non-transport signature of
it, and in particular, MZMs. This is done in two ways. In the first section, we begin
with a Kitaev chain of semiconductor quantum dots in a nanowire with proximity to a
p-wave superconductor, and we introduce excitonic interactions. This is done through
shining light (photon) to the nanowire, which causes the excitation of an electron from
the conduction band, and a hole from the valence band. This creates an exciton which
will interact with MZMs, and we analyze its behaviour in the absorption spectrum.

We then proceed to use VQE to reproduce the ground state and topological
properties of the spinless Kitaev chain to serve as an illustration of a quantum
algorithm for a topological many-body system to approximate the ground state energy.
We study the performance of the hybrid classical-quantum algorithm with several
variational wave functions. We also calculate the relative error for each variational

wave function within the topological phase of the system.
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6.1 Microscopic Framework for Optically Probing

Majorana Excitons

In this section, we construct a microscopic theory of Majorana excitons, which are
photoexcited conduction-band electrons and valence-band holes coupled to MZMs in a
Kitaev chain. We further demonstrate how these composite excitations create distinct
and experimentally measurable signatures in optical absorption spectra [75]. Through
using analytical and numerical approaches with exact diagonalization, we will observe
that MZMs can be identified through characteristic features in the electron—hole
excitation spectrum. This provides an optical way for detecting MZMs in this system.

Semiconductor—superconductor nanowires, quantum-dot arrays, magnetic atomic
chains, and vortex-bound states in two-dimensional materials are among some of
the systems that have been used for better understanding Kitaev-like topological
superconductors [64, 65, 163, 166, 169, 181, 182]. Tunneling spectroscopy and scanning
tunneling microscopy measurements [51, 169, 183] are among zero-mode detection
methods. These methods measure zero-bias conductance peaks, but these peaks can
also arise from more conventional mechanisms, including disorder-induced Andreev
bound states, smooth confinement, or mesoscopic effects [53, 184]. Among other
approaches to better understand the nature of the trivial and topological phases, are
transport through quantum dots, phase-sensitive ring geometries, or multiterminal
devices [70, 185]. However, these are experimentally challenging due to sophisticated
nanofabrication, fine control over disorder and coupling strengths, and low quasiparticle
poisoning rates [53, 70, 184, 185]. All of these challenges motivate us to look for
another practical approach to detect MZMs.

The system we consider is an array of InAsP quantum dots embedded in an
InP nanowire and proximitized by a p-wave superconductor [75, 186, 187]. In such
nanowire quantum-dot structures, modern growth techniques enable precise control
over dot size, composition, and spacing, and optical experiments on single and coupled
dots are routinely performed [188-193]. Optical excitation across the band gap then
creates a conduction-band electron and a valence-band hole: the electron enters the
superconducting many-body background, while the hole interacts with all quasiparticles
of the chain, including the localized Majoranas at the edges of the chain. The resulting
bound complexes—Majorana excitons—produce a structured, parameter-dependent
absorption spectrum. In this section, we show how specific spectral peaks and their

spatial dependence can be traced directly to the presence of MZMs and used as
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optical fingerprints of the topological phase. In this way, we propose an experimentally
realistic, spectroscopy-based probe that complements transport and scanning tunneling
microscopy measurements, and is naturally suited to semiconductor quantum-dot

nanowire platforms.

6.1.1 Interacting Kitaev Chain in a Semiconducting Nanowire

The physical system consists of a hexagonal InP nanowire with a sequence of InAsP
quantum dots, placed in proximity to a p-wave superconductor and subjected to an
external magnetic field [194-199], as is shown in Fig. 6.1 (a). These systems have
been experimentally and theoretically studied [188-193].

(a) (b)

—
———

Magnetic Field

InAs s chemical

noooo

Photon

Superconductor

Figure 6.1: (a) Hexagonal InP nanowire with InAsP quantum dots in contact with a
p-wave superconductor and an external magnetic field, used for the optical experiment.
(b) Parameters of the Hamiltonian. Conduction(valence) levels are labeled by ¢;(h;)
operators. We use the conduction level as the reference of energy, so the downward
arrow indicates negative u. Reproduced from [75].

In our description, each quantum dot is modeled by retaining a single spin-resolved
level from the lowest conduction band (CB) and a single spin-resolved level from
the highest valence band (VB). Under the applied magnetic field, both levels are
taken to be spin-polarized. Consequently, superconducting pairing is restricted to
electrons on neighbouring dots, since each dot provides only one available spin-polarized
conduction state. The field strength is chosen such that the Zeeman splitting exceeds
the hopping and pairing energy scales, while remaining smaller than the single-dot
level spacing [188, 189, 192, 200]. Although the magnetic field can in principle be
applied in any direction, aligning it along the nanowire axis avoids additional effects
such as Landau quantization and level repulsion between adjacent dots [188, 189, 191].

Optical spectroscopy is considered with light entering along the growth direction of

the nanowire, as shown in Fig. 6.1(a). In equilibrium, the valence band is completely
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filled, and the low-energy electronic behaviour is described by the Kitaev Hamiltonian.
When light with energy close to the InAsP band gap is applied, it generates an
electron—hole pair: an electron is excited to the conduction band, leaving a hole in the
valence band [75, 201-203].

The Hamiltonian of the entire system can be decomposed into three parts
H=H,+ H, + Hyy, (6.1)

where H, describes the superconducting conduction electrons, H, the valence-band
hole, and ﬁim their mutual Coulomb attraction. Equation (6.1.1) is the matter
Hamiltonian of the interacting electron-hole system. It carries no coupling to the light
field, and this is deliberate. The light is a weak external probe, not part of the system
we diagonalize. The eigenstates and energies obtained from H alone fix the positions
of the absorption peaks. The optical coupling is treated separately, and only to first
order in the field, within linear-response theory. It enters the absorption spectrum

through the Fermi golden-rule matrix elements.

Explicitly,
R N-1 N-1 N
Ho=t> (cLlci + h.c.) +AY (czﬂcj + h.c.) — MZCIC@ (6.2)
=1 =1 =1
R N-1 N
Hy=—7Y (Bl hi+he) + 0> hih, (6.3)
=1 i=1
R N
Hiy = =V')_nnf. (6.4)
=1

Here, ¢! (h!) creates a conduction-band electron (valence-band hole) on dot i. The
parameter ¢ denotes the hopping amplitude between neighbouring conduction levels,
while A represents the induced p-wave pairing between electrons on adjacent dots. The
chemical potential p is measured relative to the conduction-band level and is tuned to
bring the system close to half filling in the absence of superconductivity. The hole
Hamiltonian Hj, is described by a simple tight-binding model with hopping amplitude

7 and an on-site energy 7, corresponding to the CB-VB energy gap. Finally, Hi,

accounts for the local Coulomb attraction between an electron and a hole occupying
|

the same quantum dot, with n¢ = cl¢; and nf = hjhi. The action of these parameters
is schematically shown in Fig.6.1(b).
We normalize energies by units of |¢|, which can be tuned experimentally over

a range from peV to meV [189]. In typical nanowire quantum-dot structures, the
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electron—hole interaction strength V' is significantly larger than |¢|, while the hole
hopping 7 is much smaller due to the heavier effective mass of valence-band states [188,
189, 193]. The induced pairing A is also expected to lie in the peV-meV range, and

tuning t relative to A allows access to the topological regime of the Kitaev model.

6.1.2 Exact Diagonalization of the Interacting Kitaev Hamil-

tonian

Now we calculate the energy spectrum of the interacting Kitaev Hamiltonian using
ED. Since we are looking for the interacting MZMS, we need to ensure that the
system is in the topological phase. From chap. 4 we had seen that when |u| < 2t,
the superconductivity gap opens up and the system hosts MZMs. Furthermore, the
electronic part of the Kitaev Hamiltonian in bond fermion representation is diagonal
when ¢t = A and g = 0 and is given by Eq.(4.94). The ED for the non-interacting
Kitaev Hamiltonian was described in Sec. 4.3.4. In the interacting case, for a chain
of N quantum dots with up to N electrons and one hole, there are 2V x N possible
configurations, which considers all the electronic and one hole configurations. In bond
fermion configurations, we denote a basis state as | M, pyr; m), meaning the electrons
occupy the bond-fermion configuration |M, py), and the hole sits on site m. To show
this clearly, we take N = 3. In each parity sector (even/odd) there are 4 electronic
bond-fermion configurations, and the hole can be at m = 1,2, 3, giving 12 basis states
per parity. Let

aj, njlag---ay) =ajlog - an). (6.5)

=l
n; = a;

Acting the Hamiltonian in Eq.(4.94) on a configuration state in Eq.(4.95) gives

2ozJ —Dlag--an)=E({a})|ar---an), (6.6)

J=1

E({a}) = th: (2a; — 1), (6.7)

which is independent of a, the last bond fermion. We use t < 0 for the conduction

bands hopping integrals. For each j < N — 1,

+1, Oéj = 1,
(20{j — ].) =
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so the contribution of mode j to the energy is

t (<0), a; =1,
t(2a; — 1) = (<0) !
—t (>0), CY]‘:O.

Therefore, to minimize the energy when ¢ < 0, we must choose
a; =1, j=1,....,N—1, (6.8)

i.e., all N —1 finite-energy bond fermions are occupied. Since E({a}) does not depend
on ay, the zero mode could be either empty or filled with no energy cost, producing
a two-fold degenerate ground state, with each ground state corresponding to a parity

sector. The odd-parity ground state (zero mode occupied, oy = 1) is given by
o T
GS) = ] a}10a) (6.9)
=1

and the even-parity ground state (zero mode empty, ay = 0):

GS) = ] aljo). (6.10)

<
Il
-

Equations (6.9)—(6.10) are thus the two configurations that fill all N — 1 modes
appearing in I:[e, and differ only by the occupancy of the zero-energy bond fermion
ay, which is absent from H, at A =t and i = 0. The rest of the configurations for
N = 3 with one hole are shown in Table 6.1.

Table 6.1: Configurations of bond Fermions with one hole for N = 3 dots.

Even Odd

|GS; 1) ap; 1) Jag; 1) |ayag; 1) |GS; 1) Jay;1)  |ag; 1) Jarag; 1)
|GS;2)  |a1;2)  |ag;2) |aram;2) |GS;2)  a1;2)  |a9;2)  |arag;2)
IGS;3)  |a1;3) ao;3) |araz; 3) |GS;3)  a;3)  |ag;3)  |arag; 3)

A basis state is denoted by

|®;m) = |P) ® |m), (6.11)
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where |®) labels a bond-fermion configuration of the electronic Kitaev chain (e.g. |GS),
|GS), |a1), |aias) for N = 3), and m = 1,2, 3 denotes the position of the hole.

The action of the hole Hamiltonian in these configurations is as follows
]ffﬁnSite =nY_|m)(m|, (6.12)

which acts trivially on the hole configuration. Therefore, for any configuration |®),

H™Ste |&;m) = n|d;m) (6.13)
The hole hopping term is
™ = =7 (Im+1) (m| +|m) (m + 1), (6.14)

and again does not act on the electronic degrees of freedom. Its action on a configura-

tion state is therefore
Hy® |®;m) = —7([®;5m + 1) + |®5m — 1) ), (6.15)

provided the neighbouring site exists.

For example, for N = 3,

HyP|GS;2) = —7([GS; 1) +[GS; 3) ), (6.16)
ﬁ]}pr ‘Glag; 1> = —T ]alag; 2> . (617)

This demonstrates that hole hopping couples states with identical bond-fermion content
but different hole positions.

To summarize, in this one-hole subspace, the hole Hamiltonian contributes (i) an
overall onsite energy shift n and (ii) nearest-neighbour hopping with amplitude 7,
which couples states with the same electronic configuration but different hole positions
m — m £ 1. Therefore, if we order the basis by grouping states with fixed m (as
in Table 6.1), the full Hamiltonian in a given parity sector acquires a 3 x 3 block

structure, where each block is 4 x 4 (acting on the electronic configurations):

H1 —TI[4 0
H=|-71, H, —-7L| + . (6.18)
0 —T 1[4 H3
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7 multiplies the 4 x 4 identity because hole hopping does not alter the electronic
bond-fermion configuration, while each diagonal block H; is the restriction of the
electronic Hamiltonian plus interaction to the four bond-fermion configurations at

fixed hole site m = j.

The interaction term f[int for each of the diagonal blocks H; is —an (for the hole

located at site j), and it mixes up different bond Fermion configurations as we have

1 1

nj = c}cj =57 §(a;_laj + a;_la; + h.c.), 1<j<N, (6.19a)
1 1 .

n$ =cle; = 5 + §(ajva1 +alal + h.c), j=1, (6.19Db)

where we have used the transformation between normal and bond fermions from
Eq. (4.92). This shows that for interior sites (1 < j < N) the interaction mixes the
two non-zero-energy bond fermions adjacent to site j, whereas at the edge (j = 1, and
similarly j = N) the density couples the zero-mode ay to a;. This distinction is the

microscopic origin of why an edge-localized hole couples directly to the MZM sector.

For N = 3, the diagonal block for a hole at site j has the form

H = H, — VnS (6.20)

7

where H, is diagonal in the bond-fermion configuration basis at t = A, = 0, while
—Vn§ is the mixing term. To build H; explicitly, we therefore need the 4 x 4 matrix

of nf in the chosen electronic basis. In the even configuration basis ordered as

{1GS), lar), laz), laras) }, (6.21)

the following matrices for n{ and n§ are

1 -1 0 0 0 1
o1t 0 L1 ~1 0

n{ = - 0 o0 1 1l ng = - » 0 (6.22)
0o 0 -1 1 0 0 1

These follow directly from evaluating matrix elements (¢| n§ |¢') between the four bond-
fermion configurations: for j = 1, n$ mixes the pairs (|GS), |a;)) and (|as) , |a1a2));
for j = 2, n§ mixes (|GS),|ajaz)) and (|a;),|az)). The operator n§ has the same

structure as n¢ (edge case) and similarly mixes |GS) < |as) and |a;) <> |aias).
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Figure 6.2: Energy spectrum of the interacting Kitaev chain with a single hole for
N =3sitesat t = A= —1and p =n =0 and 7 = 0.3|t| and V = 1.5|¢| in bond
fermion representation using ED. The spectra are shown separately in the even-parity
(left panel) and odd-parity (right panel) electronic sectors. Energies are normalized in
units of |t| as a function of the eigenvalue index.

This completes the usage of ED for N = 3 in each parity sector: one constructs
the 12 x 12 Hamiltonian by (i) using the block structure in Eq. (6.18), (ii) setting
H; = H, —Vn§ as in Eq. (6.20), with H, diagonal in the bond basis at t = A, u =0,
and (iii) diagonalizing H separately in the even and odd sectors to find the energy
spectrum. The numerical analysis of the energy spectrum is shown in Fig. 6.2. Since
we are in the topological regime, the spectra of the even and odd subspaces match.
We also have 12 energy levels in each subspace, leading to a total of 24 energy levels

for the entire system of 3 sites.

6.1.3 Absorption Spectrum

When a photon is absorbed, it creates an electron—hole pair in the system. As a result,
the optically excited states belong to the subspace with exactly one hole. The extra
electron disturbs the superconducting ground state and can excite its quasiparticles,
while the hole couples to the electrons. These interactions can form bound states
that appear as clear features in the optical absorption spectrum, including signatures
related to Majorana zero modes localized at the ends of the chain [75].

In an absorption experiment, a photon probes the chain along the nanowire axis.
Since InAsP quantum dots have a much smaller band gap than the surrounding InP
nanowire material [204], the photon is absorbed only by the dots. The relevant light is
in the near-infrared. Its photon energy is set by the interband transition of the InAsP

dots, which is the conduction-band to valence-band gap n. In InAsP dots embedded
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in InP nanowires this transition lies in the range from about 0.8 to 1.4eV, that is,
wavelengths from about 1550 to 880 nm [204]. We take the photon energy in this
window. It lies above the InAsP dot gap, so an electron-hole pair is created on a dot.
It lies below the InP host gap of about 1.4 to 1.5€V, so the surrounding nanowire
stays transparent and does not absorb [204]. The spectral features that carry the
Majorana signatures are small shifts of order ¢, A, and V on top of this large gap
energy. The photon is therefore tuned to n plus a small detuning of the same order.
This fine structure, resolved on the scale of |t|, is what the absorption spectra in this
chapter display. For calculating the absorption spectrum of the chain, we assume that
the photon creates an electron—hole pair with uniform probability along the nanowire,

and so define the polarization operator as

1 X 1 X
P=—%¢cdn=—Y P, 6.23
~ ; ~ ; (6.23)

where we also introduced the local electron-hole pair operator P, = cz

hlT . We assume
that the system can be prepared so that the electron—hole pair is created on a selected
quantum dot ¢, that is, by acting with the operator P; on the chain instead of the
global operator P. Creating the pair on a chosen dot is realistic in this platform. The
dots are grown at deterministic positions with controllable spacing, so for the short
chains studied here they can be set far enough apart to be addressed individually
This local control is important for identifying the optical signature of the MZM. The
polarization operator P; connects the ground state of the system to an excited state
containing one hole and one electron in the conduction band (CB). Since the ground
state is degenerate in the topological phase (in particular at A = ¢ and p = 0), the
absorption spectrum separates into even and odd contributions, each associated with

one of the degenerate ground states

A(i)(E) = |Beven|2 Z |<¢odd|PZ‘ |Gseven> |25(E - E¢odd + EGS)

®odd
+ |60dd|2 Z ‘<¢even|Pi ’Gsodd> |25(E - E¢even + EGS)
chvcn
- |ﬁeven‘2A(E;/)en(E) + |ﬁodd‘2A(()Sd(E)7 (624)

where |gz§even(odd)> are the eigenstates of the one hole subspace and the corresponding

electron parity.
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Localized Hole In the case of t = A and pu = 0, the Kitaev Hamiltonian is diagonal
in bond fermions, and we have an analytical solution of the ground state energies of

different parity sectors, given in Eq.(6.9) and Eq.(6.10). From Eq.(4.92) we have

1

Cj = 5((1;[ + (lj + (lj_l - CL;-_1>, 1 < ] S N (6258‘)
1

¢ = §(a} +ai +ay —aly), j=1 (6.25b)

and for 1 < 7 < N we have
T T 1 . 1 . .
Pj|GS) = ¢3h; |GS) = 5(a; — a;1) |GS; ) = 5 (laj35) — laj-1:7)), (6.26)

where we used the same notation as in Table 6.1 for the excited states. From Eq.(6.19a)

e [lai—)\ 1 (1 —=1) (laj-1)
"j(|aj>>‘2(—1 1)(\@)' o

Since both |a;) and |a;_;) are eigenstates of H, with excitation energy 2|t|, in the basis
{la;:4),laj_1;4)}, the full Hamiltonian for a localized hole (7 = 0) H = H, +n — Vn§

1S
Vil -1
H=2t|+n—— : 6.28
t+7 2(_1 1) (6.28)

we have

with the following two eigenstates

ja5:3) = = (a3 ) — laj-1:4). By =n+20t| -V (6.299)

Hg\.a
[\

a3 5) = /2 (lag; j) + laj-1;4)) , By = n+2t]. (6.29b)

Through using Eq.(6.26) we have ‘(a;;j\Pj |GS)
the case of j = 1, by using Eq.(6.25b) we have

=1 and [(of351P[GS) = 0. Tn

1 1
P1|GS) = c[h] |GS) = S (a1 — ax) [GS; 1) = S(lar; 1) — |an: 1), (6.30)

where |ay) is identical to the other ground state |GS) up to a global phase, hence its

excitation energy is zero. Then from Eq.(6.19b) we have

eflan)) 1 (1 =1) [lan)
o) -3 () o
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Since |a;) and |ay) are eigenstates of H, with excitation energy 2|t| and zero, re-
spectively, the full Hamiltonian H = H, + 7 — Vn$ in the basis {|ay;1),]ar; 1)}

1S

. v (0 ¥
H=n— "2+ 2, 6.32
=5 (g 2|t|) (6.32)
with two eigenstates
- : |4 V2
la7; 1) = cos(0) |ay; 1) —sin(0) lan; 1), E_=n+|t| — 5 2+ <2> ., (6.33a)

1% V2
lat; 1) = sin(0) |ag; 1) + cos(0) |an; 1), EL=n+|t| — BY +4/t2 + <2> , (6.33b)

with

1 t? 1 t2
0) =)z + () =)= - —— 34
cos(6) \/2—1— TR sin(6) \/2 T (6.34)
Now using Eq.(6.30) we have ’(af; 1| P, ]GS>‘2 = £(cos(f) + sin(f))*> = LA_, and

‘(af; 1| P |GS>’2 = 1(cos(#) — sin(0))* = $A,. Altogether, the final result is
1 |0(F—E I1<i<N
A = L) , (6.35)
21A6(E-E)+AME—E,) i=1N
where
Eo=n+20t -V, (6.362)
vV 2
Be=ytlt -5 /e (‘2/) , (6.36b)
1 V
A= - |1 F ——= 6.36
+ 92 ( + \/m) ) ( C)

Therefore, if the electron is created at one of the two ends, one of the bond fermions

is the zero mode ay. On the other hand, when the hole is at site ¢, the interaction
—Vn¢nl mixes the two bond fermions, as shown in Fig. 6.3, and expressed in Eq. (6.27)
and Eq.(6.31). The evolution of the energies Ey and E; as a function of the interaction
V' is shown in Fig. 6.4, where we are using ED to calculate the energy spectrum of a
chain of 3 QDs.
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Figure 6.3: c} is a superposition of creation and annihilation operators of two bond
fermions alm and aET_)l, according to Eq.(6.25). The interaction —Vn¢n! mixes up the
two bond fermions according to Eq.(6.27). Note that when 7 is one of the two ends,

then one of the bond fermions is the zero mode ay [75].

Even Subspace, N=3 | A=t <0,u=0
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Figure 6.4: Energy spectra of the full Hamiltonian with one hole in the even subspace,
as a function of electron-hole interaction V', for N = 3 dots, A =t and p = 0. (left)
for the case of localized hole, 7 = 0, (right) for a mobile hole with 7 = 0.3]¢|. The
overlap of transparent markers makes the degenerate levels look darker. The peak
energies Fy and Ey are also shown according to Eq.(6.36a) and Eq.(6.36b) [75].
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Note that the full absorption spectrum is given by the sum in

1 N
=5 g (6.37)

The bottom row of Fig. 6.5 shows the results in Eq.(6.35) and Eq.(6.36) for the
case of N = 3. The lines in each panel mark the positions of the absorption peaks,
while the colour scale shows their intensity. The peak Ey appears only when probing
the non-edge interior dots, whereas the peaks E. are visible when probing the two
end dots of the chain. The peaks F contain a contribution from the zero mode, while
FEy is composed only of non-zero bond fermions.

At V = 0, the peak E_ comes entirely from the zero mode, while E, is made
only of non-zero bond fermions. As V increases, F, gradually gains more zero-mode
character, and F_ mixes more strongly with non-zero bond fermions. At the same time,
the intensity of the F, peak decreases with increasing V', as follows from Eq.(6.36¢).

If V' is not too small, the F, peak provides a clearer optical signature of the MZM
than E_. This is because E. is separated from the rest of the spectrum by an energy
scale set by V', and we typically expect V' > |t|. In this sense, the optical approach
offers an advantage compared to scanning tunnelling microscopy for detecting MZMs.

Furthermore, if spatially resolved absorption spectroscopy can be performed along
the chain, the zero mode can be identified by the presence of a pronounced high-energy
peak near F, when probing the end dots, and by its absence when probing the other
dots.

Mobile Hole When the hole is allowed to move, there are N hole states that can
spread along the chain, each with its own energy. One would therefore expect N
possible transitions to a given electronic state. More importantly, as seen in Eq.(6.18),
hole hopping mixes configurations where the hole sits on different dots. Because of
this mixing, additional transitions become possible, and more peaks appear in the
absorption spectrum.

In the top row of Fig. 6.5, we compare the absorption spectrum for a mobile hole
with 7 = 0.1]¢| to the analytic result for a localized hole given in Eq.(6.35) (bottom
row), for N = 3. It is clear that the mobile hole case shows more peaks, although the
main features still lie close to the energies Fy and F..

In the full spectrum A (top left panel of the figure), there is a single visible
high-energy peak near E,. The same peak is strong in A; (top middle) and much
weaker in Ay (top right), reflecting the fact that E, carries the localized Majorana
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Ay = 5(AF+ AR N =3, A=1<0,p=0
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Figure 6.5: (left) The averaged absorption spectrum A(F), and (middle and right)
spatially resolved absorption A;(E), for A = ¢, =0, and for N = 3 dots. (top) for
a mobile hole with 7 = 0.1]¢|, (bottom) for a localized hole, 7 = 0, according to the
analytic results in Egs. (6.35 and 6.36). The spectra are plotted against (E — n)/|t|
while changing V/|t| on the y-axis. The bright curves show the location of the peaks
as V' changes, and the color scale shows their heights. Gaussian profile was used for
the peaks with the width ¢ = 0.025]¢|. The maximum value of each peak shows the
magnitude of the corresponding matrix element [75].

character at the ends of the chain (see Fig. 6.5).
In plotting Fig. 6.5, we used the averaged spectrum
Ay = 5 (A5 + A7),
since for a mobile hole the even and odd spectra are different. However, because
the two ground states are degenerate and neither is favored, the measured signal is
expected to correspond to their average.

The same reasoning applies to chains of arbitrary length, since the analytic result
in Eq.(6.35) is for general N. Figure. 6.6 shows the absorption spectrum for a longer
chain with N =9, where we fix V' = 10|t| and vary 7. In the limit 7 — 0, we recover
the localized-hole case, in which the subspaces corresponding to the hole on different
dots are effectively independent. As 7 increases, hole hopping mixes these subspaces
and the modes begin to hybridize. As a result, the zero mode gradually spreads away
from the ends of the chain.

From the first panel of Fig. 6.6, we see that at high energy there remains only
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Figure 6.6: Absorption spectrum for a chain of length N = 9, and for A = t,u =
0,V = 10|t|, and changing 7. (left) The full averaged spectrum A, (middle) the
spatially resolved spectrum for the first dot A;, and (right) the spatially resolved
spectrum for the second dot A,. The bright curves show the location of the peaks
as 7 changes, and the colorscale shows their heights. Gaussian profile was used for
the peaks with the width ¢ = 0.025|¢|. The maximum value of each peak shows the
magnitude of the corresponding matrix element [75].

one clear peak near E, over a wide range of 7. Only around 7 ~ 0.3]¢| does a faint
additional peak appear to its right. This shows that the E, feature is quite stable
against moderate hole hopping. With spatially resolved spectroscopy, one can further
check that this peak originates from the chain ends. In the third panel, corresponding
to As, there is no visible high-energy peak on the site next to the end dot until about
7 = 0.1|t|. By contrast, the peak at E_, which also contains a significant zero-mode
contribution and is stronger in intensity, spreads away from the end much more quickly
even for small 7.

It is worth estimating V/|t| for this platform. The interaction V' is the electron-hole
interaction on a single dot, set by the dot confinement and essentially independent of
the dot spacing. For InAsP dots in InP nanowires the on-dot energies are in the meV
range, with bi-exciton binding energies near 2meV and dot-to-dot energy fluctuations
of about 5 meV, while the exciton binding is larger, of order tens of meV. The hopping
t and the pairing A are instead inter-dot couplings. In a quantum-dot Kitaev chain
they originate from elastic co-tunneling and crossed Andreev reflection through a
proximitizing superconductor, and they are tuned to the A =¢. These couplings are

far smaller than V| with reported Majorana scales of tens of eV, for example a gap
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above 70 ueV. The natural regime is therefore V/|¢| 2 10.

The ratio is also broadly tunable. Since ¢ falls off rapidly as the dots are moved
apart while V' stays fixed, V/|t| can be raised from about 10 for strongly coupled dots
to of order 10% for well separated dots. The value V' = 10|¢| used here thus sits at
the lower edge of the accessible range, and our localized-hole result, valid for any V
and any chain length N, already covers the large V/|t| limit. The practical upper end
is set not by the ratio but by the absolute scale. The Majorana energy is t = A, so
reducing t to enlarge V/|t| also shrinks the spectral features. Resolving them requires
a broadening and a temperature well below ¢, which favors keeping t = A near tens of
neVv.

Overall, the results for a mobile hole confirm that the main conclusions of the
localized-hole case remain valid. Although finite 7 introduces additional mixing and
produces extra weak peaks, the absorption spectrum still shows a clear high-energy
feature at the chain edge associated with the MZM content of the excited state near
E.. For the longer chain in Fig. 6.6, the averaged spectrum A continues to display a
single dominant high-energy branch over a broad range of 7/|t|. This peak remains
strong at the end dot (A;) and strongly suppressed on nearby sites (A,) until 7
becomes sufficiently large for the zero-mode weight to spread into the bulk. These
observations indicate that E, provides a robust and practical optical signature of the
MZM, even when the hole is mobile [75].

6.2 Majorana Zero Modes with Variational Quan-

tum Eigenvalue Solver

We now apply the variational quantum eigensolver (VQE) to the Kitaev chain realized
in InAsP quantum dots embedded in an InP semiconducting nanowire in contact with
a p-wave superconductor.

We first explain why this is worth doing. The Kitaev chain is exactly solvable,
both analytically and by exact diagonalization (ED), so VQE is not required to find its
ground-state energy. That exact solvability is why the model is the right benchmark.
The answer is known in advance, so any deviation of the VQE result measures the
quality of the algorithm and the ansatz rather than an error in the model.

The demanding test is the topological ground state, not the energy alone. In
the topological phase the Kitaev chain has a doubly-degenerate ground states of

opposite fermion parity, related by the occupation of the nonlocal Majorana mode.
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Representing this degenerate pair, and not collapsing onto a single parity sector, is
hard for a near-term variational circuit. We therefore construct symmetry-adapted
anséitze that respect the parity structure of the Hamiltonian, guided by the analytical
solution [77], and we ask whether VQE can reproduce both the even and the odd
ground state across the phase diagram.

Our aim is therefore twofold. First, we benchmark a hybrid quantum-classical
algorithm on a model where the exact result is known, using analytical and numerical
ED to compute the full spectrum [77] and comparing the VQE energies with ED at
each point. Second, we establish that such algorithms can capture the topological
ground-state degeneracy of the Kitaev Hamiltonian [205, 206]. This gives a validated
route toward simulating topological matter on near-term quantum hardware, including
regimes where exact methods become intractable, and it ties directly to the broader
goal of using quantum computers to study the Majorana systems that could host
topological qubits.

We consider the same Kitaev chain as we did in the previous section, a hexagonal
InP nanowire with an array of embedded InAsP QDs in the proximity of a p-wave
superconductor and in the presence of applied external magnetic field. The Hamiltonian
of the system is the non-interactive Kitaev Hamiltonian

. 1 N-1

- N
H=t (clTHci +he)+ AN (c;-rHc;r +he)—p) cle;. (6.38)
i=1

i=1 =1

6.2.1 Variational Quantum Eigensolver for the Kitaev Chain

As was explained in Chap. 3, the VQE is a hybrid method that estimates the ground
state energy of a given Hamiltonian through a quantum-classical computational
approach [130, 207]. The quantum advantage comes from the capacity to manage and
manipulate the variational states as quantum circuits [7, 208]. The variational state is
generated by a unitary operation (quantum circuit) acting on an initial state. By using
a classical optimizer to fine-tune the variational parameters of the quantum circuit,
VQE could be a potential candidate to minimize the energy for large systems [138,
209, 210).

We follow the regular VQE workflow: The first step is to express the Hamiltonian
H in terms of Pauli operators, through the Jordan-Wigner (JW) transformation. A
quantum circuit with adjustable gates, parameterized by parameters 0, is then applied
to generate the quantum state [1)(0)), where @ represents a set of parameters used in a

quantum circuit, allowing the Hamiltonian to act on the state |¢)(0)). The expectation
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value of the energy in the state [¢)(8)) is given by

E(8) = ((8)| H[1(6)) . (6.39)

The measured energy F(0) is fed into the classical optimizer, which adjusts the
parameters 0 to minimize the energy. This process is iterated, repeating the quantum
circuit execution and measurement, with the optimizer refining @ until the minimum
energy is found. Ultimately, the variational state with the optimized parameters
corresponds to the approximate ground state of the Hamiltonian, providing a solution
to the problem. We use a chain of five QDs to show the energy spectrum of ED and
JW match, and w apply the VQE to a chain of ten QDs.

Jordan-Wigner (JW) Transformation We apply the JW transformation to the
fermionic operators to transform them into spin operators represented by the Pauli
matrices [211-213].

The JW transformation for spinless fermions was defined as

ch = e ST, (6.40a)
¢; = 57t (6.40Db)

where Sf =S7+ iSY are the raising and lowering spin operators for site j, and S = g&

are the spin—% operators. The phase factor ®; can be expressed as

Jj—1 1 .
=7y (2 + an) : (6.41)
m=1

The fermionic products transform as

cle; = 5+ S; (6.42)
I+1Cz = Sz+157 (6.43)
j+1c S@JASJr (6.44)

Any fermionic states |0) and |1), corresponding to the empty or occupied site, will now
transform to spin-down |]) and spin-up |1), respectively. The transformed Hamiltonian

in equation (6.38) is

A

= ———uZSZJrQZ [(t+ 8)82,8¢ + (t — )87, 57, (6.45)
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Figure 6.7: Energy spectrum of the fermionic and spin Hamiltonian in the analytical
solution case. The even (odd) eigenvalue indices correspond to the even (odd) subspace
eigenvalues [77].

We can see that this is similar to the XY model
R N N-1 o
H=—hY S+ > [J,5015) + 1.5, 5], (6.46)
i=1 i=1

with p acting as the external magnetic field h along the z-direction, J, as the t — A
term, and J, as the ¢t + A term. The energy spectrum of the Hamiltonian in fermionic
and JW representation using ED is shown in Fig. 6.7 to ensure the spectra matching

within these two representations [77].

Variational Wave Function Next we define the variational wave function, called
an ansatz. An ansatz is a trial state prepared by a quantum circuit whose gate
parameters are the variational parameters. The VQE loop tunes these angles on a
classical computer so as to minimize the energy expectation value. The choice of
circuit fixes which states are reachable, so it controls how well the true ground state
can be approximated.

We use four ansitze, namely Even, Odd, Efficient SU(2), and the Hamiltonian
variational ansatz (HVA) [214, 215]. The Even and Odd ansétze target the two parity
sectors of the Kitaev chain. The Efficient SU(2) ansatz is a hardware-efficient, while
the HVA is built directly from the terms of the Hamiltonian.

The design of the Even and Odd anséatze follows from the structure of the topological

ground state. In the topological regime the ground state is two-fold degenerate. The
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two degenerate states have opposite fermion parity and are related by the occupation
of the nonlocal Majorana mode. Within a single parity sector the ground state is not
one basis state. It is spread over the configurations of that parity, and at ¢ = |A|,
1 = 0 it becomes an equal-weight superposition of them. This motivates an ansatz
that can reach every configuration of one parity sector with independently tunable
amplitudes. We build one such ansatz for the even sector and one for the odd sector.

The even ansatz is designed to variationally reach the even-parity ground state.
For three qubits we start from the reference state |000), which has even parity. The
circuit in Fig. 6.8 then applies a layer of single-qubit rotations, an entangling block of

CNOT gates, and a final phase rotation. The variational state reads

2

H (041 ] 1000) , (6.47)

W)even(e)) R(O) 04 ent

where RY) () = e~ /2 and RV(0) = e~ /2 act on qubit 7, and the entangling
unitary is

Uent == CNOT0_>1 CNOT1_>2 CNOT2_>1 CNOT1_>0 (648)

The single-qubit rotations turn the reference state into a tunable product state,

2

ﬁ R (0;41)]000) = X {cos( J“) |0) — zsm(e”l) ]1}} (6.49)
=0 j=0

The CNOT block then entangles the three qubits and correlates their amplitudes,
and the final R(”)(f;) rotation sets a relative phase. The four even-parity states |000),
|011), |101), |110) span the even-parity sector for three qubits. The ansatz is optimized
to reproduce the even-parity ground state, which is a superposition of exactly these

four states,
’weven> = (000 ‘OOO) + Qp11 ‘011> + 101 |101> + 110 ’110> s (650)

where the complex amplitudes aggg, 11, @101, @119 are smooth functions of the varia-

tional parameters @ = (01,0, 05,0,).
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Figure 6.8: The quantum circuit for the even ansatz with 3 qubits [77].

|0) — R,(61) S— R.(04) —
|0) — R,(6:) —b S R.(05) —
0) — Ry (63) D R.(0s) —

Figure 6.9: The quantum circuit for the odd ansatz with 3 qubits [77].

|0) — Ry (61) — R.(0-) Ry (07) — R-(6s)

|0) — By(03) — R.(04)

Ry (99> | Rz (910>

D
Ay

Ry(011) = R.(012)

D
3

|0) — Ry(65) — R-(06)
singl(\; layer

Figure 6.10: Quantum circuit of the efficient SU(2) ansatz with 3 qubits and 1 layer
of linear entanglement [77].

0) — Rz(0s)
Rxx(el) RYY(QB)
0) — — — — — Rz (0)
RXX(@Q) RYY(04)
10) — Rz (07)

Figure 6.11: The quantum circuit for the HVA with 3 qubits [77].
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The odd ansatz is constructed to variationally reach the odd-parity ground state.

For three qubits the circuit in Fig. 6.9 prepares the variational state

2

11 Rz(/j)(elJrj)] [vbo) (6.51)

J=0

2
H jo) (94+j> Uent

J=0

|w0dd(0)> =

where R{)(6) = =93 /2 and RY(0) = e~ /2 ¢t on qubit 7, and the entangling

unitary is the same forward and reverse CNOT ladder as in the even ansatz,
Uent - CNOTO*):L CNOTlHQ CNOTQ*A CNOTlHO (652)

The reference state |t)g) is chosen to be an odd-parity computational basis state, for
example [001), |010), or |100), so that the optimization is anchored in the odd-parity
manifold. The R, layer generates a real superposition of configurations, the entangling
unitary U,y correlates the amplitudes across qubits, and the final R, rotations provide
independent phase control. The four odd-parity states [001), [010), |100), |111) span
the odd-parity sector for three qubits, and the ansatz is optimized to reproduce the

odd-parity ground state as their superposition,

|90da) = Boo1 |001) 4+ Bo1o |010) + Sigo [100) + Bi1q |111) (6.53)

where the complex amplitudes Boo1, So10, S100, S111 are smooth functions of the varia-
tional parameters @ = (01,6, 03,04, 05, 0).

The efficient SU(2) ansatz, shown in Fig. 6.10, is a hardware-efficient reference
circuit. It uses no information about the Hamiltonian and is not tied to any parity
sector. It alternates layers of single-qubit R, and R, rotations with a fixed pattern
of CNOT entangling gates, which lets it explore a large part of the Hilbert space at
the cost of more parameters. It therefore serves as a flexible baseline against which
the physics-informed ansétze are measured. For N qubits and one layer of linear

entanglement, the variational state prepared by Fig. 6.10 reads

N-1
|Y¥su2(6 HR] (02j41) R (02549 | Usin
7=0
o | (6.54)
R] 02N+2]+1)R,(z])(‘92N+2j+2) |v0) ,
7=0
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where R?(ji() act on qubit 7 and the linear entangling unitary is
N-2
Ulin = H CNOT‘j*}j+1, (655)

J=0

with the product ordered from left to right as increasing j. For the three-qubit circuit
in Fig. 6.10 with a single entangling layer, Eq. (6.54) reads

WSU2(0)> =

RO (00 R (6:) B (65 R(62) B (6) R (66)|

CNOTy_1 CNOT 9

RO (6:) RO (6s5) RV (69) R (610) RLP (611) RS (912)] o) . (6.56)

The final ansatz is the HVA, shown in Fig. 6.11, which is built explicitly from
the structure of the target Hamiltonian. The HVA generates the variational state
through unitary evolutions associated with the individual terms of the Hamiltonian.
This approach is well suited to lattice models with local interactions and converges
efficiently for many-body systems [215]. Starting from the Jordan-Wigner transformed

Kitaev Hamiltonian in Eq. (6.45), the spin representation reads

N— N— N R ,uN
H=2(t—|A|) Z 2(t + |A|) Z SY,,SY — 255—7. (6.57)
j=1

The constant shift —uN/2 can be dropped, since it plays no role in the optimization
and only rigidly shifts the energy. Equation (6.57) splits naturally into three sets of

mutually non-commuting terms,

H=FHyx + Hyy + H, (6.58)
with
Hxx =) 57157, (6.59)
j=1
Hyy = 1S, (6.60)
j=1

>
N
Il
hE
Q.N>

(6.61)

.
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The physical coupling constants 2(t — |Al), 2(t + |A|), and p are not fixed in the
ansatz. They are absorbed into the variational angles, which are free to adjust each
term independently. For a Hamiltonian written as a sum of terms H= > cjf[ ()| the

HVA assigns a variational unitary
U;(0;) = exp(—i0, H) (6.62)

to each operator H®. The real parameters {6;} are optimized classically inside the

VQE loop. Applying this to the Kitaev Hamiltonian gives the HVA unitary

R [N-1 N-1 N
U0) =TT | IT exp(—i605.57,157) T exp(—i6%,5%,,57) [T exp(—i6;,.5;) ]
k=1 | j=1 j=1 jaie

(6.63)
where R is the number of HVA layers. Each layer applies the two-body X X and Y'Y
rotations followed by single-qubit Z rotations, which mirrors the operator content of
the Kitaev Hamiltonian. A useful property follows from this structure. The gates Rxx,
Ryy, and Rz each flip an even number of qubits or are diagonal, so they conserve
fermion parity. The HVA therefore stays in the parity sector of its reference state
throughout the optimization, by construction rather than by tuning. Increasing R
enlarges the variational manifold and lets the ansatz approach the exact ground state
arbitrarily well at large depth. In practice the exponential of the full Hamiltonian

within a layer is approximated by a second-order Trotter-Suzuki decomposition,

e—i(ﬁxx—i—f{yy—}—ﬁz) ~ e—iﬁxx/Qe—iﬁyy/Qe—iﬁZe—iﬁyy/Qe—iﬁxx/Q’ (664)

which reduces the Trotter error while preserving locality. Each exponential in Eq. (6.63)
is then realized with standard two-qubit Rxxy and Ryy gates and single-qubit Ry

rotations, as shown in Fig. 6.11 for N = 3 qubits.

VQE Results First we investigate how each ansatz performs for a given number of
layers (corresponding to the number of variational parameters) and the best number
of layers that gives optimized results. To do so, we plot the relative error in the
ground state energy vs. the number of layers of each ansatz, shown in Fig. 6.12.
For a given number of layers, we take the minimum energy of 10 initial runs. The
entire optimization is done using the COBYLA optimizer available in the Qiskit
package, and 30000 trials. All the calculations are done using a quantum simulator

on a classical computer. The relative error is basically the error in the VQE and ED
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calculations
Evqr

Erp

The number of parameters per layer for the even, odd, SU2, and HVA ansétze are 11,

Error = ‘1 - : (6.65)

20, 40, and 28, respectively.
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Figure 6.12: Relative error as a function of the number of parameters for different
ansitze in the analytical solution regime, A =t and p = 0, for a chain of 10 QDs.
The maximum number of layers is 10 [77].

From Fig. 6.12, we can see that HVA needs the least number of parameters to
give a zero relative error. The even and odd ansétze show a fluctuating pattern, with
the even ansatz eventually giving zero relative error for more than 100 parameters.
The efficient SU(2) gives zero relative error for a number of parameters more than 50
and up to 200. Beyond about 200 parameters the SU(2) error rises again. This is not
numerical round-off error. It is a loss of trainability. The relative error is defined as
|Evqe — Erpl|/|Erp|, measured against the exact diagonalization ground-state energy.
All four anséatze fall to the same floor near zero once they have enough parameters,
because they all approximate the same ground state and the exact energy is a hard
lower bound. The shared plateau is therefore the convergence of VQE to the exact
result. The ansatze differ in how they reach it. The HVA attains zero error with the
fewest parameters and remains there at all sizes. The Even and Odd ansétze reach
zero but show spikes at intermediate sizes, where the optimizer is trapped in a local
minimum. The Odd and SU(2) errors grow again at the largest parameter counts,
reflecting the reduced trainability of deep circuits.

Next, to see how each ansatz performs in the ground state energy approximation,
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we examine the loss function behaviour, which in this case is the ground state energy,

as a function of iterations.

0 —— HVA 0 —— HVA
—— SU2 SU2
—— Even —21 —— Even
=21 — 0dd 4 —— 0dd
. === Exact Diagonalization . ---- Exact Diagonalization
o g =61
g4 g
= = -84
-6 —10
712 4
s (a) (b)
—144
0 500 1000 1500 2000 0 200 400 600 800 1000

Iterations Iterations

Figure 6.13: Ground state energy as a function of optimization steps for four ansétze:
Even, Odd, SU2, and HVA, for a chain of 10 QDs. The comparison highlights the
convergence pattern and efficiency of each ansatz in minimizing the ground state
energy. (a) corresponds to the analytical case with A = ¢ and p = 0, while (b)
represents a case outside the analytical regime but still within the topological phase,
with A = 2t and g = —0.2t. The optimal number of parameters is used in both cases
from Fig. 6.12 [77].

By taking the best number of parameters from Fig. 6.12, in Fig. 6.13 (a), HVA is
the fastest ansatz to converge to the ground state, followed by the even, SU2, and
odd ansatze. Each ansatz stops at a particular optimization step once the classical
optimizer decides it has converged. This happens when the loss function reaches a
particular value of energy without changing any further.

In Fig. 6.13b, the system still lies in the topological phase, only there is no known
analytical solution based on the choice of the parameters of the Hamiltonian. The
odd ansatz gives the fastest convergence with the closest value to the actual ground
state energy. The even ansatz converges faster than HVA, but they both give almost
the same result for the ground state energy. And lastly the SU2 ansatz is the last
ansatz to converge.

Based on these observations, in the analytical case, HVA is a more suitable
candidate for representing the ground state. It converges faster than the other ansétze,
and also requires less number of parameters. The reason is that by setting £ = A and
=0 in Eq. (6.57), we obtain

N-—1
=2ty 5Y,5. (6.66)
j=1
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With this simplified form, HVA is a more natural candidate to represent the ground
state, since the only active part of the ansatz is the Hj-vz_ll exp (—i67, S HS”) which is
a rotation along y-axis.

In the non-analytical case, the odd ansatz proceeds to converge faster and gives a
better approximation of the ground state energy comparede to the other ansétze. The
system is still in the topological phase, so any wave function (including the ground
state) is a linear superposition of all even or odd configurations. From Fig. 6.13b, it
can be seen that the even ansatz is the next ansatz that converges to the ground state
energy. Therefore, in the non-analytical case, these are the best candidates to display

the ground state of the system.

Error Sensitivity within the Topological Phase The next step is to check the
sensitivity of each ansatz within the topological phase. To do so, we analyze the
relative error for each ansatz while we tune the parameters within the topological

phase in the parameter space, which is shown in Fig. 6.14.

Even
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/I/VI /t/\fl

Figure 6.14: Relative error in the parameter space for all four ansétze, for a chain of
10 QDs. The choice of the parameters A/|t| and p/]¢| is such that the system remains
in the topological phase, using 2000 iterations. The dark regions indicate areas of

lower relative error, with the analytical solution located at the center of the plots
(t=A, p=0) [77].

In general, as we move away from the centre of the topological phase, the relative
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error increases. Once the values of the parameters (¢, A, and p) are chosen, Fig. 6.14
provides you with the relative error of each ansatz at that particular point in the
parameter space. Therefore, when the choice of parameters of the Hamiltonian (in
the topological phase) is given, we can make use of the error profiles to decide which
ansatz could be a better representation of the ground state of the system. The error
sensitivity, along with the loss function behaviour and the relative error vs. number
of parameters are the main factors that affect the final decision of choosing an ansatz
for approximating the ground state energy of the Kitaev chain.

This concludes the usage of VQE approach to estimate the ground state energy
of the semiconducting QD nanowire in the proximity of a p-wave superconductor.
Among the four chosen ansétze in this work, two of them, namely the Even and Odd
ansatz are constructed directly from the topological features of the wave function in
the topological phase. The HVA ansatz is built from the structure of the Hamiltonian.
The final ansatz, efficient SU(2) is a built-in ansatz in the "Qiskit" package. We
explored the performance of each ansatz within the topological phase, where the
system hosts MZMs. This is an example of how we can design a quantum algorithm

to estimate the ground state and the ground state energy of a topological system [77].

180



Chapter 7

Numerical Analysis of Majorana
Zero Modes in the
Semiconducting-Superconducting

Nanowire

This chapter is based on Ref. [76], with more derivations and detail shown. I have
collaborated in doing the calculations in this paper with the first author.

Finally, we study the semiconducting-superconducting nanowire in contact with
s-wave superconductor. Our goal here is to introduce and show the application of
numerical methods such as ED and DMRG in calculating the spectrum of the system
based on the length of the chain, and how we can find the evidence of MZMs. For
short chains, we make use of ED for numerical simulations. For longer chains, we use
DMRG as a better alternative to calculate the ground state energy of the system. Then
we show how this model is connected to the spinless Kitaev chain, and under what
conditions they are equivalent. This is done through introducing a new transformation
that transforms the spinful system into two coupled spinless chains, where each chain
is associated with different spin sectors. Using this connection, we calculate the local
spectral function to give us insights about the localized edge states that correspond to
MZMs.

7.0.1 Exact Diagonalization in Fermionic Representation

We begin with a hexagonal InP nanowire of embedded InAsP quantum dots hosting
spinful electrons. The system is in contact with an s-wave superconductor. We take

the external magnetic field to be perpendicular to the nanowire, as is shown in Fig. 7.1.
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Magnetic field

s-wave superconductor

-

Figure 7.1: Schematic illustration of an InP nanowire hosting an array of embedded
InAsP quantum dots, proximity coupled to an s-wave superconductor and subjected
to a perpendicular magnetic field, chosen to be orthogonal to the effective Rashba
spin orbit coupling and thereby inducing Zeeman splitting [76].

The system is described by the following Hamiltonian

N-1 N
H=t> > (CL_LUCZ‘U +h.c.) —ud. > c Cio (7.1)
i=1

=14 i=1o0=1)

=z

+V, (C}TCjT — c}icﬂ)

s
I
—

=z

+ (CLFLTCQ — CLMCH — h.c.)
i=1

N
+ AN <c,¢c,¢ + CLCZTT).
i=1

This is the same as the Hamiltonian given in Eq. (5.133), except that we are taking

the Zeeman field along the z-axis, and we are using the letter p instead of pieg-
We now use ED to obtain the energy spectrum of the system. We construct the
Hilbert space in a configuration basis. If we have N orbitals occupied by spinful
22N — 4N

electrons, the dimension of the Hilbert space is , as each orbital can be
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occupied by two electrons with various spins. We then construct any basis as
- T - T
[n1y-mvy) ® [nagnavy) = [[(e;)™40y) @ [T (cj)™7(04). (7.2)
j=1 j=1

|0)’s show the electron vacuum in each spin basis, n;, € {0, 1} specifies whether the
orbital j with spin ¢ is unoccupied (0) or occupied (1). Each basis state is therefore
generated by acting with creation operators on the vacuum according to its specified
occupation numbers.

The superconducting term in the Hamiltonian creates or annihilates a pair of two
electrons, thus breaking the conservation of particles, as we also saw in the case of
a p-wave superconductor. However, the parity of the particles is conserved; i.e, if
we begin with an even (odd) parity state, the Hamiltonian does not change it. The
eigenstate of the Hamiltonian must therefore be a linear superposition of different

particle number sections

W) = > Clrpy M, par) (7.3)

Mpm
where py; enumerates all configurations with M electrons distributed among the 2NV
spin orbitals, thus giving the vth eigenstate. The superscript v in Eq. (7.3) labels the
different eigenstates of the Hamiltonian. In other words, for each v there exists an

eigenpair (EY, [1)")) satisfying
H") = B*|"). (7.4

Thus, v plays the role of a spectral index, ordering the many-body eigenstates (for
example, v = 0 for the ground state, v = 1 for the first excited state, etc.).

To determine the coefficients C; we apply the Hamiltonian to this state and

DM
use the orthogonality of the configuration basis to obtain the eigenvalue equation

>~ (quers M'[Helpar, M)CYy = EVCip g (7.5)

pam M

The matrix element (qp;, M'|H.|pyr, M) is non-zero only when M and M’ have the
same fermion parity, that is, both are even or both are odd. Using the parity symmetry,
we calculate the energy spectrum in each parity subspace separately. From Eq. (5.83),
we know that if V2 > A? + 1% the system lies in the topological regime. In the
topological regime, the energy spectrum of the even and odd parity subspaces must

match, meaning that they give the same energy spectra. So, when we say that the
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ground state of the system is doubly degenerate, we are referring to the fact that
the ground state of the even and odd parity subspaces are the same, giving a doubly
degenerate ground state to the total system (even-+odd parity). An example of ED

calculation is shown in Fig. 7.2 for a chain of 3 quantum dots.

7.0.2 Longer Chains

In the SM-SC Hamiltonian within the topological regime, short chains do not exhibit
exact zero-energy Majorana edge states due to the finite-size hybridization of the edge
modes [57, 58, 74, 168]. In a finite chain, the Majorana fermion wavefunctions localized
at the two ends have a non-negligible spatial overlap that increases as the chain length
decreases [74, 168]. This overlap allows the two edge modes to hybridize, lifting the
exact zero-energy degeneracy and instead producing a bonding-antibonding pair of
fermionic states separated by an energy splitting that decays exponentially with chain
length [58, 79]. The term “hybridize” here refers to the fact that the two Majorana
operators localized at the opposite ends of a finite chain are not strictly independent
when their wavefunctions spatially overlap. The magnitude of this splitting is controlled
by the localization length (or inverse bulk gap) & of the Majorana wavefunctions:
when the chain length is comparable to or shorter than this characteristic length
scale, hybridization effects dominate and preclude the observation of true topological
protection [57]. The characteristic length scale £ is the superconducting coherence
length associated with the topological gap. In continuum models of one-dimensional

topological superconductors, it can be estimated as

hv F
~ ’
Atop

3 (7.6)
where vp is the Fermi velocity and Ay, is the bulk topological gap [57, 58, 168].
Equivalently, ¢ is inversely proportional to the minimum excitation gap in the bulk
spectrum.

For semiconductor nanowires with proximity-induced superconductivity, typical
parameters (Agp ~ 0.1-0.5meV, vp ~ 105-10°m/s) yield coherence lengths in the
range

¢ ~100nm to 1 pm. (7.7)

Therefore, if the physical chain length L satisfies L < &, the Majorana edge wavefunc-
tions overlap strongly and the energy splitting becomes significant. True topological

protection is recovered only in the regime L > £, where the overlap—and hence the
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splitting—decays exponentially as
6F oc e L/, (7.8)

This requirement that L > £ (where L is chain length and £ is the Majorana localization
length) is thus essential for observing unambiguous signatures of topological protection

in finite-size systems.
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Figure 7.2: First four energy levels of the SM-SC Hamiltonian in the topological
regime through using ED for a chain with 3 quantum dots, for t = A = —1, p =0,
a = 0.8, and V, = 1.7, ensuring that the system is in the topological phase. All
parameters and energy levels are normalized to the unit of ¢. Left panel shows even
parity sector and right panel shows odd parity sector. The energy splitting between
states reflects finite-size effects and hybridization of Majorana edge modes at the chain
boundaries. Without the hybridization, we would have expected the ground states of
the even and odd parity sectors to be the same (or a doubly-degenerate ground state
energy of the entire system).

As an example, in Fig. 7.2 the first four energy levels of the even and odd parity
subspaces for a chain of length N = 3 in the topological phase are shown. This is
calculated using ED. Although energy levels of each subspace are very close to those
of the other subspace, they are not exactly the same.

ED gives the entire spectrum in an exact fashion, but we can only use it for small
system size. In our case, since the dimension of the full Hilbert space grows as 4" for
a chain of N quantum dots (each site hosting four local states), the computational

cost increases exponentially with system size. For example,
419 = 1,048, 576, (7.9)
so that already at N = 10 the Hamiltonian matrix has dimension of order 10°. A dense
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representation of such a matrix would require O(10'?) complex entries, corresponding
to multiple terabytes of memory, which is far beyond the capabilities of standard
workstations.

Even when exploiting particle-number or parity conservation and using sparse-
matrix iterative eigensolvers (e.g., Lanczos), the memory requirements and CPU time
grow rapidly. On a typical multi-core desktop machine (32-128 GB RAM), exact
diagonalization of the full Hilbert space becomes impractical beyond N ~ 10-12 sites.
Larger system sizes require high-performance computing clusters and careful symmetry
reduction. For chains longer than N = 10, we turn to the DMRG method. Being
a variational approach, DMRG gives the ground state of the system with an error
that can be controlled [68], and it works much more efficiently for longer chains. The
downside is that it does not provide us with the entire spectrum. So, as long as one is
interested only in the ground state energy for long chains, DMRG can serve as a fast
and reliable method [68, 216, 217]. We use DMRG for each subspace separately to
find its ground state, and then we find the sufficient system size for energy difference
convergence (number of quantum dots) by calculating AE = |EES™ — EQ3|. We
expect that in the topological regime, as we go to longer chains, AE goes to zero, as

shown in Fig. 7.3.

7.0.3 Two Coupled Kitaev Chains

In this section, we illustrate how one can express the SM-SC Hamiltonian in terms of
two coupled Kitaev chains, where each chain is for one spin species. The goal of this
representation is to take advantage of the spinless Kitaev chain by imposing certain
constraints on the parameters of the Hamiltonian that ensure Majorana zero modes
to exist. This representation proves useful for spectral function calculations.

We begin with the lattice version of the Hamiltonian in Eq. (7.1). To isolate
the on-site part (chemical potential, Zeeman, and pairing), we introduce a local

electron—hole spinor built from the 1 electrons and the | holes:

C'T
o= (e o= (7) 10

Gy

Using Cjich =1- c}icﬂ, one easily checks that

1 0 Cjt
(c}T cﬂ) (0 1) (CT ) = c}chT + cjich =1+ c}chT - CLCN. (7.11)
J
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Figure 7.3: Finite size scaling of the even odd parity splitting AE = |EE™ — EQJ

as a function of number of quantum dots in the chain using DMRG and the I'Tensor

library [76, 218]. The parameters are chosen to be the same as in Fig. 7.2.
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Collecting the chemical potential, Zeeman, and pairing terms, we obtain

A

Hopsite = — 4 Z (C}TC]'T + c}icﬂ) +V, Z (c}chT — c}icﬂ)
J J

+ A Z (c}ic;T + CjTC]lL) . (712)
J

Using Eq. (7.11) to eliminate c; ¢c} | in favor of number operators and a constant, this

can be rearranged as

N
Hopgite = YOI M &y — N (V. + p), (7.13)

i=1

where the 2 x 2 matrix M is

V.—p -A
M = . (7.14)
-A V. +pu

The constant — N (V, + i) only shifts the overall energy, with NV being the total number

of quantum dots in the system. The matrix M has two eigenvalues

)\172 = sz + \/,LL2 + AQ, (715)

with corresponding normalized eigenvectors

() e=ld
X1 - g ; X2 - f 5 (716)
1 §

E= Atz +a?), =gy (7.17)

The vectors X; and X, form an orthonormal basis of the two—component electron—hole

where

space at each site j.
We now define new fermionic operators d;, by expanding the electron-hole spinor
®; in the eigenbasis of M:
O; = Xy dj + Xodjy, (7.18)
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or explicitly,

T T
i =& 1\ (d: Cj =& 1)\ (d;
( ?) = E( ; ) ( ;T) , equivalently ( ]T) = E( ¢ ) ( JT) )
(7.19)

Because the transformation matrix is unitary, the new operators dj,, djg obey the
usual fermionic anticommutation relations. The spin label o =1, | is now best regarded
as a band index labelling the two eigenmodes of the local problem (rather than the
original physical spin).

Using the transformation in Eq. (7.19), the chemical-potential, Zeeman and on-site

s—wave pairing terms can be combined and rewritten as

N
Fire =Y ¥ djodwvz by = VoY dhydy = N(i+p),  (7.20)
Jj=lo=1, Jj=1

where
o=/ p? + A2 (7.21)

This form makes it clear that the new fermions d;, still carry a spin label ¢ in the
sense that the Zeeman term acts on them as £V, for ¢ =1, |, just as it did on the
original operators cj,-.

The nearest—neighbour hopping term ¢ Zja[c} +1,0Cjo + h.c.] transforms as

N— N-—1
Z el otio +he ] =13 Z [ (7.22)
j=1 o=1 j=1 o=1
N—
+ 4, Z [dT d]+1¢ +d]+1TdJ$+hC}
=
with )
P— 2“ e A =2t (7.23)

where ¢ and £ are defined in Eq. (7.17). Thus a simple hopping term in the c-basis
becomes, in the d-basis, a renormalized hopping ¢ plus an intersite pairing term A,

which has the structure of a p—wave pairing between adjacent sites.
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Similarly, the spin—orbit term —a 3>, ] CipCit1, — T‘¢Cj+1,T + h.c.] transforms into

N-1 N-1
— { TCJ‘Hi T‘\Lcj+1,T + hC] = -« Z [ de]—HJ, d;’J,dj—i-l,T + hC} (724)
N-1
+ Aa Z { +17gdja + h.C.},
j=1 o=t
where 5
&= Z’“‘ e, A, = 2al%. (7.25)

Again, we see that the original spin—orbit coupling produces both a renormalized
spin—orbit term & and an additional p—wave-like pairing term A, between neighboring
sites.

Putting together Eqgs. (7.20), (7.22), and (7.24), the SM-SC Hamiltonian can be

written as

H=H +Hy+ Hy— N(i+p), (7.26)
where
R NNfl N—-1
Hy =1 [dly djy+he]+ 280 Y [djpaydy +hel
j=1 j=1
N
+(a— Vo) > dldy, (7.27)
j=1
R ~Nfl N—-1
Hy =1 [diy11dj+he] + 80 Y [djpasdss + he]
j=1 j=1
N
+ (a4 Vo) Y dhdyy, (7.28)
j=1
2 - i i
g = Ay Z [dJTdHl,i +dj, dei T h‘C‘}
j=1
N—
Q
-5 Z_j (diydjyr ) — dbydjan s +hec. (7.29)

The terms H; and H, describe two independent Kitaev chains, built from the
fermions d;; and d;4, respectively. They have identical hopping t and p-wave pairing
amplitude A, but different effective chemical potentials i — V, and g+ V. The term

Hi5 couples the two chains through both inter—chain pairing (4A;) and inter—chain
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spin—orbit—induced hopping (&). This representation makes explicit that the original
s—wave nanowire with Zeeman field and spin—orbit coupling can be viewed as two

coupled Kitaev chains with different effective parameters.

Spinful Majorana and Bond Transformations Now we apply Majorana and
bond transformations on spinful fermions of the SM-SC system, schematically shown

in Fig. 7.4. Starting from the two coupled Kitaev chains written in terms of the d;,
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Figure 7.4: Schematic of the two coupled Kitaev chains (upper for spin down and
lower for spin up) in the Majorana and bond Fermion representation, with non-zero
bond Fermions a;; and aj+ (j # N), and the non local zero mode positioned at the
two ends of the two chains represented as ay; and an4. The couplings between the
two chains are shown as red and blue dashed lines [76].

fermions, we first introduce on each site j and for each spin o =7, | a pair of Majorana

operators. For the lower spin down chain we define

Vi = djy + d}u Vil = Z(d3¢ dTi), (7.30)
and for the upper spin up chain

Vv =dip+dly, A= i(dﬂ - d}T)- (7.31)

Each Majorana operator is Hermitian, fy;a = 7jo and ’_yj-a = Yjo, and they sat-

isfy the standard anticommutation relations {v;,, Yo'} = {Vjo: Yo'} = 201050+ and
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{/Yjav ’710’} =0.
From chapter 4, we know that the spinless Kitaev Hamiltonian is diagonal for the

choice of t = A and p = 0. We choose the same point here in terms of our parameters
t=A,, V., = [. (7.32)

The two Kitaev chains and their coupling can be rewritten in the Majorana basis as

N—
Z Y50 Vi1l (7.33)
j:
N N-— N
Hy = Z LY Vi T Ve Z(l + Z'YJT'YJT) (7.34)
: ] 1
A i(20, +a) = )
Hiy = 128 1) [’m Y+ Yt ’m}
j=1
QA N-1 - ~
T 128 ) Vi1 Vi + Vi vj+1¢]. (7.35)
7j=1

The first two terms, H; and Hs, now clearly describe Majoranas coupled on neigh-
bouring sites of each chain. The inter-chain coupling His contains Majorana bilinears
that connect the two chains and mix the 1 and | sectors.

Now we recombine neighbouring Majoranas into bond fermions. For the | chain
we define, for j =1,..., N — 1,

aj, = ;(’mu —i),  ah = ;('Yjﬂ,i + %51, (7.36)
and the last bond fermion of the | chain we set
an| = ;('Vli - ﬁ]\u). (7.37)
Similarly, for the 1 chain we introduce
ajp = ;(7j+m —ip), Al = ;(%HLLT + 1), (7.38)

with )
ant = 5(71T - i'_YNT)- (7.39)
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In terms of these bond fermions, the Hamiltonian H, simplifies to

~1
N . 1 1

j=1
Thus, in this representation H; is a sum over independent bond fermion number

operators (up to a constant), and the boundary mode ay; completely drops out,

similar to the diagonal form of the original spinless Kitaev Hamiltonian.

For the upper chain, H, in the bond—fermion basis becomes

R ~N—l ; 1 1
Ho=202, <aﬁ“” 2) 0 (aNTaNT 2)
j=1
+ V; |:CLJ{TCL;VT + anta1 + a}-VTalT + aiTaNT]
N-1
+ Vo 3 |abgaly + g +alsag + dagig | + NV (7.41)

=1

.

The first line mirrors the structure of A 1, while the second and third lines show that

the Zeeman term V, induces on-site and nearest-neighbour pairing and hopping of the

bond fermions, as well as couplings between the two boundary modes a4 and ay.
The second term of Hys in Eq. (7.35) simplifies to a pure s—wave pairing between

bond fermions on the same bond:

(2At—04 = _ _ 2A, — a N2
Virtd Vb H Vi V| = - > ( alyaly + aﬁ%)- (7.42)
j=1 j=1

Note that the boundary bond fermions ay+ and ay; do not appear in this term.

The other term in Hiy generates longer-range pairing and spin-orbit-like couplings
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between bond fermions on different links

Vit Vi1l T Vit1r Vid| =

o
s
+
(O}

b

T T
- T( [aj+2,¢aﬂ + a2,

T T

T Ajpo Gt + Qa2
oot

+ ;05,04 T Qjo4a4)

T T
T Q24051 + 050542,

+ agiajw + ant+Q2)

+ CL}[V\LCLQT + 21N

+ agTa}Lw + a]\ua% ). (7.43)

This structure shows explicitly that H,5 contains s—wave pairing and spin-orbit-induced
couplings between even-even and odd-odd numbered bond fermions (or auxiliary sites).
The boundary bond fermions again appear only through the last line, coupling the
sites near one end of the chain to those at the opposite end.

In the ideal situation where the two effective Kitaev chains are decoupled (i.e.
Hyy = 0), the spin—down chain H isa perfect Kitaev chain in the topological regime.
In that case it is easy to show that the creation operator of the right—end bond fermion,

aj\, 1, commutes with the full Hamiltonian,

[H,aly,] =0, (7.44)

since the Hamiltonian does not contain any of the bond operators regarding the last
site N. So that a}r\, | creates an exact zero—energy edge mode.
Once the two chains are coupled by His, this commutator is no longer exactly zero.

A straightforward calculation using the bond fermion representation shows that

20 + @

[H07a;[\7¢] == 4

<a2¢ — (I;T + aN—274 + aj\,_m), (745)

so the right—end spin—-down bond fermion couples only to two spin—up bond fermions,

namely agT and a}r\,_m. Equation (7.45) shows that the commutator can be made

194



small and in the thermodynamic limit essentially zero, by imposing the constraint
20 +a = 0. (7.46)

This leads to the so-called “maximal constraints”. From the Majorana and bond—
fermion analysis, we found that, in order for H; to describe a topological Kitaev chain

(with a well localized edge Majorana) we must choose the renormalized parameters as
t=A,, o=V, (7.47)

where V, is the Zeeman energy associated with the magnetic field along the z-direction
in our convention, and A, is the effective p-wave pairing amplitude within each chain.

For the second chain Hs we obtain analogous conditions,

-~

= Aom ,a = —V.. (748)

Equations (7.47) and (7.48), together with the requirement in Eq.(7.46), define a set
of maximal constraints: they make H; diagonally solvable in terms of bond fermions,
while H,+ Hy still supports a gapped spectrum. In the thermodynamic limit the even
and odd ground states of the full Hamiltonian H=H 1+ ]ffg +H 19 form a two—fold
degenerate ground space.

With a magnetic field +V,, the spin-down Majorana fermion is localized at the
end of the chain; reversing the field to —V, localizes the spin-up Majorana at the end
of the chain. Thus the sign of the Zeeman field selects which spin sector hosts the
edge Majorana mode.

We now express the constraints on the renormalized parameters £, ji, Ay, A, and &
in terms of the original parameters of the proximitized nanowire: nearest—neighbour
hopping ¢, spin—orbit strength «, chemical potential u, s—wave pairing A, and Zeeman
field V..

From the two—chain mapping we had

i= A, (7.49)
s 2p € _ 2a
t= Alre Aa—1+€2, (7.50)

where

E=Alpt i+ a2) (7.51)
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The condition i = £V, immediately yields

V. = +y/pu2 + A2, (7.52)

which is precisely the same criterion for gap closing and reopening that we found
from the bulk spectrum: tuning V, through \/u? + AZ drives the system through the
topological phase transition. It marks the phase boundary, not the topological phase
itself. Exactly at V, = v/u2 + A? the bulk gap vanishes, the spectrum is gapless, and
there is no protecting gap, so the system is not topologically protected at this single
point. This is expected rather than a problem. The bulk gap must close for the
topological index to change, so the closing is the fingerprint of the transition and not
a feature of the topological phase.

Next we impose t = A,. Using Eq. (7.50), we obtain

2t & 2a8

A TRE T iiE = W=-od (7.53)

Up to an overall sign convention for o (which can be absorbed by a gauge transforma-

tion), this is usually written as
tpn=Aao. (7.54)

Equations (7.52) and (7.54) summarize the maximal constraints in terms of the

tn=Aaw, V, = £/ p? + A2, (7.55)

They provide a concrete recipe for engineering Majorana zero modes in a given device.

original parameters:

For instance, in the case of InAsP quantum dots embedded in an InP nanowire, one
can first determine the effective hopping amplitudes ¢, spin—orbit strength «, and
induced pairing A from microscopic calculations. The relations above then specify
which combinations of chemical potential ;1 and magnetic field V, optimally realize
the Kitaev—chain limit and hence maximize the localization and robustness of the
Majorana edge states. This model exhibits MZMs as we approach the thermodynamic
limit, i.e. we take a long enough chain so that the interaction term between the two
spin bands becomes negligible, and then through choosing the right set of parameters,
one of the spin bands is in the trivial phase, while the other one is in the topological
phase, in the exact diagonal form in bond fermion representation that shows the zero
mode as the last missing bond fermion.

To show these results numerically, we calculate the energy spectrum of the two
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coupled Kitaev chains using ED. We take a chain of N = 3 quantum dots, and we
choose t = A =1, a =08, p = a2, and V, = /2 + A2, This way { = A, and
V., = i are satisfied, and the system remains in the topological phase. We show the
first four energy levels in each parity subspace. In Fig. 7.5 we see that the spectrum
of H; shows a perfect matching of the even and odd parity subspaces, since the spin
down band is in the topological phase. As this case corresponds to the diagonal
representation of the original spinless Kiteav Hamiltonian, we see a perfect matching
in the energy spectra of the even and odd subspaces despite the small size of the chain.
Fig. 7.6 shows the spin up band spectrum, which is in the trivial phase, thus the
spectra of even and odd subspaces do not match. The spectrum of the entire system
with the spin coupling term is shown in Fig. 7.7. There is a quite small difference in
the even and odd parity energy levels. This is due to the finite system size effect as
we include the coupling between the two spin bands. As was shown in Fig. 7.3, we

need a chain with at least 30 quantum dots to be able to see the topological behaviour

of the system.
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Figure 7.5: First four energy levels of H; showing even (blue) and odd (red) parity
states for the three-site spin down chain. There is perfect matching of the even and

odd energy spectra as H; represents the diagonal form of the Kitaev Hamiltonian in
the topological phase.
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Figure 7.6: First four energy levels of Hy showing even (blue) and odd (red) parity states

for the three-site spin up chain. Since H; is in the trivial regime, the corresponding
energy spectra of the even and odd parity subspaces do not match.
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Figure 7.7: First four energy levels of the entire Hamiltonian H=H 1+ ﬁg +H 12
showing even (blue) and odd (red) parity energies for the three-site spinful chain.
There is a small difference in the even and odd parity energy levels due to the finite
system size effect as we include the coupling between the two spin bands.

7.0.4 Spectral Function

Another beneficial quantity in observing MZMs is the electronic spectral function. It is
particularly useful because it provides direct access to the energy-resolved quasiparticle
spectrum together with spatial information [219, 220]. MZMs appear as a zero-energy
excitation localized at the boundaries [44, 50]. As a consequence, they produce
pronounced spectral weights near the ends of the system. In contrast, trivial bulk
states typically appear at finite energies and are spatially extended [44, 46]. The
spectral function therefore allows one to distinguish between localized zero-energy
edge modes and ordinary bulk excitations.

We focus on the spin-down band, since for our choice of parameters it is diagonal
in the topological phase. The spectral function measures the probability of adding a
spin-down fermion at site (or bond) jy to the many-body ground state of the system

and is directly related to the single-particle Green’s function [69, 113]. The spectral
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function is energy resolved. At each energy it measures how strongly the ground
state couples to the true eigenstates of the system when a single spin-down electron
is added at a chosen site or bond. Its value at a given energy is large when adding
the electron there produces a genuine eigenstate of the many-body system at that
energy, and it is small otherwise. Added over all energies it gives the total probability
that the spin-down orbital at that site is empty and can accept an electron. The
spectral function spreads this probability across energy. It therefore plays the role
of a site-resolved density of states for adding a spin-down electron, and it is the

electron-addition part of the single-particle Green’s function. It is given by
Aj(w) = D [(Wsla] [Was) Po(w — (Bf — Egs)), (7.56)
!

where the sum runs over the entire many-body eigenstates |¥¢), including the ground
state and all excited states, with corresponding energies Ey, and the delta function
enforces energy conservation during the particle addition process.

The procedure is closely related to that used for calculating absorption spectra,
except that here we add a single electron rather than creating an electron—hole pair.
We evaluate the spectral function in the full Hilbert space of the spin-down band
rather than restricting to a specific parity sector.

Any many-body wave function can be written as a linear superposition of basis

configurations with definite fermionic parity,
) = > D)™ + > i), (7.57)
i J

where [i)¢v*" and |5)° denote basis states with even and odd fermion parity, respec-
tively, and D? and C’jq are the corresponding expansion coefficients. Since the creation
operator a;r- | changes the fermion number by one, it flips the fermion parity. Therefore,
only those matrix elements contribute in which the final state has opposite parity to

the ground state. The spectral function can thus be written explicitly as

Aj(0) = 3 {5l [ P6(w — (Bf — Egs))
' even| T odd\ |2 (758)
+ Z (U5 ag, [VeEs)"0(w — (Ef — Ecs)).

f
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Figure 7.8: Site resolved spectral functions A;(w) of the down-spin bond Fermions for
chain of N = 3 quantum dots, evaluated at the chain ends and in the bulk. Low-energy
spectral weight is strongly localized at the chain ends [76].

If we observe a zero energy peak in the spectral function, that means a low-energy
quasiparticle excitation exists. In our case, this feature is associated with the zero
energy bond fermion ay), which plays the role of a MZM. Therefore, we expect a
sharp peak around frequency zero in the spectral function.

Figure 7.8 shows the bond resolved spectral function A;(w) of the down-spin chain
for a chain of 3 quantum dot system, evaluated at bonds j = 1,2, 3. It is calculated
using ED and fort =A =1, a=0.8, u = a%, and V, = v/u? + A2. The dominant
low-energy resonance appears exclusively at the terminal bond j = 3, while the interior
bonds j = 1 and j = 2 exhibit strongly suppressed spectral weight in the low-frequency
window and are instead dominated by higher-energy excitations [76]. Although the
dominant peak at j = 3 is shifted away from exactly zero frequency, reflecting finite-
size effects, it remains clearly separated from the bulk excitation continuum. In
contrast, the interior bonds show only weak low-energy response, with spectral weight

redistributed toward higher energies, signaling enhanced mixing between edge and
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Figure 7.9: Site-resolved spectral functions A;(w) of the up-spin bond fermions for
a chain of N = 3 quantum dots, evaluated at the end bond and in the bulk. The
low-energy spectral weight here comes mainly from the interior bonds, while the end
bond contributes only at higher energy. The overall magnitude is also about two
orders smaller. This is the response of a trivial chain with no edge-localized zero
mode [76].

bulk sectors.

For comparison, Fig. 7.9 shows the site-resolved spectral function of the up-spin
sector, which is the trivial partner chain. The contrast with the topological down-spin
sector is clear. In the down-spin chain the low-energy spectral weight is sharply
concentrated on the end bond, which is the fingerprint of the edge-localized Majorana
mode. In the up-spin chain the low-energy weight instead comes from the interior
bonds, and the end bond contributes only at higher energy. The peak magnitudes
are also about two orders of magnitude smaller than in the down-spin sector. The
absence of an edge-localized low-energy resonance confirms that the up-spin chain is
trivial. This side-by-side comparison isolates the edge-localized zero-energy peak as
the distinguishing feature of the topological sector.

In summary, the bond-resolved spectral function provides a direct signature of
the spatial localization of low-energy excitations in the finite Kitaev chain. The

low-frequency peak observed at bond j = 3 (Fig. 7.8) demonstrates that the dominant
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quasiparticle excitation is localized at the edge of the system, consistent with the
presence of a Majorana zero mode. Despite the peak being slightly shifted away from
exactly zero energy, its clear separation from the bulk excitation continuum confirms
its edge character. The strong suppression of low-energy spectral weight in the interior
bonds further supports this interpretation, indicating that the zero-mode is located at
the boundary. Thus, even for a short three-dot chain, the spectral function shows the

emergence of boundary-localized Majorana excitations.
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Chapter 8

Conclusions and perspectives

In this thesis, we have established a systematic analytical and numerical framework
for synthetic topological quantum matter, with the goal of advancing fault-tolerant
quantum computing [32, 50, 74, 168]. The central object of study was Majorana zero
modes (MZMs), exotic zero-energy quasiparticle excitations that are prime candidates
for encoding topologically protected qubits. By combining exact diagonalization, bond-
fermion analytics, excitonic spectroscopy, hybrid quantum-classical algorithms, and
tensor-network methods, we addressed two platforms for hosting MZMs, characterized
their topological phases, and proposed concrete detection and simulation strategies.
Our results clarify the choice of the numerical method when there are certain conditions
applied to the system, and also lower the barrier between theoretical models of
topological matter and experimental protocols.

The first challenge of solving the many-body problem is the exponential scaling of
the Hilbert space dimension. Despite the topological phase transition, our systems are
still regular many-body systems, so a thorough understanding of their methodology
is vital. In Chapter 3 we introduced some of the standard methods of solving a
many-body problem, in which we included exact diagonalization (ED) and mean-
field approximations. We also explored the variational quantum eigensolver (VQE)
approach as a hybrid method of approximating the ground state energy of a many-body
system, and the density matrix renormalization group (DMRG), which is generally
used for larger systems.

In Chapter 4 we studied the Kitaev chain, our first topological system, which is a
one-dimensional nanowire in contact with a p-wave superconductor. After studying
its band structure, we showed that a bond-fermion transformation diagonalizes the
Hamiltonian exactly in the topological regime, making the spatial non-locality of the
MZMs transparent and providing an analytic benchmark for all subsequent numerical
work. This exact solution is a powerful tool, it unambiguously separates the topological
from the trivial phase and explains, at a fundamental level, why MZMs are immune

to local perturbations.
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Our second topological system, a semiconducting nanowire in contact with an
s-wave superconductor was described in Chapter 5. This system is one of the experi-
mental frameworks for detecting MZMs. Through using BdG formalism, we examined
the behaviour of the band structure, and showed that when the parameters of the
Hamiltonian obey a certain condition such that the system lies in the topological phase,
the band structure displays a p-wave superconductor pattern. This suggests that the
semiconducting-superconducting with s-wave superconductivity is an approximate
system that shows MZMs only when the chain is long enough.

The second challenge in the engineering of the topological matter is the detection
of MZMs. In the first part of Chapter 6, we provided an optical path by adding
the excitonic (electron+hole) interaction to the system. Through analytical and
numerical calculations using ED, we showed how to track zero modes in the absorption
spectrum. We identified clear spectroscopic signatures of zero modes, including
characteristic peak splittings and edge-localized intensity patterns. This is a powerful
experimental technique that provides a recipe to detect MZMs, since our results are
directly comparable to optical measurements on InAsP quantum dot nanowires. We
also showed that for a localized hole, there is an analytical solution for the absorption
spectrum, regardless of the system size. Therefore, we can generalize the procedure to
longer chains without having to consider extra calculations.

In the second part of Chapter 6, we demonstrated that MZMs can be probed and
simulated on quantum hardware. By designing symmetry-adapted variational ansétze
that respect the parity structure of the Kitaev Hamiltonian, we showed that a hybrid
variational quantum eigensolver (VQE) reliably reproduces the ground-state energy in
the topological regime. Although the process was done on a simulator, but our method
provides a framework for quantum simulation of topological matter on a quantum
computer.

In Chapter 7 we provided practical solutions to the two challenges (exponential
scaling of the Hilbert space dimension and MZM detection) for the semiconducting-
superconducting (SM-SC) nanowire with s-wave superconductivity. We began with
the short chain case, and demonstrated ED in calculating the many-body spectrum.
For long chains, we showed that DMRG could be a useful method in providing the
ground state energy of the system. Through using DMRG, we also demonstrated the
sufficient length of the chain (number of quantum dots) to ensure the system shows
MZMs explicitly. We also established an explicit mapping between the SM-SC model
and a pair of coupled Kitaev chains, demonstrating that both systems realize the same

topological phase. Through using this mapping, we then calculated the local spectral
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function of the spin-down band. The local spectral function shows sharp zero-energy
edge peaks, a direct numerical counterpart of the zero-bias conductance peaks sought
in tunneling experiments.

In summary, these results make several contributions that should be of broad
interest to the concept of topological quantum matter, from numerical and experimental
perspective. The excitonic detection scheme introduces optical spectroscopy in the
MZM detection toolkit. The symmetry-preserving VQE protocol offers a practical path
to quantum simulation of topological phases using a quantum computer. The DMRG
treatment of the SM-SC nanowire demonstrates that tensor-network methods are
applicable but well-suited for device-scale simulations. In our future work, we intend
to concentrate on interactive topological systems with Hubbard, extended Hubbard,
and excitonic interactions. This is inspiring in a way that we could explore the reaction
of MZMs to various types of interaction, and examine their detection methods. It
would also enable us to study the impacts of interactions on measurable quantities
such as energy spectrum and entanglement entropy. We also aim to generalize the
quantum algorithmic method to semiconducting-superconducting nanowire. Since
this model is the ideal type for experimental means, the quantum algorithm approach

could pave the way of simulating the model on a quantum computer.
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