Lecture Notes in Physics

Volume 862

Founding Editors

W. Beiglbock

J. Ehlers

K. Hepp

H. Weidenmiiller

Editorial Board

B.-G. Englert, Singapore, Singapore

U. Frisch, Nice, France

P. Hanggi, Augsburg, Germany

W. Hillebrandt, Garching, Germany

M. Hjort-Jensen, Oslo, Norway

R. A. L. Jones, Sheffield, UK

H. von Lohneysen, Karlsruhe, Germany
M. S. Longair, Cambridge, UK

M. L. Mangano, Geneva, Switzerland
J.-F. Pinton, Lyon, France

J.-M. Raimond, Paris, France

A. Rubio, Donostia, San Sebastian, Spain
M. Salmhofer, Heidelberg, Germany

D. Sornette, Zurich, Switzerland

S. Theisen, Potsdam, Germany

D. Vollhardt, Augsburg, Germany

W. Weise, Garching, Germany

For further volumes:
http://www.springer.com/series/5304


http://www.springer.com/series/5304

The Lecture Notes in Physics

The series Lecture Notes in Physics (LNP), founded in 1969, reports new develop-
ments in physics research and teaching—quickly and informally, but with a high
quality and the explicit aim to summarize and communicate current knowledge in
an accessible way. Books published in this series are conceived as bridging mate-
rial between advanced graduate textbooks and the forefront of research and to serve
three purposes:

e to be a compact and modern up-to-date source of reference on a well-defined
topic

e to serve as an accessible introduction to the field to postgraduate students and
nonspecialist researchers from related areas

e to be a source of advanced teaching material for specialized seminars, courses
and schools

Both monographs and multi-author volumes will be considered for publication.
Edited volumes should, however, consist of a very limited number of contributions
only. Proceedings will not be considered for LNP.

Volumes published in LNP are disseminated both in print and in electronic for-
mats, the electronic archive being available at springerlink.com. The series content
is indexed, abstracted and referenced by many abstracting and information services,
bibliographic networks, subscription agencies, library networks, and consortia.

Proposals should be sent to a member of the Editorial Board, or directly to the
managing editor at Springer:

Christian Caron

Springer Heidelberg

Physics Editorial Department I
Tiergartenstrasse 17

69121 Heidelberg/Germany
christian.caron @springer.com


http://springerlink.com
mailto:christian.caron@springer.com

Sei Suzuki - Jun-ichi Inoue - Bikas K. Chakrabarti

Quantum Ising
Phases
and Transitions

in Transverse Ising
Models

Second Edition

@ Springer



Sei Suzuki Bikas K. Chakrabarti

Dept. of Physics and Mathematics Saha Institute of Nuclear Physics
Aoyama Gakuin University Kolkata, India

Sagamihara, Japan

Jun-ichi Inoue

Graduate School of Information Science
and Technology

Hokkaido University

Sapporo, Japan

ISSN 0075-8450 ISSN 1616-6361 (electronic)
Lecture Notes in Physics
ISBN 978-3-642-33038-4 ISBN 978-3-642-33039-1 (eBook)

DOI 10.1007/978-3-642-33039-1
Springer Heidelberg New York Dordrecht London

Library of Congress Control Number: 2012953284

© Springer-Verlag Berlin Heidelberg 1996, 2013

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of
the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation,
broadcasting, reproduction on microfilms or in any other physical way, and transmission or information
storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar methodology
now known or hereafter developed. Exempted from this legal reservation are brief excerpts in connection
with reviews or scholarly analysis or material supplied specifically for the purpose of being entered
and executed on a computer system, for exclusive use by the purchaser of the work. Duplication of
this publication or parts thereof is permitted only under the provisions of the Copyright Law of the
Publisher’s location, in its current version, and permission for use must always be obtained from Springer.
Permissions for use may be obtained through RightsLink at the Copyright Clearance Center. Violations
are liable to prosecution under the respective Copyright Law.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant
protective laws and regulations and therefore free for general use.

While the advice and information in this book are believed to be true and accurate at the date of pub-
lication, neither the authors nor the editors nor the publisher can accept any legal responsibility for any
errors or omissions that may be made. The publisher makes no warranty, express or implied, with respect
to the material contained herein.

Printed on acid-free paper

Springer is part of Springer Science+Business Media (www.springer.com)


http://www.springer.com
http://www.springer.com/mycopy

Preface

Quantum phase transitions, driven by quantum fluctuations, have got intriguing fea-
tures with potentially new application possibilities including those in quantum com-
putations. A significant amount of research in physics today is therefore directed
towards the investigations on the nature and behaviour of such quantum phases
and transitions in cooperatively interacting many-body quantum systems. Major ad-
vances have been made in both theoretical and experimental studies on such sys-
tems.

For modelling purposes, although the Heisenberg model and its variants were in-
troduced much earlier (in 1920s), most of the innovative and successful researches
today in this field have been obtained by employing, or comparing with, the results
of quantum, or transverse field, Ising models (introduced in 1960s). This is because
of the advantage in the separability of the cooperative interaction from the (tunable)
transverse field or tunnelling term in the Hamiltonian of the transverse field Ising
model (in contrast to that in the Heisenberg and other models where the coopera-
tivity and non-commutability are intertwined). Also, a number of condensed matter
systems can be modelled accurately by such transverse field Ising models. Because
of these, many of the intriguing features observed in the statics or dynamics of quan-
tum phase transitions are mostly limited today to either the theoretical investigations
in such quantum Ising models or to the experimental results which can be checked
and compared for such models!

This book introduces these quantum Ising models and their theoretical analysis,
including numerical ones, at length. Attempts have been made to bring the reader to
the research frontiers today.

In an earlier incarnation of this book, it was published in the Lecture Notes in
Physics Series of Springer with the same title in 1996 and was authored by Bikas
K. Chakrabarti, Amit Dutta & Parangama Sen. Since then, many important develop-
ments have taken place, in particular in the dynamic studies like in quantum quench-
ing, annealing etc. Also, the book went out of print rather quickly and Dr. Christian
Caron, Executive Publishing Editor of the Springer, requested several times to bring
out a second updated edition of the book. However, because of the prolonged nature
of the involvements in the respective researches, both Profs. Dutta and Sen could
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not agree to join the effort. We therefore decided, with their kind consent, to re-
vise this book thoroughly and upgrade it extensively. The resulting book, though
seeded in the earlier one, is also considerably modified and upgraded. Indeed, when
this revised book manuscript was given by Dr. Caron to one of their reviewers for
an opinion, the reviewer wrote ... authors present an excellent overview on the
state of the art of Quantum Ising Phases under various situations ... this reviewer
is highly impressed about the excellent quality, the comprehensive and thorough
presentation of the material and its expert discussion ... this book is a masterpiece
which belongs to the shelves (if not on the desks!) of all researchers working in
quantum phase transitions and their equilibrium properties and non-equilibrium dy-
namics ... authors possess a deep knowledge of the field and are able to account
for recent modern developments ... much of the technical (but important) details
have wisely been organized by deferring such material to concise appendices at the
end of the corresponding chapter ... I have only minor suggestions for improving
this ‘gem’ further ...”. These words from the anonymous reviewer clearly offer us
a posteriori justification of our renewed effort to revise and upgrade the book!

We are also extremely happy to receive many helpful comments and suggestions
on the draft version of this book from Profs. Subinay Dasgupta, Amit Dutta and
Parongama Sen.

We hope, the book will be useful to the young researchers in exploring this ex-
citing field.

Sagamihara, Japan Sei Suzuki
Sapporo, Japan Jun-ichi Inoue
Kolkata, India Bikas K. Chakrabarti



Contents

1 Imtroduction. . . ... ... ... ... .. ... ... ... .
1.1 The Transverse Ising Models . . . ... ... ... ........
1.2 A Simple Version of the Model and Mean Field Phase Diagram . .
1.3 Properties of Ising Models in a Transverse Field: A Summary . . .

2 Transverse Ising Chain (Pure System) . . . ... ... ........

2.1 Symmetries and the Critical Point . . . . . . ... ... ... ...

2.1.1 Duality Symmetry of the Transverse Ising Model . . . . . .

2.1.2  Perturbative Approach . . . . . . ... ... ... ...

2.2 Eigenvalue Spectrum: Fermionic Representation . . . . . . .. ..

2.2.1 The Ground State Energy, Correlations and Exponents . . .

2.3 Diagonalisation Techniques for Finite Transverse Ising Chain . . .

2.3.1 Finite-Size Scaling . . . . . ... ... .. ... ......

2.3.2 The Diagonalisation Techniques . . . . . . ... ... ...

2.4 Real-Space Renormalisation . . . . . . .. ... ... .......

2.4.1 Block Renormalisation Group Method . . . . ... .. ..

2.5 Finite Temperature Behaviour of the Transverse Ising Chain . . . .

2.6 Experimental Studies of the Transverse Ising Chain . . . . .. ..

Appendix 2.A . L. L e

2.A.1 Jordan-Wigner Fermions . . ... ... ... .. .....
2.A.2 To Diagonalise a General Hamiltonian Quadratic in

Fermions . . . . . .. ... ... . ... ...

2.A.3 Calculation of Correlation Functions . . . . ... ... ..

3 Transverse Ising System in Higher Dimensions (Pure Systems)
3.1 Mapping to the Effective Classical Hamiltonian: Suzuki-Trotter
Formalism . . .. ... ... ... ... ... . ...,
3.2 The Quantum Monte CarloMethod . . . . . ... ... .. ....
3.2.1 Infinite M Method . . . . . ... ... ... ........
3.3 Discretised Path Integral Technique for a Transverse Ising System .
3.4 Infinite-RangeModels . . . . . .. ... ... ... ... .....

39
42

47
47
49
50

55

vii



viii

Contents

3.4.1 Husimi-Temperley-Curie-Weiss Model in a Transverse Field 56

3.4.2 Fully Connected p-Body Model in a Transverse Field . . . 60
3.5 Scaling Properties Close to the Critical Point . . . . . . . ... .. 63
3.6 Real-Space and Field-Theoretic Renormalisation Group . . . . . . 66
3.6.1 Real-Space Renormalisation Group . . . . . ... ... .. 66
3.6.2 Field-Theoretic Renormalisation Group . . . . . . ... .. 67
Appendix 3.A . ... 68
3.A.1 Effective Classical Hamiltonian of the Transverse Ising
Model . ... ... ... 68
3.A.2 Derivation of the Equivalent Quantum Hamiltonian of a
Classical Spin System . . . . . .. ... .. ... ..... 70
ANNNI Model in Transverse Field . . . . ... ... ......... 73
4.1 Introduction . . . .. .. . ... ... 73
42 Classical ANNNIModel . . . . ... ... .. ... ........ 74
4.3 ANNNI Chainin a Transverse Field . . . . . .. .. ... ... .. 75
4.3.1 Some Results in the Hamiltonian Limit: The
Peschel-Emery Line . . . . ... ... ... ........ 77
4.3.2 Interacting Fermion Picture . . . . . . ... ... ... .. 79
4.3.3 Real-Space Renormalisation Group Calculations . . . . . . 81
4.3.4 Field-Theoretic Renormalisation Group . . . . . . ... .. 83
4.3.5 Numerical Methods . . . . ... ... ... ... ..., 83
43.6 MonteCarloStudy . . . . . ... ... ... ... ..... 86
437 RecentWorks . . . ... ... ... ... ... 87
44 Large SAnalysis. . . . . ... ... e 89
4.5 Results in Higher Dimensions . . . . . . .. ... ... ...... 91
4.6 Nearest Neighbour Correlations in the Ground State . . . . . . . . 95
Appendix 4.A . ... 96
4.A.1 Hartree-Fock Method: Mathematical Details . . . . . . . . 96
4.A.2 Large S Analysis: Diagonalisation of the Hamiltonian in
Spin Wave Analysis . . . . ... ... ... ... ... 98
4.A.3 Perturbative Analysis . . . ... ... ... ... 99
Dilute and Random Transverse Ising Systems . . . . . ... ... .. 105
5.1 Introduction . . . .. ....... ... . ... ... 105
5.2 Dilute Ising System in a Transverse Field . . . . . . ... ... .. 105
5.2.1 Mapping to the Effective Classical Hamiltonian: Harris
Criterion . . . . . . . . . .. 107
5.2.2  Discontinuous Jump in I'.(p, T = 0) at the Percolation
Threshold . . . ... ... ... ... ........... 108
5.2.3 Real-Space Renormalisation Group Studies and Scaling . . 109
5.3 Critical Behaviour of Random Transverse Field Ising Models . . . 114
5.3.1 Analytical Results in One Dimension . . . . ... ... .. 114
5.3.2 Mappingto Free Fermions. . . . . ... ... ... .... 117

5.3.3 Numerical Results in Two and Higher Dimensions . . . . . 119



Contents

6  Transverse Ising Spin Glass and Random Field Systems . . . . . . . 123
6.1 Classical Ising Spin Glasses: A Summary . . . . . . ... ... .. 123
6.2 Quantum SpinGlasses . . . . . . . .. ... 125

6.2.1 Experimental Realisations of Quantum Spin Glasses . . . . 127
6.3 Sherrington-Kirkpatrick (SK) Model in a Transverse Field . . . . . 127
6.3.1 PhaseDiagram . . . . . ... ... ... .......... 128
6.3.2 Susceptibility and Energy Gap Distribution . . . . . . . . . 136
6.3.3 SK Model with Antiferromagnetic Bias . . . . . . ... .. 140
6.4 Edwards-Anderson Model in a Transverse Field . . . .. ... .. 142
6.4.1 Quantum Monte CarloResults . . . .. ... ... .... 143
6.5 A General Discussion on Transverse Ising Spin Glasses . . . . . . 148
6.5.1 The Possibility of Replica Symmetric Ground States in
Quantum Glasses . . . . . ... .. .. .. ........ 149
6.6 Ising Spin Glass with p-Spin Interactions in a Transverse Field . . 152
6.6.1 p-Body Spin Glass with Ferromagnetic Bias . . . . . . . . 155
6.7 RandomPFields . . . . . . ... ... ... ... ... . ... ... 161
6.7.1 Classical Random Field Ising Models . . . . . .. ... .. 161
6.7.2 Random Field Transverse Ising Models (RFTIM) . . . . . 162
6.7.3 Concluding Remarks on the Random Field Transverse
IsingModel . .. ... ... ... ... ..., 167
6.8 Mattis Model in a Transverse Field . . . . ... ... ....... 167
Appendix 6.A . ... L L e 169
6.A.1 The Vector Spin GlassModel . . . . .. ... ... .... 169
6.A.2 The Effective Classical Hamiltonian of a Transverse Ising
SpinGlass . . . . ... ... 170
6.A.3 Effective Single-Site Hamiltonian for Long-Range
Interacting RFTIM . . . . . ... ... ... ... ..... 171
6.A.4 Mapping of Random Ising Antiferromagnet in Uniform
Longitudinal and Transverse Fields to RFTIM . . . . . . . 173
6.A.5 Derivation of Free Energy for the SK Model with
Antiferromagnetic Bias in a Transverse Field . . . . . . . . 175

7  Dynamics of Quantum Ising Systems . . . . . ... ... .. ..... 179

7.1 Tunnelling Dynamics for Hamiltonians Without Explicit Time
Dependence . . ... .. ... ... ... .. 179
7.1.1 Dynamics in Ising Systems: Random Phase Approximation 179
7.1.2  Dynamics in Dilute Ising Spin Systems . . . . . . ... .. 180
7.1.3 Dynamics in Quantum Ising Glasses . . . ... ... ... 182

7.2 Non-equilibrium Dynamics in Presence of Time-Dependent Fields 185
7.2.1 Time-Dependent Bogoliubov-de Gennes Formalism . . . . 185
7.2.2 Quantum Quenches . . .. ... ... ... ........ 189
7.2.3 Oscillating Fields: Quantum Hysteresis . . . . . . ... .. 203

7.2.4 Response due to a Pulsed Transverse Field in Absence of
aLongitudinal Field . . . . ... ... ... ........ 213



Contents

Appendix 7T.A . . L 215
7.A.1 Mean Field Equation of Motion . . . . . .. ... ..... 215
7.A.2 Landau-Zener Problem and Parabolic Cylinder Functions . 217
7.A.3 Microscopic Equation of Motion for Oscillatory

Transverse Field . . . . ... .. ... .. ... ...... 220
Quantum Annealing . . . . . ... ... ... ... ... ... 225
8.1 Introduction . . . . ... ... ... .. 225
8.2 Combinatorial Optimisation Problems . . . . ... ... ... .. 227
8.3 Optimisation by a Quantum Adiabatic Evolution . . . . . ... .. 229
83.1 Non-crossingRule . . . ... ... .. ....... . ... 229
8.3.2 Quantum Adiabatic Theorem . ... ... ......... 232
8.4 Implementation of Quantum Annealing . . . . ... ... ..... 237
8.4.1 Numerical Experiments . . . . ... ... ......... 237
8.4.2 Experiments . . . ... ... ... L. 242
8.5 Size Scalingof Energy Gaps . . . . . . . ... ... ... ..... 243
85.1 SimpleCase . . ... .. ... ... ... ... 243
8.5.2 Annealing over an Infinite Randomness Fixed Point . . . . 244
8.5.3 Annealing over a First Order Quantum Phase Transition . . 246
8.5.4 Anderson Localisation . . . . . ... ... ......... 253
8.6 ScalingofErrors . . . . ... ... L oL 255
8.7 Convergence Theorems . . . . ... ... ............. 258
8.7.1 Sufficient Condition of the Schedule . . .. ... .. ... 258

8.7.2 Convergence Condition of Quantum Annealing with
Quantum Monte Carlo Dynamics . . . . . ... ... ... 262
88 Conclusion . . . . ... ... 270
Appendix 8.A . . .. 272
8.A.1 Hopf’sTheorem . . ... ... ... .. .......... 272
8.A.2 Perron-Frobenius Theorem . ... ... ... ....... 276
8.A.3 Theory of the Markov Chain . . . ... ... ....... 277
Applications . . . . . . ... 291
9.1 Hopfield Model in a Transverse Field . . . . . ... ... ... .. 291
9.1.1 Statics and Phase Diagrams . . . . . .. ... ... .... 292
9.1.2 Pattern-Recalling Processes . . . . . .. ... ... .... 294
9.2 Statistical Mechanics of Information . . . ... ... ... .. .. 302
9.2.1 Bayesian Statistics and Information Processing . . . . . . . 305
9.2.2 The Priors and Corresponding Spin Systems . . . . . . . . 309
9.2.3 Quantum Versionof Models . . . . . ... ......... 311
9.2.4 Analysis of the Infinite Range Model . . . . . .. ... .. 312
9.2.5 Mean Field Algorithms . . . . . .. ... ... ...... 334

9.2.6 Quantum Monte Carlo Method for Information Processing . 340
Appendix 9.A  Derivation of Saddle Point Equations for the Quantum
Hopfield Model . . .. ... ... ... ... .. ... ..... 348
9.A.1 Replica Symmetric and Static Approximation . . . ... . 352
9.A.2 Zero Temperature Limit . . . . . . ... ... ... .... 354



Contents xi

10 Related Models . . . . . . .. ... ... ... 355
10.1 XY Modelina Transverse Field . . . . ... ... ......... 355
10.1.1 Mean Field Theory and BCS Equations . . . . . . ... .. 355

10.1.2 Exact Solution of Transverse XY Chain. . . . . . ... .. 357

10.1.3 Transverse XY Chain and Harper Model . . . . . . .. .. 363

10.1.4 Infinite Range XY Spin Glass in a Transverse Field . . . . 364

10.2 Kitaev Model . . ... ... .. .. ... ... ... 367
10.2.1 Fermion Representation and Diagonalisation . . . . . . . . 367

10.2.2 Correlation Functions . . . . ... ... ... ....... 373

10.2.3 Slow Quench Dynamics . . . . .. ... ... ....... 373

11 Brief Summary and Outlook . . . ... ... ... ........ .. 377
References . . . . . . . ... . .. 381



Chapter 1
Introduction

1.1 The Transverse Ising Models

The study of the transverse Ising Hamiltonian dates back to the early 1960s.
de Gennes [98], in 1963, studied this system to theoretically model the order-
disorder transition in some double-well ferroelectric systems [40], such as potas-
sium dihydrogen phosphate (KDP or KH,POy) crystals. The mean field phase dia-
gram [48, 379] and the study of susceptibilities (correlations) gave good qualitative
agreement with the experimental results for such simple hydrogen-bonded ferro-
electric samples. Katsura [216] had already studied this model as a special case
of the anisotropic Heisenberg Hamiltonian in a magnetic field and calculated the
exact free energy and the dispersion relation obeyed by the elementary excitations
for the one-dimensional transverse Ising system. Later, this was re-derived [312]
using Jordan-Wigner transformation of spins to fermions and extended for the esti-
mation of correlations. It was also studied on a chain and on a Bethe lattice [142]
and its transverse susceptibility was perturbatively calculated, by employing high-
temperature and low-temperature series expansions. In fact, the one-dimensional
transverse Ising Hamiltonian appeared as a limit in the partition function of the two-
dimensional classical Ising model on a square lattice [231, 349]. It was soon estab-
lished that the transverse Ising system is the simplest one to exhibit zero-temperature
quantum phase transition (driven by quantum fluctuations arising due to the trans-
verse field or the tunnelling term) [339] and the zero-temperature quantum phase
transition in dimension d belongs to the same ‘“universality” class as that of the
(d 4+ 1)-dimensional classical Ising model [126, 173, 385-387, 438]. In fact, the
pseudo-spin mapping of the BCS Hamiltonian of superconductivity also reduces
it (in the low-lying excited-state space) to an XY model in a transverse field, and
in its mean field treatment it becomes exactly like that of a transverse Ising sys-
tem and gives the BCS gap equation [16]. Lately, various transverse Ising systems
have been studied intensively in the context of investigations on quantum glasses
(using Ising spin glass in a transverse field) [14, 62, 321, 427, 428], on the nature
of the quantum-fluctuation-driven ground states of antiferromagnetic or other reg-
ularly frustrated systems (using an axial next-nearest-neighbour Ising model in a

S. Suzuki et al., Quantum Ising Phases and Transitions in Transverse Ising Models, 1
Lecture Notes in Physics 862, DOI 10.1007/978-3-642-33039-1_1,
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transverse field) [9, 24, 67, 102, 115, 291, 336, 361, 412], on quantum dynamics
following a quantum quench (with discontinuous or slow change of a transverse
field) [28, 56, 118, 334, 335, 365, 445] and quantum hysteresis (using the Ising
model in periodically varying or pulsed transverse fields) [3, 4, 22, 38, 92]. In ad-
dition, random Ising models representing combinatorial optimisation problems and
information processing in a transverse field [130, 192, 211, 298] have joined in
the subject of active study, following an increasing interest in computation and in-
formation processing using quantum mechanics. These studies on the static and
dynamic properties of the random (and frustrated) transverse Ising models have re-
cently inspired intensive research on the nature of the various fluctuation-induced
(and stabilised) “solid”, “liquid” or “glassy” phases in quantum many-body sys-
tems. Such studies, and the progress already made with established results, imply
again that the Ising model (with disorder, etc.) in a transverse field might be the
simplest nontrivial quantum many-body system (compared to the Heisenberg sys-
tem, etc.), having many intriguing and rich properties. In fact, the transverse Ising
system shows the simplest nontrivial zero-temperature quantum transition, driven
by the tunable (often directly in experiments) tunnelling or transverse field. The
other zero-temperature quantum transitions such as the Anderson metal-insulator
transition [244], the Bose glass [146], and other [82] transitions (mostly driven by
disorder) have, so far, been handicapped by various subtle difficulties (such as the
lack of identifiable suitable order parameter in the Anderson transition, etc.).

1.2 A Simple Version of the Model and Mean Field Phase
Diagram

As mentioned earlier, de Gennes [98] introduced this model to investigate theoret-
ically the ordered configuration of protons and elementary excitations above this
ordered configuration, in the ferroelectric phase of KDP. Since each proton of the
hydrogen bond of KDP can occupy one of the two minima of the double-well cre-
ated by oxygen atoms [40], one can associate a double-well potential with each
proton site. In the pseudo spin picture, one can ascribe a pseudo-spin S; = 1/2 with
the i-th proton, such that S7 = 1/2 corresponds to one of the well states at the site i

and S7 = —1/2 corresponds to the other. In this pseudo-spin representation, the
Hamiltonian of the proton system can be written as
H=—-T) S = JSis; (1.2.1)
i (i)

where S are the Pauli spin operators, J;; is the electrostatic dipolar interaction
between the (neighbouring) protons, and I” is the tunnelling integral, which deter-
mines the rate of tunnelling of protons from one potential minima to the other [40]
(87 acting on the state S; = 1/2(—1/2) changes it to the state S7 = —1/2(1/2)).
The sum Z<i i (- -) should be taken for all the nearest neighbouring pairs (7, j). In
this pseudo-spin picture, one can explain the phenomenon of ferroelectricity in the
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following way. In absence of any dipolar interaction between protons, the ground
state of the protonic system is the symmetric combination of the states correspond-
ing to the minima of a double well (in the pseudo-spin language the net magneti-
sation in the z direction vanishes; (S?) = 0). Due to the presence of dipole-dipole
interaction (J;;) because of the asymmetry of the proton position, the ground state
will no longer be symmetric (resulting in the ferroelectric order represented by the
nonzero value of (5%)). Consequently, there will be a competition between the or-
dering term (J;;) and delocalising or tunnelling term (I7), arising due to the fact
that the barrier separating the double-well is finite in width and height. The ordering
term (J;;) therefore helps the stabilisation of order (nonzero (S%)) by localising the
proton in one side of the double well, and the disordering tunnelling term (/") com-
petes with it and tries to delocalise the protons from any specific well. Thus, even at
zero temperature, a (quantum) order-disorder transition occurs when the tunnelling
term, which can be tuned by deuteration (replacing the proton mass of hydrogen
by that of deuterium) or by increasing the pressure on the sample (i.e., increasing
double-well overlap integral, etc.), is changed.

The ground state of the Hamiltonian (1.2.1) is obtained by using a semi-classical
approximation, where one puts S7 = Scos6 and S = §sin6, so that the energy per
site from the above Hamiltonian (1.2.1) is given by

E =—SI"sinf — S2J(0)cos>0 (1.2.2)

where J(0) =) j Jij. With the magnitude S = 1/2 here (for the two-spin state of
the double well), the energy is minimised for the condition

sin@ =1"/J(0) (1.2.3)

which suggests that if I" < J(0), the ground state is partially polarised (both (S%)
and (S*) are nonzero and (S%)/S =1 and (S*) = 0 for I" = 0), whereas for
I' > J(0), the ground state is polarised in the x direction ((§*)/S = 1; (S%) =0).
Hence, as I" increases from 0 to J(0), the system undergoes a transition from a
ferroelectric phase (with order parameter (S*) # 0) to a para-electric phase (with
(8§%) = 0). Henceforth we use Siz = =41 instead of Siz = =£1/2 for convenience.

In general, the finite-temperature behaviour of the above pseudo-spin model of
ferroelectricity is obtained by using the mean field theory [48, 379]. Using this ap-
proximation, one can reduce the many-body Hamiltonian (1.2.1) to a collection of
effective (single) spins with Hamiltonian

H=-Yh;-S (1.2.4)

where h; is the effective molecular field (Fig. 1.1) at the site i, which is a vector in
the pseudo-spin space given by h; = I't + }_ ; Ji; (S;)%, and S = $%% + S*%. Here,
X and Z denote respectively unit vectors in the pseudo-spin space along x and z
directions.

For the non-random case (when J;;s are not site or configuration dependent), the
mean field equation for the spontaneous magnetisation can be readily written as

h
(S)=tanh(BIhl) s Il = V2 + (J0)(s2))%, (12.5)
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Fig. 1.1 The effective
molecular field &; at the site i h;

>

Fig. 1.2 Temperature
dependence of (S;) and (Sy)
in the molecular field
approximation

which gives for the components along the z and x directions as

J(0)(S* r
(Sﬂ:tanh(ﬂ|h|)<%>, (S"):tanh(mm)m (1.2.6)

where 8 = (1/kpT) denotes the inverse temperature and J(0) = ) F Jij. From the
self-consistent solution of the above equations, one can get the mean field phase dia-
gram (Fig. 1.2). At T = 0, one gets ferroelectric order (i.e., (S*) # 0) for J(0) > I,
while it disappears ({S*) = 0) for I" > J(0). The transition point is given by

tanh(B.1") = 1"/J(0). (1.2.7)

Also, as (tanh B|h|)/|h| is a constant (= 1/J(0)) for (§%) #£ 0, (S*) = constant for
T < T, and (S*) = I'/ T for higher temperatures (see Fig. 1.2).

In fact, one can also study the elementary excitations of the system, considered as
spin waves, using Heisenberg equation of motion obtained from Hamiltonian (1.2.1)
(forh=1)

§; =28 =4rY) J;SiS; —4r>s;. (1.2.8)
i

Using now Fourier transformation (J(q) = )_ j Jij e!4R;) and the random phase ap-
proximation (S S; = S;‘(Sj) + Sj(Slf‘), with (S§¢) = 0 in the para-phase) [48, 379]
one gets

wg =4I (I' = J(q)(S")) (12.9)

for the elementary excitations. The largest wavelength mode (¢ = 0) softens
(wo = 0) at the same phase boundary (given by (1.2.7)).
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1.3 Properties of Ising Models in a Transverse Field:
A Summary

Extensive studies have been made in the last six decades or so, to investigate the
thermodynamic properties of classical many-body systems with cooperative inter-
actions. Many novel properties of the various thermodynamic phases of such sys-
tems with competing and randomly frustrated interactions (as for example in the
spin glass) have been studied and established in the last three decades or so. The
most extensively studied model system has been the Ising system. In all such sys-
tems, the thermodynamic order (coming from the cooperative interactions), which
may either be in space (as in ferromagnetic systems) or in time (as in spin glasses),
are essentially destroyed by the increasing thermal fluctuation and various kinds of
phase transition occur.

Quantum fluctuations (observable at very low temperatures and in high frequency
measurements) differ in nature from the thermal fluctuations. However, both can
drive the order-disorder phase transitions. In fact, often there is a one-to-one map-
ping of the zero temperature quantum phase transition (in d dimension) to the ther-
mally driven phase transition in the equivalent classical ((d + z)-dimensional; where
z is the dynamical exponent [82]) systems (see Sect. 3.1). There has been intense
interest in studying the quantum effects on the nature of the ordered phases and the
transition between them, in such cooperative systems. Here, in such quantum mod-
els, the statics and the dynamics get mixed up, and, due to the linear scaling of en-
ergy with the length, the dynamic exponent z is always unity (for pure system). This
is responsible for the equivalence of d-dimensional quantum to (d + 1)-dimensional
(pure) classical system [385-387]. It turns out that most often the simplest and the
most appropriate model (for comparison with established classical model results) to
study quantum effects on cooperative systems (phase transitions) is the Ising model
in a transverse field. Here, unlike in other quantum models (e.g., the Heisenberg
model, etc.), the cooperative interactions are confined to one spin component only,
and this cooperative system is placed in a non-commuting external field, which can
be tuned to increase or decrease the tunnelling between the various eigenstates of
the (one component) cooperative Hamiltonian. As mentioned earlier, the one dimen-
sional transverse Ising system comes as a limit in the effective transfer matrix of the
(classical) isotropic Ising model on square lattice. However, the major interest in
the transverse Ising model is independent of this mapping. It comes from the fact
that there are many experimental systems where the tunnelling between the coop-
eratively interacting localised (double-well) states can be accurately expressed by
such transverse Ising Hamiltonian. The order-disorder ferroelectrics, discussed ear-
lier (in Sect. 1.1), are such systems [40, 98]. The quantum glass properties of various
proton and other glassy systems [8, 14, 89, 96, 317, 321, 427, 428] have been es-
tablished to be accurately modelled by Ising spin glass system in a transverse field.
In fact the discovery of mixed ferromagnetic and antiferromagnetic LiHo, Y|_,F4
systems [14, 321, 427, 428], which can be accurately modelled by the short range
interacting transverse Ising spin glass, has led to a recent major upsurge in the in-
terest in quantum glasses and other quantum phases in transverse Ising models in
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general. Very recently, a precise coincidence between the theory and the experiment
has been observed in one dimensional Ising ferromagnet CoNb,Og [81]. A compre-
hensive (but not exhaustive) list of systems, represented by transverse Ising models,
are given in Table 1.1 (this table has been partially compiled following Stinchcombe
[379]).

In fact, due to the tunability of quantum fluctuations through the transverse field
or the tunnelling term, the nature of various quantum phases in many-body systems
with random, competing and frustrated interactions, are being intensively studied in
the transverse Ising models with appropriate kind of (cooperative) interactions. Be-
cause of the extensive studies, the nature of the quantum phases and transitions are
getting better understood and established for the quantum Ising or transverse Ising
models, rather than in other simple quantum cooperative models (like the Heisen-
berg model).

As mentioned before, apart from the appearance of a limiting transverse Ising
chain Hamiltonian in the effective partition function for the (classical) isotropic
Ising model (without any external field) on a square lattice [231, 349], the Ising
model in the presence of a transverse field can generally describe accurately the
(KDP-type) order-disorder ferroelectrics [40, 98]. Here, each lattice site has a (de-
generate) double-well potential (for the protons in the KDP) in which the ionic
localisation in any well on any site (represented by two Ising states at that site),
gives rise to dipole-dipole (cooperative) interaction. The barrier height and width
being finite, tunnelling can occur from one well to another (tunnelling from one
Ising state to another, represented by the action of transverse field) at zero (or very
low) temperature. As shown in Sect. 1.2, the mean field approximations can eas-
ily give an elegant and qualitative picture of the phase transition behaviour of such
models. These mean field studies for the pure transverse Ising model have already
been discussed earlier in this chapter.

A pure transverse Ising chain Hamiltonian can be exactly diagonalised (e.g.,
the spin Hamiltonian can be reduced to noninteracting fermion Hamiltonian, us-
ing Jordan-Wigner transformation) [216, 312]. One can thus find the nature of the
ground state and the excited states and can also formulate the finite temperature
thermodynamics. Because of the possibility of comparing with exact results, vari-
ous approximate real space renormalisation etc. techniques have been developed and
tested for such Hamiltonian [314]. Similarly, with exact numerical diagonalisation
of finite-size system Hamiltonian, and using finite-size scaling techniques, accu-
rate studies of the quantum phase transition (at zero temperature; with the change of
transverse field) have been made [166, 167]. Remarkably, a theory on the pure trans-
verse Ising chain has been verified by a neutron scattering experiment of CoNb,Og
[81]. These are discussed in Chap. 2.

In the next chapter (Chap. 3), we describe mapping of transverse Ising Hamil-
tonian (pure d-dimensional) to an effective (d + 1)-dimensional classical Hamil-
tonian, using the Suzuki-Trotter formalism [385-387]. This mapping of the finite
temperature partition function of the quantum Hamiltonian (of the transverse Ising
system) to the Suzuki-Trotter classical Hamiltonian (at nonzero temperature) helps
utilisation of very powerful techniques, like the Monte Carlo methods, to extract
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Table 1.1 Systems related to Ising models in a transverse field
Category Some specific Notes on applicability of ~ References
examples (a) TIM (b) MFA
Order disorder 1 [80, 202, 213]
ferroelectrics
(a) With 2 [98, 230]
tunnelling KH,PO, 3,4 [212, 340]
KD;,POy4 3,4 6 [53, 340, 371]
KH)AsOy4
RbH,AsO4
RbD,AsO4 4
NH4H;AsO4
LiH3(SeO3)ip 3,4,7 [340]
LiD3(SeO3)iz 3,4,7 [340]
(b) Without TGS 5 6 [431]
tunnelling Rochelle Salt
NaNO3 5,8 [431]
NaNO, 5 6 [429, 430]
NH4Cl1 5 [199]
KNbO3
Simple Dy(C2H5S04)39H,0 9 11,12 [83, 424]
ferromagnets FeCl,2H,0 and 9 11 [294]
with uniaxial related compounds
symmetry CoCl, 9 13 383]
EuS 10 14 [284]
Cu(NHy4),Brs2H,0 10 14 [420]
CoNb,0¢ 23 [81]
Rare earth Rare earth-group V 15 14 [88, 402, 419]
compounds with elements with NaCl
single crystal-field structure
ground state Rare earth-group VI
anion compounds with
NaCl structure
Simple Jahn-Teller DyVO4 16 17 [84, 85, 154]
systems TbVO, 16 18 [128]
18 [123, 127, 168]
TmVOy [86, 257]

TmAsOy4
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Table 1.1 (continued)

Category Some specific Notes on applicability of References
examples () TIM (b) MFA
Other systems CeEthylSOq4 19 20 [124, 148, 378]

with ‘pseudo-

spin’-phonon

interaction

Mixed hydrogen Rbj_,(NHy),H,POy4 21 [316]
bonded

ferroelectrics
(proton glasses)

Dipolar magnet LiHo, Y _xF4 22 [14, 321, 427, 428]

TIM: Transverse Ising Models; MFA: Mean Field Approximation

1. Evidence for order-disorder character from greater entropy difference between ferroelectric
and paraelectric phases and small Curie constant than in displacive ferroelectrics, such as double
oxides with perovskite structure [41, 42]

2. Proton-lattice coupling, which gives rise to the spontaneous polarisation, is neglected in
transverse Ising model. Kobayashi [230] has extended the model to include the phonons

3. Importance in tunnelling is indicated by decrease of 7 on application of pressure, due to
increased tunnelling through lower and narrower barrier [53, 371]

4. Isotope effects in 7¢ indicates importance of tunnelling (which decreases on deuteration),
though isotope effect due in part to change in exchange interaction J [40]

5. Ising model without tunnelling seems to apply: limiting case of tunnelling model

6. Use of molecular field theory as leading approximation supported by largely dipolar character
of exchange

7. High T indicates large J, implying tunnelling effects less important than in other hydrogen-
bonded ferroelectrics

8. Not ferroelectric: NO3' carries no dipole moment

9. Very strong uniaxial anisotropy

10. Weak anisotropy

11. One dimensional magnetic character (weak interaction between chains): small number of
nearest neighbours

12. Interaction predominantly dipolar

13. Two-dimensional magnetic character (small antiferromagnetic coupling between planes):
small coordination number z

14. Nearest neighbour coupling with §y ~ 10: molecular field theory reasonable leading ap-
proximation

15. Spin-1/2 transverse field applies well if first excited state is also a singlet

16. Transverse field small

17. Predominance in optical phonon exchange as source of coupling suggests molecular field
theory only a crude approximation for DyVOy4

18. Use of molecular field theory supported by moderately strong strain coupling in TbVOy4,
and by shape of specific heat curve in TmVOg4

19. Weak coupling to phonons and consequent weak exchange

20. Molecular field theory can account for shape of Schottky anomaly [148]

21. Possibility of tunnelling of the protons between the two potential minima in each hydrogen
bond. Infinite range interaction justifiable in view of the dipolar nature of the interbond forces

22. Short range interactions

23. Very strong uniaxial anisotropy and one dimensional magnetic character. Weak effective
longitudinal field induced by inter-chain couplings is present
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information about various phases in the system and about the transitions between
them. However, these numerical techniques require tricky extrapolation schemes
[290, 421] or cluster updating schemes [222, 292, 391], which have been well devel-
oped for the pure transverse Ising system. These have been discussed in this chapter,
where we also discuss the effective field theoretic formulation and renormalisation
group results.

The nature of quantum-fluctuation-driven phases in many-body systems (with
regular frustration, either due to the lattice structure, or due to the nature of inter-
actions) like in the Heisenberg antiferromagnet, etc., have been studied for a long
time [20, 255, 256, 263]. In this context, there have been some studies on the effect
of the tunnelling term (the transverse field) on various modulated (commensurate
and incommensurate) phases of the Axial Next Nearest Neighbour Ising (ANNNI)-
like models. Various appropriate analytical (e.g., exact solution along the special
Peschel-Emery line [311], interacting fermions in one dimension [359-362], per-
turbative analysis [67], renormalisation group analysis [9, 115], large spin analysis
[171, 355, 356] etc.) and numerical (e.g., exact diagonalisation for finite sizes [359—
362], quantum Monte Carlo [18], density matrix renormalisation group [31, 32],
entanglement scaling of matrix product states [291] etc.) techniques have been em-
ployed to study the nature of the (quantum) fluctuation-stabilised phases in such
(regularly frustrated) systems. These results (for the phase diagram etc.) are dis-
cussed in Chap. 4.

There has also been considerable effort to study the phases and the transitions in
various randomly disordered transverse Ising models, like the dilute transverse Ising
models [37, 169, 189, 380, 382], random exchange and transverse field Ising models
[138, 139, 439] and etc. Here the phase diagram contains an interesting discontinuity
at the percolation threshold for the dilute Ising models [37, 170, 381, 382]. The
intriguing and prominent manifestation [138-141, 188, 235, 236, 315, 415, 439] of
the Griffiths phase in such randomly disordered (quantum) transverse Ising chain
(without frustration) have been discussed here in Chap. 5.

As mentioned before, there has been a spectacular upsurge in the interest in the
zero-temperature quantum glass phase (and in their transition behaviour) of the Ising
spin glasses in transverse field. These studies help us to see the effect of tunnelling
between the (classically degenerate) localised spin glass states. The recent discovery
[14, 321, 427, 428] of the compound material LiHo, Y;_,F4, with the magnetic
Holmium ion concentration x, represented by the transverse Ising spin glass, has
led to a renewed interest. Here, the strong spin-orbit coupling between the spins
and the host crystal restricts the (“Ising”) spins to be either parallel or antiparallel
to a specific crystalline axis. An applied field, transverse to the preferred axis, flips
these “Ising” spins. This, together with the randomness in the interaction, makes it
a unique transverse Ising spin glass system.

The transverse Ising spin glass model was first introduced in 1981 [62], when
the (unfrustrated) Mattis model of random magnets was studied in the presence of a
transverse field. Here, the disorder could be transformed away (even in the presence
of the tunnelling term) and the (mapped) phases and transition remain exactly iden-
tical to that of a pure transverse Ising system. For the Edwards-Anderson model in
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a transverse field (considered again in [62]), the effective Suzuki-Trotter Hamilto-
nian has the original disordered interaction in d-dimensions, whereas the interaction
becomes ferromagnetic in the additional Trotter dimension. It seems that this cor-
relation in disorder in the Trotter (time) dimension gives the dynamic exponent (z)
value different from unity (unlike pure transverse Ising system, where energy al-
ways scales linearly with the length). The effective correspondence therefore shifts
to the (d + z)-dimensional classical spin glass (for a d-dimensional transverse Ising
spin glass) with z = 2, presumably, at the upper critical dimension d,, = 8 ([325];
see also [163, 332]), where the quantum glass transition becomes mean-field-like.
In fact, the mean field Sherrington-Kirkpatrick model (with infinite range interac-
tion), put in a transverse field, has also been studied for the determination of its
phase diagram [195, 417, 418, 433] and to study the question of replica symme-
try restoration (due to the quantum tunnelling in the zero-temperature transition)
[159, 323, 325, 401]. It appears that for the zero-temperature transition (driven by
the transverse field), the replica symmetry breaking is absent due to quantum tun-
nelling (see e.g., [159, 323, 325, 401]). For finite range interaction numerical studies
in d =2 and 3 [163, 332], together with finite size scaling, gives estimates of var-
ious exponents (including the dynamical exponents). It also appears that, unlike in
the classical case where the linear susceptibility gives a cusp and the nonlinear sus-
ceptibility diverges (for the systems above the lower critical dimension 2 « 3), the
linear susceptibility is found to diverge at the critical tunnelling field for d = 2 but
not for d =3 [195, 417, 418, 433]. The p-spin interacting Ising glass models in a
transverse field with the p — oo limit [61, 158] has been known as an exactly solv-
able model. It has been shown that the spin glass phase where the replica symmetry
breaks exists at low temperatures and low transverse fields [158]. The “valleyed”
structure in the free energy landscape of the random (longitudinal) field Ising sys-
tem has been studied extensively [33]. We have also discussed studies of the effect
of quantum fluctuations, induced by the transverse field, on the transition behaviour
of random (longitudinal) field Ising system. These have been discussed extensively
in this chapter (Chap. 6).

The dynamics of transverse Ising models, in particular when the Hamiltonian (the
transverse field) has explicit time dependence, poses very interesting questions. In
particular, the questions of quantum relaxation after a sudden quench of a transverse
field [28, 334, 335, 365], non-adiabatic time evolution involved by a slow quench
of a transverse field across a quantum critical point [118, 318, 445], and hysteresis
when the transverse field varies periodically with time (due to, for example, the
pressure modulation in KDP-type systems) [3, 4, 22, 38, 92] have been received
a growing amount of interests in the last decade. Studies of such time-dependent
systems have been developed mainly in a transverse Ising chain and by solving the
time-dependent Schrodinger equations analytically and numerically. These studies
are discussed in Chap. 7.

One of the most challenging problems with respect to transverse Ising models
might be the dynamics of transverse Ising spin glasses in the presence of a time de-
pendent transverse field. Regarding this subject, the study of quantum annealing has
been remarkably developed in the last decade. Like simulated annealing for combi-
natorial optimisation problems, quantum annealing aims to minimise an energy cost
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function given by a randomly disordered Ising model representing an optimisation
problem by lowering the quantum fluctuation [130, 211]. The random Ising model
here shares several properties with Ising spin glasses [275]. Hence an understanding
of the performance of quantum annealing is very closely related to an understanding
of the dynamics of transverse Ising spin glasses. The essence of quantum annealing
is an adiabatic time evolution from a trivial ground state of an initial Hamiltonian
to the ground state of the random Ising model. The adiabatic time evolution entirely
depends on the energy gap which separates the ground state and the excited states. If
the energy gap vanishes, then the adiabaticity breaks down and consequently quan-
tum annealing fails. Usually, the energy gap closes at the quantum critical point in
the thermodynamic limit. Hence the size scaling of the energy gap at the quantum
critical point determines the complexity of the problem with quantum annealing.
From this point of view, a lot of efforts have been made to reveal the size scaling of
the energy gap, in particular, in systems with an infinite randomness critical point
[141] and with a first order quantum phase transition [204, 205, 441]. The scaling of
an energy gap has been also analysed using the concept of the Anderson localisation
[10]. Apart from the size scaling, the scaling of excitation density with respect to
runtime gives another estimation on the adiabaticity. This has been studied using the
random transverse Ising chain and shown that errors of quantum annealing decays
faster than simulated annealing [58, 119, 389]. In addition to these studies on the
performance of quantum annealing, the sufficient condition on the time dependence
of the Hamiltonian to assure the success of quantum annealing has been studied
and several theorems have been obtained [280, 281]. A comprehensive review on
quantum annealing including these studies is given in Chap. 8.

In Chap. 9, we review several applications of the transverse Ising model to var-
ious research fields such as neural networks or Bayesian information processing
[273, 297]. We extend the Hopfield model in a transverse field [250, 251, 253, 298]
and consider both static [298] and dynamical properties [192]. We also investi-
gate the quantum effects in image restoration [190, 397] and error-correcting codes
[191].

There have also been considerable studies in related models like the XY model
in the transverse field. In particular, using pseudo-spin formalism, the BCS Hamil-
tonian in the low-lying paired state could be written as a XY model in a transverse
field, and its mean field theory gives the BCS gap equation [16]. The (pure) model
is also diagonalisable in one dimension [322, 385-387]. A recent mapping of the
Harper chain to such transverse XY model [344—346] has indicated the possibility of
comparing the metal-insulator transition in such quasiperiodically disordered chains
to the correlations in the transverse XY chain. These are discussed in Chap. 10. We
have also discussed in this chapter, the studies on the XY spin glass models in trans-
verse field [51]. Recently, the Kitaev model joined in the family of the models which
can be mapped to free fermion models by the Jordan-Wigner transformation [229].
Brief discussions on this model including slow quench dynamics across a quantum
critical line [174, 366] have been made in Chap. 10.



Chapter 2
Transverse Ising Chain (Pure System)

2.1 Symmetries and the Critical Point

2.1.1 Duality Symmetry of the Transverse Ising Model

Following the duality of the two dimensional Ising model on square lattice [237],
one can show [231] the self-duality, and thereby make exact estimate of the critical
tunnelling (transverse) field of the one-dimensional spin-1/2 transverse Ising model.
Before considering the exact solution of the one dimensional quantum mechanical
Hamiltonian, we shall study the duality symmetry hidden in the model, and identify
the critical value of the transverse field, for which there exists a second order zero-
temperature phase transition from a ferromagnetic phase to a paramagnetic phase.
Let us first consider the quantum Hamiltonian of the transverse Ising chain

H==) IS +ISiS7 ]==D [ +hsisi] @2.1.1)
i i
where S%s are the usual the Pauli spin matrices, A = J/I", and the Hamiltonian

is scaled with the transverse field (I" = 1). The spin operators satisfy the usual
commutation relations given by (with A =1)

[s¢.87]=2ibijeapy ST . By =x.y.2. (2.1.2)

It may be noted that the Pauli operators commute on different sites and satisfy the
anti-commutation relation

(52,51, = s¢sf + sPse =o, 2.1.3)
and
(se)’ =1 2.1.4)

on the same site.
To investigate the duality symmetry involved in the model we associate a dual
lattice with our original spatial lattice (chain) such that sites in the original chain
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are associated with the bonds of the dual chain and vice versa. The operators on the
dual lattice are defined as

ti =578, and (2.1.5a)
s (2.1.5b)
k<j

The non-local mapping (2.1.5a), (2.1.5b) represents the “duality” transformation. As
mentioned earlier, the new operators are defined on links of the original chain which
has one-to-one correspondence with the sites of the “dual” lattice. From (2.1.5a),
(2.1.5b) we can easily see that senses whether spins on the original lattice are aligned
or not; whereas flips all the spins left to the site i. One can now easily check that the
operators 7;*’s satisfy the same set of commutation relation as the operator i.e., they
commute on different sites and anti-commute on the same site

[ 7] =0fori#j and [z, 7], =0. (2.1.6)

One can thus readily rewrite the original transverse Ising Hamiltonian in terms of
the dual operators 7

H=— Z[Tizfz'z+l + Xtix]

i
:X[—Zr;‘ -7 errfﬂ} @2.1.7)
i i
which immediately suggests the (duality) scaling property of the Hamiltonian:

H(S; D) =rH(t; 7% ). (2.1.8)

Since both § and t operators satisfy the same algebra, the above symmetry
implies, for the equivalent classical two dimensional Ising model (where I" cor-
responds to inverse temperature), one-to-one correspondence of the high and low
temperature phases. Here for the quantum model, it implies that each eigenvalue E
of H satisfies the relation,

EQ) =AE(1/%). (2.1.9)

Equation (2.1.9) has important significance from the point of quantum phase transi-
tion in the model. For the quantum phase transition, at the critical point the mass gap
(the gap between the ground state and the first excited state of the quantum Hamilto-
nian) vanishes and the correlation length £(1) (which is the inverse of the mass gap
A(L)) diverges. For the present model, if the mass gap vanishes for some nonzero
value of then (2.1.9) suggests that it will also have to vanish at. If one assumes that
is unique, the self-duality of the model implies that

re=1, or I=1J (2.1.10)
and, as we will show in the next subsection,

EQ)~ A" =211 -7 (2.1.11)
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The self-duality of the model thus yields the exact critical value if we assume that
the critical value is unique (valid for simple Ising model, but is not true in general).

2.1.2 Perturbative Approach

In this section we shall try to estimate the mass gap associated with the above
quantum Hamiltonian (1.2.1) for the transverse Ising chain, using a perturbative
approach. We first rewrite the transverse Ising Hamiltonian in the following form

H=Hy+V=>) [1-S]-%)_ Sis,,. (2.1.12)
i i
with
HOZZ[l—Sf] (2.1.13a)
i
V==Y "5S. (2.1.13b)
i

and write a perturbation series in powers of for any eigenvalue of the total Hamilto-
nian:

EQN=EQ +2ED 4+ Q)?E® +.... (2.1.14)

The Hamiltonian Hy represents a one dimensional chain of non-interacting spins
in a magnetic field, and one can now trivially show that the lowest eigenvalue E( of
Hy is zero:

Hol0) = E10) = 0. (2.1.15)

The corresponding bare vacuum |0) is given by

N
0) =[]+ (2.1.16)
i=1

where |+); is the eigenstate of the operator S; with eigenvalue = +1. Similarly,
one can easily see that the first excited state of the Hamiltonian Hy consists of
just one flipped spin |0) at the site i. But it is clearly seen that this state is N-
fold degenerate, since the flipped spin can occur on any site of the one-dimensional
lattice. Keeping in mind the translational invariance of the model (any eigenstate
has to have a definite momentum) we can choose an appropriate linear combination
for the first excited state of the Hamiltonian Hy given by

1) =N1/22Sf|0), (2.1.17)

the corresponding eigenvalue equation can be written as

Holl) = E”V|1) =2|1). (2.1.18)
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Hence considering the unperturbed Hamiltonian (A = 0), we get the mass gap (at
the zeroth order) of the system, given by

2o=E" —EQ =2. (2.1.19)

We shall now incorporate the effect of V in a perturbative manner. To do this
we must recall that the operator acts as a spin-flip operator on state |0) or for that
matter, |1). We can thus immediately get for the first order corrections

EM = 0vio)y =0, (2.1.20a)
EMN = vy =-2. (2.1.20b)
Putting (2.1.20a), (2.1.20b) in the (2.1.14) we get

AR =E((0) — By = (E” +2EW) — (EL +2ES")
=2(1 —2), (2.1.21)

up to first order in A.

Equation (2.1.21) suggests that as A increases from zero, the mass gap decreases
and vanishes at the critical value A., which is found to be unity here from the first
order perturbation theory. Near the critical point, however, all higher order con-
tributions to the mass gap are expected to become relevant. But Kogut [231], us-
ing Raleigh-Schrodinger perturbation theory, estimated the higher order corrections
in A to the mass gap A(X) and found that all the higher order contributions vanish
identically in (1 4+ 1)-dimension. Note that “41” in the dimension comes from the
imaginary-time Trotter direction. We shall discuss in the next chapter the equiva-
lence between a d-dimensional transverse Ising model and a (d + 1)-dimensional
Ising model. In dimensions higher than d = 1, of course, all the beneficial properties
of the perturbation scheme are lost, the perturbation series does not truncate in the
first order.

We have just seen that the mass gap of the elementary excitations vanishes as A
approaches 1 from below. Although this perturbative estimate is valid for A < 1, one
can always extend it for A > 1 using the duality symmetry of the Hamiltonian. As
the mass gap also satisfies the duality condition (cf. (2.1.9))

AR =340, (2.1.22)
we can write the general form for mass gap as
AQ) =2|1 =2l (2.1.23)

This suggests that the gap vanishes both from below and above the critical point
A =Ac = 1. This also gives the estimate of correlation length §(1) ~ |2 — A7V ~
A~L(X) where v represents correlation length exponent. From (2.1.23) we get

EQ) =1/2)]1 =X, (2.1.24)

giving v = 1 for the transverse Ising chain.
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We now conclude this section with the note that the hidden duality symmetry
makes our task simpler in the case of the spin-1/2 transverse Ising system in 1 4 1-
dimension. Employing duality and perturbation technique we can extract a number
of information about the associated quantum phase transition. Unfortunately, this
symmetry does not hold for higher dimensional models.

2.2 Eigenvalue Spectrum: Fermionic Representation

The above spin-1/2 transverse Ising chain Hamiltonian can be exactly diagonalised,
and the entire eigenvalue spectrum and eigenfunctions can be obtained by em-
ploying Jordan-Wigner transformation of the spin operators to spinless fermions
[245, 312] (see also [216]).

For this, we consider again the Hamiltonian (2.1.1). Using a canonical transfor-
mation

$¥— 87, ST s,

we rewrite the Hamiltonian (2.1.1) as
H=-=3"S'—1> SISy, 2.2.1)
i i

We can now express the Hamiltonian H in terms of the raising and lowering opera-
tors S;r and S, at every site, where

SH=1/)[8; +iS]]
ST =1/2)[S —iS]]

which satisfy a mixed set of commutation relations, i.e., commute on different sites
and satisfy the fermionic anti-commutation relations on the same site:

[S7.87]1=0, [S.87]=0; i#j
and
[S;7S;r]+:1
(57571, =[57. 571, =0,

The last condition implies that if an arbitrary state | F') is not annihilated by , then it
is annihilated by (Sl.+ )2 (a spin can be flipped only once):

SHsHP)=0 (57 =0

The above equation implies that, although the operator S;r creates a bosonic exci-
tation at the site i, it is impossible to have two such excitations at the same site.
This is the hard-sphere condition, and the raising and lowering operators should
appropriately be treated as hard-core bosons.
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The standard procedure to treat one dimensional hard-core bosons is to transform
the spin operators into fermions by using the Jordan-Wigner transformation

i—1
ci=S7, c=][]explinSTS7]S; (=2,....N) (2.2.22)
j=1
i—1
=5, cjzsf]_[exp[—insjsjf] (i=2,...,N). (2.2.2b)
j=1

One can easily check that (see Sect. 2.A.1) the operators ¢; and cj are fermionic
operators satisfying

[ci, c;]Jr =3 [ci, cil+ =0. (2.2.3)

Unlike the spin operators, the fermion operators anti-commute even at different sites
and this is due to the presence of the non-local factor

i—1
Ki=exp|im ) SFS7| (i=2,....N), (2.2.4)
j=1

which is called the disorder or “soliton” term which provides an extra minus sign to
convert a commutator to an anti-commutator at different sites. This term is a unitary
operator which rotates (up to a phase factor) the spin configuration of all sites left
to the i-th site by an angle w about the z-axis. This term is called the disorder term
since it cannot have a nonzero expectation value in a state having a long-range order.
On the other hand, it may have a nonzero expectation value in a state having no long-
range order. We can therefore transform the spin system into a system of spinless
fermions with chemical potential zero, defined on a one dimensional lattice.

To write the Hamiltonian (2.2.1), in terms of Jordan-Wigner fermions, we need
to worry about the boundary condition. If the spin chain has a periodic boundary
condition, i.e.,

St =Syi1r a=x,y.2 (2.2.5)

then we can recast the transverse Ising Hamiltonian in the following form (see
Sect. 2.A.1)

H=N-2Yclei =% [cf —ci][c],) +cin]. (2.2.6)
i i

where we have neglected the correction term [(CI + cl)(cj;, —cny){exp(in L) + 1}],
where L = ZlN: 1 cjci, arising from the periodic boundary condition of spins for
large systems. One must note here that although the number of fermions ), c[T ci is
not a constant of motion, its parity is conserved and hence exp(iwr L) is a constant
of motion having the value 41 or —1. Hence, the fermion problem must have an
anti-periodic boundary condition if there is an even number of fermions and peri-
odic boundary condition if there is an odd number of fermions. The correction term
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can be neglected for a thermodynamically large system in which case we call it the
“c-cyclic” problem (the original problem being the “a-cyclic” one). The above trans-
formed Hamiltonian is already quadratic in the fermion operators and it is obviously
diagonalisable. To do so, let us consider fermions in momentum space

N
cg=(1/N)""*Y cjexpligR)) (2.2.7a)
j=1

N
cf =(1/N)'2Y " clexp(—igR;) (2.2.7b)
j=1

where the complete set of wavevector is ¢ =2mm/N,
m=—(N-1)/2,...,—1/2,1/2,..., (N —1)/2 (for N even)
m=N/2,...,0,...,N/2 (for N odd)

and the final form of the transverse Ising chain Hamiltonian becomes

H=N — 22(1+Acosq)c C‘i_)‘z ’qc'c T, —lce ). (228)

To diagonalise the Hamiltonian, we employ the Bogoliubov transformation in
which new fermion creation operators n; are formed as a linear combination of c;
and ¢, in order to remove terms in Hamiltonian which do not conserve the particle
number.

For this, it is convenient to sum over modes with ¢ > 0 and include the others by

simply writing them out. Then above Hamiltonian (2.2.8) becomes

H=-2) (1+xkcosq)(cheqg —cgc' ) +2ix Y sing(cjec’, —c_yey)
q>0 q>0

1 + A cos —iXsin c

— (. - Acosq sing q

=2 c_")< iksing —l—kcosq) (cT_q)’ 229)
where the constant N in (2.2.8) is cancelled by 2 ) 4>0 1. Note that the vacuum of

H is not the vacuum of the operator ¢, because of the presence of the off-diagonal

term (cq ¢t ¢ ¢—g4) in the Hamiltonian. We wish to write the Hamiltonian in the
form

H =" wgnng + const, (2.2.10)
q

so that the single particle excitations are identifiable above the vacuum state
(n410) = 0). This is achieved by making a canonical transformation from the op-

erators ¢y, c; to the operators 7, n; (Bogoliubov transformations)

. . T
Nq ug v Cq Uqgcq +ivgel,
n% = (ivq uq) + =\ ¥ (2.2.11)
—q q q C_q Ivgcq + Ugc_,
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where g > 0 everywhere. The functions u,, v, are determined by two criteria:

(1) These new set of operators 7, 77:;, are fermionic operators. (2) The Hamilto-
nian (2.2.9) is diagonalised when written in terms of these operators. The choice of
the transformation is made in the way such that u,, v, are real. The first criterion

[ng i), =840 [ngmgly =0=[nl,nl],,

leads to the relation
2 2 _
ug +v, = 1. (2.2.12)

Using now the inverse transformation of (2.2.11)

Cq u —iv Ng
(c,f >:<—i(f) y q)( + ), (2.2.13)
—q q q N—g

we can rewrite the Hamiltonian H in terms of the Bogoliubov fermions

H=Y"H,

q>0

j 1+ Acosg —iAsing
H. = _2(nt Ug tvq A S
4 (ng 1) <lvq Ug iAsing —1—Acosgq

x(”ﬂ _“’q> z" . (2.2.14)
—ivg ug J\n',

To recast the Hamiltonian in the diagonal form we demand that (u,, —iv,)” is an
eigenvector of the Hamiltonian matrix

1 + Acos —iAsin u u
( ik sin ! Ry I ><_-q )=—wq<_.q ) (2.2.15)
q Ccos g qu qu

This 2 x 2 eigenvalue problem is easily solved to yield

wy = (1+2%cosg +7°)'"?, (2.2.16)
and
ksing wg + 1+ Acosq
9= = o Y= =
\/qu(wq+1+kcosq) \/qu(a)q—i—l—i—kcosq)

u

. (22.17)

where we have chosen the sign of u, and v, such that u, > 0 for 0 < ¢ < 7. Having
obtained the eigenvalue w,, one can write the Hamiltonian in a diagonal form

H=2"w,(ning—n-gn'",) =2 wgning + Eo. (2.2.18)
q>0 q

The zero-point (ground-state) energy of the spinless fermion system is given by

Eg=-) o, (2.2.19)
q
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Fig. 2.1 Elementary T T T
excitation energy as a
function of ¢’/m for
different A [312]
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The Bogoliubov fermion operators are written as the linear combination of the
original Jordan-Wigner fermions

=

where for A # 1 the normal modes [245, 312] are given by

1/2

bq.j = <N> sin(gR;); ¢>0 (2.2.21a)
1/2

= <N> cos(gRj); ¢g=0 (2.2.21b)

Ygj = —w,  [(1+Xcosq)dg; + (hsing)p—g;]. (2.2.21¢)

ForA=1landm=—1/2 (ie., q = —m),
wg =0, ¢ =Ny, =+N"2 (2.2.22)

One can thus transform the spin Hamiltonian into a non-interacting set of fermions
obeying the dispersion relation given by (2.2.16).

The energy of the elementary excitations as a function of wave vector ¢’ =7 — ¢
for different values of A is shown in Fig. 2.1. There is an energy gap in the excitation
spectrum of the system which goes to zero at g’ =0 for A = A, = 1 as

AN =E| — Eg=2|1 — 4|, (2.2.23)

indicating the divergence of the correlation length and a quantum phase transition
at A = A, = 1 from an ordered state ({S*) = 1) to a disordered state ({S*) = 0). One
should mention at this point that the critical value of the transverse (tunnelling) field,
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obtained from the exact solution of the one-dimensional chain, is I, = J, whereas
the mean field theory employed by Brout et al. (see Sect. 1.2), overestimates for the
one-dimensional nearest neighbour chain and yields I, =2J.

At this point we remark on the simplification resulting from the consideration of
the “c-cyclic” problem rather than the “a-cyclic” problem. The Hamiltonian for the
“a-cyclic” problem is complicated by the presence of the term

[(c{ + cl)(c;, — cN)][exp(irrL) + 1].

As mentioned earlier, that although L is not a constant of motion, exp(iw L) is.
Now in the ground state of the “c-cyclic” problem, in all states with even number
of excitations, the number of fermions is odd (the ¢’s are assumed to be occupied
symmetrically around g = 0, except that ¢ = 7 but not ¢ = — is occupied). There-
fore, the additional term gives zero acting on such states and they remain eigenstates
of the “a-cyclic” problem. States with odd number of excitation, on the other hand,
have L even, giving an additional term in the Hamiltonian. This has the effect of
making changes of the order of 1/N in the ¢’s, ¢,’s etc., which one can ignore for
a thermodynamically large system. Strictly speaking the elementary excitations are
not independent in the “a-cyclic” problems [245].

One must note that the above method of diagonalising a spin Hamiltonian in
terms of free fermions is exact only in the case of pure transverse Ising chain in
absence of any longitudinal field. One cannot generalise it to higher dimensional
systems. For spin chains incorporating frustrations the resulting fermions are inter-
acting (see Chap. 4) and hence can not be diagonalised exactly. For random interac-
tion and transverse field Ising chain (see Chap. 5), one can map the problem to free
fermion problem but as both J;’s and I;’s are random one has to adopt numerical
diagonalisation technique.

2.2.1 The Ground State Energy, Correlations and Exponents

The ground state energy of the fermion system, given by the expression (2.2.19),
can be reduced to the elliptic integral of second kind

Ey 2 — <TL’ > 2 45
——=—{+ME{=,0); 6°=———. (2.2.24)
NJ =« 2 (14ir)?

The ground state energy decreases monotonically with the transverse field and is
non-analytic at the point A = 1 (see Fig. 2.2).

Defining the divergence of correlation length (£ ) = A‘l) in the neighbour-
hood of the critical point Ae=1as EQ) ~ (A —A)~Y, one can readily obtain from
(2.2.23) the value of exponent v = 1. If one defines the variation of the energy gap as
A(L) ~ (Ao —1)*, the same equation yields s = 1. To evaluate the other exponents of
the transition one has to calculate magnetisations and the different correlation func-
tions using “Wick’s Theorem” to evaluate the vacuum expectation value of many
fermion operators [312]. The longitudinal magnetisation (S*) (the order parameter



2.2 Eigenvalue Spectrum: Fermionic Representation 23
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in the present problem) cannot be evaluated directly because of the up-down sym-
metry of the Hamiltonian unless one applies a symmetry breaking longitudinal field.
The transverse magnetisation can be written as [312] (see Sect. 2.A.3)

m* = Go = (YolS; o)

1 [ 1 ("
—/ dqa)q_1+—/ dgw; ' cosq, (2.2.25)
0 7 Jo

T

which gives an elliptic integral of the first kind, and is non-analytic at A = A, = 1.
(Fig. 2.3).

The correlation functions given in Sect. 2.A.3 depend only on G,. As a function
of A, G, is non-analytic for A = 1 and so are the correlation functions. The criti-
cal case A = 1 can be studied more easily because of the simple form of G, (see
Sect. 2.A.3). We get the correlation functions given as [265, 312]
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CF = (ol S5, 1) = 5 ——
r 019 Dj4p 0_7.[24’,2_1
2\ H(r)*
Cx — SxSx — - 22r(r—1)
v = (YolS; iy, 1Y) (n) Hen
where H(r) = 1"712"=1...(r — 1). C} and C? behave in the analogous way and all

the correlations at A = 1 go to zero as r — oo.

The spin-spin correlation in the longitudinal direction C; vanishes for large r
(lim, , 5 C§ = 0) when X < 1, indicating the absence of any long-range correlation
in the disordered phase. For x> 1[265,312]

lim CF=(1-% )%, (2.2.26)

r—00

and hence the longitudinal magnetisation (as » — 00) can be written as

m* = (Yo|SF o) =0; A =<1, (2.2.27a)
=(1-2)" T>1 (2.2.27b)

Equation (2.2.27b) gives the value of the magnetisation exponent 8 = 1/8. All the
other exponents can be obtained in a similar fashion and it is readily observed that
the value of these exponents are identically same with the exponents associated
with the thermal phase transition in classical two-dimensional Ising model. One
should mention that these correlation functions can be derived alternatively using
“bosonisation” technique [367].

Following the development in the study of quantum computation and quantum
information, the quantum entanglement has drawn increasing attention [295]. In the
context of the statistical physics, the behaviour of the entanglement near a quan-
tum critical point has been often discussed. It has been known in general that the
entanglement increases when the system approaches the quantum phase transition.

The entanglement is basically measured by the entanglement entropy. To define
the entanglement entropy, one considers a partition of a system into subsystems A
and B. Let pg = Trp(p) be the density matrix of the subsystem A, which is given
by the trace of the density matrix of the whole system p with respect to the subsys-
tem B. The entanglement entropy between A and B is defined by the von Neumann
entropy of p4 as S(pa) = Tra(—palogpa). One can readily see that the entangle-
ment entropy vanishes if the subsystem A is decoupled from B such that p = p4pp
and the rank of py4 is 1, whereas it has the maximum when all the eigenvalues of
pA are equivalent. Let us now consider an infinite transverse Ising chain and focus
on a subsystem of size /. The entanglement entropy S; of this block is obtained by
considering the matrix [12, 410]

I T, S
I ny --- I,

A= , (2.2.28)

vy Hogr - I
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J/T

Fig. 2.4 Entanglement entropy Sj—oc versus J/I". Sj=oc has a singularity at I" = J, namely, at
A = 1. Note that Soo =log2 when I" = 0. This comes from doubly degenerated ground states of
the Ising chain. (After Calabrese and Cardy [54])

with

2 g4 ) —i¢p _ 3
Hn = 0 gn s gn :/ —¢€71n¢7e__ —_— .
—gn O 0 27 le i¢p _ Al
Letting A, s denote positive eigenvalues of the matrix (2.2.28) and defining h(x) =

—xlog(x) — (1 —x)log(l — x), S; is given by
1

14+ A,
S,:Zh( > ) (2.2.29)

n=1

The behaviour of (2.2.29) has been studied numerically [410] and analytically [54,
200, 310]. Figure 2.4 shows r dependence of Sj— [54]. As shown in this figure,
the entanglement entropy S/—~ diverges at the critical point A = 1. Focusing on
the critical point, §; scales as S; ~ %logl [410]. This logarithmic scaling of the
entanglement entropy is universal in one-dimensional quantum critical systems. It
has been known from the conformal field theory that, in general, the entanglement
entropy of a one-dimensional quantum critical system with the central charge ¢
behaves as S; ~ §logl [54, 176]. The prefactor é in S; of the transverse Ising chain
A =1 is consistent with ¢ = % of the same system.

Another measure of the entanglement is the concurrence [425]. We consider a
density matrix with respect to sites i and i 4+ r, p; » = Tr'(p), where Tr’ stands for
the partial trace with respect to the degree of freedom on sites except i and i 4 r.
We define the time-reversal of p; . as p;, = (Sinierr)pi’fr(Sinin), where p;jr is
the complex conjugate of p; . Let Ax (k =1,...,4) be the eigenvalues of p; 0 .
Note that A; is a non-negative number. We fix k such that A1 > --- > A4. Then
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Fig. 2.5 Nearest neighbour concurrence versus A = J/I". The main panel shows the first deriva-
tive dC(1)/dx for several sizes, while the inser shows C(1) of the infinite size system. The dip
of dC(1)/dx at the critical point » = 1 becomes deeper with increasing size. In the infinite size
system, dC(1)dx behaves as (8/3712) In|x — 1| 4 const and diverges at A = 1. (After Osterloh et
al. [303])

the concurrence is defined by C(r) = max{0, /A| — ~/A2 — ~/A3 — v/A4}. It has
been shown that this quantity gives the so-called entanglement of formation, which
is an elementary measure of the entanglement, and thus can be regarded itself as
an entanglement measure [425]. The concurrence in the transverse Ising chain has
been studied in Refs. [303, 392]. It has been shown that C(r) vanishes for r > 3
even at the critical point A = 1. Confining our attention to the concurrence between
the nearest neighbour C(1), it has a peak near the critical point and is a smooth
function of A. The singularity at the critical point is clearer in the first derivative
of C(1). Osterloh et al. [303] have shown that, as A approaches its critical point
e =1,dC(1)/dx behaves as dC(1)/dx = (8/37%)In|A — 1| + const in the infinite
size system. Figure 2.5 shows C(1) and dC(1)/d as functions of A [303].

2.3 Diagonalisation Techniques for Finite Transverse Ising
Chain

Although, as discussed in the previous section, the spin-1/2 transverse Ising chain
(and its classical analogue i.e., classical Ising system on a square lattice) is exactly
solvable, the subtlety for the condition of exact solubility is very unique. With slight-
est change in the conditions (like presence of next nearest neighbour interaction or
disorder, or in higher dimensions etc.), the above tricks fail and one requires accu-
rate approximate methods. One such method, which can be (and has been) utilised
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to extract accurate information in such cases (see Chaps. 4 and 6), is exact diago-
nalisation of finite-size quantum systems and employment of finite size scaling. In
order to test the accuracy of such methods, we can employ it here for a spin-1/2
transverse Ising chain (where we can compare with the exact results).

2.3.1 Finite-Size Scaling

The idea of finite-size scaling was introduced by Fisher and Barber [143] to explain
the effect of the thermodynamic singularities on finite size variations. Let v (1) be
some quantity which diverges in the thermodynamic limit at a critical value (A.)

YO ~ AlAI Y m:@—m, 23.1)

c
where the correlation length & ~ |AA| ™Y also diverges with the correlation length
exponent A. For a finite system of linear dimension L, the behaviour of ¥ (A, L) is
given by the finite size scaling ansatz

YO, L) =LY f(L/EW) (232)
where the scaling function f (x) is asymptotically defined with a power law: f(x) ~
x~¥/v as x — co. One thus recovers (2.3.1) from (2.3.2) when L — oco.

The above ansatz (2.3.2) is helpful in the following ways: (1) If the critical point
A is exactly known, then the finite size variation there is precisely given by

Y (e, L) =LV, (2.3.3)

Using thus the data of finite systems one can estimate the exponent relations for the
transition in infinite system. (2) If the critical point for the infinite system is not ex-
actly known, then v (A, L) is evaluated at the effective A.(L) (at which the effective
order parameter vanishes). This A.(L) approaches the true critical value as L — oo.
Since the effective A.(L) is the point where £(A.(L)) ~ L, one immediately gets

Ae(L) =Ac+AL™VY (2.3.4)

(where A is a constant) and can extract the value of v.

For a quantum phase transition, the inverse of the mass gap of the quantum
Hamiltonian gives the correlation length. At the transition point, the mass gap A(AL)
vanishes inversely as the correlation length and for finite sizes the mass gap variation
is given by

A, L)~ L™ g(ArLYH),
where g(x) ~ x" as x — 0. Hence at the critical point
LA, L) =(L+1)A(A:, L+ 1). (2.3.5)

Using the above relation one can estimate the critical point for an infinite system
from the mass gap obtained from the diagonalisation of finite systems. It has been
analytically established by Hamer and Barber [167] that finite size scaling is exact
for the mass gap of the transverse Ising chain in the limit L — oo and A — 1 with
(1 — X)L of the order of unity.
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2.3.2 The Diagonalisation Techniques

One considers here a system of finite size N and diagonalises 2N x 2N dimensional
Hamiltonian matrix. Here, the observation of the symmetries of Hy can help in
reducing the size of the matrix. Also the interest in some very specific states (like the
ground state and the low lying excited states) may not need the search in the entire
Hilbert space and one can restrict to very specific subspace. Let us now consider
here a spin-1/2 transverse Ising system on an open chain of N spins

N-1 N
Hy=—Y SiS&, —xr) S} (2.3.6)
i=1 i=1
The above Hamiltonian has discrete spin-flip symmetry. We choose a set of basis
vectors in which is diagonal. We can write the 2V basis vectors, spanning the Hilbert
space associated with the Hamiltonian, in the form |ey, ..., €p, ..., €y) Where €, is
given by

S;|el,...,ep,...,eN) =€pler, ..., €p, ..., €N). 2.3.7)

Clearly, €, can take two values +1 and —1. We can now easily check that the Hamil-
tonian Hy acting on a basis vector does not change the parity of total number of (+)
and (—) spins. Hence, we can divide the entire 2V -dimensional Hilbert space into
two 2V ~1_dimensional subspaces: one having basis vectors with even number of up
spins and the other with basis vectors with odd number of up spins. At this point
one can separately diagonalise the Hamiltonian in two subspaces and reduce a 2V -
dimensional problem into two 2 ~! problems. In the present case, the ground state
of the Hamiltonian in the first subspace gives the ground state in the entire space
whereas the ground state in the second subspace gives the first excited state; the
difference of the two gives us the required mass gap of the quantum Hamiltonian.

2.3.2.1 Strong Coupling Eigenstate Method

The idea of strong coupling eigenstate method was introduced by Hamer and Bar-
ber [167] to estimate approximately (in a very small subspace) the mass gap of a
quantum Hamiltonian, for a finite size N. We rewrite the quantum Hamiltonian in
the form

Hy=Hy+V (2.3.8)

N—1
V=- Z 8PSt

i=1

N
Hy=-1) SI.
i=1
The essential idea is to generate a set of (strong coupling) eigenstate of Hy by the
successive application of the operator V to an unperturbed eigenstate of Hy. The
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advantage of using this scheme is that the number of strongly coupled eigenstates is
much smaller than the total number of basis vectors, and hence the effective Hamil-
tonian matrix is of much reduced dimension.

Let us consider, for example, a lattice of 5 spins with periodic boundary condi-
tion. The ground state of the Hamiltonian H is

S¥10)=1]0), i=1,2,....5.

Using the notation introduced in the previous section we can write the ground state
in the form

0) = |+ ++++).

Applying the operator V on the ground state we get a state

)=/ (——+++H++——+H +++——H +[+++—-)
=+ ++-). (2.3.9)

Considering the translational invariance of the model we simply write the state |1) =
|——). Applying V on this state |1) gives

VI—=)=2(—-+—++) + |- ———+) +5/0)).

We call these states |— + — + +) =|2) and |— — — — +) = |3). Application of V
on this states does not generate any new state. We have thus effectively generated
a complete set of strongly coupled eigenstates of the operator Hy. In the present
case the series terminates because the unperturbed Hamiltonian has a finite number
of states, whereas in the case of Hamiltonians with continuous symmetry the series
does not terminate but converges very rapidly. Using the above four basis vectors
we can write the Hamiltonian in the truncated 4-dimensional Hilbert space and now
diagonalisation is much easier. To evaluate the first excited one has to repeat the
same procedure starting from the state with a single spin flipped. This method gives
the exact value of the mass gap for transverse Ising system and is also effective for
estimating the phase diagram of other quantum Hamiltonians.

We now give some typical numerical results. The variation of the mass gap
A(A, L) with A of the transverse Ising chain (of size 3 < L < 50) is shown be-
low (Fig. 2.6). As the size of the system increases, the curve approaches the exact
variation of mass gap with A for an infinite chain (A(A) ~ |1 — A]), but for a finite
chain the mass gap vanishes only in the limit of asymptotic value of A, indicating
the absence of phase transition in a finite size system. To estimate numerically the
critical coupling of an infinite system, using finite size results, one has to consider
the “scaled mass gap ratio” Ry given by

B LA, L)
T (L-DAGR,L—-1)
and calculate the effective critical coupling A.(L) from the equation Ry (A;) = 1.

For example, in the case of transverse Ising system, one gets, with L =9, the value
of effective critical coupling A.(L = 9) = 0.9985 [143, 167] which converges to the

R (2.3.10)
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Fig. 2.6 The mass gap A(A)
plotted against A for various
chain size L. The full curve
denotes the exact result [167]
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critical value (A, = 1) for an infinite system, as L increases. One can thus extrapo-
late finite size results to make a very good approximate (exact, for a transverse Ising
chain) estimation for the infinite system results.

Using the extrapolated value of critical coupling for an infinite system, as ob-
tained above, we can estimate the value of the correlation length exponent v using
the scaling relation (2.3.4). For a transverse Ising system, using L = 9, one gets
v = 0.995, which again extrapolates to the exact value (v = 1) in the infinite chain
limit. To calculate the susceptibility exponent y one applies a magnetic field / in the
longitudinal direction and the zero field susceptibility x = —(82EO / 9h2),—o shows
a peak for a finite system at the point A.(L). This peak becomes sharper in the limit
of large L (Fig. 2.7), and from the slope of the logarithmic plot of the above curve
one can estimate the value of y for a finite system: for transverse Ising chain of
size L =9, y = 1.758. One can also use (2.3.3), with the extrapolated approximate
value of the coupling constant to estimate the value of y for an infinite system.
The approximate value of y, thus obtained, is 1.75 £ 0.005, compared to the ex-
act value 1.75. These demonstrate the strength of diagonalisation technique, when
implemented along with finite size scaling. This diagonalisation technique has also
been applied to other quantum systems with appreciable amount of success [143].

2.4 Real-Space Renormalisation

Real-space renormalisation group (RSRG) techniques have been frequently used
to study the phase transition in classical systems. These techniques have also been
extended to study quantum systems at 7 = 0 [113, 208] (see also Ref. [209]), where
one develops various schemes for generating (rescaling) the ground state and the
low-lying excited states of the quantum Hamiltonians at various levels of scaling.
In this section, we shall discuss block renormalisation group method, introduced by
Drell et al. [113] and extended by Jullien et al. [208], to the problem of the spin-1/2
transverse Ising chain.
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2.4.1 Block Renormalisation Group Method

We shall illustrate the essential idea of the block RSRG method by applying the
above to the spin-1/2 transverse Ising Hamiltonian (2.1.1) on an open chain. The
idea is to generate an iterative procedure which yields for the Hamiltonian (2.1.1) in
the nth iteration

H® — _ Z(J(n)SiZ(ﬂ)SiZinl) + I-v(n)Sl{C(n)) + ™ Z Ii(n) 2.4.1)
1 1
where Ii(n) is the 2 x 2 identity matrix.

To generate an iterative scheme as shown in (2.4.1), the starting point is to divide
the entire one dimensional chain of N sites into N /b blocks each having b spins (i.e.,
changing the length scale of the problem by a factor b) and rewrite the Hamiltonian
(2.1.1) as H = Hp + Hjp where Hp is the intra-block part and Hjp is the inter-block
part of the Hamiltonian

N/b N/b—1
Hp = Z H,, Hpp = Z Hp pi1 (2.4.2)
p=1 p=1

with
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b—1 b

Hy=—= JSi St ,+TY S, (2.4.32)
i=1 i=1

Hypp1=—JS 87 1. (2.4.3b)

where indices i, p refers to the ith spin in the pth block.

The next task is to diagonalise the Block Hamiltonian H, using the same tricks
as discussed in Sect. 2.3.2. Using the same notations we can write the eigenvectors
corresponding to the ground state energy Eq and first excited state energy E| as

.....

+
0)=>Y "2t e e ... &) (2.4.4a)

=) A qlet ... e) (2.4.4b)

.....

where "1 (3°7) is summation restricted to the Hilbert space consisting of the basis
vectors with even (odd) number of down spins.

To perform the renormalisation procedure we just retain the ground state and the
first excited state of the block Hamiltonian and introduce a new set of spin operator
Sg(l) associated with each block p, such that the eigenstates of Sf,(l) are precisely
the states |0) and |1). Thus, we can rewrite the block Hamiltonian in a renormalised
form (in the first iteration) in terms of the new block spins,

 _— (1) ¢x(1) My M)
Hy)' =—-rsi + 010, (2.4.5)
where
r'=/2(E; - Ey,  V=(1/2)(E|+ Eo). (2.4.6)

To rewrite the renormalised form of the total Hamiltonian, we include the interblock
part of the Hamiltonian in a perturbative way. To the zeroth order HV = H 1(,1). To
the first order in perturbation, obtained by taking the matrix element of old spin
operators Si » between the new block states |0) and |1), H) ;41 takes the form

il =1V D553
p
where
+ 2
J(l):<z)‘€+1 ..... €pseees eb)‘;l ..... €paeens eb> JE(”%O))Z‘I- (2.4.7)

Equations (2.4.6) and (2.4.7) constitute the recursion relation of J and I" in the first
iteration. Thus one obtains for (n + 1)th iteration

1
Fn+1)= E(EY’) —E") (2.4.82)
T+ 1= (") gm (2.4.8b)

1
c(n+1) =be™ + 5 (E"TD 4 B, (2.4.8¢)
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The above recursion relations along with the initial conditions
J(0)=J, roy=r and c(0)=0,

define a renormalisation group transformation, which can be readily exploited to
estimate the critical point and exponents for the Hamiltonian (2.1.1).

We now apply the scheme to the transverse Ising chain, using block size
b =2 [183, 184, 208]. Let us start from the canonically transformed Hamiltonian
(2.2.1)

H=-IY"S—J> SISy, (2.4.9)
i i
and write in the form of (2.4.2) with N sites of the chain divided into N /2 blocks
(b=2),and
Hy=-I(S5,+5,)=JS,%,
and

_ X X
Hp pr1==JS ;87 ,11-

The block Hamiltonian H), can be diagonalised exactly, with the eigenstates given
by

0) (I++) +al——))

T (1+a)

1) = —= (1) + |—+)
V2

1
2= (=) = 1=+)

13) (al++) — 1—-))

1
C (1+ad)'2
where a = (1/J)[(4I"? 4+ J*)!/2 — 21"}, and the respective eigenenergies given by
Eo, E1, —E{ and —E(, where

Eo=—V4r2+J? and E;=-J. (2.4.10)

Retaining now the two lowest energy states |0) and |1) and treating them as
the renormalised block spin state S?1, the inter-block interaction can be written
as

_ () ¢x(1) ¢x(1)
J Sp Sp+1
where

(1+4a)?

JO =y =
2(1 +a?)

(2.4.11a)
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This is because, (0|S*|1) = (1 +a)/[2(1 + a*)]'/2. Since 2"V equals the energy
difference of states |0) and |1), we get

ro_ Et—Eo _VAri+Ji-J

(2.4.11b)
2 2
E\+E NAr2+Jjz4+J
o _ 1*2‘ 0 _ J; t7 2.4.11¢)

with the last term as the additive constant appearing due to renormalisation (see
(2.4.1)).
One can now write the recursion relation for the variable A =y /J as

A _ VA2 + 1111 +d?)
- (1+a)?
where a = /412 + 1 — 2. Solving numerically (2.4.12) for the fixed point A*, one

gets (apart from the trivial fixed points at A* =0 or co) A* = 1.277, and linearising
the recursion relation (2.4.12) in the neighbourhood of the fixed point, one gets

V—r=02(r—21%), (24.13)

(2.4.12)

which gives the correlation length exponent A = In§2/In2 >~ 1.47 (with b =2
here), compared to the exact value A* = A, = 1 and v = 1. Also, writing J/J =
I'(1)/I" ~ b™% near the fixed point, one gets z = 0.55, compared to the exact value
z = 1. It may be noted here if the mass gap A(L) ~ |A — A.|®, then s = vz. The
results improve considerably with larger block size [183, 184, 208].

The schematic flow diagram of transverse Ising chain, as obtained from the above
block real-space renormalisation group technique, is as shown in Fig. 2.8. The in-
formation we derive is the following:

(1) There exists an unstable (critical) fixed point in the one parameter space y/J =
A at a point A.. If one starts from a point A > A, the system is iterated towards
the trivial fixed point at A = oo (the disordered phase), whereas if started from a
point A < (y/J). the system is iterated towards the point A = 0 (classical Ising
phase).

(2) The value of A, approaches the exact value (A, = 1) as one considers larger and
larger block size.

(3) Ground state energy per site is given by

(Eo/N)N—oo = lim (c™/b™). (2.4.14)
n—>oo
The second derivative of Eg with respect to I, —BZ(EO /N)/ 9I'%, shows a non-

analytic behaviour at the point A, (Fig. 2.9). This singular behaviour approaches the
exact behaviour as larger block size is considered.
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As mentioned before, the values of these exponents, thus obtained, can be made
more accurate by using larger block [208]. Hirsch and Mazenko [175], obtained
better results for the mass gap and the critical exponents considering the next order
in perturbation. Better results can also be derived by increasing the number of energy
states of the block Hamiltonian, retained in each iteration [207].

We shall conclude this section with the note that, although we have restricted our
discussion to the transverse Ising chain, this model has also been applied to interact-
ing fermions, spin-1/2 XY and Heisenberg Chain, XY chain in 2 and 3 dimension
[208] etc. One should note that the block renormalisation group technique has been
extended to study quantum spin systems at finite temperature [377]. Recently trans-
verse Ising system has also been studied using density matrix renormalisation group
techniques [114].

2.5 Finite Temperature Behaviour of the Transverse Ising Chain

In this section, we shall discuss the finite temperature behaviour of the spin-1/2
transverse Ising chain. Using the dispersion relation of the elementary excitations
(2.2.16), one can readily write out the free energy of the system

T 1 1
F=—NkpT 1n2+/ dglncosh| =Bw, | |; B=-—%, 2.5.1)
0 2 kgT

from which all the thermodynamic quantities can be obtained. The free energy
does not show any singularity at any finite temperature. Since the model is one-
dimensional, even when the transverse field is absent, the long range order and the
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correlations of the system are destroyed with the introduction of infinitesimal ther-
mal fluctuations (7, = 0). Hence, there is no finite temperature transition for the
one-dimensional model.

In spite of the absence of the long range order, the finite temperature phase di-
agram is divided into three phases by crossover lines 7 ~ A(X) = 2|1 — A|. For
T < A(L) with A < 1 and with 2 > 1 one has the classical disordered phase and
the quantum disordered phase respectively. There exists a quantum critical phase
between these phases where T > A(X). This picture is corroborated by analysis of
finite temperature correlation functions [338, 339] (see Sect. 2.A.3). We show the
schematic phase diagram in Fig. 2.10. In the classical disordered phase, the thermal
fluctuation destroys the long-range order as the classical Ising chain at finite temper-
ature is. On the other hand, the quantum fluctuation is responsible for the quantum
disordered state. In the quantum critical region, the system is governed by the quan-
tum criticality. It is remarkable that a nature of quantum criticality may be observed
even at finite temperatures in the quantum critical region.

2.6 Experimental Studies of the Transverse Ising Chain

In realisation of a transverse Ising chain, we are restricted by dimensionality and the
Ising anisotropy. CoNb;Og has been perhaps the best candidate so far that provides
us with a quasi-one-dimensional spin system with strong Ising anisotropy. Coldea et
al. [81] performed neutron scattering experiments for this material in the presence of
a transverse field and obtained distinct excitation spectra. Due to an interchain cou-
pling, each Ising-spin chain in this material undergoes a ferromagnetic transition
with a critical temperature 7 = 2.95 K. At sufficiently low fields and low tempera-
ture (i.e., A > 1 and T < A(L)), the elementary excitations from the ordered ground
state is a kink and anti-kink. They form a continuum in the excitation spectrum. On
the other hand, when the transverse field is sufficiently high (A < 1 and T <« A(})),
the excitation consists of a flip of a single spin from the ground state polarised along
the transverse axis. This excitation is signified by a single branch in the excitation
spectrum. The results of experiment [81] clearly show the change of excitation spec-
trum between two regimes (Fig. 2.11). In addition to this observation, Coldea et al.
detected a nature of quantum criticality, which is described as follows, in this ma-
terial. The present system is represented effectively by an Ising chain with a weak
longitudinal mean field induced by interchain couplings. This model in the presence
of the transverse field cannot be mapped to a free fermion model (see Sect. 2.2).
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Fig. 2.11 (upper panels) Excitation spectra of a quasi-one-dimensional transverse Ising chain
observed in CoNb,Og by neutron scattering. The left two panels B and C show spectra in the low
field regime, where one finds a continuum formed by scattering states of kink-antikink pair. In the
rightmost panel E, the spectrum consists of a single branch which is attributed to the excitation
by a single-spin flip from the polarised ground state along the transverse axis. The panel D is the
result near the quantum critical point. (lower panels) A and B show spectral intensities below and
near the critical field respectively. m| and m> denotes the lowest and the second lowest excitation
energies. D is a plot of the ratio m | /m> as a function of the transverse field. One finds that the ratio
approaches the golden ratio with increasing the field toward to the critical value. (After Coldea et
al. [81])
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However, at the critical transverse field, the system is described by an integrable
field theory [289]. Zamolodchikov [442] showed that the system possesses the Eg
symmetry of the exceptional Lie group and eight elementary excitations with dif-
ferent masses should exist. Coldea et al. [81] confirmed that the ratio of the low-
est two excitation energies approaches the golden ratio (1 + +/5)/2 as one shifts
the transverse field to the critical point (Fig. 2.11). The golden ratio is nothing but
what Zamolodchikov predicted. This experimental result reveals that the transverse
Ising chain is not only a mathematical model but a realisable system which contains
essences of quantum critical phenomena.

Appendix 2.A

2.A.1 Jordan-Wigner Fermions

To check that the operators ¢; and c} satisfy fermionic anti-commutation relations

[eic]], =8, lerady =0 and [c].c[], =0,  (@AD)

one uses the simple relations obeyed by Pauli spin operators
STSF=L1—s) StST=(1459): o) st 2.A2
ii_E(_i)’ ii_§(+i)’ CXP\ 570 ) =19 (2.A2)

So that, the Jordan-Wigner transformation (2.2.2a), (2.2.2b) can be rewritten as

i—1

i = H[—Sj]Si_ (2.A.3a)
j=1
i—1
ol =stT][-531- (2.A.3b)
j=1

Using (2.A.3a) and (2.A.3b), one can immediately check that
cicl +clei =878+ 58S =1, 2.A4)
To prove [c;, c,i]Jr =0, for k # i, without loss of generality we assume k < i. Now

i—1 i—1
cre] +cfa =S¢ [[[=83]8F + 8 [ [[-5318k - 2.A.5)
j=k j=k

If one now uses the fact
S, Sk =—858,

the right hand side of (2.A.5) vanishes identically. Similarly, one can derive the other
anti-commutation relations.



Appendix 2.A 39

To express the spin Hamiltonian in terms of the fermion operators, we use the
relation, which can be checked using (2.A.3a) and (2.A.3b). Now from (2.A.2), we
get

ST=28FST —1=2cl¢; — 1, (2.A.6)
which can be easily derived using (2.A.3a), (2.A.3b). The coupling term
SESt =18+ 871085 +50] 2.A7)

is now to be rewritten in terms of fermions. Consider the product

¢fciv1 =57 [=Sf]s;,

o, (from (2.A32), 2.A3b)). (2.A.8)

+ ¢z _ +
But §;"S; = —S§;", so we get

e =878, (2.A.92)
Similarly one can derive the following relations
cicl, =—S7St . (2.A.9b)
clel =578, (2.A.9¢)
CiCit1 = _Si_Si_-i-l‘ (2.A.94d)

The coupling term can be written in terms of fermion operators which are also
only coupled to nearest neighbours. This result is a consequence of the Ising char-
acter Sl.2 = +1 of the original degrees of freedom. Collecting all the terms in
(2.A.5) and (2.A.9a), (2.A.9b), (2.A.9¢), (2.A.9d), one can arrive at the Hamilto-
nian (2.2.6). One should note here that if the original spin Hamiltonian incorporates
next-nearest neighbour interaction, the resulting fermion Hamiltonian includes four-
fermion term.

2.A.2 To Diagonalise a General Hamiltonian Quadratic
in Fermions

We wish to diagonalise a general quadratic Hamiltonian of the form

H:ZcZAijCj +%Zc;rBijc;+h.c. (2.A.10)
ij ij
where ¢; and cj are fermion annihilation and creation operators respectively. For
system size N, A and B are both N x N matrices. Hermiticity of H demands A to
be a Hermitian matrix and anti-commutation of fermion operators demands B to be
antisymmetric. Both can be chosen to be real.
Equation (2.A.10) is most effectively diagonalised by Bogoliubov transformation
employed for fermion operators by Lieb et al. [245]. In particular, the technique is
directly applicable for quite general nearest neighbour interactions, including for
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example quasiperiodic and random ones [77]. One wants to rewrite the Hamiltonian
in a diagonal form using variables 1, and n; as

H =" wgn)ng + const, (2.A.11)
q
wy are one fermion energies. One makes a linear transformation of the form [245]
ng = (8qici +hgic)) (2.A.12a)
i
ny = (8qgic] +hgici) (2.A.12b)
i
where g,4; and hg; can be chosen to be real. For n,’s to satisfy fermionic anti-
commutation relations we require

Z(gqigq’i +hgihgi) = 84q' (2.A.13a)

1

Z(gqihq/i — 8q'ihgi) =0. (2.A.13b)
i

If (2.A.11) holds, then we must have

[ng, Hl+ —wyng =0. (2.A.14)
Using (2.A.12a), (2.A.12b) in (2.A.14) one finds
wg8qi = Y (84jAji —hgjBji) (2.A.15a)
J
a)qhq,’ ZZ(gquji —hquj,'). (2.A.15b)
J
The above coupled equations can be written in the following form
D,(A—B)=w,Y, (2.A.16a)
Y (A+B) =w,;9, (2.A.16b)

where the components of the 2N vectors @ and ¥ are obtained from the matrices g
and & as

(DPy)i = 8qi + hyi (2.A.17a)
(Wg)i = 8qi — hyi- (2.A.17b)
One fermion energies w, are obtained from the eigenvalues of a N x N matrix
(A+B)(A—B)®, =0, P, (2.A.18a)
Y, (A+B)(A—B)= wfj w,. (2.A.18b)

For w, # 0, either (2.A.18a) or (2.A.18b) is solved for @, or ¥, and the other vector
is obtained from (2.A.17a) or (2.A.17b). For w,; = 0 these vectors are determined
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by (2.A.18a), (2.A.18b) or more simply by (2.A.17a), (2.A.17b), their relative sign
being arbitrary.

The achievement of the method is obvious. The problem of diagonalising a
2N x 2N matrix has been reduced to the eigenvalue problem of a N x N matrix
[77, 245]. Even when the eigenvalues of M = (A4 B)(A— B) = (A— B)(A+ B)T
cannot be found analytically, numerical studies can be made for large systems, for
example, in one dimensional nearest-neighbour model with random transverse field
(see Sect. 5.3). The price to pay is that one only obtains the one particle energies
directly. Multiparticle states have to be built up by linear superposition of the one
particle ones. Since A is symmetric and B is antisymmetric both (A — B)(A + B)
and (A + B)(A — B) are symmetric and at least positive semi-definite. Thus all
the A,’s are real and all the @,’s and ¥, ’s can be chosen to be real as well as or-
thogonal. If @,’s are normalised, ¥,’s are automatically normalised. To evaluate
the constant in (2.A.11) we use the trace invariance of the Hamiltonian under the
canonical transformation to the variables . From (2.A.10)

TrH =21 ZA,-,-.

1

Again

TrH =2N-1 Za)q +2N % const,
q

from (2.A.11). The constant is thus
1
E[ZA”- —qu] (2.A.19)
i q
The complete diagonalised form of the Hamiltonian (2.A.10) is therefore written as
1
Hz;qu;anri(ZA” —;wq) (2.A.20)
l

We illustrate the above diagonalisation procedure using the example of the one
dimensional anisotropic XY chain in a transverse field described by the Hamiltonian
(see Sect. 10.1.2)

1

J )
H=—23 [0+0SiS+ A -n8S ] =T s @A)
i

where y is the measure of anisotropy. y = 0 corresponds to the isotropic XY chain
in a transverse field, y = 1 corresponds to the transverse Ising chain. The Hamilto-
nian (2.A.21) is written in terms of Jordan-Wigner fermions as

N
L WL t
H= —Z(Z(C,’ ci— E) + 5% > (cfeiv1+eic) +yejef + J/Cicz-+1)),
i i=1

(2.A.22)
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where A = J/I'. Equation (2.A.22) can be put in the general form

1
H= (Z clAjje + 3 > (e Bijcl + h.c.)> +N, (2.A.23)
ij ij
where
1 - 1 - 1 -
Aii=—1 A =-yA=Aini. B =-3vhk  Bipii=5yh
(2.A.24)

The eigenvalue problem (2.A.18a), (2.A.18b) is solved considering an ansatz wave
function exp(iq - R ;) and the excitation spectrum is given as

wy = \/ (yA)?2sin? g + (1 — Acosq)?, (2.A.25)
so that the diagonalised form of the Hamiltonian (with ) ; A;; = —N) is given by

H= 22 \/(yx sing)? + (1 — Acos q)zn; ng — qu (2.A.26)
q q

which reduces to the transverse Ising Hamiltonian (2.2.18) for y = 1.

2.A.3 Calculation of Correlation Functions

Longitudinal spin-spin correlation function is defined as
CE = (ol SF S 1¥o)
+ —\(¢+ -
= (Yol(S;" +57) (ST +57) %) (2.A.27)
In terms of Jordan-Wigner fermions (with j > i)

-1
Ci; = (Wol(¢] +ci) exp(—in Zc}c;) (ch +e)lvo)  (2.A28)

i=0
where the averages are calculated over the ground state. One can now verify using
a representation in which c;_cl is diagonal, that
exp[—irrc;rcl] = —(c;r - cl)(clT + cl)
= (¢ +a)(c] —a).
Defining A; = c; + ¢y and B; = clT — ¢; and noting that A12 =1, we have
Cjj = (Yol Bi(Aix1Biv1 - Aj_1Bj—1)A o). (2.A.29)

The complicated expression can be simplified using Wick’s theorem, and following
relations

(Yol Ai Aj1V0) = (Yol (8i — clei +¢fej) o) =8, (2.A30)
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and
(Yol Bi Bjlyo) = —6ij- (2.A.31)
Only nonzero contractions are (A; B;) and (B; A;), since (A;A;) and (B; B;) never
occur. Defining (B;jA;it,) = —(Ai++B;i) = Gii+r = G, = G_,, the correlation
function is given by a determinant
Giit1 Giit2 o Giigr
cs,,, = det ?t:-i-li-i-l ?t:+1i+2 ?l:-HH—r
Giyr—1i+1 Givr—t1i+2 + Gitr—litr
Gy G - G
= det GO ?‘1 . ?j’“ (2.A.32)
G Gyz -+ G

which is of size r. Similarly one can evaluate the transverse correlation function
defined as

Clrr = (oIS S, 1v0) = (m7)?
= (Yol Ai Bi Ai+r Bi+r|¥0)
= (GiiGisrisr — GiitrGitri) — (m?)’. (2.A.33)
One can now check that,
m* = (Yol S| ¥o)
= (Yol2¢] ¢; — 1lo)
=2(yolc] i) — 1 = Gii = Go (2.A.34)
so that
Ciirr=—GiisrGigri. (2.A.35)

To evaluate G;;4, we consider the inverse Fourier-Bogoliubov transformation
(see (2.2.7a), (2.2.7b) and (2.2.13)) given by

.1 R _
o = /ﬁze,qze,(uqn;ﬂvqmq) (2.A.36)
q

so that we get

1 ioR: —igR; . _igR; . igR;
¢ +ei= VN D (€M iugny + e iugng — e Rivgn i Rivgn_g)
q
(2.A.372)

and
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. 1 - i ikt e
G —6= NZ(‘?WR'”W; — e Ry, +ie” R0 ieRivgn_y).
q
(2.A.37b)

Note that u, and v, are given by (2.2.17). In the ground state, G, = G;;4, =
(Yol BiAi1r|o). At a finite temperature 7, G, = G4, = (BijAi4r)s, Where
(BiAj)g denotes an average over the canonical ensemble at temperature kpT =
1/B. Thus,

1 .
Gr(B) = Lo { (g + inqvg)nimg) + (v = inegvg)(n-gn’,))
q

— eiqr{(ufj _ iuqvq)<77q77:}) + (Ug + juqvq)(niqr)_q”]. (2.A.38)

The average fermion occupation at temperature 7

(n;’74>ﬁ = (niqn—q>ﬁ = (exp(B - 20q) + 1)71

so that,
1 .
G(B) = > el (1 = 2u] + 2iugvy) tanh(Beg)
q
Tdgq . 1+xeld \'?
N300 / ﬁé‘f’(%) @nh(Bo,).  (2.A.39)
_g 27 14+ Ae—id
For ground state tanh(B8w, /2) = 1, we have
T ig \1/2
G, = "4 igr (12T AT (2.A.40)
_g 27 14+ re—i4

One can now evaluate the following values G, for some special values of 1, e.g.,

)
I~

-’ T —
7 2r+1 forﬁ_ 1
Gr=146_1 for A =00

8r.0 forA=0

etc.
In order to evaluate the determinant (2.A.32), let us define

Dp=Gii-14+p=Gp-1
™ dq 1+ 2ei? \'/?
:/ —qe“i(P—l)(%) tanh(Bw,)
_g 27 14 re 4

=1 _ig\1/2
Tdg o (1R el
= / —%W(%) tanh(Ba,). (2.A41)
_ 2 1_'_}\'7 el
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In terms of this, (2.A.32) is rewritten as

Dy Dy - Doy
Cf,,, = det ? ! ? o ? R (2.A.42)
Dy—1 Dy -+ Do

This Toeplitz determinant can be evaluated by using the Szego’s theorem [393] (see
also Ref. [144]), which stated as follows. We refer to Ref. [268] for the proof.

Szego’s Theorem Assume that b(eiq) and In ﬁ(eiq) are continuous cyclic func-
tions of q for q € [—m, ). Let

T T
Dp=/ d_qﬁ(eiq)e—iqp, d =/ d_qlnb(eiq)e—iqp.

_g 2w _g 2w

The Toeplitz determinant

Do D_i - D_p
A, = det D Dy oo D_ypyo
D,y D, Dy
is given by
A C
Jim 7 = exp|:22 pd_[,dp:|, (2.A.43)
—

whenever the sum in (2.A.43) converges.

Applying this theorem to (2.A.41) and (2.A.42), one finds that the longitudinal
correlation function behaves as C}; | ~ Ae™"/% for r > 1 and the correlation length
& is given by

—1 .
1 T dgl 1+A e T d
—=—d0=—/ —q—ln(7+ le )—/ 2—q1ntanh(ﬂwq)
b1

g - 2w 2 1+X_ ei‘l .
I 44 1n coth(Bwy) fori > 1 oasn
|/ & incoth(Bw,) —Inx fork <1’ A

(Note that, when A < 1, one needs additional algebras because In ﬁ(ei 7) is not cyclic
with respect to g. See Ref. [265].) Substituting (2.2.16) for o, and recovering the
lattice constant a and scale of energy I', one can write (2.A.44) as

lz fon/ai—qlncothﬂf\/1+2Xcosqa e for A > 1 (2.A45)

§ fon/a zi_qlncoth’gp\/l—l-ZXcosqa ~|—x2—%lnx forx <1
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Let us now define A = |1 — A|/2I"a? and ¢ = 2I"a. By making a — 0 with fixing
B, A and c, and defining a new variable of integral y = Scg, we reach an expression
for the continuous limit [338]

1 1
—=—f(BAc?), (2.A.46)
§ Be
where
o % Incoth —”22“2 forx >0

flx) = (2.A.47)

/2 2
fOOOdﬂ—ylncothyTﬂ—x forx <0

One can easily show that the function f(x) is not only continuous but also smooth
at x = 0. This fact shows that the transverse Ising chain has no singularity at finite
temperatures. In special cases, f(x) takes following forms:

zjr—xe"C (x = 00)
f=112 x=0) - (2.A.48)
—x +/2x[re ™8 (x = —00)

Substituting this in (2.A.46) and recovering the original parameters, one obtains

LI = e 20-D/T >1, T —0)

1 _

gz %% =1 . (2.A49)
1—x

1 /T ) e—2(1—4 A
gy s U=V G, T - 0)

At the zero temperature, one finds £ =a/(1 — ) for A < 1, so that the exponent v
turns out to be 1.

The result (2.A.49) implies that the low temperature phase of the transverse
Ising chain is divided into three phases by crossover lines T & |1 — 1|. We show
a schematic phase diagram in Fig. 2.10.



Chapter 3
Transverse Ising System in Higher Dimensions
(Pure Systems)

3.1 Mapping to the Effective Classical Hamiltonian:
Suzuki-Trotter Formalism

In this section, we shall discuss the Suzuki-Trotter formalism, to derive the clas-
sical analogue of a quantum mechanical model and apply it to the case of pure
transverse Ising model. Elliott et al. [126] numerically established, from series stud-
ies, the equivalence of the ground state singularities of a d-dimensional transverse
Ising model to those of the (d 4 1)-dimensional classical Ising model. Later, Suzuki
[385, 386] (see also [387]), using a generalised version of Trotter formula [403], an-
alytically established that the ground state of a d-dimensional quantum spin system
is equivalent to a certain (d + 1)-dimensional classical Ising model with many-body
interactions: the exponents associated with the ground state phase transition of the
quantum system are the same as the exponents of thermal phase transition in the
equivalent (d + 1)-dimensional classical model, and for d > 3 the exponents of the
quantum transition assume the mean field values of the exponents of the classical
model. The interaction in the classical system is finite-ranged if the original quan-
tum system has finite-range interaction.

The above equivalence can be analytically proved, as mentioned earlier, using
the generalised form of Trotter formula [403], which can be written as

explA1 + A2l = lim (exp(A;/M)exp(Ar/M))" (3.1.1)
M— o0

where A; and A, are quantum mechanical bounded operators not commuting with
each other.

One can now employ the above mentioned formalism to the example of one
dimensional Ising model in a transverse field. Let us start from the nearest-neighbour
interacting Hamiltonian (with periodic boundary condition)

N N
_ 7 Q2 X. b4 _
H=—J) §i8,,-TY S5 Si. =S50 (3.1.2)
Jj=1 Jj=1
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The partition function of the above quantum Hamiltonian can be written as

N
Z=Tre PH =Trexp|:Z(KS§SJ+1 + ys;‘)]; B=1/kpT, (3.1.3)
j=1

where K = JB, y = I'B. Using Trotter representation (3.1.1), and using the com-
plete set of eigenvectors of the operator, one can transform the partition function of
the quantum Hamiltonian as

Z= lim AMNTrexp[ZZ< S]kS]+1k+KMS]kS]k+1)j| (3.1.4)
j=1k=1

where A = [(1/2)sinh(2y/M)]1'/? and Ky = (1/2)Incoth(y/M). In deriving
Eq. (3.1.4), one uses the relation

(S|e?S"|s

) [(1/2) sinh Zy] exp[(1/2)(lncoth y)SS’], (3.1.5)

where |S), |S’) are eigenstates of operator S° (see Sect. 3.A.1). Equation (3.1.4)
clearly indicates that by using the Trotter representation of exponential operators,
one can transform the spin-1/2 transverse Ising chain to a classical Ising model on
a M x N square lattice, with M — oo, having anisotropic coupling in the space
and Trotter direction. In the limit M — oo, the strength of interaction in the Trotter
direction, Ky, diverges logarithmically whereas the strength in the spatial direction,
(K /M), vanishes except when 8 = oo (T = 0). Hence, the correspondence between
the quantum and the equivalent classical model strictly holds in the 7 — O limit. It
may be noted that the above example of equivalence of the quantum Hamiltonian
(3.1.3) to an effective (classical) Hamiltonian

eff__ZZ[ SixSj+1.x + KmSjxS;, k+1i| (3.1.6)

j=lk=1

in the sense that Z = Trexp(—f Hefr) is identical to that of H, is not limited to one
dimension. It is valid in general and gives for

H=-Y J;Sisi—TY S (3.1.7)
ij i
the effective Hamiltonian
M
Heff(M):_Z[ Zssz/k+KMZSszt k+1j| (3.1.8)
k=1 ij

where K s = (1/2)In[coth(I"/MkpT)]. One should also mention here, that start-
ing from the classical model one can (reversely) arrive at the equivalent (low-
dimensional) quantum model as well [349] (see Sect. 3.A.2).
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3.2 The Quantum Monte Carlo Method

In the previous section, we have seen that the Trotter expansion formula (3.1.1) en-
ables to transform a d-dimensional quantum spin system into the effective (d + 1)-
dimensional classical system. In particular, the finite temperature thermodynamics
of a d-dimensional transverse Ising Hamiltonian (3.1.7) can be obtained using the
effective classical Ising Hamiltonian given by Eq. (3.1.8). Using now the standard
Monte Carlo techniques [241] for the classical spin system, one can obtain physical
quantities and study the transitions in such systems [290, 421].

As in the usual Monte Carlo method, one scans through the lattice sequentially
and at each site, the possible change in energy AE (coming from the neighbouring
spin configuration) for the flip of the spin state at the central site is calculated and
flipped with the normalised probability (say, e~ 4E/%8T /(1 4 e=2AE/k8T) which en-
sures Boltzmann distribution in equilibrium. With the Suzuki-Trotter Hamiltonian
(3.1.8), the interaction in d-dimension (spatial) remains the same (K, normalised
by the Trotter index M) as in the original quantum system, while in the Trotter di-
rection it becomes non-trivially different (K, depends on M and temperature) and
anisotropic. The singularities of this interaction (Kj;) cause practical problem for
simulation, especially at very low temperatures. In fact, for the same reason, al-
though one should have taken the limit of Trotter size M — oo, one has to consider
the above mentioned problems of anisotropy and optimal choice of M for the best
result. In exactly solved cases (e.g., in one dimension) one can find some optimal
choice for the Trotter size M (dependent on temperature), by comparing the result
and looking for the best numerical agreement [421]. In other cases, the optimality
can be chosen by comparing the result in some limiting cases (e.g., the classical
limit) and the anisotropy is kept at minimum. Practically, these considerations give
M ~ 0(10) [290, 421].

The quantum Monte Carlo results for the susceptibility, ground state energy,
transverse susceptibility and the transverse magnetisation of the transverse Ising
chain (with Trotter dimension M = 4,8, 12 at I'/J = 0.5) are shown in Figs. 3.1
and 3.2 [290]. Here the results are also compared with the exact analytical results.
For M ~ 12, the Monte Carlo results are in good agreement with the analytical
results in the high temperature region. The results also indicate a (non-vanishing)
I', for order-disorder transition at 7 = (. Similar results for two and three dimen-
sional transverse Ising model (on hypercubic lattices) are shown in the Figs. 3.3, 3.4,
where M = 12 is used [290]. The variation of specific heat (C) and the longitudinal
susceptibility (x) for the transverse Ising model on a square lattice at I'/J = 1.0
is shown in the Fig. 3.2. Here, the lattice size is 24 x 24 and M = 12. From the
position of the susceptibility peak, one estimates [290] kg T.(I" = J) >~ 2.2J (com-
pared to kg T, (I" = 0) =2.269185J). The average magnetisation (S*) and (S*) for
the same lattices, plotted as a function of transverse field, are shown the Fig. 3.4.
The expected and compiled phase diagram of the of transverse Ising Hamiltonian
on hypercubic lattices (in d = 2, 3), obtained from the Monte Carlo studies [290],
are shown in the Fig. 3.5. These results agree well with the results obtained from
series study [126], except in the low temperature region.
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3.2.1 Infinite M Method

The quantum Monte Carlo method has undergone considerable developments so
far [222]. In particular, the infinite M method with the aid of cluster updates [292]
is worth noting its significance, since it enables to make the Trotter number M
infinity (strictly speaking, the largest number allowed by the computer language)
with temperature 7 and transverse field I" remaining finite. To introduce the infi-
nite M method, we start from the cluster update method proposed by Swendsen and
Wang [391].

Let us consider a pure one-dimensional Ising ferromagnet with coupling con-
stant J. Suppose that we have a spin configuration (S, S2, ...) denoted symboli-
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Fig. 3.3 MC data for specific 20~
heat C (open circles) and

100

longitudinal susceptibility x X
(solid circles) for 2-d CA

ferromagnetic transverse

Ising model. Solid lines are 15k 10

guide to the eye [290]

10} 1
0S| 101
0 0.0
0
Fig. 3.4 MC data for (S?)
and (S*) of 2-d 10 o o o , <5>
ferromagnetic transverse ® .
. L]
Ising models 4o ... \o 00
T/J:LS °°° .
05 - o
o
<8 >,
L]
o
[~
L]
! 1
0 1 2 e
l'/J

cally by C. For each coupled adjoining spin pair (S;, S;+1), we define the Swendsen-
Wang (SW) bond with the probability

B {Po =1—e¢2) whenS; =S;11,
0 when S; # Si+1,

where B = 1/T. We cluster the spins connected by SW bonds. We then flip all
spins included in each cluster with the probability 1/2. This procedure yields a
new configuration C’. It is obvious that this Markov chain satisfies the ergodicity
condition since any spin configuration can be reached by a finite series of updates
from any state. The satisfaction of the detailed balance condition can be shown as
follows. Define P(C) =exp(K Y, SiSi+1)/Z with Z =Trexp(K ) ; S;Si+1). If a
spin configuration C is given, then the number of ferromagnetic bond denoted by

(3.2.1)
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Fig. 3.5 The phase 1%
boundaries for 2 and 3 sk
dimensional transverse Ising
model [290]. The solid and
broken lines represent series
results (see next section)

ng is also given. We here consider a configuration of SW bonds denoted by B. Note
that, once a configuration B is given, the number of SW bonds b is determined.
The probability that a configuration of SW bonds B is realised from given spin
configuration C is written as

P(B|C) = pb(1 — po)" . (3.2.2)

Now we consider another spin configuration C’ such that it can generate the SW-
bond configuration B, namely,

P(BIC) = pb(1 — po)", (3.2.3)

where n{ is the number of ferromagnetic bonds in C’. The probabilities to have C’
and C from B are the same:

P(C'|B) = P(C|B). (3.2.4)
Using (3.2.2) and (3.2.3), one obtains
P(BICO)P(C) (1= po)"P(C)
P(BICHP(C) (1 — pp)"tP(C)
Since P(C) = "#I=Np=n0)BJ — o@ne=Np)BJ it turns out that

P(B|C)P(C) e 2Pl g2l

P(B|C)P(C')  o-2niB 2nipl —

L,

namely,
P(BIC")P(C") = P(B|C)P(C). (3.2.5)

Let W(C'|C) =Yg P(C'|B)P(BI|C) be the transition probability from C to C’.
Multiplying (3.2.5) by (3.2.4) and summing the resultant equality with respect to B,
one obtains the detailed balance condition W(C|C")P(C") = W(C'|C)P(C).

Now we return to the (d + 1)-dimensional Ising system. We apply the above
clustering method to the chain along the Trotter direction. Let us focus on a chain
of length M along the Trotter direction. The state of M spins can be identified,
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if one knows the spin state at an edge site and the position of the domain walls
(antiferromagnetic bonds). As we shall show below, the average number of domain
walls remains to be a finite number given by I” when M — oo. Therefore one
can represent the spin state of the infinite (M — o0) chain in terms of one sign and
B I rational numbers in between 0 and 1, corresponding to the state of an edge spin
and the position of domain walls respectively. This is an essence of the infinite M
method. In practice, it is convenient to choose M = 232 for the 4 byte representation
of the integer and use integers ranging from 0 to 232 — 1 to indicate the position of
domain walls.

The updating procedure in the infinite M method is described as follows. We
suppose that a domain wall configuration and the spin state at an edge is given.
A trial configuration of domain walls is generated by creating domain walls with
probability 1 — pg = e~?#/ at each position i (0 <i < M — 1) of the bonds. Sub-
stituting BJ = Ky = (1/2)In[coth(B1"/M)], this probability reads as 1 — pg =
tanh(BI'/M) ~ BI"/M. Since BI" <K M, the creation of domain walls is the Poisson
process. The average number of created domain walls is given by (1 — po)M — BI”
(M — 00). Hence one may generate a trial configuration by a Poisson process with
mean B1I. If the position of a generated domain wall happens to coincides with the
position of that of the original configuration, we remove the old one at this posi-
tion. Having obtained a trial configuration, we flip the sign of each cluster between
domain walls according to the molecular field from the coupled chains using the
Metropolis method. After updating the cluster states, the domain walls between the
clusters with the same sign are removed. Thus the update of a chain along the Trotter
direction at a real-space site is completed.

The infinite M method presented here has two advantages. At first, the error
of Suzuki-Trotter decomposition with finite M is removed. Since we are making
M > 1 with BI" being finite, reliable results at finite 7 should be obtained. The
second is on the singularity of Kj; with M — oco. The cluster update method en-
ables to avoid the unphysical slowing down [421] coming from the logarithmic di-
vergence of Kj)s. We note that the physical dynamics intrinsic in the original sys-
tem is preserved [292] because the cluster update method is not applied in the real
space. Therefore the intrinsic dynamics of a system can be simulated by the present
method.

So far, the infinite M quantum Monte Carlo method has been applied to the
transverse Ising model in two dimension [292], frustrated transverse Ising models
in checkerboard lattice [197, 198], the transverse Ising spin glass in two dimension
[283], and so on. The range of application of the present method covers any kind
of transverse Ising systems. In addition, the sign problem of the quantum Monte
Carlo method does not appear as far as transverse Ising systems are concerned.
The present method should be useful in the study of a variety of transverse Ising
systems.
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3.3 Discretised Path Integral Technique for a Transverse Ising
System

In the path integral approach [358, 384], one can study the transverse Ising sys-
tem in any dimension with arbitrary number of nearest neighbours. The effective
Hamiltonian (3.1.8), obtained after the Suzuki-Trotter transformation, is written as

BHesr=BHo+ BV, (3.3.1)
where
M N
—BHy= ZZKMSi,kSi,kH, (3.3.2)
k=1i=1
and
MoN e
—BV = ]; ’Zl 7 SikSj ke (3.3.3)
=1i,j=

with Ky = (1/2) In[coth(B81"/M)]. Here k is the Trotter index and M is the Trotter
dimension. We have neglected the constant ¢, where

c=[(1/2)sinh@pr/m)] ™. (3.3.4)
Treating the spins as M-component vector spins with components
Sh=(x1,£1,..., %) (3.3.5)

where k = 1,2, ..., M, one can write the parts of the effective Hamiltonian (3.3.1)
as

—BHo=) Si-a-Si (3.3.6)

and

K
—BV = MZsi .S (3.3.7)
{ij)

where the matrix a p = (1/2) In[coth(B1"/ M)y x'.
Now the full Hamiltonian can be treated perturbatively such that the free energy
F(=1nQ; QO =Trexp(—pBHcf)) is given by

—ﬂF=—ﬁFo+Z%(—ﬂ)"CH(V), (3.3.8)
n
with F, the free energy corresponding to the unperturbed Hamiltonian H,, such that
—F,=InQ, (3.3.9)
with
Qo =Y exp(—BH,), (3.3.10)
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Table 3.1 Zero-temperature critical transverse field A.(= I./J)

Lattice® L Sq Sc Fcc

b 2 4 6 12

(Ae)mf 2.000 4.000 6.000 12.00

(Ae)pi - 3.225° 5.291° 11.34b
(Ae)series 1.00° 3.084 5.08 £ 0.044 10.66 + 0.69

4L: linear; Sq: square; Sc: Simple cubic; Fcc: Face centred cubic
bPath integral technique [384]

“Exact result; see Sect. 2.2

dHigh temperature series results [125, 301]

and the cumulants are given by

Cir=(V)os Cy= (V)2 (3.3.11)

0’

etc. The above expression can be regarded as an expansion in successively higher
order of fluctuations. With classical systems, the first order term gives the mean
field estimate (I"/J 8o = 1 where §g is the coordination number) and higher orders
constitute fluctuation corrections. The critical field where the average magnetisa-
tion vanishes, is obtained by performing calculations up to second order (following
Kirkwood’s prescription of classical spins) and is given by [384]

I/ 7 =[S0 + {800 — 5/2)}'*]/2. (33.12)

Obviously, the mean field results are obtained in the infinite dimension limit
(80 — 00) of the above equation. The path integral method does not give any result
for the one-dimensional Ising system (where the exact result I"/J =1 is available)
as the right hand side of (3.3.12) becomes imaginary (here 5o = 2). Thus, results are
obtained only above a lower critical dimension d = 1. However, a comparison of
the results for the zero temperature critical transverse fields obtained from different
methods (mean field, series expansion and the present method) in different dimen-
sions shows that it gives better results than the mean field estimates for d > 1 (see
Table 3.1). Also, like the mean field theory, estimates from the path integral method
improve at higher dimensions (see Fig. 3.6).

3.4 Infinite-Range Models

In this subsection, we shall discuss infinite-range models, where each spin interacts
with all other spins with the same strength. For such systems the mean field theory
gives exact results. We introduce the Husimi-Temperley-Curie-Weiss model and the
p-body model in a transverse field, and study thermal and quantum phase transitions
in their models.
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3.4.1 Husimi-Temperley-Curie-Weiss Model in a Transverse Field

The Husimi-Temperley-Curie-Weiss model in a transverse field is written as [72,
238, 384]

J N N
Hz_ﬁZst; —IY SF—h) 5
ij i=1 i=1
J 2 N N
=_ﬁ<255> —IrY Sf—hY S, (3.4.1)
i i=1 i=1

where, in the Ising model part, each spin interacts with all others including itself
[186, 398]. Note that the coupling constant includes the factor 1/N in order to en-
sure the thermodynamic limit, where N is the number of spins. In the absence of
the transverse field, the Weiss’ mean-field treatment provides exact results, so this
model is also called the Curie-Weiss model. Now, in the presence of the transverse
field, the Suzuki-Trotter transformation leads to the following partition function:

M
Z= lim AMNT S¢
Mb ! eXp[Z[ INM (Z )

k
,3 N N
+or Z + Ky Y SikSikti ” (3.4.2)
i=1 i=1

where A = [(1/2)sinh(28I"/M)]'/?, Ky = (1/2)Incoth(BI'/M), and S; is an
Ising spin with the real-space index i and the Trotter index k. We assume the
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periodic boundary condition for k, namely S; y+1 = S;,1. We apply the Hubbard-
Stratonovich transformation for this partition function using an identity:

INBJ [* NBJ
- 27rﬂM /_Oodm exp|: NBJ (m——ZSl k) ] (3.4.3)
to yield

M/2 N
7= g (35) ] Tam oo 557 2om)
xTrexp|:Z< kaszk“r_ZSzk+KMZSlkStk+l>:|

i=1
(3.4.4)

Since each real-space site is decoupled from others, the traces with respect to S; ¢
and S;  can be performed independently. Hence one can express the trace in (3.4.4)

as the power N of a trace with respect to Ising-spin variables S; (k=1,2,..., M)
NBINM? o[ NBJT &
Z= lim AMVN i / l_[dmk exp —iZm,%
M—o00 2n M = 2M 1

BJ M Bh M M N
X <Trexp|:ﬁ kaSk—i—ﬁZSk—f—KMZSkSkH])
k=1 k=1 k=1
wn ( NBINYZ [ 5 NBJ o~ 5
= lim A —_ d Y
Wb (2nM) /,OO 1[[1 Sl R WY Vi Z’"k
M M
BJ Bh
+N1nTrexp|:ﬁ];mkSk+ﬁ];Sk—}—KM;SkSkH .

(3.4.5)

We evaluate the integrals of my by the saddle-points. The saddle-point condition for
my is given by

d 2
Bmk< ka
M M
BJ Bh
+ 1nTrexp|:ﬁ ];mksk + " ];Sk + Ky ];SkSkH

9
my=my

(3.4.6)

where mj denotes the saddle-point solution. This equation is arranged into

J M h M M
= Tr[ Sk exp{ﬂﬁ D k1 MESk + ﬁﬁ D i1 Sk Km D p—q SkSk+11}] (3.4.7)
Tr[exp{ﬁﬁj Z,’{WZI mi S + % Z,ﬁil Sk +Kum Z/?il SkSkv1}]
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by which it turns out that m} is the longitudinal magnetisation. Since the present
effective classical model is translationally invariant along the Trotter direction, the
longitudinal magnetisation should be independent of the Trotter index k. One may
thus drop the index k from m;} such as mj = m*. In terms of this saddle-point solu-
tion, the free energy per spin is obtained as

1 | IB‘I *2
f=———InZ=—— lim |MInA——m
BN B M—oco 2

M M
B(Jm + h)
+ lnTrexp{T DS+ K ) SiSir ” (3.4.8)

k=1 k=1

where note that we took the limit N — oo before M — oo and make M/N — 0.
The trance is easily computed using a transfer matrix:

. oL+Ku o—Km
T=| o ku Liku |’ (3.4.9)
as
M M
Trexp{LZSk +KMZSkSk+1} =Te(TM), (3.4.10)
k=1 k=1

where L = B(Jm™ + h)/M. The eigenvalues of T are given by

Ax = KM cosh L + v/e2Ku sinh? L 4 e=2Kn (3.4.11)
which is followed by
r r
Aly = cosh 'B— cosh L + _[cosh? '3— cosh?L — 1
M M
M—o00 /3 2 2 1

and

AM Tr(va) — (A)\,+)M + (A)\.,)M M:)OO eﬂ«/ (Jm*+h)+F2 _I_e—ﬂq/ (Jln*+h)+F2

=2cosh(By (Jm* +0)’ 1) (34.13)

Thus the free energy per spin results in

Jm*2
2

f= - %ln{2cosh(,3\/(1m* +h)’ 4+ 1)} (3.4.14)

The longitudinal and transverse magnetisations are obtained by differentiating f
by h and I', respectively, as
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Fig. 3.7 Phase diagram of the 7 14
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mo=_ O __ Imth tanh(ﬂ\/(Jm* +h) F2), (3.4.15)
oh  J(Um*+h)2 + I'?
my= 2 _ r tanh(ﬂ\/(lm* +h) + FZ). (3.4.16)
or  J(Jm* +h)2 4+ I?

As mentioned above, the solution of the saddle-point equation is identical to the
longitudinal magnetisation. Hence it is obtained by solving (3.4.15) with making
m, =m*.

Having obtained state equations (3.4.15), we move on to derive the spontaneous
magnetisation. At first, when the transverse field is absent, (3.4.15) reduces to

m, = tanh(B(Jm, + h)). (3.4.17)

With 2~ — 40, this equation has a non-zero solution for 8 > B. = 1/J. The transi-
tion temperature is found to be 7, = 1/, = J. When the transverse field I is finite,
(3.4.15) with h — +0 is written as

m. = # tanh(ﬁ,/(sz)2 + F2). (3.4.18)

Therefore the ferromagnetic solution (m, # 0) satisfies

Jm2 ()02 = tanh(ﬂj‘/mg + (F/J)2). (3.4.19)

The ferromagnetic-paramagnetic phase boundary is determined by making m, =0
in this equation:

I'./J =tanh(B.I%), (3.4.20)
which yields
T.=1/B.=T./tanh~'(I./J). (3.4.21)

For T < T, and I' < I', the paramagnetic solution gives a local maximum of f
and the ferromagnetic solution is selected as a stable solution. We show the phase
diagram in Fig. 3.7. I'. = J and T, = 0 provides a quantum phase transition point.
The spontaneous magnetisation at zero temperature is obtained from (3.4.19) by
making 8 = oo to yield m; = /1 — (I'/J)%. This implies a continuous quantum
phase transition at I" = J.



60 3 Transverse Ising System in Higher Dimensions (Pure Systems)

3.4.2 Fully Connected p-Body Model in a Transverse Field
We consider the Hamiltonian [205]

1
= 3 Si"'Sfp‘FZSiZ’ (3.4.22)
1

where N is the number of spins in the whole system and p denotes the number of
coupled spins. Such models with the p-spin interaction are originally discussed in
the context of the spin-glass theory [103, 275]. Let us write the longitudinal and
transverse magnetisations as

1 1
m(S%) = N Z S7 my(Sx) = v ZS,?‘. (3.4.23)
i i

The Hamiltonian (3.4.22) is written in terms of magnetisations as
H=—N{(m:(5%)" + 'my(5%)}. (3.4.24)

If p is an even number, then the ground state of the system with I" = 0 is the state
where all spins are completely aligned up or down. On the other hand, if p is an odd
number and I" = 0, one has the unique ground state where all spins are up. When
p is odd, the classical Hamiltonian with I" = 0 is quite simplified in the limit of
p — oo. In such a case, only two states have non-zero energy: The state with only
up spins (m;(S*) = 1) has an energy £ = — N, while the state with only down spins
(m;(S*) = —1) has E = N. The energy of all other states vanishes. The partition
function of this system is given by

Zr—o=2N =24 PN £ PN, (3.4.25)
which for N > 1 reduces to
Zr—g~ PN (14 NI27P)), (3.4.26)

where B = 1/T is the inverse of the temperature. The free energy per spin is then
obtained as

T T
freo=—5mzZ~-1-—n(l+ eNin2=p)), (3.4.27)

In the thermodynamic limit one finds

N—>oo{_l (8 >1n2)

Jr=0= 1 _rm2 (g<m2)" (34.28)

It turns out that a discontinuous phase transition takes place at 7, = 1/1n2, which
separates the high temperature paramagnetic phase (PM) and the low temperature
ferromagnetic phase (FM).

We next consider the other limit, namely, I" — oo. In this case, the classical
Hamiltonian is negligible, compared to the transverse-field term, and the quantum
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Fig. 3.8 Phase diagram of T
the fully connected p-body

ferromagnetic model in the

transverse field. The 1/in2 PM
paramagnetic-ferromagnetic
phase boundary is given by

o Te

I'; = T arccosh “ FM

fluctuation stabilises the (quantum) paramagnetic state. The partition function is
then given by

Zroo = (P + e PT)N =2V cosh? g, (3.4.29)
which leads to the free energy per spin,
fr—oo=—TIn2—TIncoshBTI. (3.4.30)

Properties in the intermediate case where I” is finite are described as follows. For
T > 1/1n2, one can expect that the paramagnetic phase extends from I" = 0 to co.
In this high temperature region, the free energy at I" = 0 is given by (3.4.28), f =
—T In2. This implies that zero-energy paramagnetic states are crucial and non-zero-
energy states are negligible. Hence the matrix elements of the classical Hamiltonian
with respect to quantum paramagnetic states (i.e., eigenstates of the transverse-field
term) vanishes, and consequently the free energy (3.4.30) is valid for whole region
of I'. Now in the low temperature case with 7 < 1/In2, two distinct phases, the
quantum paramagnetic phase and the ferromagnetic phase, might exist. As we see
below, the free energy of the quantum paramagnetic phase is given by (3.4.30),
and that of the ferromagnetic phase is by f = —1 from (3.4.28) irrespective of I".
The transition between these two phases is discontinuous and the phase boundary is
determined by equating two free energies:

—1=—-TIn2—TIncosh BT, (3.4.31)

from which one obtains

I';. = T, arccosh (3.4.32)

In particular, the quantum critical point is found to be I, = 1. We show the phase
diagram in Fig. 3.8.

To corroborate above argument, we introduce the Suzuki-Trotter transformation.
The partition function obtained from the Hamiltonian (3.4.22) is written as

,3.] M N p M N
Z= lim AMNTrexp[WI;<kZ‘:Si,k> +KMZZSZ-,,<S,,,{+1],

M— o0
k=1i=1
(34.33)
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where A = [(1/2) sinh(ZﬁF/M)]l/z, Ky = (1/2)Incoth(BI"/M), and S; x is an
Ising spin. i labels the real-space site and k is the Trotter index. We assume the
periodic boundary condition, S; a7+1 = Si,1, in the Trotter direction.

To linearise the interaction terms, we make use of a formula on the delta function
and the Lagrange multiplier:

F) = / dm 8(m — x) f (m)

~ N
~ / dmdi exp|:——k(m - x)]f(m), (3.4.34)
0 M
where we note that the delta function is recovered from the right hand side by ap-
plication of the saddle point method to the integral by A with N — oo. Applying
(3.4.34) with x = (1/N) Zi Six and f(x) =exp[BJNx?/M] to (3.4.33), one ob-
tains

wv (2] 1 BIN S~ »
Z:A}E)IlooA / ]!j[ldn’lkd)tk eXp szk

- k=1

N M 1 N M N
X Trexp|:—ﬁ Z}\.k (mk — N Z Si,k) + Ky Z Z Si,kSi,k+1:|
k=1 i=1

k=1i=1

= lim AMN/OO ﬁdmkd)\k exp —E%(Akmk—ﬂJmp)
M— 00 M k

0 Lk=1 k=1

M M
1
X exp [N In Trexp(M > MSc+Ku ) SkSk+1):|, (3.4.35)

k=1 k=1
where we remark that the trace with respect to all spins is replaced by Nth power of
the trace with respect to a single spin and hence the site index of the spin variable
was dropped in the last line. Now the saddle-point condition for my yields
o= ppIm’ ", (3.4.36)

where mj denotes the solution of the saddle-point equation. Note that m} is a func-
tion of Ax. Due to the saddle-point method for the integrals by my, we obtain

o[ M M -1
e LMN (P =DBI N[ M\
Z= fim A /_m[gd“]e"p[ N Z( p,BJ)

k=1

M M
1
X exp |:N lnTrexp(M Z)LkSk + Ky Z SkSk+1):|. (3.4.37)
k=1 k=1

We furthermore apply the saddle-point approximation for the integrals by Ax. The
saddle-point condition is given by
( b%s )‘/0’”  Tr{Skexp(az Yopty MiSk+ Kar Yty SkSk1))

= M Lot = . (3439
pBJ Tr{exp(3; D _k—1 M Sk + Km D _j—1 SkSe+1))
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which with (3.4.36) is rewritten as

e Tr(SicexpGp 300 A8+ Kur 0L ki)
Tr{exp( Yol AESk + Km Yot SkSkn)}

where m:* is the solution of Eqs. (3.4.36) and (3.4.39). Equation (3.4.39) implies
that m;* is the longitudinal magnetisation. Since the present system is uniform along
the Trotter direction, m;* must be independent of the imaginary-time index k. Hence
we may write m;* = m™* and A7 = A*. With this consideration, the trace is com-
puted as

, (3.4.39)

M M
)\‘*
AM Trexp(M D Sc+Ku) SkSk+1> g 2005}1(5 (/)" + Fz)
k=1 k=1

= 2cosh(,3\/(pjm**l’—1)2 + Fz), (3.4.40)
so that (3.4.39) reduces to
e — BBV (I P D2 Ty

(3.4.41)
\/(p_]m**pfl)Z 42
The free energy per spin is obtained using the saddle-point solution as
11 N 1
f= BN nZ "= (p — DImr — 5 ln2cosh(,3\/(me**1’_l)2 +I?).
(3.4.42)

Taking p — 00, (3.4.41) has only the two solutions, m** = 0 and m™* = 1, corre-
sponding to the paramagnetic magnetisation and the ferromagnetic one respectively.
The free energy is given by f = —(1/8)In2cosh(BI") for the paramagnetic phase
and f = —1 for the ferromagnetic phase. The phase boundary is determined by the
crossing point of these free energies. The result reproduces (3.4.32).

3.5 Scaling Properties Close to the Critical Point

The scaling properties of a system close to a quantum phase transition point can
be derived considering the linearised renormalisation group (see the next section)
equations near the unstable fixed point governing the transition. The set of expo-
nents associated with the unstable fixed point determines the universality class of
the system. Let us consider the transverse Ising Hamiltonian,

H=—J) SiSi—TIY Sf—h) S (3.5.1)
(ij) i i

where (ij) denotes nearest neighbour interaction and # is an external longitudinal
magnetic field. The schematic phase diagram (in the case when i = 0) as obtained
from the renormalisation group study is shown in the Fig. 3.9 (cf. [208]). For the
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Fig. 3.9 Fixed points and . Attractor of
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zero-temperature transition, the one-dimensional parameter space consists of two
trivial (stable) fixed points: one at A = 0 (the pure Ising attractor, the state with long
range order in the z-direction) and at A = oo (attractor of the disordered state), where
A =1T/J(0),J(0) = 3d0J, 5y being the number of nearest neighbours. Apart from
these two trivial fixed points, there is an unstable critical fixed point at A = A, = 1.
This fixed point characterises the zero-temperature phase transition from the state of
nonzero order parameter ({S;) = 0) to the state with vanishing order parameter. At
this critical point, the correlation length (as well as the relaxation time) diverges and
associated with this unstable fixed point we have a set of critical exponents which
determines the universality class of the quantum phase transition. Let us now study
how the parameters (J, I", h) of the Hamiltonian (3.5.1) scale under a length scale
transformation by a factor b in the proximity of the unstable fixed point A, [82]. Let
us denote the distance AX of a particular point (A) in the one-dimensional parameter
space from the critical point A, by AL = (A — A¢)/Ac.
Let us consider a scale transformation by a factor b
AN =bP AX, J =b"1], r'=br, h' =b"h, (3.5.2)
where p, g, r are scaling exponents and the prime refers to the renormalised quan-
tities. Since (I'/J) = (I"/J) at the fixed point, I" and J scales in identical fash-
ion. The singular part of ground state energy density has the scaling form E =

Jf(AA,h/J), where f(x,y) is the scaling function. The renormalised form of the
ground state energy density and the correlation length can be written as

E'=J'f(AN W )1)=b'E, & =b""e(ANh/])=E(AN,HT),
(3.5.3)

where the lattice dimensionality d enters the energy density as the density of the de-
grees of freedom scales with the same exponent. Using the scaling relations (3.5.2),
we get

E(AA /)] T =b~@TD £(bP AN, b (h)T)), (3.5.4a)
E(AN h)T) = bE(bP AN, BT (h)])). (3.5.4b)
As the choice of scaling factor is arbitrary, we set b” AL = 1, which gives
E(A 1) J) )T = (A9YDIP £(1, (h) D) /(AW TDIP) (3.5.50)
E(AAR)T) = (AN YPE(L, (h)T) /(AW TD/P), (3.5.5b)

Writing £(h = 0) ~ (AA)™" for the growth of correlation length near the critical
point A, and E (h = 0) ~ (AL)? for the ground state energy density variation with A
(near A.), we get

v=1/p and e=v(d+q). (3.5.6)
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Writing for the singular part of ground state energy variation as (AX)>~% (express-
ing the critical variation of the analogue of specific heat, which comes as the second
derivative in energy, in thermal phase transition as (A)X)~%), we arrive at the hyper-
scaling relation

2—a=v(d+q). (3.5.7)
Defining magnetisation
m=—E/dh)p—o ~ (AL)P (3.5.8)
and the susceptibility
x=—(0*E/0h?),_,~ (A0, (3.5.9)

where B and y denote order parameter and susceptibility exponents respectively,
one gets (from (3.5.52))

B=v(d—r), y=v2r+q-—ad. (3.5.10)

This leads to the scaling relation

a+28+y =2 (3.5.11)
Defining m ~ h'/% at A = A, one can get the relation
s=B+y)/B. (3.5.12)

This is because, one gets E ~ h@T9/0+4) from (3.5.4a) when one sets hb" T4 = 1.
This gives 8 = (r + ¢)/(d —r) = (B +7)/B.

It may be noted that in quantum transitions, the scaling of energy and time be-
comes interdependent through the uncertainty relation. If the typical time t scales
as 7’ = b®t, where z is the dynamic exponent, dose to the zero temperature tran-
sition point A., then expressing the critical fluctuations in J and t as AJ and At
respectively, we get

AJ' AT =b*"1AJ AT > B, (3.5.13)

where £ is the Planck’s constant. This gives ¢ = z and consequently the hyper-
scaling relation (3.5.7) can be written as

2—a=v(d+2). (3.5.14)

This hyper-scaling relation suggests that for quantum transitions (at zero tempera-
ture) the scaling relations for the exponents become classical-like, when the dimen-
sion d is replaced by the effective dimension deff = d + z, where z is the dynamic
exponent. This shift in effective dimension has already been discussed above. In
fact, in pure transverse Ising system (in any dimension) time (or energy) scales lin-
early with length [173, 438], giving z = 1. This suggests that the zero-temperature
transition (critical) behaviour of a pure d-dimensional quantum system is equiva-
lent to that of a (d + 1)-dimensional classical pure system. It may also be noted
here that dynamic exponent z is different from unity for quantum glass transitions
(see Chap. 6) and the effective correspondence with the classical system, if any, is
expected to be different.
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3.6 Real-Space and Field-Theoretic Renormalisation Group

3.6.1 Real-Space Renormalisation Group

As mentioned in Sect. 2.4, for (pure) transverse Ising chain, one can apply the real-
space renormalisation group (RSRG) technique to estimate the value of the critical
point and exponents for the zero-temperature (quantum) transitions. Here, as dis-
cussed in Sect. 2.4, one writes the recursion relation of various quantities like the
energy gap A, (}) (difference between the ground state and first excited state energy
E1n(A, h =0) — Ep (X, h =0), where A is a longitudinal magnetic field), suscep-
tibilities x, (= (82E0,,, / dh?)p_0) etc., for different system sizes n, from their ex-
act or approximate solutions (diagonalisation of small sizes) and retaining only the
lowest levels. One then writes the recursion relations connecting the quantities of
different sizes, which indicate the nature of their asymptotic variations and give the
estimate of exponent values. For example

Angp(,0) =57 Ay (1), and g (W, 0) =07 xu(3),  (3.6.1)

where v, s and y denote respectively the correlation length, mass gap and suscepti-
bility exponents. Also, if we write

A =Rp(n,r), (3.6.2)

then the critical point can be estimated from the (extrapolated; b — o0) fixed point
of the renormalisation group transformation

A* = Rp(n, 1*), (3.6.3)
and since the correlation length & diverges with AA(= (A — A*)/A*) as (AA) 7Y,
T
G e
one gets
(R 0N ~ b1V, (3.6.5)

With various (numerical) tricks to evaluate the above quantities (A, x, etc., giving
in turn R) for various finite size Ising systems in dimension d = 2 (and 3), and
utilising the above relations, various RSRG estimates of the critical point (A.) and
exponents (v, y, s, etc.) have been made. Using perturbative cluster renormalisa-
tion group [150, 151]; Friedman obtained A* = 3.43 and v = 0.92 for triangular
lattice, and A* = 3.09 and v = 0.72 for square lattice. Using truncated basis set
method [308], Penson et al. obtained A* =4.73, and v = 0.95 for triangular lattice,
and A* =2.63 and v = 1.1 for square lattice. Using clusters up to a maximum size
n =4, dos Santos et al. [111] obtained A* = 3.74 and v = 0.93 for triangular lat-
tice, and A* = 3.18 and v = 0.66 for square lattice. One can easily see the large
scatter in the estimates of critical point and the exponents obtained using various
RSRG schemes and one may compare with the series estimate of Pfeuty et al. [313]
and Yanase [434]: A, = A* =4.77 and v = 0.64 for triangular lattice [434], and
A* =3.04 and v = 0.63 for square lattice [313].
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3.6.2 Field-Theoretic Renormalisation Group

Using the Hubbard-Stratonovich transformations and Gaussian functional aver-
ages [286], one can write an effective (classical) Landau-Ginzburg-Wilson (LGW)
free energy functional for the transverse Ising system [438]. Writing the Hamilto-
nian as

H=Hy+V, (3.6.6)

with
N
Hy=—IY_5 and V=-) J;S5; (3.6.7)
, T
the partition function Z = Trexp(—B H) can be written as
1
= G / Hd‘(//,/ exp[ f YA (1) dr] Z() (3.6.8)
with

1 8
Z(I//):Tr[exp(—ﬁHo)P exp(E/O Zlﬁi(r)Aiij(t)dt)}, (3.6.9)
ij

where P is the time () ordering operator, (Az)ij = BJ;j and S,(7) is in the in-
teraction representation. Expanding the exponential, evaluating the traces and rear-
ranging the terms after Fourier transformations, the partition function can be written
as

o0
Z“’f 3Sg.m exp(—BHett(Sq.m)). (3.6.10)
—00
where
Heff(Sq,m)
_ZZ/ / (2)(ql7 qr,mi, mZ)Sql,mpS‘qz,mza(ql +q2)8m1,m2+0(54)
mp mp
=) f u® (g, m)SqmS—q.-m + O(S*), (3.6.11)
m Y4
with
u®(q,m)=rn+q*+ 0(q*), (3.6.12a)
1 1
=—\=—=])-J0), 3.6.12b
=S <G(wm)> ©) ( )

T(g) = J(0) — doa’q” + O(q*). (3.6.12¢)



68 3 Transverse Ising System in Higher Dimensions (Pure Systems)

Here, the integer m labels the Matsubara frequencies w,, = 27m /8, and a denotes
the lattice constant, &y is the number of nearest neighbours and G (wy,) the “unper-
turbed” propagator (for Hp) given by,
4T tanh BI”

Q)2 = (iom)*
The remaining terms in (3.6.11) are related to higher order time ordered cumulant
averages or semi-invariants [379]. It can be shown that the next higher order term
in (3.6.11) containing ™ is proportional to the temperature T as T — 0, and other
higher order terms containing u®®, n > 2, are of the order 7! in the same T — 0
limit. One can now identify the effect of (quantum) non-commuting operators in the
effective LGW Hamiltonian (3.6.10) at finite Matsubara frequencies w,, as well as
at w, =0. At T > 0, the Matsubara frequencies being discontinuous, and the criti-
cal interval r,, being determined by the first one (ry) becoming critical (and others
becoming irrelevant due to renormalisation), the effective u® in (3.6.12a) becomes
the same as that of classical Ising system (u® = ro + ¢2). The finite temperature
critical behaviour is therefore the same as that of a classical Ising system in the same
dimension (although the critical temperature is affected by the transverse field). At
T = 0, however the LGW Hamiltonian (3.6.10) has a different character, and the
critical behaviour is affected non-trivially. Here (for T = 0), the Matsubara frequen-
cies become continuous and the sum over m in (3.6.11) is replaced by an integral
over w, giving the quadratic term in Hefr as

Heff=/f(r+q2+aw2)s,,,ws,,,,w, (3.6.14)
qJw

G(wpy) = (3.6.13)

where o = (4780a?)~! and r = (89a®) "' (I'y — J(0)). This is of the same form as
that of a classical Ising model with the critical temperature interval here replaced by
the critical interval (I" — J(0)) of the transverse field, and contains an integral over
an effective dimension (coming from the Matsubara frequencies) in addition to the
d-dimensional integral over ¢. The critical behaviour (or the exponents) is the same
as that of a (d + 1)-dimensional (classical) Ising model (with I" replacing T').

Appendix 3.A

3.A.1 Effective Classical Hamiltonian of the Transverse Ising
Model

To evaluate the effective classical Hamiltonian, let us start from the quantum Hamil-
tonian describing a transverse Ising model on a d-dimensional lattice

- — x .. G762
H_H0+V_—FZS,. —ZJUSI.SJ., (3.A.1)
i ij
where S7'’s are the Pauli spin operators, as mentioned earlier. The partition function
of this quantum Hamiltonian can be written as

Z =Trexp[—B(Ho+ V)]. (3.A2)
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Using the generalised Trotter formula (cf. Sect. 3.1), one can rewrite the exponential
operator in Eq. (3.A.2) as

_ _ M
exp[—B(Ho+ V)] = A/Ili_r)noo[exp( 'lj/IH()) exp(%)] ., (3.A3)

which is equivalent to considering M identical replicas of the original system. The
partition function of the quantum system can readily be written (inserting set of
identity operators) in the form

M
Z= lim T
Jim f}[[](sl,k,sz,k, SNkl
—BHo -BV
S N s, S , 3.A4
X [exp< v ) P\ [S1,k+152,k+1 N.k+1) ( )

where |S; «)’s are the eigenstates of the operators S;. Itis quite clear that by inserting
the sets of identity operators, one has effectively introduced an additional dimension
in the problem (“Trotter dimension”), which is denoted by the index k. One then
uses the following relations

M

B
[[(S1k Sake - Snukd GXP<M D T SESE IStk 1S2 ke oy SN k1)
k=1 i

N M B
=exp| Y D> ESikSik |, (3.A.52)

i,j=1k=1

M r
[ 1651k S2ks - Swal eXP(ﬁ > Sf) ISt k182,41, -+ 5 SN k1)
k=1 i

. 28T NM/2 1 BI N M
=(§s1nh<7>> exp Elncoth<ﬁ>zz&‘,k5t,k+1 .

i=1 k=1
(3.A.5b)

In deriving the relation (3.A.5b), one has to use the relation
(S1e“S"|8") = [(1/2) sinh(2a)]/* exp[(SS'/2) Incoth(@)]  (3.A.6)

(where |S) and |S’) are the eigenstates of $%), which can be easily derived writing
the exponential operator in the form

5" = cosh(a) + S* sinh(a), (3.A.7)

which can be checked by expanding the exponential function and using (§*)? = 1.
One can now equate (3.A.7) with (3.A.6), putting explicitly the eigenvalues S
and §'.

Using the relations (3.A.5a), (3.A.5b), one can arrive at the final form of the
partition function of the quantum system, with the M-th Trotter approximation

1 28I
Z =CV"MP2Tr exp(—BHe(S)); C = 3 sinh(%), (3.A.8)
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where

Hegp(S) =Y Z[—ﬁs,-,ksj,k — ﬁlncoth(ﬁ>si,ksi,k+]] (3.A.9)
i,j=1k=1

Since §; x are classical numbers (£1), the above Hamiltonian represents a classical
Ising Hamiltonian on a (d 4 1)-dimensional lattice, with anisotropic coupling in the
spatial and Trotter dimension. One must note here that, for the equivalence between
the quantum and classical Hamiltonians to hold, one must consider M — oo limit.
As mentioned earlier, for infinitely large M, one must also consider the § — oo
limit, so that the zero-temperature phase transition in the d-dimensional quantum
model is equivalent to the thermal phase transition in (d + 1)-dimensional equivalent
classical model.

3.A.2 Derivation of the Equivalent Quantum Hamiltonian
of a Classical Spin System

Starting from a classical spin Hamiltonian, one can also (conversely) derive the
equivalent quantum Hamiltonian in an extreme anisotropic limit [25, 231]. If one
considers a classical spin Hamiltonian on a d-dimensional lattice and T denotes
the transfer matrix of the classical system, the equivalent quantum Hamiltonian is
defined as

T=1-1tH+0(<?), (3.A.10)

where 7 is a strictly infinitesimal parameter (may be considered as the lattice pa-
rameter in one particular (time) direction). The Hamiltonian H corresponds to the
equivalent quantum Hamiltonian of the classical system. The free energy of the sta-
tistical mechanical system, given by the largest eigenvalue of the transfer matrix, is
now related to the ground state energy of the quantum Hamiltonian and the correla-
tion length is given by the inverse of energy gap of the quantum Hamiltonian. We
shall illustrate the above mentioned equivalence using the example of a two dimen-
sional spin-1/2 classical Ising system on a square lattice, with anisotropic coupling
strengths J; and J>. The row to row transfer matrix of the above Hamiltonian can
be written as [349]

T=1TTT, (3.A.11)

where

T =exp[z Kls;‘}, (3.A.12)
i

1) =exp[z KzSiszH}, (3.A.13)
i
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with K; =BJ;,i =1,2 and I%l is given by

- 1

K| = —3 In(tanh K1). (3.A.14)

Clearly the operators 71 and 7> do not commute. To write the above transfer matrix
(3.A.11) in the form (}.A.lO) one has to suitably define the expansion parameter 7 .
One sets [231] T = K, and K> = AT, wpere A is finite. One can now neglect the
noncommutivity of the operators 77 and 7> if one considers the extreme anisotropic
limit given by
> . K>
Ki—->o00(Ki—0) and K;—0 w1thA=KTEO(1), (3.A.15)
1
the transfer matrix is readily written in the form (3.A.10) as t — 0, where the equiv-
alent quantum Hamiltonian H is given by

H=-=)"S'—1) 57, (3.A.16)
i i

with A playing the role of inverse temperature. One thus obtains the transverse Ising
Hamiltonian from the classical Ising Hamiltonian in the extreme anisotropic limit.
One should note here that this equivalence is established in the extreme anisotropic
limit, T, Ko — 0, called the “Hamiltonian” limit. The essential assumption behind
this mapping is that this anisotropy does not affect the universality class of the prob-
lem.



Chapter 4
ANNNI Model in Transverse Field

4.1 Introduction

Spatially modulated periodic structures had been observed experimentally for the
first time in magnetic and ferroelectric systems in the late fifties and early sixties.
Subsequently, it became evident that these structures originate from competing in-
teractions of magnetic and electric dipole moments and may be mimicked by mag-
netic models with regular competing interactions (frustration). The most popular
model in which the effects of regular frustration on the (classical) spin model have
been studied extensively is the axial next nearest neighbour Ising (ANNNI) model
[122, 352, 353, 435]. The classical ANNNI model is described by a system of Ising
spins with nearest neighbour interactions along all the lattice directions (x, y and z)
as well as a competing next nearest neighbour interaction in one axial (say z) direc-
tion. The regular competition or frustration here gives rise to many modulated spin
structures. Depending on the interaction and temperature, many commensurate and
incommensurate modulated phases appear in such systems, which show very rich
phase diagrams [352]. It may be mentioned that other regularly frustrated Ising mod-
els have also been constructed: e.g., the ANNNI model can be extended to include
frustration along two or more axes or there may be three or more spin interaction
terms. Also, one can construct frustrated Ising models with further neighbour inter-
actions or other non-Ising frustrated models like the three state chiral clock model,
etc. [352]. However, the simplest Ising model with regular frustration is the ANNNI
model and it can also mirror the properties of real magnetic systems as well as
many other systems with modulated structures, like in ferroelectrics, binary alloys,
etc. We are interested here in the stability of such modulated phases and the phase
transitions driven by quantum fluctuations at zero temperature. Again, one can have
a tunable quantum fluctuation induced by presence of a transverse field. We con-
sider therefore the ground state properties of the ANNNI model in transverse field
at zero temperature. Here the presence of (regular) frustration is expected to give
rise to intriguing quantum many-body phases (ground states). One can also study
the stability or instability of the commensurate and incommensurate classical Ising
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phases occurring in the classical ANNNI models. These observations may be com-
pared with the extensive studies, and the literature developed [20, 263], on the study
of quantum magnetisation in the (frustrated) Heisenberg antiferromagnets and etc.

Before describing the detailed results on quantum ANNNI models, a brief intro-
duction to the classical model needs to be given.

4.2 Classical ANNNI Model

The Hamiltonian for the classical ANNNI model is given by

H= —% > JoS; ;8 . — ZJlsf,ijH,j -> DSESE s 4.2.1)
iJ.J’ iJ iJ

where i labels the layers perpendicular to the axial direction and j and j' denote
the nearest neighbour spins within a layer. Competition is due to ferrotype near-
est neighbour (positive J1) and antiferrotype next nearest neighbour (negative J,)
interactions. The ground state (for 7 = 0) is exactly known in all dimensions: fer-
romagnetic type for k = |J2]/J1 < 0.5 and modulated for « > 0.5 with a period of
4 (antiphase). The « = 0.5 point is highly degenerate, the degeneracy being equal
to gN for a system of N spins where g = (1 + +/5)/2 is the golden ratio [352].
The system is also frustrated when both J; and J;, are antiferromagnetic; the spin
configurations corresponding to which can be obtained by flipping every alternate
spin in those corresponding to the former case (J; > 0, J, < 0). Let us discuss in
brief the features of the ANNNI model at 7' # 0 in different dimensions.

(a) One dimension: The one dimensional ANNNI model (here Jy = 0) is exactly
solvable [181, 247]. Here one uses a simple transformation: Sl.ZSl.Z s tl.z which
transforms the Hamiltonian to that of the nearest neighbour Ising model in a lon-
gitudinal field. As the system is short ranged, there is no finite temperature phase
transition, i.e., the system is paramagnetic for 7' % 0. However, the para phase has
two distinct regions: in one the spin-spin correlations decay exponentially (cf. near-
est neighbour Ising models) while in the other, oscillations are enveloped by an
exponential decay. These two regions are separated by a disorder line.

(b) Two dimension: The two dimensional ANNNI model has no exact solution.
However, estimates [352] of the phase diagram have been obtained using different
approximations [288, 412].

The phase diagram consists of a ferromagnetic phase, a paramagnetic phase, an-
tiphase, and in all probability a floating incommensurate phase where the spin-spin
correlations decay algebraically analogous to a Kosterlitz-Thouless transition in an
XY system. The paramagnetic phase is believed to exist down to 7 = 0 for k = 0.5.
A disorder line, starting from this point and touching the 7' axis asymptotically,
divides the para phase such that on the large « side, the exponential decay of the
correlations have local periodic oscillations. The best estimate of the ferromagnetic
to paramagnetic boundary is given by

sinh[2B(J; + 2J2) ] sinh28Jo = 1. 4.2.2)

The estimated phase diagram is shown in Fig. 4.1.
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Fig. 4.1 Phase diagram of

the 2d ANNNI model with

Ji=(1 —a)Jy and 2.0
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(c) Three dimension: In three dimensions, the mean field phase diagram [352,
436] has been extensively studied. It consists of (commensurate or incommensurate)
modulated phases in addition to the paramagnetic and ferromagnetic phases. All
three phases meet at a critical point called the Lifshitz point at a finite temperature
at k = 0.25. There are neither floating phases nor disorder lines. Various phases
with nontrivial periodicities are found to exist here [145, 354]. The mean field phase
diagram is shown in Fig. 4.2.

4.3 ANNNI Chain in a Transverse Field

In the ANNNI model one can study the effects of quantum fluctuations by putting it
in a transverse field analogous to the nearest-neighbour Ising case. The Hamiltonian
is given by

1 Z
H==3 2 0S80 = DS iSian ;= D128 Siha = 2 TS
i i i z‘

43.1)

The interest in such quantum systems is twofold: Firstly, the zero temperature crit-
ical behaviour of a quantum spin (S = £1) Ising system in d-dimension is usually
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related to the thermal critical behaviour of the corresponding classical system in
(d 4 1)-dimension, and vice-versa [387]. Secondly, as mentioned before, the results
for such systems will have important implications on the general role of quantum
fluctuations in magnetism and can be compared to the corresponding results for
the (frustrated) quantum magnets like quantum antiferromagnets etc. [20]. One can,
therefore, anticipate that the quantum fluctuations in the one dimensional ANNNI
model may give rise to interesting structures in the phase diagram as has been
found using approximate and numerical methods in the two dimensional classical
ANNNI model. In fact, the Hamiltonian for the one dimensional ANNNI model in
a transverse field was first obtained as the Hamiltonian limit of the transfer matrix
of the two dimensional classical ANNNI model (Rujan [336], Barber and Duxbury
[24,25, 117]). The Hamiltonian of the one dimensional ANNNI model in transverse
field takes the simple form

H==Y IS8 =Y hSiSi,—» IS 4.3.2)
i i i
The transfer matrix of the two dimensional ANNNI model can be written as

T= exp(,BJo > sf)expﬂ <11 dOSiSi i+ Ry S§S§+2>, 4.3.3)
i i i

where tanh Jy = exp(—2Jp), Jo the interaction along one axis; Ji, J> are the com-
peting interactions along the other. The mapping of the Hamiltonian of the two
dimensional ANNNI model to that of the quantum one-dimensional model (i.e.,
taking the Hamiltonian limit of (4.3.3) where the exponential functions commute),
however, is exact only in the limit I — oo, J1 — 0, J; — 0, « remaining finite.
Therefore, it is not at all obvious that the phase diagrams of the quantum chain
(4.3.2) and the classical two dimensional ANNNI model should be closely compa-
rable. Secondly, the frustrated antiferromagnetic Heisenberg models with anisotropy
in general (i.e., when the Hamiltonian includes cooperative interaction also in y and
z directions (and I = 0) with competition between nearest and next nearest neigh-
bour interactions) indeed exhibit [71, 129, 187, 255, 256] that zeroth order quantum
fluctuation can destroy the Neel order, so that the quantum spin liquid phase is ar-
gued to be the ground state of that system. For a special one dimensional model, in
which the second neighbour interaction is exactly half of that of the first neighbour
(k =0.5), the (two fold degenerate) dimer phase has been shown to be the exact
ground state (Majumdar and Ghosh [255, 256]). Although the symmetries are dif-
ferent, it would be interesting to compare the effect of zero point (transverse field)
quantum fluctuation in the frustrated Ising system (at « = 0.5) and check if it also
destroys the classical order (phases) and leads to new quantum phases (compara-
ble to the dimer, spin liquid or otherwise in frustrated magnetic systems) (Sen and
Chakrabarti [356, 359, 360], Sen et al. [362]). The results obtained for the ANNNI
model using some analytical and computational methods are described in the fol-
lowing sections.
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4.3.1 Some Results in the Hamiltonian Limit: The Peschel-Emery
Line

As mentioned before, this model was initially studied in order to obtain the phase
diagram for the two-dimensional classical case [24, 25, 117, 336]. Barber and
Duxbury [24] studied special limits of this model and obtained a phase diagram.
A more complete study for the one dimensional quantum model was first attempted
by Rujan [336], although the interest was in the special limits.
One can use a transformation
St =0 0/ (4.3.4)

1

and

Si8%,, =o7, 4.3.5)

1

with which the Hamiltonian (4.3.2) maps onto the dual Hamiltonian Hp corre-
sponding to a XY model with an in-plane field given by

Hp = —<11 ZS,Z +I ZSfSixH + 22 ZSiZSiZJrl)' (4.3.6)
i i i

The expression for the mass gap A, which is the inverse of the correlation length,
for the above model (Hp) was obtained using perturbation methods [336], and is
given by

A=Ji[2(1=2) = 2I + Ik /(1 — ©)], 4.3.7)

for k < 0.5, calculated up to the second order. For x > 0.5, A is calculated in the
first order only giving the result

A=J12k —2—T cos2mq), (4.3.8)

from which an antiphase to “sinus” phase (modulated phase with modulation wave
vector ¢) transition is predicted. The phase boundaries (para to ferro and antiphase
to sinus) are obtained from the vanishing of A. Here, it is found that the param-
agnetic phase indeed exists at zero I". No clear idea about the nature of the cor-
relations is obtained in the paramagnetic phase. Barber and Duxbury [24] applied
Rayleigh Schrodinger perturbation expansion methods about the trivial but exact
limits I" — 0 and I" — oo and obtained the phase diagram. The Lifshitz point is
obtained at a finite value of I" here. They also used some numerical methods to find
out the phase boundaries. However, the results are insufficient for « > 0.5.
An exact solution (the only one to date for nonzero I") along a special line

)=« —1/4 4.3.9)

in (k, I") plane has been obtained in the Hamiltonian limit (Peschel and Eme-
ry [311]). The argument runs as follows. Here, one writes the master equation for
the one dimensional kinetic Ising model in such a form so that the time evolution
operator can be expressed in terms of Pauli matrices and is also Hermitian. Thus
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Fig. 4.3 The three basic spin Ay
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it describes, in general, a one dimensional quantum mechanical spin-1/2 problem.
The master equation governing the time evolution of the probability of a certain spin
configuration o at time ¢ for a linear chain of Ising spins with nearest neighbour in-
teractions can be written as

apgj : —ZW (0 —0')pG, r>+ZW o' > o)plor)  (43.10)

where p(o,t) denotes the probability of finding the configuration o at time ¢ and
H(o)=-J Zn 0,0n+1. W’s are the transition probabilities. The master equation
can also be written as

dp A
— = o 4.3.11
-=2_0p (4.3.11)

where
p(o,t) ~exp[—BH(0)]p(o, 1) (4.3.12)

and O denotes the time evolution operator. There are only three elementary spin flip
processes to consider, which are shown in Fig. 4.3 along with their rates (oo, o+
and «_). Assuming detailed balance, the rates for processes (b) and (c) are con-
nected by o = exp(—4K)a, where K = §J; B is the inverse temperature. Hence
there are only two independent rate constants g and «. The time evolution opera-
tor O can be expressed in terms of Pauli spin matrices [226]:

0 =Y [Ao; + Bo}_,0;07,, + Cojof,, — Dotos ) — E] (4.3.13)

n-n+2
where the coefficients A, B, ..., E are given in terms of the transition rates as given
below:
1
A= 5(5[ + ap) (4.3.14a)
1
B = 5(& — ) (4.3.14b)
C =asinh2K (4.3.14¢)
1
D = E(a cosh2K — ap) (4.3.144)



4.3  ANNNI Chain in a Transverse Field 79

1
E = 5(& cosh2K + agp) (4.3.14e)

where @ = o + exp(—2K). If B is made to vanish, so that (4.3.13) is of the same
form as that of (4.3.2), one must have the condition given by (4.3.9). Thus, along
this line (also known as the one dimensional line (ODL)), the Hamiltonian can be
related to a soluble one-dimensional kinetic spin model, and the spin correlations
in the horizontal direction here decay exponentially (from the exactly known spin
correlations of 0, and is essentially one dimensional in character). This line touches
the multiphase point ¥ = 0.5 at I" = 0, proving that the disordered phase indeed
extends down to I" = 0 at k = (0.5. The disorder line cannot be below this so called
‘one dimensional line’.

4.3.2 Interacting Fermion Picture

The Hamiltonian for the ANNNI model in transverse field can be expressed in terms
of interacting fermions [336, 359], following the Jordan-Wigner decoupling trick
applied to (pure) transverse Ising chain in Sect. 2.2. A self-consistent Hartree-Fock
method in the interacting fermion picture gives results (critical phase boundary for
order-disorder transitions) for ¥ < 0.5. The Hamiltonian can be expressed in the
form

H=-IN+2rI ZCJCI' - N Z(C‘lT —C,')(C;L+1 +C,'+1)
i i
— Y (ef =) (1= 2¢f, cinn) (], +cita) (4.3.15)
i

where the following transformation has been made

SF :exp(—in ZC;C})Q +c§exp<in Zc}q) (4.3.16)
j<i j<i

ST=2cl¢; —1 (4.3.17)

and c;’s are Fermi operators satisfying
[ci.cl]=8ij.  leicl=[c].c}]=0. (4.3.18)
Here the model consists of a one dimensional cyclic chain of N Ising spins
(Sx = £1) so that S}, = ST, Sy = S5 etc. (note that here the canonical transfor-
mation S — S,.Z and Sl.Z — —§ has been made in (4.3.2) to use the Jordan-Wigner
transformations conveniently). This Hamiltonian, in general, is not diagonalisable
as it contains a four-fermion interaction coming from the (1 — 2cl.T £1Ci+1) = -8 T
term in (4.3.15). In the mean field approximation, (S7) = 1 in the para phase [312].
Also if J; is treated perturbatively, then (S;) in the para phase (for J, = 0) differs
slightly (less than 4 % numerically) from unity. Therefore, putting approximately
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S7 >~ (S7) ~ 1, the Hamiltonian (4.3.15) can be expressed in a general quadratic
form

Hy=-TN+Y ¢/ Ajcj+Y ¢ Bijc] (4.3.19)
ij ij

and can easily be put in a diagonal form
1
Hy =Y wmin, - 5 > g (4.3.20)
q q
where
w2 = 4[1“2 + (112 + J22) + I'(2J1 cos2mq + 2J2 cosdmq) + (2] J2) cos 2mq |

q
4.3.21)

and the normal modes n, and n; are given by appropriate linear combinations of ¢,

and cj] [359]. Hence, from mode softening condition, the para to modulated phase
boundary is given by

r/Jhy=1hl/(), (4.3.22)
and the para to ferro boundary is given by
r/h=1—|nl/(J. (4.3.23)

The phase diagram obtained from this method can be improved by using a self-
consistent Hartree-Fock method in which the fermion Hamiltonian (4.3.15) can be
approximately mapped [423] into the exactly solved Hy; (given by (4.3.19)). When
the Hamiltonian H in (4.3.15) is treated self-consistently, and the Hamiltonian is
effectively written in the form of Hy, the renormalised parameters are given by
[360] (see Sect. 4.A.1)

r'=r—25h(clciw)+(c/cl,,) (4.3.24a)
J=n+ah(clel )+ cfein)) (4.3.24b)
Iy =2n((c i)~ 1/2). (4.3.24¢)

The primed variables are the unrenormalised ones. This result can also be obtained
alternatively by employing a RPA-like approximation to the Hamiltonian (4.3.15)

(ABC) = (AB){C) + (AC)(B) + (A)(BC)

with proper signatures following fermion commutation rules and collecting the
equivalent terms. Using relations (4.3.24a), (4.3.24b), (4.3.24c), the surfaces
(4.3.22) and (4.3.23) map onto two corresponding surfaces in (I, k) plane. For

k'(=—J3/J{) <0.5, the para to ferro boundary is given by
—2mi’
K =
2{a(1 — %(1 — k")) + (=41 — k") + DV2/(1 — k")) + 4K’
1 —2«’
r/n il “)

T 20a(l— L0 =) + (—4 (L= k) + DV2/(1 = &)} + 4x'al
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(k <0.5 as ¥’ < 0.5 here). The essential steps and the expression for « is given in
Sect. 4.A.1.

The other phase boundary (para to modulated) cannot be mapped here as all
values of « corresponding to k¥’ > 0.5 (where we get the para to modulated phase
boundary in the earlier approximation for H) gives x = 0.5 and I" = O there.

4.3.3 Real-Space Renormalisation Group Calculations

The critical field and ground state energy are also obtained in the real-space renor-
malisation group (RSRG) approach [360]. The method followed here is the trun-
cation method [183, 314] in which a number of spins are grouped in a block (see
Sect. 2.4) and the Hamiltonian for a single block is solved exactly (here block size is
three). Only the two lowest lying eigenstates, out of the possible states (here eight)
are retained to construct an effective Hamiltonian having the same form as that of
the original one. The process is iterated until a fixed point Hamiltonian is reached.
It may be noted that for studying the fixed point structure for ¥ > 0.5, blocks with at
least four spins should be constructed; otherwise even the ground state (antiphase)
for at least f = 0 cannot be represented by the block. However, the problem then
becomes difficult to tackle analytically and hence we restrict to blocks with three
spins; thus restricting ourselves again to studies for ¥ < 0.5 only.

With the above three spin block, the effective Hamiltonian reads (see [360]; cf.
[183, 314], see also Sect. 2.4.1)

DB P JzZSxSl+2+c (4.3.25)
i i

where the renormalised quantities (denoted by primes) are as follows

I''=—(x,—x1)/2 (4.3.26a)
J{ =Ja/b (4.3.26b)
Jy = halb (4.3.26¢)
and
c=(xo+x1)/2 (4.3.27)
with

= [=2J1(xo + x){(x1 =30 (xo +30) + (x1 + T (xo — D)} + 44117 (x5 + x1)
—8J1J3 + 4011 {(x1 =30 (et + T) + (0 +30) (x — D)) (4.3.28)
and
= [2{(0 +3) (0o — ) = I3} + {21 (o — ) + 201 o)
x {=2J1(xo +30) +2J; 12}2 [2{(x1 =30+ 1) — 73
{201+ D)+ 20 B + {2010 =30 + 201 k)] (4329
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Fig. 4.4 The phase diagram
for the ANNNI chain in
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and x, is the smallest root of the following equation

XA+ (I + I)x? + (=507 — JF —4J2 + 20 ) x + 3173
+TJ; =4 — )Ji —=3hI? =73 =0 (4.3.30)

while x is the smallest root of (4.3.30) with I" — —I". Notice that at the zeroth
iteration J,(0) = 2J; as the contribution from the second neighbour appears twice
in the inter-cell interaction when the cells consist of three spins. Also, the value of
J2/J1 does not get renormalised at all. Thus the fixed point is determined only by
the fixed point value of I"/J;. Above the critical value of I"/J1, any initial value of
I" approaches infinity, while below this value it iterates to zero; the resulting flow
diagram gives the phase diagram. The phase diagram obtained from the Hartree-
Fock approximation and RSRG approach are shown in Fig. 4.4.

Critical Ground State Energy The critical ground state energy values can be
estimated from the self-consistent and RSRG methods. The ground state energy per
site can be expressed as

Eg/N = =T = h((lel, o) + e efei = 1/2)
- Ji ((C,Tci+l> + (cici+1))/2
+ (¢ civt) + (eicir) ((eiciv) +{c]cipr)) 4331
so that
Eg/N = L1 J313/21 — I'J4mw — Jia/dmw — Jro? 4 (4.3.32)

where the expressions for the integrals /1, I3 and « are given in Sect. 4.A.1.
The RSRG method also gives estimate for the ground state energy along the
critical line. The ground state energy per site here is given by

Eg/N = Z[W]B (4.3.33)

n

where

F(J100), 12(0)) = (xp + x1)/2 (4.3.34)
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Notice that this method does not produce the exact results E,/N = —1/7 and
I'/J1 = 0.5 for « = 0. The behaviour of Eg, however, agrees well with the results
of the self-consistent method.

4.3.4 Field-Theoretic Renormalisation Group

The analytical methods discussed so far do not give the evidence for the existence
of a floating phase (with algebraic decay of correlations) directly. However, the ex-
istence of a floating phase can be easily justified for this model at zero temperature;
although its location cannot be found so easily. Using Gaussian functional averages
[152] (over the transverse field term) for the spin correlations, the effective Landau-
Ginzburg Hamiltonian may be written as (see Sect. 3.6.2).

H~Y"S[1+JG(@n)]S+ 0(s? (4.3.35)

with the spin Green’s function G (w,,) ~ I" tanh I @ar+ wi) and Matsubara fre-
quencies w, = 2rm/B. Also, because of the competing interactions, we expect
the fluctuations (with ¢ and —g) over some modulated structure (say with wave
vector ¢) to be dominant in the critical region, thereby effectively driving [152]
an n-component competing system equivalent to a 2n-component system without
competition (n = 1 here for an Ising system):

2
H~ / d’q Y (rm +4°)Su(q@)Su(—q) + O(S*) (4.3.36)

a=1 m

where r,, =r + wﬁi; r being the usual critical temperature interval. At T = 0, the
Matsubara frequencies become continuous and the sum over m gives an effective
additional dimension (d — d + 1). The system therefore shows an effective (d + 1)-
dimensional classical behaviour (due to integration over quantum fluctuations) for
an effective 2-component (XY-like) regular magnetic system (because of integra-
tions over the competing fluctuations in the Ising system). For our one dimensional
ANNNI model in transverse field, we thus expect effectively two dimensional XY-
like (power law) correlations (floating phase [288, 412]) at zero temperature. At
finite temperatures, of course, the lowest value of r,, for which the field remains
finite after renormalisation, is that for m = 0 and fields corresponding to other m
values become irrelevant [152]. There is thus no dimensional increase for 7 > 0
and no floating phase is expected.

4.3.5 Numerical Methods

The phase diagram for the quantum ANNNI model has also been obtained [362] us-
ing numerical methods like exact diagonalisation for finite size and Strong Coupling
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Eigenstate Method (see Sect. 2.3.2). In fact, so far, this method gives us the most
detailed and accurate phase diagram.

In the exact diagonalisation method the quantum Hamiltonian (4.3.2) has been
considered where the transverse field aligns spins in the x-direction for conveniently
using the representation in which S are diagonal. The essential step is to diagonalise
the 2V x 2 Hamiltonian matrix Hy for an open chain of N spins (with interactions
given by (4.3.2)). The matrix Hy is constructed from the recursion relation

Hy_ i+ Dy_ —I'ly_
Hy— [N PN A (4.3.37)
—I'ly_ Hy_1—Dn_1

Here Hy_ is the Hamiltonian matrix for N — 1 spins, 1y_1 is the unit matrix of
size 2V~ x 2V~ and Dy_; is a diagonal matrix of the same size with diagonal
elements J1 + Jo,...,J1 — Jo,...,—J1+ Jo,...,—J1 — Jo,... Where ... means
repetition of the preceding elements 23 times. This form however occurs only
when the arrangement of the 2V configurations is the one that is obtained from direct
product of N two-component vectors (4, —). (Thus, for 3 spins the arrangement is
+++, ++—, +—+, +——, —++, —+—, ——+, ———.) Proof of (4.3.37) follows
by noting that, if we add a spin at the left end to the arrangements of N — 1 spins,
then the interaction of this spin with the rest of the chain is given by

Dy_1 —TI'ly_
—I'ly-1 —Dy-1 )’

A further simplification of (4.3.37) is also possible

UHU-! — <HN—1 —Dy_1+T'Fyn_y 0

(4.3.38)
0 —Hy_1—Dn-1+T'Fy_

where

U=(1/v2) ( Iy —FN1>

Fno1 1y
and Fy_ is a matrix (of size 2¥ ! x 2¥=1) having 1 along the diagonal connecting
top-right corner to bottom-left corner and zero elsewhere. This reduces the 2V x 2V
problem to two 2V ! x 2¥=1 problems. Proof of (4.3.38) necessitates the relation-

ships

Hy_1FNy-1=Fy_1Hn-1,

Dn_1Fn—1 = Fn-1DN-1,
which in turn follow from the observation that reversal of each S7: (i) keeps V
(= =12 NSiSE + 22 128787 L1, Ho (= =Y, I'Sf) and hence Hy —; the same
but reverses the sign of Dy_1 and (ii) is equivalent to replacing the row and column
index i (of Hy_1 and Dy_1) by N —i + 1.

We would like to add that for any form of Hy (where H = Hy + I” Zi §), are-

lationship of the form of (4.3.37) can be built up (with, of course, a different Dy _1)
but the simplification by (4.3.38) will need the S7 — —S° symmetry.



4.3  ANNNI Chain in a Transverse Field 85

After building up the Hamiltonian matrix Hy, the eigenvector corresponding to
the ground state is obtained and the r-th neighbour correlation, defined as g(r) =
(8787 ) is calculated in this state. From the nature of the correlation function, the
different phases (from the data for 0 <« < 1.0 and with N =8, for 0.2 <« <0.8
with N = 10) have been identified. The mass gap A = (Y1|H|¥1) — (Yol H| Vo)
where v and v are the are the ground state and the first excited state respectively,
has also been determined. From the plot of A vs. I'/J; (for N < 8), the critical
fields I, following the method of Hamer and Barber [166, 167] are obtained. From
the spin-spin correlations five different regions in the phase diagram were clearly
identified:

A: Ferromagnetic: g(r) ~ m? + exp(—r/£)

B: Antiphase: g(r) ~ m? + exp(—r /&) cos(mqr), g = 1/2
C1: Paramagnetic: g(r) ~ exp(—r/&)
C2: Paramagnetic: g(r) ~ exp(—r/§)cos(wqr),q <1/2
C3: Floating: g(r) ~r"cos(wqr), 1/3 <q <1/2,7~107!

The same plot has also been obtained using the strong coupling eigenstate method
discussed next.

Strong Coupling Eigenstate Method (SCEM)  As an alternative to the above
method of estimating the mass gap A(I”), an approximate diagonalisation scheme,
called the Strong Coupling Eigenstate Method (see Sect. 2.3.2) has also been used.
This method has been shown to lead to the exact analytical results [312] for the Ising
chain in a transverse field (for continuous phase transition) and has also been used
for estimating the phase boundaries for other quantum chains [129, 165, 187].

The SCEM has the advantages that the number of basis states is lowered con-
siderably (the introduction of J, does not increase the number of states) and that
the exact analytical results for J, = 0 can be reproduced with high accuracy. On
the other hand the disadvantage is that one cannot find the eigenstates and even
with the benefit of reduced system size, one cannot really go to larger chains as it
quickly becomes impossible to find out the matrix elements. The essential idea of
this method, as mentioned earlier in Sect. 2.3.2, is to generate a set L of strongly
coupled eigenstates of Hy (= —_; I'S}) by successive applications of the operator
V=—[,;N SL.ZSI.ZJrl +>; JszSerz] to an unperturbed eigenstate |0) of Hy. The
matrix (say, H,) for the Hamiltonian operator Hy is then constructed for the basis
set L. The lowest eigenvalue of H, gives the ground state energy provided |0) is
chosen as the ground state eigenfunction (namely S; = 1 for all i) of Hy. To obtain
the energy of the first excited state we repeat this process choosing |0) as the first
excited state of Hy (namely, all S* = 1 except any one which is —1). The efficiency
of this method is demonstrated by the fact that for N =5 and 7 (say) the set L con-
sists of only 4 and 9 states. The mass gaps are measured and corresponding critical
fields obtained from numerical calculations performed on system sizes N =4, 5, 6
and 7 with periodic boundary conditions.

The phase diagram, obtained from the behaviour of the correlation as well as the
mass gap is shown in Fig. 4.5. The SCEM seems to be reliable only for « < 0.5 and
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in this region it agrees reasonably with the results obtained by the exact diagonali-
sation (ED) (see Fig. 4.5).

4.3.6 Monte Carlo Study

The quantum one dimensional ANNNI model in a transverse field can be mapped
to a two dimensional classical model using the Suzuki-Trotter formula to give an
equivalent Hamiltonian (see Sect. 3.1)

N M
Heii =) Y [(JiB/M)SitSivix + (J2B/ M) SikSiyax + J3SixSik1]  (4.3.39)
i=1k=1
where

J3 = (1/2)[Incoth(BI"/M)]. (4.3.40)

The Monte Carlo simulation has been performed [18] for the classical two dimen-
sional (N x M) model with periodic boundary conditions. Although the mapping is
exact only when the Trotter dimension (M) is very large, one works with finite M
values (typically M is between 30 and 70) and N (number of sites along the hor-
izontal axis corresponding to the number of sites in the original quantum system)
is varied between 60 to 200. The energy and correlation functions were evaluated
to find the phase boundaries. The phase diagram again is very similar to that of the
approximate two dimensional classical ANNNI model. It shows the presence of fer-
romagnetic, paramagnetic, antiphase and floating incommensurate phases as well as
disorder line in the para phase. The position of the ferromagnetic to paramagnetic
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Fig. 4.6 Phase diagram of quantum one dimensional ANNNI model obtained from Monte Carlo
method (from [18]). The presence of Ferromagnetic (/), Disordered (2), Disordered with oscilla-
tory decay of correlations (3), Floating incommensurate (4) and Antiphase (5) are shown. ODL
(one dimensional line) is drawn from the exact analytical result [311]

phase agrees well with the one obtained in the two-dimensional case in [352] which
in the present case reads

nB  2J
sinh[2<17ﬂ + 72’3)] sinh2J3 = 1. (4.3.41)

The one dimensional line is detected through the minimum in the horizontal cor-
relation length which also agrees with the exact result [311]. The phase diagram is
shown in Fig. 4.6.

4.3.7 Recent Works

We are interested in the ground state (zero-temperature) properties of the Hamil-
tonian (4.3.2) with x = —J»/J1 > 1. Exact diagonalisation studies were made for
chains up to a length of 32 spins by Uimin and Rieger [330]. Quantum Monte Carlo
studies were performed by Arizmendi et al. [18]. Bosonisation and a renormalisation
group analysis have been used by Allen et al. [9] and later by Dutta and Sen [115].
All these studies support the presence of floating phase characterised by a spin-spin
correlation in longitudinal direction that decays algebraically with distance. Careful
studies using density matrix renormalisation group for ¥ < 0.5 [31] and « > 0.5
[32] have also been performed, which confirm the presence of floating phase over a
region of k—I" phase space that extends from « = 0.5 to x = 1.5 and beyond. An-
other numerical study [291] based on entanglement scaling of matrix product states
however found evidence of this phase only over a narrow region.

In contrast to these approximate studies, exact results are only two in number:
(1) An early study by Peschel and Emery [311] (see also [115]) showed that along the
line I/ J = k — 1/(4«) the ground state has a direct product form and the correlation
function decays exponentially with distance; (ii) a perturbative analysis [67] showed
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Fig. 4.7 Basic principle of the perturbation treatment. The perturbation takes the transverse field
from O to I" and the frustration parameter « from 0.5 to 0.5 + rI". Obviously, the parameter I
should be small for perturbation expansion to be valid

that precisely two phase transition lines pass through the («, I") = (0.5, 0) point,
making angles 77 /4 and 7 — tan™! 2 with the « axis. Here we shall present the basic
principle of the latter work.

The basic idea is to break up the Hamiltonian as

H=H,+ H, (4.3.42)
with

__JZ[Sjsj+l 2 ]Sj+2} and H :ZF Sx+rSZ j+2]
J

and then treat H), as a perturbation over H.;. (Here r = J(k —0.5)/I".) The per-
turbation takes the Hamiltonian H4 from the multiphase point («, I") = (0.5, 0) to
(0.5+rI, I'") (Fig. 4.7). One can show [67] that the first order perturbation correc-
tion to the ground state energy eigenvalue £ can be calculated exactly by mapping
the problem to an excited state of the nearest-neighbour transverse Ising model for
which all the eigenstates are exactly known. Now, if there is a phase transition line
passing through the multiphase point at an angle tan~'(1/rq) with the increasing «
axis, then the quantity £V treated as a function of » will show a non-analyticity
at r = rg. It is found that this occurs only at two values r = —0.5 and 1, where
d’EWM /dr? diverges. Hence, only two critical lines pass through the multiphase
point. It is known that at small I, the system is in ferromagnetic state for k < 0.5
and in antiphase state for k > 0.5. If we assume that there does exist a floating phase
adjacent to the antiphase, then the phase diagram should be either of the two types
shown in Fig. 4.8. To find which of the two types represents correctly the ground
state, we note that since the problem has now been mapped to a class of excited
states of the nearest-neighbour model, one can calculate the mass gap correct up
to first order perturbation. Also, the longitudinal spin-spin correlation for the rel-
evant nearest-neighbour model can be calculated exactly by evaluating the related
Toeplitz determinants using Szego’s theorem [68]. This leads to a knowledge of the
longitudinal susceptibility for the zero-th order eigenstate. It turns out that for the
entire range —0.5 < r < 1 the mass gap vanishes and the longitudinal susceptibility
diverges. This rules out the type in Fig. 4.8(a) and confirms the one in Fig. 4.8(b).
Note that three lines meet tangentially and have the same slope (namely —0.5) at
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Fig. 4.8 Two types of (schematic) phase diagram consistent with the fact that there should be
precisely two critical lines emanating from the multiphase point. Figure (b) is confirmed by further
analysis. Bold lines in figure (b) indicate exact result

the multiphase point: the ferromagnetic-paramagnetic boundary, the paramagnetic-
floating phase boundary and the Peschel-Emery line.

It has been mentioned before that the ground state for the transverse ANNNI
chain can be mapped to 2D ANNNI model for some extreme values of the param-
eters. It has been shown quite convincingly that in 2D ANNNI model, the floating
phase is either absent or present only over a very narrow parameter range [66, 102].
This fact can be reconciled [66] with the presence of floating phase in transverse
ANNNI model by noting that the interaction parameters of the equivalent classical
model is much larger than that in the other direction.

4.4 Large S Analysis

Uptill now, the results for systems with § = £1 have been discussed. The ANNNI
model in a transverse field has also been studied in the large S approximation [171,
355, 356]. In [356], the Hamiltonian is rewritten as

1
H:—E[ZJISI.ZSI.ZH+ZJ2S§S§+2]—ZFSI?‘ 4.4.1)
i i i
where for any spin Sj,
D osEsE=S(S+1)=S. (4.4.2)
o
The variable S has been introduced as the normalisation factor in (4.4.1) to ensure
a proper limit for the Hamiltonian as § — oo. Under this approximation, the vector
ng = 8%/S. are classical (commuting) variables. An angle 6 is defined, with 0 <

6 < m through the relations (n7) = cos6 and (n}) = sin6® denoting the expectation
values of n; in one of the classical ground state of the system (see Sect. 4.2). Three
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possible phases are immediately identified: (a) a paramagnetic phase in which all
6 = m /2, (b) a ferromagnetic phase in which all 6 are equal but not 7 /2 and (c) an
antiphase where the 6 values look like (8,0, 7 — 6,7 — 6) in a single period. In
terms of 6, the classical energy is easily found out:

Eo/Se=—) [(costjcosty) + k(costjcostiiz)] — 'Y sin;.  (4.4.3)

1 ]
From the minimum energy conditions in the three simple phases, the phase bound-
aries are obtained which give a tricritical point at («, ") = (1/2, 1). The ferromag-
netic phase is stable for I < 2(1 — k) when « < 0.5 and the antiphase is stable for
I' < 2x: when « > 0.5. In the rest of the phase diagram, the paramagnetic phase
wins. This simple picture is modified considerably with a spin wave analysis. In
each phase (denoted generically by p), the energy of the spin waves (magnons)
are obtained as a function of ¢ quantised in units of 27/N and —7m < g < 7. In
this treatment, a diagonal form for the quantum Hamiltonian is obtained (when the
ground state is any one of the three phases) describing the magnons. The total energy
for any p is expressed as (see Sect. 4.A.2)

V1

N
E(p) = Eo(p) + E/ dqEi(q; p) (4.4.4)

—TT
where

172

Ei(g; p) =[Aq(p)By(p)] (4.4.5)

and will be stable if the product A, (p) B, (p) is positive.

In each of the three simple phases, the instability to different ¢ fluctuations gives
the phase boundaries. For example, in the paramagnetic phase, the square of the
energy is

Ed(q; p) =T (I' =2k — 1/4x). (4.4.6)

If « < 0.25 this has a minimum at ¢ = 0 and hence the para phase becomes
unstable with respect to the ¢ = 0 fluctuations (i.e., the ferromagnetic phase) at
I' = 2(1 — 2«k) which is precisely the phase boundary between the paramagnetic
and ferromagnetic phases for k < 0.25. Similarly, the paramagnetic to modulated
phase boundary can also be obtained as I" = 2k + 1/4x which meet at the Lifshitz
point (k = 0.25, I' = 3/2). Some further analysis is necessary to find out the more
complicated phases and the phase diagram is drawn on the basis of these results.
There is a signature of infinite number of phases in the region bounded by the three
major phase boundaries. The most important phases obtained from this analysis are
shown in Fig. 4.9.

In another study [355], the large S analysis of the dual model given by (4.3.6)
has been made. The phase diagram obtained from this study has three regions: para-
magnetic, ferromagnetic and the antiphase. The Peschel-Emery curve is found to
be the disorder line here. In [171], a Heisenberg Hamiltonian has been considered
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Fig. 4.9 Phase diagram from 2.5
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which is

1
= _E[Z T1Sij - Sivij+ Y DSij-Sivaj+Jo Y Sij- Si,j/]
— T

ijj’
-5 Z - 5% 4.4.7)

where i labels the layers perpendicular to the axial direction and j and j’ denote
the nearest neighbour spins within a layer. The D — oo limit gives the classical
ANNNI model and the quantum effect is through nonzero 1/D. The effect of quan-
tum fluctuation was studied in the lowest order in 1/S at zero temperature and the
phase diagram obtained in the k—1/ D plane. It is observed that the degeneracy at the
multiphase point « = 0.5 is removed and transition from the state with periodicity
4 (antiphase) to the uniform ferromagnetic state occurs via a sequence of first order
transitions.

4.5 Results in Higher Dimensions

In higher dimension, one can get an estimate of the phase diagram by applying
mean field theory and the random phase approximations. A path integral method
has also been applied which yields results for dimensions greater than one but is
again restricted to ¥ < 0.5. The Hamiltonian for the ANNNI model in transverse
field in three dimension (with S, = +£1) is

A= =2 S5 Siy = N DS =P 2SSt = 2SI
i’ i
(4.5.1)

(i) Phase Diagram in the Mean Field Approximation The phase diagram in the
I'—« plane can be obtained from the mean field theory and random phase approx-
imation. In the mean field theory, the effective vector field F; on S, and its mean
field average value (S,) are given by

F,=T%+J(@)(S)2 (4.5.2a)
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and
(Sq) = [tanh(BI Fy1)[Fy /| Fy) (4.5.2b)
where
J(q) =4Jo+2J1cos2mq +2Jpcos4mq. (4.5.2¢)
Above the transition temperature 7. (I")
(S5)=0.  {S})=tanh(BI)s0. 4.5.3)

It may be noted that since there is no competition in the transverse direction, (Sj]‘) ex-
ists for only the homogeneous (¢ = 0) mode. The static susceptibility is given by

x =(S3)/ (' = T(@)(S5)). (4.5.4)
which diverges at the phase boundary given by
I'/tanh(BI) = J (¢), 4.5.5)

where this occurs for each g (coming from the para phase), when J (g) is maximum.
Hence the phase boundary is given by (4.5.5) when cos2rwqg = —J1/(4J2) i.e.,

'/
tanh(BT")

where k = |J2|/J1 and Jy is set to equal to Ji. The schematic phase boundary is
shown in Fig. 4.10. It may be noted that the Lifshitz point occurs at the same value
of J»/J1 =0.25 as in the classical ANNNI model. Also at finite temperature, when
the transverse field I” is small, the order-disorder phase boundary equation becomes

T./Ji =4+ 1/4k + 2, 4.5.7)

which is identical to that for the classical ANNNI model. For finite I, T, is gradu-
ally suppressed (following (4.5.5)). At T = 0 one can have here a non-trivial transi-
tion, when the left side of (4.5.5) becomes equal to I"/J;. This gives the expression
I'/J1 =4+ 1/4k 4 2« for the equation of the order-disorder phase boundary, where
the transition is driven by the transverse field (see Fig. 4.10). It may be noted that
the determination of the phase boundaries of the various modulated (commensurate
and incommensurate) phases (denoted by M in Fig. 4.10) requires a self-consistent
numerical solution for each component of the vector equation (4.5.2a), (4.5.2b),
(4.5.2c) with adjustable modulation periods. Some numerical solutions for the mean
field phase diagram were considered by Tentrup and Siems [399] and the results are
in agreement with the above analysis.
In the para phase, the equation of motion for S in RPA can be written as [48]

=4+ 1/4k + 2 (4.5.6)

S, =2M,S, (4.5.8)
with
0 0 0
My=[0 0 J@sH-r|, (4.5.9)

0 r 0
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giving the dispersion relation for the excitations
w; =4[ = J(q)(S})] (4.5.10)

where J(g) is as given by (4.5.2c). These modes soften at the same phase boundary
giving an identical equation (4.5.7) for the phase boundary. The mean field phase
diagram is shown in Fig. 4.10.

(ii) Phase Diagram from Path Integral Approach In the path integral approach
[358, 384], one can consider an Ising system in any dimension with arbitrary number
of nearest and next nearest neighbours (see Sect. 3.3). The effective Hamiltonian
obtained after the Suzuki-Trotter transformation is written as

Hegr = —J<Z Sik S+« Z Siijk>/M +c/B
k. (ij) k,[ij]
+In[coth(BI/M)] Y S StSiks1/26- 4.5.11)
P

1

Here k is the Trotter index and M is the Trotter dimension. The constant ¢ =
(1/2) In[cosh(BI"/M)sinh(BI"/M)] and (---) and [---] indicate nearest and next
nearest neighbours respectively. Treating the spins as M-component vector spins
with components

Sf:(jzl,j:l,...,jzl) (4.5.12)
where k = 1,2, ..., M, one can break the effective Hamiltonian in two parts Hy
and V, where

—BHy=Y_Si-a-Si+C (4.5.13)

1

and

V=J<ZS,"S]'+KZS,'~S[+2>/M (4.5.14)
(i) i
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where ay = (1/2)In[coth(81"/M)16; 1, and C = NMc. Now the full Hamil-
tonian can be treated perturbatively such that the free energy F(=InQ; Q =
Trexp(—pB Hefr)) is given by

—BF =—BFo+ Y _(1/n))(—=B)"Cu(V) (4.5.15)
n
with Fy the free energy corresponding to the unperturbed Hamiltonian Hy such that
—BFo=InQo (4.5.16)
with

Qo= exp(—BHo). (4.5.17)

and the cumulants are given by
Cr=(V)o;  Co=(V2),, —{(V)o}’ (4.5.18)

etc.

The above expression can be regarded as an expansion in successively higher
order of fluctuations. With classical systems, the first order term gives the mean
field estimate and higher orders constitute fluctuation corrections. The critical field
where the average magnetisation vanishes, is obtained performing calculations up
to second order (following Kirkwood’s prescription of classical spins) and is given
by

[T =[81 4 82 + 8181 — 5/2) + k28282 — 5/2) + 28180 ] /2 /2. (4.5.19)

We can consider different systems (with different sets of 6 and 8, corresponding
to coordination numbers for nearest and next nearest neighbours respectively) and
obtain the phase diagrams. Along with the ANNNI model (in dimensions greater
than one), one can also consider systems with next nearest neighbour interactions
along more than one axis like the biaxial next nearest neighbour Ising (BNNNI)
model or the totally isotropic next nearest neighbour model in different dimensions.
Here, the values of I" for all values of « cannot be estimated as we are only consid-
ering m — 0 critical lines. There will be certain values of ¥ where m is already zero
at zero field (e.g. the classical modulated ground states like the antiphase with two
spins up and two spins down alternately) and therefore cannot be considered here.
Also, the m — 0 transitions now indicate transitions from a ferromagnetic phase to
either a paramagnetic phase or a modulated phase with m = 0. Therefore, the van-
ishing of the ferromagnetic order appears to be the major result of this method when
applied to these systems. We take the example of the following models in one, two
(square lattice) and three (cubic lattice) dimensions.

1. The ANNNI model: In all dimensions, one is restricted to k¥ < 0.5, as the an-
tiphase with m = 0 is the classical ground state beyond this value. In one dimen-
sion, there is no solution as the right hand side of (4.5.19) becomes imaginary.
In two dimensions, we find that results are obtained only up to ¥ < 0.38. In three
dimensions, there is no problem in estimating I” up to k¥ < 0.5.
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2. The BNNNI model can be considered in two or three dimensions again with
k <0.5.

3. Isotropic next nearest model in three dimensions. The results are shown in
Fig. 4.11.

All these results show that their are some restricting values of « up to which fields
can be calculated. The restrictions become more important for lower dimensions and
higher values of «.

Since the approximation is known to be more accurate in higher dimensions, the
increasing limitations in the lower dimensions are not surprising. Moreover, we find
that this approximation also becomes weaker as the frustration parameter is made
more effective.

4.6 Nearest Neighbour Correlations in the Ground State

The possibility of the existence of nearest neighbour dimers in the antiferromagnetic
transverse ANNNI chain has been investigated numerically [361]. One can measure
the dimer order parameter which for one dimension takes the simple form

G =g — gl (4.6.1)

where g1 = (S85;_;S5;) and g2 = (S5;S5;, ;) are nearest neighbour correlations for
alternate pairs.

From the exact eigenvectors of system size N =8, g1 and g» (and hence G) was
calculated for values of « near 0.5 and small values of I". However, the results do not
indicate the existence of nearest neighbour singlets. On the other hand, the values
of g1 and g, rather match with those belonging to a phase with oscillatory decay
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Table 4.1 Values of nearest neighbour correlations and corresponding dimer order parameters for
two frustrated models

Model K r —g1 -8 G
ANNNI chain in 0.48 0.025 0.78692 0.71032 0.07660
transverse field 0.050 0.72266 0.60265 0.12001
0.100 0.62595 0.42799 0.19796
0.200 0.53507 0.37301 0.16206
0.49 0.025 0.74796 0.66413 0.08383
0.050 0.73996 0.65611 0.08385
0.100 0.53899 0.28848 0.25051
0.200 0.48542 0.30427 0.18115
0.50 0.025 0.74143 0.64375 0.09768
0.050 0.62955 0.40518 0.22437
0.100 0.59737 0.36880 0.22857
0.200 0.52765 0.35470 0.17295
0.51 0.025 0.74782 0.66330 0.08452
0.050 0.56542 0.28741 0.27801
0.100 0.53547 0.28302 0.25154
0.200 0.48216 0.30205 0.18011
0.52 0.025 0.55518 0.27097 0.28421
0.050 0.56542 0.28741 0.27800
0.100 0.57566 0.32502 0.25064
0.200 0.52091 0.33706 0.18385
Antiferromagnetic 0.50 0.0 0.98126 —0.01751 0.99701

Heisenberg chain

of correlation with wave vector /6. Similar calculations for the Majumdar-Ghosh
chain [255, 256] (for which the exact result is G = 1) and the frustrated quantum
XY models [357] yields G >~ 1.0 at « = 0.5 indicating the exactly dimerised ground
state structure. Here, for these studies both J; and J> have been considered negative
in all these models to explore the possibility of the existence of nearest neighbour
singlets. The results for correlations in transverse ANNNI chain and the Majumdar-
Ghosh (antiferromagnetic nearest and next nearest neighbour Heisenberg) chain are
shown in Table 4.1.

Appendix 4.A
4.A.1 Hartree-Fock Method: Mathematical Details

The general diagonal form of the Hamiltonian in terms of free fermions can be
written as



Appendix 4.A 97

Hg=—|: Z(C ¢ — 1/2 +JIZ ¢; l+1 +J11(c c,+1 +Jzz Ci z+2

i
+J5 (c;rc,-+2):| +h.c.

The Hamiltonian H (4.3.15) is to be approximately written in the form of H, such
that Jy, J» etc. are expressed in terms of J 1/ Jz/ etc. The renormalised quantities J 1/
J} etc. are obtained by minimising the free energy functional

F/N = Fy/N — ((Hg) — (H)).
Applying Wick’s theorem, F is given by
F/N=Fy/N —[~(I" = I')c]¢; —1/2)]
= I =2l ) (e e 2
- =N +2‘I2((Ci6j+1)+ (CiCi+l))( ; ,+1>/2
+ 5 = 2h[(cfei) = 1/2)(c] ] )2
+J5 — 2J2[<Ci ci)—1/2](cicis2)/2

Variation of F with respect to I/, J{ etc. yields under stationary condition the fol-
lowing equation given in matrix form

—(I" = D)l{c] ei2) + (eicira)]
[} = i =42 ((cfeivn) = (cicii)]/2
M x| [J], = J1 +4)2((cic ,+1> + (cicit1))1/2
[J5 + 12 (2(c]ei) — D1/2
13, + 22(c]ei) = 1)]/2
where the elements of M are the derivatives of (c;cg), (c;(ck) etc., withk=1i,i +1

or i 4 2, with respect to the parameters I"’, J] etc.
The above equation yields the self-consistent expressions (also J{, = J{ and

J2’2 = Jz’) given by (4.3.24a), (4.3.24b), (4.3.24c¢). The correlations (c;(cj) and (c;c;)
at zero temperature are expressed as [360, 423]

(cle;)=8i;/2+ (1 /27) /n dk[I"" + (J{ cosk)/2 — (J; cos 2k) /2]
x (cosk(i —j))?kk
(cicj) = (1/2m) /Oﬂ dk[(J{sink)/2 — (J3sin2k)/2](sink( — j))/A«
where

e =4[(I') + ()2 /4 + (13)7 /4 + T J{ cosk — I J cos 2k — J| J; cos k/2].
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In the region «” < 0.5, we put I’/ J{ = (1 — &) to get
r/h=2[L(J]+ 1)+ I 1)/(J I —4J31)
where
Ji=J{—40,L/1, h=2nxJ/1

and the integrals I, I and I3 are given by
T
L =f dk[(1+ cosk) — k'(1 — cosk)]
0
=2fafl — 1/(2(1 =)} + {4’ (1 = ') + 1} /(1 = )]

I /ﬂ k[(cosk +1)/2M)] =«

dk —(cos 2k — 1)k’ + cosk + cos 2k |/ (2Ar)

4’ (1 =]/ + a1 = 1/(2¢")]

||
r:|o\ao

with
a=[=1/{x'(1 =)}/ [sin" 2{ =4’ (1 — ) +1/2} — 7/2] /2.
In the other region « > 0.5, I''/J{ = |«'|, and
L/Ji = =2k’ /(1] +41K")

where

g
I{:/ dk[cosk — k(14 cos2k)]/(2A) =0
0
m
Iﬁ:/ dk[(l/Z—i—K/COSk)COSZk+Sin2k+K/SiH2kCOSk]/)\,k=7‘L’
0

therefore J,/J; = —1/2 for all values of «” and I"/J; = 0 identically for k = 0.5.

4.A.2 Large S Analysis: Diagonalisation of the Hamiltonian
in Spin Wave Analysis

In the spin wave analysis, in each phase, the angles 6; are determined by minimising
the energy given by (4.4.1). Here, new spin variables S are introduced

SZ S cos; 4 S; sin6)
§¥ = §¥ cos6; — S¢ sin6;
which obey the same commutation relations of the old ones. Since

(35 + () + (%) =2
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where

1/2

Se=[S(S+D]""=S+1/2+0(1/S$).

One can expand S7 in terms of S¥ and S:

i =5e- 5 67+ 61+ ()

c

Introducing canonically conjugate variables g; = S’lx /~/S and p; = S'ly /~/S which
satisfy [g;, pj] =id;;j to O(1) in S. The Hamiltonian in phase p is then given by

1
H = Ey(p) + 2 Z[ﬁ(l’,z +61i2) + 8iqigi+1 + higiqi+2]

1

where
fi =cos6; [cos 0i+1 4+ cosfi_1 — k(cosB;t2 + cos Oi_z)] + I sin6;
gi = —2siné; sinf;yq, h; =2k sin; sin6; 4.

Now the Hamiltonian can be diagonalised in the momentum space. One then defines
the variables

N
ge=(1/VN)Y gne™

n=1

N
pr=0/VN)Y pnet”
n=1
Provided (f;i, gi, h;) are independent of i (which is true for the three elementary
phases), a diagonal form of the Hamiltonian is obtained:

1
Ho(p) =5 ) (Acpep—i + Begeq-—o)
k

where A and By are real and even functions of k.

4.A.3 Perturbative Analysis

In this Appendix we shall present a first order perturbation theory [67] where the
unperturbed Hamiltonian is H,; and the perturbation is H,,. We start by noting that
at k = 0.5 the ground state of H. is a state with high degeneracy and any spin
configuration that has no spin-domain of length unity can be the ground state. The
number of domain walls is immaterial and can be anything between 0 and N /2, N
being the total number of spins. (Of course, for periodic boundary there can be only
an even number of walls.) Let us denote the set of all such configurations as ..
Also, let the population of this set be v which incidentally is of the order of gV,
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where g = (\/5 +1)/2 [247]. Now, the first-order correction to the eigenvalue [347]
are the eigenvalues of the v x v matrix P, whose elements are

Pop = (a|Hp|B)

where |) and |B) are configurations within .. We shall now transform P to a
block diagonal structure. Note that S;f |B) € .7 if and only if the j-th spin lies at
the boundary of a domain, and the domain too has length larger than 2. Also, in
such a case, S;? operating on |8) will translate the wall at the left (right) of the
Jj-th site by one lattice spacing to the right (left). This indicates that Pyg # 0 if and
only if |a) and |B) have equal number of domain walls. Thus, we can break up .
into subsets ./(W), where . (W) contains all possible spin distributions with W
walls (W =2,4,..., N/2). Now, the v x v matrix P gets block-diagonalised into
matrices P (W) of size vy x vy, where

Pug (W) = (a|Hp|B) 4.A.1)

where vy is the population of /(W) and |«), |8) € ¥ (W). Now, it can be seen
that the longitudinal term in H), only contributes a diagonal term rI"'(N — 4W) to
Pyg (W), so that one can write

PW)y=MW)+rI'(N —4W)1 (4.A2)

where 1 is the vy x vy unit matrix, Myg(W) = {(a|Hy|8) and H; = —1I" Zj S;f
is the transverse part of H,,. Thus the non-trivial problem is to solve the eigenprob-
lem of M(W).

To solve the eigenproblem of matrices M (W), let us construct from each member
|a) of . (W) a configuration |a) by removing one spin from each spin domain. The
total number of spins in |a’) will obviously be N — W = N’, say. Such a transforma-
tion was also used by Villain and Bak [412] for the case of two-dimensional ANNNI
model. It is crucial to observe that the set /(W) composed of the states |a’) is then
nothing but the set of all possible distributions of N’ spins with W walls, with no

U
restriction on the domains of length unity. Hence (/| Z?’:] Ay |8’} is non-zero only

when (o] Z?]:l ;‘ |B) is non-zero and
wp W) = (o[ Hy | B') = Map(W)

The eigenproblem of M’(W) becomes simple once we observe that .’ (W) is noth-
ing but the set of degenerate eigenstates of the usual classical Ising Hamiltonian

N/
Hi==J) S;Sin
j=1

corresponding to the eigenvalue
Ew=—J(N' —2W). (4.A3)

Thus, if we perturb Hj by Hy, then the first-order perturbation matrix will assume
a block diagonal form made up of the matrices M'(W) for all possible values of W.
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To solve the perturbation problem for Hj + H,, we note that this Hamiltonian is
nothing but the standard transverse Ising Hamiltonian

N/
Hry ==Y [18i85,, + TS}].
j=1

The exact solution for this Hamiltonian is known (Chap. 2). The exact expression
for the energy eigenstates are

E=2I'Y &A (4.A.4)
k

where & may be 0, =1 and k runs over N’/2 equispaced values in the interval
0 to 7r. Also, Ay stands for \/(A2 + 2Xcosk + 1), where A is the ratio J/I". For
I =0, the energy E must be the same as Ew of (4.A.3), so that

2 Zg:k =—(N'—2w). (4.A.5)
k=0

and the first order perturbation correction to this energy is

8E) =
— =2 &cosk.
<3F r=o ,;

They are therefore also the eigenvalues of the M’ (W) matrix. Thus the eigenvalues
of the matrix P(W) of (4.A.2) are

s
Ep=rI'(N—4W)+2I) & cosk. (4.A.6)
k=0

Keeping N fixed we have to find, for which value of W and for which distribution
of &, Ep is minimum subject to the constraint (4.A.5). For a given value of Y &,
this minimisation is achieved if —1 (41) values of &; accumulate near large positive
(negative) values of cosk. Let the desired distribution be

—1 fork=0tof
& =10 fork=06to ¢ 4.A7)
1 fork =¢ to m.
Equation (4.A.5) now gives
N/N' =(@4n —0—¢)/2n (4.A.8)
and one obtains,

NI’
“a—o—gl
Minimising Ep with respect to 6 and ¢, we find that 6§ = ¢ = 6y (say) where

2wr =sin¢g + (2 — ¢o) cos ¢Py. 4.A9)

Ep= r(4w — 30 — 3¢) + 2(sinf + sing)].
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The minimum value of Ep is given by,
EW = _NT[3r —2cos¢p). (4.A.10)

This is the final expression for the (exact) first order perturbation correction to
ground state energy. It is easily seen that for r < —0.5, that is, for I'/J < (1 — 2«),
one has ¢9 = m and W = 0 (ferromagnetic phase), while for » > 1, that is
I'/J < (k —0.5), one has ¢9 =0 and W = N /2 (antiphase). As r varies from —0.5
to 1, ¢p gradually changes from 7 to 0 according to (4.A.9). It can also be seen that
Also d>EW /dI"? diverges at r = —0.5 and 1, indicating two critical lines there.
It can be shown [67] that except for these two values of r, E) and all its higher
derivatives remain finite. We can now conclude that the phase diagram is either like
Fig. 4.8(a) or like Fig. 4.8(b). We shall now show that an analysis of longitudinal
susceptibility points to the possibility of the former.

Let us call the eigenstate of H) + H, corresponding to 6§ = ¢ = ¢ as |/'). This
state will be composed of the spin-distributions that belong to .”/(W) and can be

written as
W)= apli)
7’

where |j’) runs over all the states in ./(W). Let us construct from each state
|j/) another state |j) by augmenting each domain by a single spin. Thus for
|j)) = |[+++——++++), |j) will be |++—++———+++-++). Then we combine
these states with the same coefficients to get a state » jaj |j) where aj = aj. The
procedure for constructing M’ from M indicates that ) jajlj) is an eigenstate of
M (W) and hence of P(W) (see (4.A.2)) and this eigenstate is nothing but the zero-
th order eigenfunction |1/ () for the perturbed ground state of H.;+ H »- One should
observe that although the spin-spin correlation may not be equal for | j) and |j’), the
longitudinal magnetisation M, must be the same for them as equal number of pos-
itive and negative spins have been added while transforming |j’) to |j). Thus, the
longitudinal susceptibility

Xz X <M 2

Z

)= (M:)?
of | ©) must be the same as that of |/’). The spin-spin correlation

cin =(5757,,)
for |y’) may be calculated by evaluating the corresponding Toeplitz determi-
nants [68]. In the case of I" < J, for the entire range 0 < ¢g < m, the correlation
is

C*(n) = Ai cos[n(w — ¢o)]
N

where A is a constant. This is clearly a floating phase since C%(n) decays alge-
braically with n. The susceptibility x, is hence infinity for both the states |v/')
and |y (). This leads us to the conclusion that the zero-th order eigenstate is in
floating phase and hence, at least for small values of I", the ground state of trans-
verse ANNNI chain must be a floating phase for all values of r between —0.5 and 1.
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Of course, for large values of I" the perturbation corrections may cancel the diver-
gence of susceptibility and lead to a paramagnetic state.

One signature of floating phase or diverging correlation length is vanishing
mass-gap. Analysis of mass gap corroborates the fact that Fig. 4.8(b) rather than
Fig. 4.8(a) holds true. Let us now study the first order (in I") correction to the mass-
gap. Clearly the first excited state is the smallest possible value of E p other than the
ground state £V, To find the lowest excitation over the ground state, we note that
such excitation is possible either (i) by keeping > & fixed and rearranging the &
values; or (ii) by altering 6 and ¢ and thus altering Y &. For (i) the lowest excita-
tion will correspond to an interchange of 41 and —1 at k = ¢p, which will lead to a
mass gap (for the whole system)

AW — 8 I" A sin ¢

N'Ag,
For (ii) this quantity will be
1(d%E
A“)=_< ;) (86)°

where §0 is the smallest possible deviation in 6 at ¢9. As the smallest possible
change in W, and hence in N’ is 2, we get from (4.A.8)

_22r—0)? 1
- 7N N’

This shows that for both the mechanisms (i) and (ii), the mass gap AW vanishes as
N — oo for all values of ¢y between 0 and 7. This shows that for all values of r
between —0.5 and 1 there must be floating phase for small I".

60



Chapter 5
Dilute and Random Transverse Ising Systems

5.1 Introduction

The study of phase transitions in diluted magnetic systems (with random nonmag-
netic impurities) and in random magnetic systems (with random interactions) has
been an intriguing area of enormous theoretical as well as experimental investiga-
tions over the last half century [188, 382, 415]. Though dilution can be both “an-
nealed” or “quenched” type, the latter is richer in the sense that it helps understand-
ing a wide variety of novel physical systems. As is well established, the quenched
dilute magnetic systems exhibit the “percolative behaviour” [375] and the lattice
fluctuations induce a crossover from the thermal critical behaviour to geometrical
(percolative) critical behaviour in the vicinity of the percolation threshold. We dis-
cuss here the general features of the phase diagram of the dilute Ising system in
transverse field, and the transition (critical) behaviour across such phase boundary.
Randomness, on the other hand, may have a crucial influence on the property of
phase transitions, ever though it does not bring frustration. It is known that a weak
singularity called the Griffiths singularity [161] in the free energy arises away from
the critical point due to the presence of randomness. The effect of the Griffiths sin-
gularity is more marked near the quantum phase transition at zero temperature than
the thermal phase transition. We see in the latter part of this chapter that unusual
critical behaviours characterise the quantum phase transition in random transverse
field Ising models.

5.2 Dilute Ising System in a Transverse Field

The Hamiltonian for a nearest-neighbour interacting ferromagnetic (classical) Ising
Hamiltonian, with quenched dilution, is written as

H:—JZSijn,-n,-, (5.2.1)
(ij)

S. Suzuki et al., Quantum Ising Phases and Transitions in Transverse Ising Models, 105
Lecture Notes in Physics 862, DOI 10.1007/978-3-642-33039-1_5,
© Springer-Verlag Berlin Heidelberg 2013


http://dx.doi.org/10.1007/978-3-642-33039-1_5

106 5 Dilute and Random Transverse Ising Systems

Fig. 5.1 Schematic phase 1
diagram of quenched

site-diluted Ising paramagnetic
ferromagnet. p is the
magnetic ion concentration
and T, (p)/T.(1) is the
reduced transition

temperature. p. is the 11'5 ((:))
percolation threshold [382] <
ferromagnetic
0 R 1
p
or
H=—1) SiSmni, (5.2.2)
(ij)

where Siz are usual Pauli spin operators and #;’s (or 7;;’s) are the uncorrelated site
(or bond) disorder variables taking the values O or 1 at each site according to the
probability distribution

P(ni) = (1= p)d(mi) + pd(ni — 1), (5.2.3a)

or

P(nij) = (1 — p)s(mij) + pd(nij — 1), (5.2.3b)

such that 77; = p or 77;; = p. In the site diluted case p denotes the magnetic ion
concentration. Here, the over-head bar denotes the configuration averaging over the
distribution of disorder given by (5.2.3a), (5.2.3b). The free energy of the quenched
magnetic systems is given by

F=—kgTlnZ (5.2.4)

where Z is the partition function of the system for a particular realisation of disorder.
The site-diluted and bond-diluted systems exhibit the same critical behaviour. The
schematic phase diagram of the quenched site-diluted Ising system is shown in the
Fig. 5.1, which shows that the pure system critical temperature decreases with the
decrease of magnetic ion concentration (p) until it goes to zero at the percolation
threshold (p.).

Efforts have been made to study the effect of quantum fluctuations, generated
by a transverse field, on the phase transitions in classical diluted magnetic Hamil-
tonian [170]. The Hamiltonian describing the site or bond-diluted classical Ising
system in the presence of a transverse field can be written as

H:—JZSijmn,»—FZS;‘n,-, (5.2.5a)
(ij) i
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H=—JY SiSn;—T)_ 5}, (5.2.5b)
(i) i

where I is the strength of the transverse field. One can immediately conjecture the
qualitative phase diagram of the system (see Fig. 5.2). Obviously, for dimension
d > 2, the critical transverse field I'.(T, p) is a function of the concentration of
magnetic ions (p) and temperature (7). As p decreases the phase boundary shrinks
to lower values of I" and I, vanishes at p = p.. In the zero-temperature limit, the
quantum phase transition due to the transverse field crosses over to a percolative
phase transition at the percolation threshold p = p.. The zero-temperature critical
transverse field shows a discontinuous jump at the percolation threshold p.. For the
one dimensional model 7, = 0 and p. = 1, which suggests that in this case, even in
the zero-temperature limit, the long-range order will be destroyed for any I" with
infinitesimally small nonzero value of p.

5.2.1 Mapping to the Effective Classical Hamiltonian:
Harris Criterion

Let us consider a nearest-neighbour site or bond-diluted transverse Ising system on
a d-dimensional lattice. The zero-temperature quantum phase transition in a trans-
verse Ising model on a d-dimensional lattice is equivalent to the finite-temperature
thermal phase transition in an extremely anisotropic classical Ising Hamiltonian
with one added dimension, namely the Trotter dimension. Using the Suzuki-Trotter
formalism (see Sect. 3.1), we obtain the equivalent classical Hamiltonian for the
quantum Hamiltonians (5.2.5a) or (5.2.5b), in the M-th Trotter approximation

M
Hetp =—(J/M) Y " SiSjeninj — (1/2) In[coth(BI/M)]

(ij) k=1
X ZZSikSi,anj, (5.2.6)
ik

where k indicates the Trotter index. In the zero temperature limit (M — 00), the
quantum transition in the original quantum Hamiltonian (5.2.5a), (5.2.5b) falls
in the same universality class with the thermal phase transition in the equivalent
anisotropic D = d + 1 dimensional classical model with the disorder (distribution
of magnetic atoms) correlated (striped) in the Trotter direction (i.e., we get M iden-
tical copies of the original system with the unaltered distribution of magnetic atoms,
connected through ferromagnetic bonds in the Trotter direction). If one starts with a
one dimensional diluted transverse Ising chain by employing Suzuki-Trotter formal-
ism [386], one ends up with a two-dimensional classical Ising system with identical
disorder in each Trotter replica, namely the McCoy-Wu model [264, 269, 270].

To see whether the dilution in the classical magnetic systems changes the univer-
sality of the magnetic phase transition in those models in the presence of dilution,
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one might consider the “Harris criterion” [169], which in normal cases (isotropic
disorder) suggests that if the specific heat exponent () of the pure system is posi-
tive, the dilution changes the universality of magnetic transition and renormalisation
group flow takes the system away from the nonrandom fixed point. For o < 0, the
dilution does not affect the critical behaviour and the criterion is inconclusive for
o = 0. However such quantum disordered cases require a modified Harris criterion.
As mentioned earlier, the zero-temperature quantum phase transition in the dilute
transverse Ising system falls in the same universality class with the thermal phase
transition in D(= d + 1)-dimensional Ising system with striped randomness. To de-
rive the required condition for the dilution to be a relevant parameter one must con-
sider the “Harris criterion” [249, 382] for the systems with randomness correlated
in one particular (Trotter) direction. If we consider a domain having the dimension
of the order of the correlation length &, the fluctuation in the critical temperature
due to randomness is given as

(-1

AT, ~ &~ ~(AT)P~DVv/2, (5.2.7)

since the randomness is correlated in a particular direction and the correlation length
for the pure system diverges as (T — T,)~". So the random field is now a relevant
parameter if (D — 1)v <2, or

o+v>0, (5.2.8)

where both « and v are exponents for the pure classical Ising system in D =d + 1
dimensions. Since for the pure classical Ising system the condition (5.2.8) is satisfied
in all dimensions from D =2 (¢ =0 and v =1, for D =d + 1 = 2) upwards (for
D >4, a =0and v = 1), one can readily conclude that in the dilute classical Ising
system in (d + 1)-dimensions with correlated randomness, the fluctuations induced
by the random fields are relevant and dominate the thermal fluctuations. Hence, the
universality class of the magnetic transition in transverse Ising systems with dilution
is expected to be different from that in the pure case.

5.2.2 Discontinuous Jump in I'.(p, T = 0) at the Percolation
Threshold

Using a heuristic argument, one can conclude that the zero-temperature critical field
I'. (p, T =0) is discontinuous at p = p, in the case of diluted transverse Ising
system with dimensionality greater than unity [170]. This can be understood in
the following way: below the percolation threshold p < p., the system does not
percolate and hence no long-range order exists for any finite value of I', giving
I.(p, T =0) =0, whereas for p > p., I.(p, T =0) > I’c(l), where Fc(l) is the
zero-temperature critical field for the one-dimensional transverse Ising system (see
Sect. 2.2). This finite value of critical field Fc(l) is the minimal requirement to de-
stroy the order in “chain-like” structures occurring at the percolation threshold con-
centration. In fact, the percolation cluster is more connected than a chain [375],
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Fig. 5.2 Schematic phase L L L S B
boundary of the bond-diluted
two-dimensional zero
temperature Ising model in a
transverse field I". The - y
transverse field shows a 1
discontinuous jump at the
percolation threshold p,
[382] i

ri)

and these additional connectivity suggests I'¢ (p., T =0) > I’c(l). One thus expects

the I'. (p, T = 0) to jump discontinuously from zero to a value at least ch as p
increases through p. (see Fig. 5.2).

5.2.3 Real-Space Renormalisation Group Studies and Scaling

As discussed in Chap. 2, the zero-temperature quantum phase transition in the pure
transverse Ising chain Hamiltonian

H=-1) S8, - 8 (5.2.9)
i i

is characterised by only one relevant parameter A = J/I". One therefore seeks a
renormalisation-group transformation

A=A =FQ) (5.2.10)

relating the parameter A and % of the original system and one dilated by a length
scale factor b. In order to capture the singular critical properties or the scaling ansatz
(5.2.10) explicitly, the dependence of the diverging correlation length on the param-
eter A (or X/) is to be found out. To do that [381], one has to recall the equivalence
between the anisotropic classical Ising Hamiltonian to the transverse Ising Hamil-
tonian in the Hamiltonian limit (see Sect. 3.A.2). Let us consider an anisotropic
classical Ising Hamiltonian on a square lattice

H=—J1) SixSivix—D1 ) SikSikt1. (5.2.11)
ik ik
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With f, =tanh 8Jy, @ = 1, 2, the extreme anisotropic limit is given by
t1—>1 and £ —0 (5.2.12)

when one can derive the equivalent quantum Hamiltonian (see Sect. 3.A.2)
H=-Y% S8 —-%Y S (5.2.13)
i i

where the parameter A is given by

— t - 1—1t
A= lim (72>, where 1] = ! .
1414

l~1,12~>0 n

(5.2.14)

Note that 71 tends to 0 as t; — 1. For the anisotropic square lattice Ising model
the decay of correlation function in the direction of J» (which becomes the chain
direction of the equivalent transverse Ising model) is characterised by a correlation
length & given by [426]

~ N\ 2
exp(—a /&) = (%) T<T, (5.2.15)
_ <t_2) T>T, (5.2.16)
I

where a is the lattice constant. The correlation length of quantum transverse Ising
chain is therefore, given by (since 7, in the classical transition corresponds to A = 1
in the quantum transition and T < 7, corresponds to t; > 11, A > 1in the quantum
case and vice versa)

_ a _
-4 1 52.17
§) ™ A > ( )
=9 7<, (5.2.18)
In(1/7)

which agrees with the exact result. The renormalisation group transformation must
leave the specific critical properties arising from diverging correlation length invari-
ant. When the zero-temperature transverse Ising chain is dilated by a factor b,

£ =be(), (5.2.19)

or, equivalently,
V= =FQ) (5.2.20)

This is the exact phenomenological scaling relation for the pure transverse Ising
chain. Clearly it yields the exact values of the critical fixed point 2(=1) and
the critical exponent v(= 1) [312] where the latter is obtained by linearising the
renormalisation group equation (5.2.20) in the neighbourhood of the critical fixed
point 1", Also the scaling relations satisfy the “duality relation” [149].
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The scaling relations (5.2.20), obtained for the pure transverse Ising system, can
readily be generalised to treat the bond-diluted transverse Ising chain. Considering
a dilation of length scale by a factor b, the scaling relation can be written as

b
V=[]~ (5.2.21)
i=1

where the product is over b neighbouring bonds and the renormalised coupling is
zero if any of the b bonds is absent. For the bond-diluted chain the parameters A’s
are randomly distributed with a binary probability distribution

P(Gi) = (1= p)§i) + pS(hi — ). (5.2.22)

Under renormalisation group transformation, this distribution will be transformed
by virtue of the relation (5.2.21), to the new distribution

b b b
P'(x;) =/]‘[d%,-]‘[P(X,-)3(X§ —]_[X,-). (5.2.23)
i=1 i=l1 i=1

One now demands the scaled distribution of bonds to be once again binary as the
original distribution so that

Py =(1—p)s(x) +p's(; —7) (5.2.24)
where
p'=pb and A= (5.2.25)

The essence of this approximation is that under renormalisation group transforma-
tion the dilute system scales to an equivalent dilute system with scaled parameters.
Using the recursion relations of the interaction strength and probability (5.2.25),
one can readily find out the nontrivial fixed point (X*, pe=p*) =(1, 1), whichis, as
expected, the pure transverse Ising fixed point [312]. The eigenvalues of Eq. (5.2.25)
linearised around the critical fixed point are given as

—/

= d_p/ = bv” ) Ax = d—):
di Iy

Since the correlation length scales with the length scale, one finds the correlation
length exponents given by [382]

_ v (5.2.26)
P dp p*,x*

Inb Inb | (5.2.27)
Vv, = =1, Vo= =1, 2.
A, 7 In Ay
and the crossover exponent [382] is given by
Vx
¢o=—. (5.2.28)
Vp

The exact results for the bond-diluted transverse Ising system can be put in the scal-
ing form, in the neighbourhood of the critical fixed point, for the inverse correlation
length

l—|x_1|¢>[1‘p] (5.2.29)
E I1=x1 B
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Fig. 5.3 (a) Scaling of two adjacent bonds of a quantum transverse Ising chain. (b) Approximate
cluster scaling for two-dimensional case (h123a = » here)

It should be noted at this point that the phenomenological scaling is exact only
in the bond-diluted chain case, as the decay of correlation functions in the equiv-
alent McCoy-Wu model [382] is exactly known. The scaling procedure is only
approximate for the site-diluted (chains) or any other more general random sys-
tem.

Using this concept of phenomenological scaling relations, different real-space
renormalisation techniques have been employed to study the phase diagram of the
bond-diluted transverse Ising systems in one and two dimensions [380]. The deci-
mation [382] of two neighbouring bonds in the bond-diluted transverse Ising chain
yields

A =AA2 (5.2.30)
Using (5.2.21)—(5.2.24) one obtains the recursion relation for p and A given by

P =p? A= (5.2.31)
which clearly gives the exact values of vy, v, and ¢ for the bond-diluted transverse
Ising chain. The extension to the higher dimensional systems can only be performed
approximately. If one performs a bond moving [382] transformation on the two
dimensional pure transverse Ising system on a square lattice with b = 2, one obtains
the recursion relation given by (see Fig. 5.3)

_ 1 — — _ _
A = 5 (ks +330a). (5.2.32)

In the bond-diluted system the parameter A; is present with a probability p, the
scaled parameters can readily be written as (using once again (5.2.21)—(5.2.24))

p=2pr—p% PPN =pA% (5.2.33)

where A = 1/A. The fixed points of the renormalisation group transformation
(5.2.33) are (see Fig. 5.4)

(p*7 )"*) = (O’ 0)7 (09 1/2)9 (Oa OO), (pCa 0)7 (p07 pC)’ (Pu 00)7 (17 1)5 (17 OO),
(5.2.34)
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Fig. 5.4 Flow lines, fixed
point and critical curve of a L
bond diluted two dimensional

zero temperature Ising model

in a transverse field I". The

bold line shows the critical 1
curve [380]

A=T/)

with p. = 0.62. Linearising the above recursion relations (5.2.33) near these fixed
points and employing the relations (5.2.26)—(5.2.28) for extracting the exponents,
one gets the percolation fixed point (p., p.) doubly unstable with the exponents
v, = 1.62 and v, = 1. One should also note here that the value of the exponent
v given for (p*, A*) = (pc, p¢) is the same for the pure chain. This reminds us
again that the real space renormalisation does not provide us with accurate val-
ues of the exponents, but it often correctly predicts the phase boundary and renor-
malisation group flow. Here, however, the flow diagram (Fig. 5.4) does not match
the one suggested by the Harris criterion, discussed in Sect. 5.2.1. This is again a
common failure of the small cell real-space renormalisation group (with param-
eter truncation) techniques. It is to be noted that the discontinuity in I at p.
in the phase boundary in Fig. 5.4, obtained using the real-space renormalisation
group, clearly matches the expectation as discussed in Sect. 5.2.2. It should be
mentioned here that the one dimensional bond-diluted transverse Ising chain has
also been studied by Uzelac et al. [409] using block renormalisation group tech-
nique which preserves the duality symmetry of the original model. This method
gives better result as the size of the block is increased. This method has been ex-
tended by Bhattacharya and Ray [37] to study the phase diagram of a site-diluted
transverse Ising system on triangular lattice. This study also gives a qualitatively
correct phase diagram but the flow diagram does not again match with the predic-
tion of Harris criterion. In concluding this section, we would also like to mention
about some recent studies on dilute transverse Ising systems with higher spin val-
ues; see e.g., the mean field studies on site dilute spin-3/2 transverse Ising system
[405].
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5.3 Critical Behaviour of Random Transverse Field Ising Models

The quantum phase transition in disordered systems is different in nature in many
aspects from the phase transition in the classical systems, driven by thermal fluctu-
ations. For example, the existence of Griffiths singularity in part of the disordered
phase is much more prominent in the case of quantum phase transition. Griffiths
[161] showed that in part of the disordered phase, rare regions, which are more
strongly correlated than the average and which are locally ordered, cause the free
energy to be a non-analytic function of the magnetic field. However, in a classical
system, this effect is very weak and all the derivatives of free energy are finite. The
random transverse field Ising model given by the Hamiltonian

H=— J,»,-Sij—ZF,-Sj‘, (5.3.1)
(i) i

where the interaction J;;’s and random field I';’s are both independent random vari-
ables with a distribution 7w (J) and p(I"), shows a prominent Griffiths phase and
a quantum phase transition characterised by so-called an infinite randomness crit-
ical point. This has been established for one dimensional systems using both real
space renormalisation techniques [138, 139] and numerical diagonalisation tech-
niques [439] (see Refs. [188, 415] for reviews). More recently, several studies using
quantum Monte Carlo simulations [315, 329] and numerical renormalisation group
techniques [214, 235, 236, 248, 285] have shown the presence of the Griffiths phase
and the infinite randomness critical point in two- or three-dimensional systems. We
exclusively focus on random ferromagnetic models which do not involves frustra-
tion in the present section. Frustrated spin glass models are discussed in Chap. 6.

5.3.1 Analytical Results in One Dimension

The Hamiltonian of the random transverse Ising chain is given by
N N
H=-Y JiS{8, — > IiS}. (53.2)
i=1 i=1

Using the Suzuki-Trotter formalism (see Sect. 3.1), one can readily see that the zero-
temperature transition in this model is equivalent to the thermal phase transition in a
classical Ising model, where both horizontal and vertical bonds are random. This is a
generalised version [368] of the original McCoy-Wu model [269]. The Hamiltonian
does not incorporate frustration because the disorder is not gauge invariant. One can
always make a gauge transformation to make all the interactions J; and transverse
field I; at each site positive.

The analytical results obtained using real-space renormalisation group studies
are given below [138, 139]. Defining

Ar=Inl; and A;=InJ (5.3.3)
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where over-head bar denotes the average over disorder, the critical point is given by
Ar=Ajy. (5.34)

Clearly this is satisfied if the distribution of bonds and sites are identical, and the
critically follows from the duality, i.e., one can perform a duality transformation
from the site to bond variables (see Sect. 2.1.1) so that the roles of the transverse
field and the interaction are reversed. Thus if the distribution of these are identical
i.e., T = p, one expects to be at the critical point. For Ap > Ay, the system is
paramagnetic, whereas for A < Ay, there is a nonzero, but unknown, spontaneous
magnetisation. McCoy and Wu [264, 269] showed that there is only an essential
singularity in the ground state energy density at the critical point, in contrary to the
behaviour in the pure system. A convenient measure of the deviation from critically
is given by Fisher [138, 139]

Apr — Ay

§= —— — )
(InI)2? — A% 4+ (InJ)? — A?

(5.3.5)

From the renormalisation group results [138, 139] one concludes that at zero temper-
ature, the longitudinal magnetisation in the presence of a small longitudinal field #,
is give by the scaling form

m, h) = ﬁ[ln(Dh/h)]2_¢M|:8 1n<%)} (5.3.6)

where both § and (1/1nh) are small but their ratio tends to some constant value.
Here the exponent ¢ = (1/2)(1 + V/5), while 7 and Dy, are non-universal dimen-
sional constants. At the critical point 6 =0
1
[Inh|2—9
for small 4. In the ordered phase (§ < 0), the spontaneous magnetisation scales
with §

m(h) (5.3.7)

mo(8) ~ (—8)F;  with B=2 — ¢. (5.3.8)

In the disordered phase (6 > 0), the scaling function (5.3.6) yields a continuously
variable power law singularity for small %

m(h) ~ 8 "?h*|nh|, (5.3.9)

so that the linear susceptibility x is infinite for a range of § in the disordered phase,
i.e., Griffiths singularities occur in this region. For § > 0 (much away from the
critical point) x is finite but still a weaker power law singularity in m (k) for a wider
range of § is observed.

At the quantum critical point the scaling behaviour of the characteristic time (7)
with the characteristic length scale [ is given by t ~ [%, where z is the dynamical
exponent. For the present model z diverges at the critical point

z=o00 (até=0), (5.3.10)
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which means that the time scale varies as the exponential of the square root of the
corresponding length scale. The distribution of the local relaxation time is predicted
to be very broad. In the disordered phase, there is still a broad distribution of re-
laxation times because of Griffiths singularity and consequently, one can define a
dynamical exponent z which varies with §, and diverges as

1
~— 5.3.11
by ( )

as § — 0. Further, inside the disordered phase, when all the transverse fields are
greater than all the interactions, the Griffiths singularities disappear and the distri-
bution of the relaxation times becomes narrow. As one approaches the end of the
Griffiths phase, z vanishes. Using (5.3.11) in (5.3.9) we see that the singular part of
the longitudinal magnetisation behaves in the disordered phase as

m~ |h|z. (5.3.12)

Real space renormalisation approach [138, 139] predicts a large fluctuation in the
longitudinal spin-spin correlation function C;; = (S S;). The average and typical
correlations behave quite differently. The average correlation function

L

1
Can(r) = 7 >SS, (5.3.13)
i=1
varies as a power law at the critically
1
Cay(r) ~ By at§ =0. (5.3.14)
r

¢ being the golden mean, the power in (5.3.14) is 0.38. Away from the critically,
the average correlation decays exponentially at a rate given by the true correlation
length, &, where

1
g~ withy=2. (5.3.15)

To study the “typical” behaviour it is necessary to consider the distribution of
InC(r). At the critical point
—InC(r) ~ /r, (5.3.16)

with the coefficient in (5.3.16) having a distribution which is independent of r. In
the disordered phase

—InC(r)~ = (5.3.17)
3
for large r, the typical correlation length &, has the behaviour
— 1 _
ENS_V; v=1. (5.3.18)

It should be noted here that the typical correlation length £ has a different exponent
from the true correlation length &.
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5.3.2 Mapping to Free Fermions

Young and Rieger [439], mapped the Hamiltonian (5.3.2) to a free fermion Hamil-
tonian and diagonalised it using standard numerical diagonalisation technique. The
distributions of interaction strengths 7 (J) and the transverse field at each site p(I")
are given by

1 forO<J <1
n(J)= ) (5.3.19a)
0 otherwise,
and
—1
p(r)z{ro forO0<I <1 (53.19b)
0 otherwise.

The distribution (5.3.19a), (5.3.19b) is characterised by a single control parame-
ter I'p. The system has a critical point at Iy = 1, where the system is self-dual (i.e.,
the distributions of I" and J are identical). The measure of deviation from critically
8 (5.3.5) becomes

§=(1/2)InTy. (5.3.20)

For the distribution (5.3.19a), (5.3.19b) the Griffiths phase extends through the en-
tire disordered region. For a finite chain of N sites one can perform a Jordan-Wigner
transformation (see Sect. 2.2) to transform the spin system to a system of spinless
fermions described by the Hamiltonian

N N—1
H==) Ti(2cjei = 1) = Y Jilc] —ei)(efoy + i)
i=1 i=1
+In(ch —en)(c] +er)expinL) (5.3.21)

where periodic boundary condition is assumed and L = ), c;f ¢i, is the number of
free fermions. The Hamiltonian (5.3.21) describes a set of fermions and can readily
be put in the general quadratic form (see Sect. 2.A.2)

1 + ¥
H= Z[c,TA,»jcj + 56 Bijc + h.c} (5.3.22)
ij
where A and B are both N x N matrices with elements given as (with periodic
boundary condition)

Ji Ji
Aij =13, Aii+1=—§, Ai+1i=—7,
(5.3.23)
Ji Ji
Bij+1= > Bit1i = -5

Clearly A is symmetric and B is antisymmetric. Young and Rieger [439] used stan-
dard diagonalisation techniques for system size N < 128 and studied the ground
state energy, mass gap and the correlation functions.
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For a pure transverse Ising system, the mass gap (A = E| — Ep) is finite in dis-
ordered phase and tends to zero exponentially with the system size in the ordered
phase. But in the random systems due to statistical fluctuations, there are finite re-
gions, even in the disordered phase, which are locally ordered. These regions will
have a very small energy gap and hence one expects large sample to sample fluctu-
ations in the gap, especially for large system size. Young and Rieger [439], studied
the distribution of In A at the critical point Iy =1 for 16 < N < 128 (Fig. 5.9).
The distribution gets broader with increasing system size which clearly indicates
the divergence of z. The scaling plot for the distribution of In A/N'/? (Fig. 5.6)
supports the prediction that the log of the characteristic energy scale should vary as
the square root of the length scale. In the disordered phase the distribution curves
(Fig. 5.7) for different sizes look similar but are shifted horizontally relative to each
other, implying that the data scale with a finite value of z. If one tries a scaling form

1
In[P(InA)] = —1n A + const, (5.3.24)
Z
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one estimates z ~ 1.4. The variation of 1/z with § as obtained by Young and Rieger
[439] is shown in the Fig. 5.8.

From the log-log plot of the average correlation function at the critical point [439]
one finds that for large system size, at the critically average correlation decays with
an exponent = 0.38, which clearly matches the prediction of Fisher [138]. The log of
the typical correlation function C(r) shows a linear variation with r for large system
size. The scaling function for the distribution of the log of correlation function at
critically (Fig. 5.9 and Fig. 5.10) is monotonic and shows an upturn as the abscissa
approaches zero. This may indicate a divergence and if so, this part of the scaling
function then determines the average correlation function [439].

5.3.3 Numerical Results in Two and Higher Dimensions

Random transverse Ising models in two or higher dimensions may involve frustra-
tion. We here focus on ferromagnetic models without frustration, where the random
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Fig. 5.9 The distribution of 1
the log of the correlation
function for different values
of r at the critical point [439] 0.1
= o001
[ &)
5
& 0.001
0.0001
1078 £
Fig. 5.10 A scaling plot of 1
the data in Fig. 5.9. The data
collapse well in the region of
fairly high probability, = 0.1
including the upturn near the = '
right hand edge (which may =
indicate a divergence as the — 0.01
abscissa tends to 0) [439] o
O
£ 0.001
Ef
0.0001

10-%
-8 -7 -6 -5 -4 -3 -2 -1 0

(In C(r)) / rv2

coupling constant J;; and transverse field /; in the Hamiltonian (5.3.1) obey the
distributions (5.3.19a), (5.3.19b).

In two- or higher-dimensional random transverse Ising models, neither analytic
results of real-space renormalisation group nor mapping to free fermion systems
is available. Pich et al. [315] studied a two-dimensional system using the quan-
tum Monte Carlo method. As in the pure system, the present system shows a ferro-
magnetic long range order at low temperatures and fields. To determine the phase
boundary between the ordered phase and the disordered phase, one may use the

Binder ratio defined by [241]
g= l 3— % , (5.3.25)
2 (M?2)?
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d/z

Fig. 5.11 Results of quantum Monte Carlo simulations on the random transverse field Ising fer-
romagnet in two dimension. The left axis shows the temperature, while the right axis shows the
inverse of the dynamical exponent multiplied by the dimension (d = 2) in the disordered Griffiths
phase. The result shows that the dynamical exponent z tends to diverge when the transverse field
approaches the critical point

where the longitudinal magnetisation M, is given by M, = (1/NM)}_; >, S, in
the Suzuki-Trotter formalism with the Trotter number M and the number of spins
N (see Sect. 3.1). The Binder ratio (5.3.25) has a finite value in the ordered phase,
while it vanishes in the disordered phase in the thermodynamic limit. On the phase
boundary, it is expected to be independent of the system size. Hence the critical
point I, for a given temperature 7 is obtained from the crossing point of g’s with
different sizes as functions of I".

Figure 5.11 (left axis) shows the phase diagram obtained by quantum Monte
Carlo simulation and using the analysis of the Binder parameter g [315]. By the
extrapolation to T = 0, the quantum critical point is estimated as I, =4.2 £0.2.

The disordered Griffiths phase, if it exists, is characterised by the distribution
of the energy gap A. The energy gap is related to the local susceptibility at the
ground state yjoc = Z,}(W: (87 kSl.ZJ) through In xjoc & —In A + const. One can see
this relation by observing xioc = D _,- o |{¥n |Sf|lllo)|2/(En — Ey), where |¥,) is the
nth eigenstate with eigenenergy E,, and noting that the scaling behaviour of xjoc
is governed by E1 — Eg = A. Therefore a small gap corresponds to an ordering in
imaginary-time (Trotter axis) which is in turn local in real space. The probability of
such a small gap is assumed to be proportional to the system size N = L?. Letting A
be the exponent of A such that the probability distribution of In A is proportional to
A*, one can write P(In A) ~ LY A*_ If one defines the dynamical exponent z such
that A ~ LZ, it turns out A = d/z. Thus one reaches the scaling of the distribution
of the local susceptibility [315, 333]

d
In[ P(In x10c) ] = — - In xjoc + const. (5.3.26)

Pich et al. obtained the exponent z on the basis of (5.3.26) using quantum Monte
Carlo simulation with very low temperatures [315]. The field I" dependence of d/z
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is shown in Fig. 5.11. The exponent z seems to diverge as the quantum critical point
is approached. This result clearly reveals the Griffiths singularities in the disordered
phase.

At the quantum critical point, the scaling of the distribution of the gap is gen-
eralised from one-dimensional form In A/ L2 [139, 141, 439] to a d-dimensional
onelnA/ LY [140, 188, 315, 415]. Kovdcs and Igléi implemented real-space renor-
malisation group numerically in two and higher dimensional systems and obtained
the exponent i [235, 236]. Figure 5.12 shows the distributions of the gap for sev-
eral sizes in two dimension [235]. As shown in inset, the data for different sizes
collapse when one choose the scaled variable —In(A/Ag)/LY with InAg = —1.5
and ¥ = 0.48. Kovacs and Igléi have estimated i as ¥ =~ 0.46 both for three and
four dimensional systems [236].



Chapter 6
Transverse Ising Spin Glass and Random Field
Systems

6.1 Classical Ising Spin Glasses: A Summary

Spin glasses are magnetic systems with randomly competing (frustrated) interac-
tions [39, 76, 136, 275]. Here, the frustration arises due to the competing (ferro-
magnetic and antiferromagnetic) quenched random interactions between the spins.
The spins in such systems get frozen in random orientations below a certain tran-
sition temperature. Although there is no long range magnetic order, i.e., the space
averages of the spin moments vanish, the spins are frozen over macroscopic scales
of time and hence the time average of any spin is nonzero below the (spin glass)
transition temperature. This time average is treated as a measure of the spin freezing
or spin glass order parameter. Because of frustration, the ground state is (infinitely)
degenerate; the degeneracy being of the order of exp(/N) for a system of N spins.
These ground states, as well as the local minima, are however, often separated by
macroscopically large energy barriers (O (N)) which force the system to get trapped,
depending on its history (initial configuration), in one of its degenerate (local) min-
ima. The system thus becomes “non-ergodic” and a spin glass may be described
by a nontrivial order parameter distribution [275, 304—-306] in the thermodynamic
limit (unlike the unfrustrated cooperative systems, where the distribution becomes
trivially delta function-like in the same limit).

Several spin glass models have been studied extensively, using both analytic and
computer simulation techniques. The Hamiltonian for such models can be written as

H:—ZJ,,-Sij, 6.1.1)
i<j
where Sf ==x1,i=1,2,..., N, denote the Ising spins, interacting with ran-

dom (quenched) exchange interactions J;;, which differ in various models. We
will specifically consider three extensively studied models. In the Sherrington-
Kirkpatrick (SK) model [369], J;;’s are long-ranged and are distributed with a
Gaussian probability (centred around zero)

N2 NP
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In the Edwards-Anderson (EA) model [121], the J;;’s are short-ranged (say between
the nearest-neighbours only), but similarly distributed with Gaussian probability
(6.1.2). (Here, of course, the normalisation factor N is unnecessary.) In another
kind of model, the J;;’s are again short-ranged, but having a binary (/) distribu-
tion with probability p:

P(Jij)) =psJij =)+ A= p)sJ;; + J). (6.1.3)

The disorder in the spin glass system being quenched, one has to perform config-
urational averaging (denoted by overhead bar) over In Z, where Z (= Trexp(—H);
B = 1/kpT) is the partition function of the spin glass system. To evaluate
InZ, one usually employs the replica trick, based on the representation InZ =
lim,,—o[(Z" — 1)/n]. Now, for classical Hamiltonians (with commuting spin com-
ponents), Z" = [[o_, Zo = Z(} i _, Hy), where Hy is the a-th replica of the
Hamiltonian H in (6.1.1) and Z, is the corresponding partition function. The
spin freezing can then be measured in terms of replica overlaps, and the Edwards-

Anderson order parameter takes the form ¢ = (1/N) Z,N:l (Sf(t)Sf(O))l,ﬁoo ~

(1/N) Z,N=1 (S5, SZ.ZB), where o and 8 correspond to different replicas.

Extensive Monte Carlo studies, together with the analytical solutions for the
mean field of Sherrington and Kirkpatrick model, have revealed the nature of
spin glass transition recently. It appears that the lower critical dimension for EA
model df , below which the phase transition ceases to occur (with transition tem-
perature 7, becoming zero), is between 2 and 3: 2 < d; < 3. The upper critical
dimension 4}, at and above which mean field results (e.g., those of the Sherrington-
Kirkpatrick model) apply, appears to be 6: d; = 6. Within these dimensions d
(df <d < dy), the spin glass transition (for the Hamiltonian (6.1.1) with short-range
interactions) occur, and the transition behaviour can be characterised by various
exponents. Although the linear susceptibility shows a cusp at the transition point,
the nonlinear susceptibility xsg = >, g(r), where g(r) = (1/N) 3, (S7 Siz+r)2, di-
verges at the spin glass transition point:

xs ~ (T =T, (6.1.4)

g(r)~ r_(d_2+’7")f<§); E~|T —Te| ™. (6.1.5)

Here & denotes the correlation length which determines the length scaling in the
spin correlation function g(r) (f in g(r) denotes the scaling function). Numerical
simulations give v, ~ 3.45,2.44 £0.09, 1/2 and y. = v.(2 — 1) 6.9, 5.8, 1 for
d =2 [182,217], 3 [218] and 6 respectively for the values of exponents. One can
define the characteristic relaxation time t through the time dependence of the spin
auto-correlation

90 =(SFOSFO) ~ t"é(%); T E T =TT (6.1.6)

where x = (d — 2+ 1.)/2z. and z. denotes the classical dynamical exponent. Nu-
merical simulations give z, = 6.45 £ 0.10 and 5.1 £ 0.1 in d = 3 [258] and 4
[36] dimensions respectively. Of course, such large values of z. (particularly in
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lower dimensions) also indicate the possibility of the failure of the power law vari-
ation (6.1.6) of T with T — T, and rather suggests a Vogel-Fulcher like variation:
v~ exp[A/(T — T0)].

6.2 Quantum Spin Glasses

Quantum spin glasses have the interesting feature that the transition in randomly
frustrated (competing) cooperative interacting systems can be driven by both ther-
mal fluctuations or by increasing quantum fluctuations. Quantum spin glasses can
be of two types: vector spin glasses introduced by Bray and Moore [44], where
of course the quantum fluctuations cannot be tuned, or a classical spin glass per-
turbed by some tunable quantum fluctuations, e.g., as induced by (increasing) a
non-commuting transverse field [62, 195]. With the tunable amount of quantum
fluctuations, this transverse Ising spin glass model is perhaps the simplest model in
which the quantum effects in a random system can be and has recently been studied
extensively and systematically (for a review see [361, 400] and [327]).

The interesting question in such quantum spin glass models is about the possi-
bility of tunnelling through the (infinite) barriers of the free energy landscape in the
classical spin glass model (e.g., the Sherrington-Kirkpatrick model) due to the quan-
tum fluctuations (by the transverse field). In the classical case, the barriers separating
the valleys increase in height with the macroscopic size of the system. In the ther-
modynamic limit, the thermal fluctuations are thus unable to let the system cross the
barrier, thereby causing non-ergodicity. Quantum spin, however, should not neces-
sarily look for the barrier height and since the barrier width (in configuration space)
decreases with increasing system size, it may be able to tunnel through such bar-
riers, provided the integrated tunnelling probability is finite. This would suggest
an ergodic (replica symmetric) spin glass solution for the quantum Ising spin glass
systems [323, 401]. The question whether in the spin glass state the replica sym-
metric solution is stable, or it is “non-ergodic” [159, 240] as in the classical case, is
still unresolved. Studies on short-range transverse Ising spin glasses, using Landau-
Ginzberg free energy, indicate the existence of replica symmetric ground state [325].

Much of the theoretical work on the quantum Ising spin glasses has been con-
fined to the study of Sherrington-Kirkpatrick model in a transverse field [50, 232,
233, 316, 433], which is supposed to exhibit the limiting behaviour of the tran-
sition in short-range model in higher dimensions. Also, considerable studies have
been made on the short-range Edwards-Anderson model in the transverse field
[112, 163, 164, 332, 333, 417]. Exact results have been obtained in the random
quantum Ising systems in one dimension [138]. This one dimensional model obvi-
ously does not have frustration (cf. Sect. 5.3). Several numerical studies have been
performed in recent years on the short-range Ising spin glass model (of the Edwards-
Anderson type) in a transverse field. Although, the short-range Ising spin glass mod-
els were studied analytically employing approximate renormalisation techniques
[62] and also real-space renormalisation group method [112] to study the effect
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thermal
fluctuations

e Cu Disordered Phase

quantum
fluctuations

Fig. 6.1 Schematic phase diagram of transverse Ising spin glass in high dimensions. 7.(I") rep-
resent the phase boundary. At low quantum fluctuations (small I") transition is essentially driven
by thermal fluctuations. O; represents the classical spin glass ordered region. Oy is the quantum
fluctuation dominated spin glass phase. C; represents the transition region where classical fluctu-
ations dominate over thermal fluctuations due to critical slowing down. C, represents the vicinity
of zero-temperature transition where quantum fluctuations dominate (after Thill and Huse [400])

of disorder in the equivalent time direction and the phase diagram, reliable results in
such models have been obtained only through the recent numerical simulations. The
nature of quantum phase transition in short range transverse Ising spin glass models
(in d =2 and 3) and the accurate estimates for the values of the exponents associ-
ated with the transition have been obtained, using quantum Monte Carlo techniques
[163, 164, 332, 333].

A schematic phase diagram for the Ising spin glass in a transverse field (in I'-T
plane) is shown in Fig. 6.1 (cf. Thill and Huse [400]). The spin glass order is found
to exist in the region of low I" and 7' (when both the thermal and quantum fluctua-
tions are small) and there is a transition from the ordered state to the paramagnetic
state when either type of fluctuation is increased. Critical fluctuations near enough
to the transition are classical as long as they occur at a high value of critical tempera-
ture (7 >> 0). This is because, the characteristic frequency w of critical fluctuations
tends to zero due to the “critical slowing down” and fuw << kg T, so the nature of the
transition is essentially the classical and the transition belongs to the same univer-
sality class as that of classical spin glass transition. However at T = 0, the quantum
effects are dominant (cf. Sect. 3.5) and the universality class for the spin glass to
paramagnetic transition, driven by the quantum fluctuations due to the transverse
field is different. As mentioned earlier, the nature of this zero-temperature transition
is at the focus of recent research.

For transverse Ising spin glasses, analytical results are available only ind = 1 and
d = oo. At the zero-temperature spin glass critical point I, the spin autocorrelation
functions, defined earlier, decay with a power law of In¢ and as t~2ind =1 and in-
finity, respectively. For d = 1, both the linear and nonlinear susceptibilities diverge
not only in the ordered phase, but also in some portions of the disordered phase,
well away from the critical point (due to the Griffiths singularity). For the infinite
dimensional model, on the other hand, the Griffiths singularity is wiped out due
to the infinite-range interaction, and the linear susceptibility remains finite. How-
ever, the nonlinear susceptibility diverges as the critical point is approached from
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the paramagnetic phase with a critical exponent y = 1/2, with multiplicative loga-
rithmic corrections. In the quantum Monte Carlo studies of short-range transverse
Ising spin glass model in d = 2, 3, the linear susceptibility [163, 164, 332, 333] is
found to diverge for d = 2, but not for d = 3.

6.2.1 Experimental Realisations of Quantum Spin Glasses

The interest in the study of short-range Ising spin glass models in a transverse field is
renewed due to the recent discovery of the zero-temperature transition in the dipolar
Ising transverse-field magnet LiHo, Y1_,F4 [14, 321, 427, 428] (see Fig. 6.2). This,
along with the proton glasses (mixture of ferroelectric and anti-ferroelectric mate-
rials such as Rby_,(NH4)x (H2P)4) [316] also provides very useful experimental
realisations of quantum spin glasses. In mixed hydrogen bonded ferroelectrics and
antiferroelectrics, the protons can tunnel between the two minima in each hydro-
gen bond. Generalising the transverse Ising model for such order-disorder structural
transition, Pirc et al. [316] set up a pseudo-spin model where the interactions are
spin glass like and the tunnelling is mimicked by the transverse field.

6.3 Sherrington-Kirkpatrick (SK) Model in a Transverse Field

We can write the generic form of the Ising spin glass Hamiltonian in a transverse
field as

H:—ZjiijSj—FZSf. (6.3.1)
ij i

In the Sherrington-Kirkpatrick (SK) model in a transverse field [49, 50, 108, 133,
196, 252, 406, 408, 418, 432, 437], the J;;’s follow the Gaussian distribution

N \!/? NJI%-

This model was first studied by Ishii and Yamamoto [195].
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6.3.1 Phase Diagram

Several analytical studies have been made for obtaining the phase diagram of the
transverse Ising SK model (giving in particular the zero-temperature critical field).
The problem of the SK spin glass in a transverse field becomes a nontrivial one as
the spin operators do not commute. This leads to a dynamical frequency dependent
(spin) self-interaction.

6.3.1.1 Mean Field Estimates

One can study an effective single-spin Hamiltonian for the above quantum many-
body system within the framework of mean field theory. A systematic mean field
theory for the above model is carried out by Kopec [232, 233], using the thermofield
dynamical approach and the short-time approximation for the dynamic spin self-
interaction. Before going into the discussion of this approach, we shall briefly review
the replica symmetric solution of the classical SK model (I" = 0) in a longitudinal
field (see e.g. [39, 76, 136, 275]) given by the Hamiltonian

H=— ZJ,/SZSZ th?, 6.3.3)
(ij)

where J;; follows the Gaussian distribution with mean 0 and variance J, given
by (6.3.2). Using the replica trick, one obtains for the configuration averaged n-
replicated partition function Z"

ZEEDY / dP(J,/)dJ,Jexp|: ZJ,JZSfaS§a+,BhZZSfa:|.
(Sig==%1) i o
(6.3.4)

Performing the Gaussian integral, using Hubbard-Stratonovitch transformation and
finally using the method of steepest descent to evaluate integrals for a thermody-
namically large system, one obtains the free energy per site

2
—Bf = lim [(ﬁi) {1_%Zq§ﬂ+%lnTrexp(L)}:| (6.3.5)
o,

where L = (8J)> > ap 9apSySh + B D a1 S5 and gap is self-consistently given by
the saddle-point condition (3f/d¢qsp) = 0. Considering the replica-symmetric case
(gup = q), one finds

12
=gy

+ J% /_Z dr e# In[2cosh Bh(r)], (6.3.6)

where r is the excess static noise arising from the random interaction J;; and the
spin glass order parameter ¢ is self-consistently given by

qg= J% f_ Z dre” %tanhZ(ﬂh(r)) 6.3.7)
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and h(r) = J/qr + h, can be interpreted as a local molecular field acting on a site.
Different sites have different fields because of disorder, and the effective distribution
of h(r) is Gaussian with mean value 0 and variance J 2q.

At this point, one can introduce the quantum effect through the transverse term
—I'); §* (with longitudinal field 2 = 0). The effective single particle Hamiltonian
in the transverse Ising quantum glass can be written as

H, = —h%(r)S* — I'S%, (6.3.8)

where h*(r), as mentioned earlier, is the effective field acting along the z-direction
arising due to the nonzero value of the spin glass order parameter. Treating 7(r)
and S as classical vectors (cf. Sect. 1.2) in the pseudo-spin space, one can write the
net effective field acting on each spin as

ho(r) = —h*(NZ—T'%;  |ho(r)| =R (r)2 + T2 (6.3.9)
One can now, readily arrive at the mean field equation for the local magnetisation
|h*(r)]
m(r) = p(r) tanh(ﬁho(r)); p(r) = , (6.3.10)
lho(r)]
and consequently, the spin glass order parameter can be written as
1 / o2 2
=— dre”™ 7 tanh”(Bho(r)) p=(r). (6.3.11)
1= 5= (Bho() p

The phase boundary can be obtained from the above expression by putting ¢ — 0
(h*(r) = J /g r and hg = I'), when it gives

I ann( L 6.3.12)
— = tan — . .
7 T gT

This gives I, = J (see Fig. 6.3 for the phase diagram).

Ishii and Yamamoto [195] used the “reaction field” technique to construct “TAP”
like equation for the free energy of the Hamiltonian (6.3.1) and perturbatively ex-
panded the free energy in powers of I" up to the order I"? to obtain

\2
kpT. = J|:1 — 0.226(7> :| (6.3.13)

The above equation also indicates that 7. decreases with increasing the transverse
field, but numerical estimations of 7, including the terms higher order in I" indicate
that the quantum model is fundamentally different from the classical model: the
quantum model always gives rise to a spin glass phase regardless of the strength
of the transverse field I". Using the replica trick, introduced for the quantum spin
glasses by Bray and Moore [44], Fedorov and Shender [133] showed the error in the
calculation of Ishii and Yamamoto [195], and proved that quantum fluctuations do
not stabilise the spin glass state in the model under consideration.
One can write the Hamiltonian (6.3.3) in the form

H=Hy+V: Ho=-I)_5, v:-ZJijSiZSJZ., (6.3.14)
i ij



130

Fig. 6.3 The phase diagram
for the SK model in a
transverse field from different
approximations: dashed curve
from Ref. [233], dot dash
curve from static
approximation [433], dash
dash dot curve from

Ref. [408] and solid lines
from Ref. [433]. The
horizontal dashes denote
Monte Carlo results [240]

the partition function of the system can be written as

6 Transverse Ising Spin Glass and Random Field Systems

r/J

2.0}

o T

T/J

B
Z = Trexp(—BHy) P exp[/ dr Z Jij Siz(r)S;(r)i|, (6.3.15)
0 i

where t is the imaginary time, P is the time ordering operator and S(t) are the
operators in the interaction representation. Using the replica trick (see Sect. 6.A.1),
the n-replicated partition function of the quantum system can be written as

n ﬂ n
7 — Trexp<—,3 > Ho(a)> Pexp (Z Jij / dr Sfa(wsjz.a(r)) . (6.3.16)
a=1 i 0 a=1

Performing the Gaussian averaging (since the operators can be permutated in the P
product) and rearranging terms, one gets

Zn = Trexp(—

B Ho(Ot)) P

xexp[ /dr/ dr—Z(ZSZ (0)85,( ’))2

a<p

—i—Z(ZSZ (1)S¢ ))2].

(6.3.17)
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The squares appearing in the above expression can be simplified using the Hubbard-
Stratonovitch transformation

)\, 2 )\‘ 1/2 o0 )\ 2
exp M (X / dx exp —i-l—a)»x . (6.3.18)
2 2 oo 2

One can thus, transform the expression of free energy, found after averaging, into a
functional integral in the fields R**(t, t’) and Q*f(t, )

n—-0n

BF = — lim 1UdQ“ﬁ (t.7)dR* (v, 7')e V¢ — 1}, (6.3.19)

where
B B
¢>=/ dr/ dl'/|: Q"‘ﬂrr ZR"“"tt ]
0 0
O(»
—1nTr[e'325=1 ”°<“)PeXp[J/ df/ dr' (Z 0% (v, 7') S5 () S5(¢)
0 0

a.p
+Y R*(z, r/)Sé(r)Sg(t/)>H. (6.3.20)

For a thermodynamically large system one can evaluate the above integral using the
method of steepest descent. In the high temperature (paramagnetic) phase, all the
functions Q% (z, ') (the spin glass order parameter), which satisfy the equations
for the steepest descent, vanish. Again, the functions R*®(z, t’), do not depend upon
the replica index at any temperature. The saddle-point condition therefore yields

R*(7,7) = %(PSZ(I)SZ (t"))=R(x. 7). (6.3.21)

where the average in the above equation is taken with the Hamiltonian Heg =
Hy + Hp, where

B B
—ﬁHeffz—ﬁHo+J/ dr/ dt' R(7, 7')S*(0)S* (). (6.3.22)
0 0

Hence, one obtains for the free energy in the paramagnetic phase

B B
F = %min(/ d‘L’/ dr’ RZ(I, r/) — lnTr[P exp(—,BHeff)]>- (6.3.23)
0 0

To evaluate T, one has to expand the free energy of the system to second order in
spin glass order parameter Q% The terms in F, quadratic in these fields, are

|:(/ dr/ dt’ Q"ﬁrr —12/ drf dr/ dr”/ dt”
a<ﬂ

x 0 (7,7) Q% (1", 7") x (PS*(2)S%(x ))(PSZ(‘L'”)SZ(‘EW)>>:|, (6.3.24)
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where the expectation values are computed using the effective Hamiltonian (6.3.22).
One can now anticipate that the “soft mode” whose amplitude becomes nonzero just
below T is time independent (i.e., the zero frequency mode has the highest 7,.). One
then sets Q% (z, t/) = Q% in (6.3.22) and determines 7, from the condition that
the coefficient of Q2 vanishes such that

J [P 2 [P
1=—/ drdr’(PSZ(r)SZ(z’))z—/ drdt'R(t,7').  (6.3.25)
B Jo B Jo

Applying a spatially varying magnetic field, one can check that in the paramagnetic
phase, the local linear susceptibility is given by

1 P
Aloc = B/ dt dr’(PSZ(r)SZ(r’)>. (6.3.26)
0

Hence, the condition for 7, becomes
1 =J xioc- (6.3.27)

One can now expand R(z, t’) in a Fourier series as

R(r,7) = Z Ryexp(ion(t — ') =Ro+8R(r, ') (6.3.28)

where §R(t, t’) denotes the contribution of nonzero frequency mode and w, =
(2mn/B). If one assumes “static approximation”, R(z,t’) = Ry, (6.3.21) reduces
to (using (6.3.18)) [433]

') 2
0= / (x> —1—4p7R}) exp(—% cosh[B(2J Rox* + r2)1/2]> dx, (6.3.29)
0

which, at T = T, gives the phase diagram (within the static approximation) as the
solution of the equation

2
/(x2 —2) exp(—%) cosh[BJx% + (By)?]Pdx =0,  (6.330)

which gives I'. (T =0) at 2J. For I = 0, it can be shown using (6.3.21) that the
static approximation is exact. One can mention here that, using “static” approxi-
mation and the replica method for quantum spin glasses introduced by Bray and
Moore [44] (see Sect. 6.A.1), Usadel [406] mapped the above model onto a vector
spin glass model and obtained the same phase boundary equation as (6.3.27). This
result is the first order mean field result when one notes that this is the largest eigen-
value of the Gaussian matrix J;;. This result was also obtained independently by
Pirc et al. [316], using the replica method.

Yamamoto and Ishii [433], using perturbation expansion of the local linear sus-
ceptibility, found I, (T = 0) at about 1.51J. Here, x is expressed as

1 p (U(,B,I)S.ZU(I)S.Z)>
=— d : ! 6.3.31
* NZ/<; ’( U e) (¢330
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where

B
UB,t)="P exp(—/ du V(u)) (6.3.32)

and
Vi(u) =exp(uHy)V exp(—uHp), (6.3.33)

where the Hamiltonians Hy and V are as given in (6.3.14). Equation (6.3.31) is
expanded in powers of V and the terms are analysed diagrammatically. In this way
writing x = Zn ax (B F)(J/F)Z", the coefficients ay, are evaluated for n =0, 2,
4, 6, 8 (the odd ordered terms vanish). Now, the bulk nonlinear susceptibility is
calculated to be

[1+2(J0)°]
(1-WUx04’
where 7 is the local nonlinear susceptibility [108]. Hence, the singularity in x; is
of the form [1 — (J )]~ ! in (6.3.34) which is expanded as

_ J
[1-x] ‘=;bn<ﬂr><7)

Estimating b,’s (for both T =0 and T # 0) from ay,’s, one obtains the se-
ries (6.3.35). The critical value I, above which the system remains paramagnetic is
obtained from the scaling relation

Xb = X2 (6.3.34)

n

(6.3.35)

[1-0] '~ -1 (6.3.36)
with
I
= = (#bubp1 = (0 = 2)(by—2by-3)) /2 (6.3.37)
y=1+ bn—26n-3 (6.3.38)

[bubn—1/(n —2) — by_2by_3/n]
in the n-th order. The best estimate for the critical I” and y are obtained from the
average of n =9 and n = 10. At T =0, I, = 1.506J, and the critical exponent y
of the bulk susceptibility is found to be equal to 0.564 (as compared to 0.5 obtained
in the static approximation in the replica method). The phase boundary (Fig. 6.3) is
obtained considering the coefficients b, as function of SI".

Transferring the d-dimensional quantum model to the equivalent (d + 1)-
dimensional classical model using the Suzuki-Trotter formalism (cf. Sect. 3.1), Us-
adel and Schmitz [408] also found the phase diagram of the above model (not re-
stricting to the static approximation). However, this method becomes cumbersome
for very low temperature and the estimate for the critical field for zero temperature is
made by extrapolation only. Also, they assumed zero value for the order parameter
such that their result is strictly valid in the para-phase.

The phase diagram was also obtained by the cluster expansion method by
Walasek et al. [418], with similar estimate of y.. By combining the pair approx-
imation with the discretised path integral representation [108], the phase diagram
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has been obtained [252] without the replica formalism for nonzero Jy. Here also,
I'. (T =0)is found at J.

The ground state (T = 0) properties were also investigated [432] solving nu-
merically the mean field equations for the local magnetisation for finite system
size (N = 80). Then, fluctuations from the mean field theory were incorporated
in the second order perturbation. In this approach, the Hamiltonian is split into
two parts: H = Ho + V, where Hy =) ,[I" — (Zj Jijm;)S]1+ ZW) Jjjmim;
is the mean field Hamiltonian, where m; = (Sl.z) is the mean value of the i-th spin,
and V = — ZW) Jij (87 — m,-)(Sf — m) denotes the fluctuation from the mean
field. The critical I", obtained from the vanishing of m;, gives I. = 2J from the
mean field Hamiltonian. The order parameter g = ) ; (8i)2/N is calculated includ-
ing the fluctuations up to second order in V. But this barely improves the mean
field result. Only after introducing a reaction term in energy, it was found that
I'. (T =0)~1.6J [432].

6.3.1.2 Monte Carlo Studies

Several Monte Carlo studies have also been performed [240, 323] for SK spin glass
in transverse field. Applying the Suzuki-Trotter formalism (cf. Sect. 3.1, for the
formulation of effective partition function of the quantum Hamiltonian), one can
obtain the effective classical Hamiltonian in the M-th Trotter approximation as
(cf. Sect. 6.A.2)

| NoMm ! pry LM
Hep = —— 'Z”;Jijsiksjk - (ﬁ) lncoth<ﬁ) X;I;Siksik+l
L ]= = 1= =

_ Mln[l Sinh<2ﬂ_r>:|, (6.3.39)
2 2 M

where S;; denotes the Ising spin defined on the lattice (i, k), i is the position in the
original SK model and k denotes the position in the additional Trotter dimension.
As mentioned in Sect. 3.1, the quantum to classical mapping is exact in the limit of
infinite M.

Monte Carlo simulations of the SK model in the presence of a transverse field are
performed using the Metropolis method [241] for the classical spin system given by
the Hamiltonian (6.3.39) with finite M. One takes a (N x M) lattice having Ising
spins on each lattice site. N spins along the spatial (x) direction in each of the Trotter
rows interact with each other (within the row) with interaction strength J;;, which
obey a Gaussian probability distribution (6.3.2), while each of the M spins along the
Trotter axis in each of the N columns interacts only with its two nearest-neighbour
spins along the Trotter direction with strength ¢ = (7'/2) In[coth(I"/MT)]. One
usually uses periodic boundary condition in the Trotter direction. The Suzuki-
Trotter approximation becomes better as one consider large values of M, otherwise
a correction of the order of M2 is needed for the thermodynamic quantities, e.g.,
(Q)exact = (Q)m + O(M~?). However, with M the interaction strength ¢ increases
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logarithmically whereas (J;;/ M) weakens. For M > (I"/ T), the singular behaviour
of ¢ tends to arrange the spins parallelly along the Trotter direction whereas van-
ishingly small (J;;/ M) makes the interaction among the Trotter chains almost zero.
The imbalance in the two cooperative interactions invalidates [421] the Monte Carlo
process to work as an importance sampling. For certain values of T and I, M is to
be selected such that M > I'/T. Ray et al. [323] took I"'/MT = 0.06, which has
been found to be the optimal value of the ratio in the Monte Carlo studies [421]
of the (pure) transverse Ising model. In determining the phase diagram in the I'-T
plane, one finds that as I" is increased, T, is lowered and the condition on I"'/MT
demands large M values, which virtually takes into account the enhanced quantum
effects.

Ray et al. [323], took I" < J and their results indeed indicate a sharp lowering
of T.(I"). Such sharp fall of 7.(I") with large I" is obtained in almost all theoretical
studies of the phase diagram of the model, and are also in agreement with the Monte
Carlo studies of Ishii and Yamamoto [196]. One should also mention that, Ray et al.
[323], obtained a non-monotonic fall of 7, with the increase of the transverse field
strength I", a result which is not reproduced in any other Monte Carlo or analytical
studies. Lai and Goldschmidt [240], studied the above system using Monte Carlo
techniques on a larger system (N < 100), and studied the configuration averaged

function g defined as
1 (")
=—(3- , 6.3.40
2 < <q2>2) ( :

where (g") is the n-th moment of the order parameter distribution function Py (g).
Here Py(q) = (8(g — (1/N) XN, S52) for different replicas (1) and (2) and
Trotter indices k and k’ (see discussion in Sect. 6.5). The above function g is as-
sumed to have a finite size scaling form

g=g(N“(T - T), (6.3.41)

similar to the short-range classical Ising spin glass case [39, 76, 136, 275]; where «
is some exponent and g is the scaling function. Here the Trotter size M is kept fixed.
Using (6.3.41), one can find out the value 7, from the intersection of the curves of g
versus T for different system sizes N. The phase diagram, thus obtained, was found
to be in good agreement with the analytically obtained phase diagram (see Fig. 6.3).
However, the finite size scaling form (6.3.41) is inappropriate (and incorrect) for
the long-range spin glass systems. For the classical Sherrington-Kirkpatrick model,
such scaling does not work (see Binder and Young [39]), and one gets the g-function
intersection point continuously shifted with the system size N.

6.3.1.3 Exact Diagonalisation Results
Sen et al. [361], performed exact diagonalisation of finite sized spin glass systems

(N < 8) at zero temperature and found all the eigenvalues (Ey, E1, ..., E,,, where
m=2N — 1) and the eigenvectors (Y1, V2, ..., ¥,,). The configurational averages
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are performed over the physical quantities obtained after the diagonalisations. This
method does not involve any mapping of the original (quantum) Hamiltonian, like
the previous models, and deals precisely with the zero temperature phases of the
model, as induced by the quantum fluctuations. The mass gap (difference in energy
of the ground state /¢ and the first excited state 1) and the ground state internal
energy Eq = (Yol >_;; Jij Sl.ZS§|lI/0) of this quantum spin glass system behave, on
an average, essentially in the same way as in the case of the unfrustrated ferromag-
netic transverse Ising system. It may be mentioned that although the eigenfunctions
Y; and eigenenergies E; are determined using the entire Hamiltonian (6.3.1), the
ground state internal energy E, is obtained from the average of the Ising cooper-
ative part in the ground state. The value of the extrapolated critical field I, from
the disappearance of mass gap A(E; — Ep), and the peak position of the “specific
heat” C(=0E,/dI") is obtained around J. The spin glass order parameter g also
appears to vanish at the same value of the critical field (see Fig. 6.4). The value of
I (T =0), obtained from the diagonalisation of finite size systems, is lower than
that obtained in the perturbation treatment or in the thermofield dynamical tech-
nique. This might be interpreted as indicating Griffiths-type clustering singularity.
However, these indications exist even in the configuration averaged results, which
perhaps rule out the latter possibility. It may be noted that the peak position of the
“linear” specific heat C need not be the right quantity to look for the glass transition
and the nonlinear susceptibility should be used. The gap A is taken directly from
the bottom-end of the excitation spectrum: see Fig. 6.4(e). It has also been directly
checked for system sizes N < 10 that the scaling form (6.3.41) is inappropriate for
the transverse Ising SK model, as mentioned earlier.

Apart from these, some related studies on the SK model in transverse field in-
clude the evaluation of the internal energy, susceptibility and entropy at first step
Replica Symmetry Breaking [159].

6.3.2 Susceptibility and Energy Gap Distribution

Recently, Takahashi and Matsuda [394] investigated the relationship between the
energy gap distribution and the susceptibilities (linear x;, spin glass xs; and non-
linear yxp)) for the SK model put in a transverse field. They found that the energy
gap itself is not self-average and the distribution of the gap between the first and the
ground states determines the critical behaviour in the susceptibility. In following,
we will show their argument according to the reference [394, 395] .

We first consider the quantum part of the susceptibilities as

z 2
@ = % )3 HEOLS—VEJ (6.3.42)
n#0
and
@_ 4 10187 |n) >\
X = (Z m) (6.3.43)

n#0
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Fig. 6.4 The variation of the average mass gap A (a), ground state energy (b), “specific heat”
(C=0Eg/0I) (¢) and the order parameter (d) for an S-K model in transverse field, with a width
J of exchange interaction distribution, obtained from finite systems of size N < 8. For comparison,
the variation of these quantities (A, E,, C and magnetisation m instead of the order parameter ¢)
for a transverse Ising chain (with nearest neighbour interaction J) of comparable sizes are also
shown in the respective insets. The vertical bars indicate the order of magnitude of the errors (due
to the configurational fluctuations). In (e) the energy per site for a system of size N = 10 is shown
for different values of I”
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- (6.3.44)
(En — E0)(Ey — Eo)(E,r — Ep)

n,n’,n"#0

where we defined S° = ZzN= 1 87 and |n) is the eigenvector of the energy E,. |0)
is the eigenvector of the ground state without any degeneracy. It should be noted
that

xa=x2+x®,  A=lsgnl (6.3.45)
are satisfied and xl(c) = (1 — g) with spin glass order parameter q.

From the above definitions, the singularity of the susceptibility apparently comes
from the quantum part. The singularity occurs when the energy gap between the
first excited state and the ground state approaches zero. From Egs. (6.3.42), (6.3.43)
and (6.3.44), the susceptibilities xj, xsg and xn behave as a function of A as x; ~
1/A, x5 ~ 1/A% and xn ~ 1/A3, respectively. This fact implies that the energy
gap distribution might determine the critical behaviour.

In Fig. 6.5, we show the distribution of the energy gap P(A) for the SK model
and the random energy model (REM). From this figure, we notice that the energy
gap itself is not self-averaging quantity and it apparently fluctuates. Form the top
panel of Fig. 6.5 for the SK model, we can assume that the gap distribution obeys
the power-law P(A) ~ A¥ when A is small.

From this fact, for a given gap distribution P(A) ~ A¥, the average susceptibility

@
A

X4~ is evaluated as

o0
@ . dA
Xa /0 P

o0
~ / Ak=ka g A (6.3.46)
0
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where we defined A =1, sg,nl and «; = 1, ksg = 2 and k) = 3. Therefore, the sus-
ceptibilities x1, xsg and xn diverge for k <0, 1 and k < 2, respectively. This implies
that these susceptibilities diverge at different points. In Fig. 6.6, we find this argu-
ment is correct.

In order to confirm that the gap between the only first excited and the ground
states determines the divergence of the susceptibilities, we calculate the Fourier
representations of a real-time correlation function including contributions from all
states:

X@) =" 8w~ Ey + Eo)| (0l In)|*
n#0

(6.3.47)

We plot the result in Fig. 6.7. Thus, we conclude that the first excited state deter-
mines the critical behaviour.
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6.3.3 SK Model with Antiferromagnetic Bias

In the previous subsections, we discussed SK model put in a transverse field. Here
we show several interesting results on long-range Ising antiferromagnet put in a
transverse field with disorder, which was recently given by Chandra et al. [70]. This
model contains SK model as a special case.

The model we study here is given by the following Hamiltonian

N

H= —% Y o+ JupSisi—h) Si—TY S5, (6348)
ij(j>i) i=1 i

where Jj is the parameter controlling the strength of the antiferromagnetic bias and

J is an amplitude of the disorder t; j in each pair interaction. Parameters i and I”

denote the longitudinal and transverse fields, respectively. Here S* and S* denote

the x and z component of the N-Pauli spins

S;Z((l) _01>; Sf:(? é) i=1,2,...,N.

As such the model has a fully frustrated (infinite-range or infinite dimensional) co-
operative term. When we assume that the disorder 7;; obeys a Gaussian with mean
zero and variance unity, the new variable J;; = Jo+ J 7;j follows the Gaussian distri-
bution, immediately we have P(J;;) = exp[—(J;j — J0)2/2J~2]/\/E J. Therefore,
we obtain the ‘pure’ antiferromagnetic Ising model with infinite range interactions
when we consider the limit J — 0 keeping Jy < 0. Of course the model with Jy > 0
and I" = 0 is identical to the classical SK model and with Jo <0 and I" =0, it is
the classical long-range Ising antiferromagnet model.

6.3.3.1 Mean-Field Theory

For an analytic (mean field) study of the model we define an effective magnetic
field hegr at each site, which is a resultant of the average cooperation enforcement in
the z-direction and the applied transverse field in the x-direction, so that the above
Hamiltonian can be written as

N
H=he Y _Si, (6.3.49)
i=1
where
Si=Sz+S'x, (6.3.50)
and

hefr = (hefr)*z + (hefr)* x
= (h+Jom* +J/qy)z+ I'x, (6.3.51)

|hefr| = \/ (h+ Jom® + J Jq y)’ + T2, (6.3.52)
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where x, z denote unit vectors pointing to the x and z directions. We use the defini-
tions such as (hefr)? (a = x, z) to indicate the a-component of the effective field hey.
This replacement of Sf by its average value (Sf) = m* in (hefr)* should be valid for
this infinite range model. The Gaussian distributed random field /g y comes from
the local field fluctuation given by the spin glass order parameter. The average mag-
netisation is then given by

(6.3.53)

and hence we have

o0 J
mé = f Dyﬂ;fftanh B2+ T2 (6.3.54)

e eff + ]’*2
% r
m* = Dy———tanh B,/ J2, + I'? (6.3.55)
y eff -9
o0 Jg+ T2

o0 J 2
q:/ Dy{i} tanhz,B,/J;f—i—Fz, (6.3.56)
JIZ+ T2

where we defined Jogg = h + Jom* + fﬂy and m = N~} Zi(Sf) is the mag-
netisation and ¢ = N~' )", (S7)? is the spin glass order parameter. We also used
Dy =dy e /2 /~/2m . In [70], we confirm that the above mean-field equations are
identical to the results obtained by the replica symmetric theory at the ground state
(B = 00). The detail is given by Sect. 6.A.5.

For the antiferromagnetic (Jo < 0) and/or the spin glass phase (with 2 = 0), m* =

0 is the only solution. We then have
tanh B/ (J /g2 + T2 (6.3.57)

0 r
m* :/ Dy~—
0 JUVanR+I?

00 2
q =/ Dy{ ﬂ} tanh® B,/ (J /g y)? + I'2. (6.3.58)
—o0 VU gy +T1?

6.3.3.2 The Condition on Which Antiferromagnet Phase Survives

The approximate saddle point equations have already been presented in Egs. (6.3.54),
(6.3.55) and (6.3.56). The variations of m*, g and g are shown in Fig. 6.8. The phase
boundary between the spin glass and paramagnetic phases is given by setting m* =0
and ¢ >~ 0 and we get

~ r
Ir= Jtanh(T). (6.3.59)
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Obviously, the boundary at 7 = 0 gives I'sg = J. On the other hand, when we
consider the case of I" ~ 0, we have Tsg = J (consistent with the classical result).
These facts imply that there is neither an antiferromagnetic nor a spin glass phase
when we consider the pure case J = 0 because the critical point leads to Tsg =
I'sg = 0. Therefore, we conclude that the antiferromagnetic phase can exist if and
only if T =I" =0 (Fig. 6.9).

6.4 Edwards-Anderson Model in a Transverse Field

The Edwards-Anderson Model in presence of a transverse field was first studied by
Chakrabarti [62] and it was shown that the short range Ising spin glass has similar
quantum effects as in the ordinary transition by approximate renormalisation group
approach. Later, dos Santos et al. [112], using real space renormalisation method
studied the effect of disorder in the imaginary time dimension and obtained the
phase diagram in the I"-T plane for d = 2. Walasek et al. [417], studied the above
model using a mean field approximation along with the replica averaging technique.
They introduced two order parameters, the diagonal and the off-diagonal in replica
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indices. The value of zero-temperature critical transverse field and phase diagram
were obtained from the effective free energy. As mentioned earlier, there have been
renormalisation group theoretical calculations [138] of the one dimensional model
(which does not have frustration) and also detailed quantum Monte Carlo studies
[163, 164, 332, 333] of the model in two and three dimensions. The analytical re-
sults are therefore available in the limiting situations with d = 1 and d = oo (from
those for the transverse SK model). The transverse Ising chain with random bonds
or in a random transverse field (or in presence of both) can be mapped onto the
McCoy-Wu model [266, 267, 269, 270], for which various analytical results are
known. Fisher [138] has shown with a renormalisation group calculation, that the
typical and average spatial correlations behave differently: the typical correlation
diverges with an exponent v = 1 (see also [368]) whereas the average correlation
diverges with an exponent v = 2, which satisfies the inequality 2/v < d as an equal-
ity (see Sect. 5.2). Moreover, as mentioned earlier, both the linear and nonlinear
susceptibilities diverge even in the disordered phase. This has been conjectured to
be due to the presence of Griffiths singularity. In a finite size scaling analysis of the
Monte Carlo simulation results for the random field chain, Crisanti and Rieger [90]
found some disparities with the above mentioned results. They obtained the value
of the dynamical exponent z = 1.7 and the correlation length exponent v =1 and
no existence of Griffiths singularity was observed. These discrepancies might arise
from the finite size effect, due to which one gets a “typical” rather than the average
result.

6.4.1 Quantum Monte Carlo Results

Let us now start from the Hamiltonian of the Edwards-Anderson spin glass in pres-
ence of a transverse field

H:—Zjijsfsj—rZSf, 6.4.1)
(i) i

where the random interaction is only restricted among the nearest neighbours and
satisfies a Gaussian distribution with zero mean and variance J

1 I
P(Jij) = NirT] exp| =573 ) (6.4.2)

Hereafter we let J be the unit of energy, making J = 1. With I" = 0, the above
model represents the Edwards-Anderson model with the order parameter g =
(Sl.z)2 =1 (at T = 0). When the transverse field term is introduced, ¢ decreases,
and at a critical value of the transverse field the order parameter vanishes. To study
this quantum phase transition using quantum Monte Carlo techniques, one must re-
member that the ground state of a d-dimensional quantum model is equivalent to the
free energy of a classical model with one added dimension which is the imaginary
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time (Trotter) dimension (cf. Sect. 3.1). The effective classical Hamiltonian can be

written as
H= ‘ZZKiJSiijk - ZZKSikSik+l (6.4.3)
ko (ij) ko
with
BJij 1 BI
Kij = Tk K= 3 In coth 7 (6.4.4)

where S;; are classical Ising spins and (7, j) denote the original d-dimensional lat-
tice sites and k = 1,2, ..., M denotes a time slice. Although the equivalence be-
tween the classical and the quantum model holds strictly when M = oo, one can
always make an optimal choice for M. One of the reasonable choices for M is
M = B. Employing this and letting B = Te?fl =K = %ln coth I', the Boltzmann
factor exp(—BefrH) with

BeitH == > JijSuuSjx — (1/Tett) Y Y Sik Skt
(i) ko

k

represents the transverse Ising system at zero temperature. This equivalent classical
system has been studied using standard Monte Carlo techniques. Since there exists a
strong anisotropy in the spatial and Trotter (time) dimensions, one has to introduce
two length scales in the problem. Near the critical point, &;, the correlation length
in the Trotter direction scales as £%, where £ is the correlation length in the spatial
direction and z is the dynamical exponent. Hence, any dimensionless quantity must
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scale as a function of two variables. The convenient choice of such a configuration
averaged function is the g-function defined as [163, 332]

1 (%)
"2 (3 - <q2>2> ©43

where g is the overlap function between two replicas having the same bond distri-
bution. It may be noted here, that this g-function is somewhat different from that
defined for the classical spin glass models [39], where the numerator and denomi-
nator are averaged over disorder separately. Such averaging here appears to lead to
large sample to sample fluctuations and gives worse statistics [332]. Although the
exact reason for this behaviour is not known, we believe, it is related to the Trotter
symmetry problem discussed later (see Sect. 6.5). The function g vanishes in the
paramagnetic phase and acquires a nonzero value in the spin glass ordered phase.
Near the critical point, the above function scales as

(L M (.1 M 4
g—S(g, E) —8<L”(Teff_ Tefi,c), E)' (6.4.6)
For a fixed L and T¢fr, when M is varied, the function g shows a peak at a particular
value of M. At Tefr = Tefr - this maximum value is not affected by the change in the
system size (Fig. 6.10).

Using this, one can make an estimate of T for the equivalent classical model,
and using the scaling relation (6.4.6), one can estimate the approximate value of
the dynamical exponent z, which come out to be Ty ~ 3.3 and 4.3 and z ~ 1.5
and 1.3 for two and three dimensional models respectively [163, 332]. One can also
estimate the critical temperature for the classical model by studying the variation of
g with temperature for different system sizes L (with M /L* fixed). The intersection
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Fig. 6.12 Logarithm of the distribution of In 1o (left) and In xioc n1 (right) at eftective temperature
Tetr = 3.7 (> Tetr,c)- Results for the two-dimensional (d = 2) model with different L’s and M’s are
plotted. For M > 26, results with different L’s seems to collapse onto a line. The solid line in each
panel stands for Eq. (6.4.7) with z = 0.51 for the left panel and (6.4.8) with z = 0.54 for the right
panel. (Taken from [333])

of these curves (obtained for different system sizes) gives the value of critical tem-
perature (Fig. 6.11). At this approximate T, the variation of g with the system size
provides the value of the critical exponent v, through the scaling relation (6.4.6)
which comes out to be around 1.0 £ 0.1 and 0.8 for two and three dimensional
systems respectively [163, 332].

It is intriguing to see the nature of Griffiths singularities in the zero temperature
disordered phase of the present systems. As mentioned in Sect. 5.3.3, the Griffiths
singularities are captured by the local susceptibility defined by yioc = 3(S;)/dh;,
where %; is a local field which is coupled to S7. In terms of the effective classical
models, this can be written as xjoc = Z,i”: 1(Si1S8:k). Since the correlation in the
Trotter direction decays as (S;i1Six) ~ e k/ & one can relate the local susceptibil-
ity with the correlation time &; as xjoc = ¢~ V/57 /(1 — e~ 1/51) ~ £,, when M — oo
and &; > 1. In the language of the effective classical model, a phenomenological
description for the Griffiths singularities is given as follows (see also an argument
in Sect. 5.3.3). The Griffiths singularities come from excitations which are local
in real space and ordered in the imaginary-time Trotter direction. One may natu-
rally assume that the probability of an excitation with size N = L¢ is exponentially
small with N and given as e~?N/7eff in the system with temperature Te, where a
is a constant. Once such an excitation with size N is created, it survives for a long
imaginary-time which is exponential in N since one has to insert N domain-walls
in the Trotter axis. This relaxation imaginary-time is equivalent to &; and thus one
has &; ~ ePN/Tet where b is a constant. When the excitation is well localised, there
might be order L¢ number of excitations in the system. Combining this with the
exponentially small probability of a size N excitation and the exponentially long
relaxation imaginary-time, it turns out that the probability distribution of &; has a
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Teti - The solid line in each panel stands for Eq. (6.4.7) with z = 0.71 for the left panel and (6.4.8)
with z = 0.76 for the right panel. (Taken from [333])

power-law tail: P(In&;) ~ Lée~(@/P)Iné& — Ld.f;(a/b). In order to make this prob-
ability distribution dimensionless, the exponent a/b needs to be a/b = d/z, where
z is a dynamical exponent which is introduced so as to make Léfl /% a dimensionless
quantity. Thus, recalling the relation yjoc & &;, one finds that the distribution xjoc
has the following form [333]

d
In[P(In x100) | = — In xjoc + const. (6.4.7)

The local nonlinear susceptibility defined by xioc,n1 = 93 (Sf) / ah? has also a power-
law tail in its distribution. A similar argument above shows that the distribution of
Xloc,nl has the form of

d
ln[P(ln Xloc,nl)] = B In X1oc,n1 + const. (6.4.8)

Rieger et al. [333] and Guo et al. [164] studied the distribution of xjoc and Xioc,nl
using quantum Monte Carlo simulations for two (d = 2) and three (d = 3) dimen-
sional Edwards-Anderson models in a transverse field respectively. The results for
d =2 and 3 are qualitatively the same. Here we shall see the results for d = 2 [333]
Fig. 6.12 shows the distribution of xjoc and xioc n of the two-dimensional system
with effective temperature Teff = 3.7 which is higher than the critical value 3.3. As
expected, the distribution has a power-law tail. By fitting (6.4.7), (6.4.8) on the cor-
responding results, the dynamical exponent is estimated as z & 0.51 for yjo and
0.54 for xioc,n1- A small discrepancy between them might be attributed to finite size
effects. Figure 6.13 shows the results for 7eff = 3.5 which is closer to the critical
value. Although the qualitative behaviour of the distribution is similar to that in
Fig. 6.12, the exponents of the power-law tail are different. The estimated value are
given as z = 0.71 for xjoc and 0.76 for xioc n1, Which are larger than those obtained
for Tegr = 3.7. Figure 6.14 shows Ter dependence of the dynamical exponent z. One
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Fig. 6.14 Effective temperature dependence of the dynamical exponent z. The values estimated
from the distributions of In xjoc and In xjoc n1 are plotted. These two values of z behaves almost
identically. The dynamical exponent z increases with lowering Tefr towards Tefr,c. At Tefr e, an
estimate z = 1.5 has been obtained from the scaling of the g-function (6.4.6). z = 2/3 stands for
the threshold above which the average nonlinear susceptibility diverges

can see that the dynamical exponent z increases with lowering Tefr towards Tefr .
The value z = 1.5 at the critical point has been obtained from the scaling of the
g-function (6.4.6). This value looks to be reached from the values for Tefr > Tefr,c
by extrapolation.

We recall here that the quantum phase transitions of random transverse field Ising
ferromagnets in one and two dimensions are characterised by infinite randomness
fixed points, where the dynamical exponent z increases with lowering the transverse
field towards the critical point in the disordered phase and diverges at the critical
point (see Sect. 5.3). As shown in Fig. 6.14, the present transverse Ising spin glass
models manifest a tendency of z in common with random transverse field Ising
ferromagnets. One may therefore expect that the quantum phase transition of trans-
verse Ising spin glass models in two and three dimensions are also characterised by
an infinite randomness fixed point. So far only Rieger et al. and Guo et al. have stud-
ied the character of the quantum phase transitions of the present models and given
z~ 1.5 and 1.3 at critical points in two and three dimensions respectively. Their re-
sults, in particular those on the values of z at critical points, might be reconsidered
from the viewpoint of infinite randomness fixed points.

6.5 A General Discussion on Transverse Ising Spin Glasses

For the classical Ising spin glass the lower critical dimension d; is between 2 and 3;
2 < dj < 3 and the upper critical dimension d is 6 [39]. For the quantum Ising spin
glass these values are not yet precisely known. Analytical studies of the short-range
quantum spin glass, using the Landau-Ginzberg-Wilson (LGW) Hamiltonian [325],
indicate that the upper critical dimension for such models is 8: df = 8.
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Another important aspect of the quantum Ising spin glasses is the quantum clas-
sical correspondence. In a pure system, as mentioned earlier, the quantum phase
transition in the d-dimensional quantum Hamiltonian is equivalent to the thermal
phase transition in an equivalent classical Hamiltonian with one added dimension
(“Trotter dimension”). But it seems, in presence of frustration the scenario is dis-
tinctively different. In fact, several studies do not indicate that the d-dimensional
quantum EA model corresponds to a (d + z)-dimensional classical model, where z
is the dynamical exponent. For the pure system the value of the dynamical exponent
is 1, which readily leads to the correspondence of the d-dimensional quantum sys-
tem with the (d + 1)-dimensional classical system. Suzuki [387] conjectured that the
averaging over disorder effectively introduces another additional dimension so that
the d-dimensional quantum model should correspond to the (d + 2)-dimensional
classical model. At the upper critical dimension, z being 2, this conjecture might be
correct.

The Sherrington-Kirkpatrick model in presence of a transverse field has been
studied extensively using both analytical and simulational techniques. The phase
diagram has been obtained and from rigorous results it seems that the value of the
zero-temperature critical transverse field is around 1.5J, where J is the variance
of the Gaussian distribution of the interaction between the spins. The Edwards-
Anderson model has also been studied, mostly using numerical techniques for
the higher dimensional model and the various exponents associated with the zero-
temperature phase transition (driven by the transverse field) have been obtained us-
ing quantum Monte Carlo techniques.

6.5.1 The Possibility of Replica Symmetric Ground States
in Quantum Glasses

The question of the existence of replica symmetric ground states in quantum spin
glasses has been studied extensively. Replica symmetry restoration is a quantum
phenomenon, arising due to the quantum tunnelling between the classical “trap”
states separated by infinite (but narrow) barriers in the free energy surface, which
is possible as the quantum tunnelling probability is proportional to the barrier area
which is finite. To investigate this aspect of quantum glasses, one has to study the
overlap distribution function P(q)

P(g)=) PiPrs(qg—q"), 6.5.1)
Lr

where P; is the Boltzmann weight associated with the states [ and /” and q”/ is the
overlap between the states [ and ',

N
/ 1 /
g =5 2 s Ps ™. (65.2)

i=1
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One can also define the overlap distribution in the following form (for a finite system
size N)

Pn(q) =(8(q —q"?)), (6.5.3)

where ¢!? is the overlap between two sets of spins Sl.(l) and Si(z), with identical bond
distribution but evolved with different dynamics,

N
1 Do
=37 "siVs? (6.5.4)
i=1

Pn(q) — P(q) in the thermodynamic limit. In quantum glass problem one has to
study similarly the overlap distribution function Py (g), and if the replica symmetric
ground states exist, the above function must tend to a delta-function in the thermo-
dynamic limit. In the para-phase, the distribution will approach a delta function at
q = 0 for the infinite system.

Ray, Chakrabarti and Chakrabarti [323], performed Monte Carlo simulations,
mapping the d-dimensional transverse S-K spin glass Hamiltonian to an equivalent
(d + 1)-dimensional classical Hamiltonian (6.3.39) and addressed the question of
the stability of the replica symmetric solution, with the choice of the order parameter
distribution function given by

N M
Py(q) = <6 (q - ﬁ 3N S},?Sf,f’)> (6.5.5)

i=1k=1

where as mentioned earlier, superscripts (1) and (2) refer to the two identical sam-
ples but evolved with different Monte Carlo dynamics. It may be noted that a similar
definition for g (involving overlap in identical Trotter indices) was used by Guo et
al. [163]. Lai and Goldschmidt [240] performed Monte Carlo studies with larger
sample size (N < 100) and studied the order parameter distribution function

N
I
Py(q) = <8 (q -2 S},?S},f?>> (6.5.6)

i=1

where the overlap is taken between different (arbitrarily chosen) Trotter indices k&
and k'(k # k'). Their studies indicate that Py (g) does not depend upon the choice
of k and k' (Trotter symmetry). Rieger and Young [332] also defined ¢ in a similar
way (g = (1/NM) ZlNz 1 Z,’:’,’{,zl S;,?Si(f,) ). There are striking differences between
the results Lai and Goldschmidt obtained with the results of Ray et al. In the studies
of Ray et al. [323], for ' < I, P(g) is found to have an oscillatory dependence on
g with a frequency linear in N (which is probably due to the formation of standing
waves for identical Trotter overlaps). However, with increasing N, the amplitude of
the oscillation decreases in the low-¢q part and the magnitude of P(q = 0) decreases,
indicating that P (g) might go over to a delta function in the thermodynamic limit.
The envelope of this distribution function appears to have a decreasing P(g = 0)
value as the system size is increased. Ray et al. [323] argued that the whole spin
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glass phase is replica symmetric due to quantum tunnelling between the classical
trap states. Lai and Goldschmidt [240], on the other hand, do not find any oscilla-
tory behaviour in P(q). Contrary to the findings of Ray et al., they get a replica
symmetry breaking (RSB) in the whole of the spin glass phase from the nature
of P(g), which, in this case, has a tail down to ¢ = 0 even as N increases. Ac-
cording to them, the results of Ray et al. [323] are different from theirs because of
the different choices of the overlap function. Goldschmidt and Lai have also ob-
tained replica symmetry breaking solution at first step RSB and hence the phase
diagram [240].

Biittner and Usadel [50], have shown that the replica symmetric solution is un-
stable for the effective classical Hamiltonian (6.3.39) and also estimated [49] the
order parameter and the other thermodynamic quantities like susceptibility, internal
energy and entropy by applying Parisi’s replica symmetry breaking scheme to the
above effective classical Hamiltonian. Using the static approximation, Thirumalai et
al. [401], found stable replica symmetric solution in a small region close to the spin
glass freezing temperature. But, as mentioned earlier, in the region close to the crit-
ical line (Fig. 6.1), quantum fluctuations are always subdued by the thermal fluctua-
tions due to critical slowing down and hence, restoration of replica symmetry, which
is essentially a quantum effect, perhaps cannot be prominent in the region close to
the critical line. Yokota [437] in a numerical solution of the mean field equations
for finite sizes, has obtained large number of pure states of the model. However, the
results are insufficient to indicate the behaviour in the thermodynamic limit. Recent
studies on short-range Ising spin glass Hamiltonian using Landau-Ginzberg-Wilson
Hamiltonian [325] indicate the existence of a replica symmetric ground state in the
spin glass phase (at 7 = 0).

All these (numerical) studies are for the equivalent classical Hamiltonian, ob-
tained by applying the Suzuki-Trotter formalism to the original quantum Hamilto-
nian, where the interactions are anisotropic in the spatial and Trotter direction and
the interaction in the Trotter direction becomes singular in the 7 — 0 limit. Obvi-
ously, one cannot extrapolate the finite temperature results to the zero-temperature
limit (and also the quantum-classical equivalence holds in the zero-temperature
limit). The results of the exact diagonalisation of finite size systems (N < 10) at
T =0 itself [363] do not indicate any qualitative difference in the behaviour of
the average (over about fifty random configurations) mass gap A and the internal
energy E, from that of the ferromagnetic transverse Ising case, indicating the possi-
bility that the system might be “ergodic”. On the other hand, the (zero-temperature)
distribution for the order parameter does not appear to go to a delta function with
increasing N as is clearly found for the corresponding ferromagnetic (random long
range interaction without competition). In this case, the order parameter distribution
P(q) is simply the measure of normalised number of ground state configurations
having the order parameter value as g. This perhaps indicates broken ergodicity for
small values of I". The order parameter distribution also shows oscillations similar
to that obtained by Ray et al. [323]. It is therefore, still an open question whether
replica symmetry is broken in the whole of spin glass phase, or only at I = 0 region
of the phase, and if not, where is the exact location of the Almeida-Thouless line
[39, 76, 136, 275].
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6.6 Ising Spin Glass with p-Spin Interactions in a Transverse
Field

The Hamiltonian for an Ising spin glass model with p-spin interactions in a trans-
verse field is given by

N
== D Jii, S SE =T ) S (6.6.1)
j=1

i

where the sum (i - - - i) runs over all distinct p-plets, N is the total number of sites.
The interactions J;,...; , are random following a Gaussian distribution

NP1 NPb
P(Jiji,) = p! exp| — ol Jil--.ip>-

For I' = 0, in the limit p — oo, the Hamiltonian describes the classical random
energy model [103, 104, 162]. For nonzero I", the model is exactly solvable in the
limit p — oo using the static approximation which gives the exact results in this
limit [158].
Let us first glance about the thermodynamic property of the classical Hamiltonian
denoted by Hy:
Z Ji I 119 11 z

ip-ip

We define the probability distribution P (E) of an eigenenergy of Hy as the probabil-
ity distribution that a given spin configuration (S) = (51, S2, ...) has an energy E:

P(E) = [5(E — Hy(5))],, = / SE-HS) []  PUniddiy i)

0<ij<--<ip<N

Using the representation of the Dirac’s delta function, §(E) = Qn)~! f dx e,
one can write

NPl
><exp<_—]‘2 j _ij"l!--w"pS“'“Sipx)'

! Lyeenlp

Performing the Gaussian integrals, a simple expression of P(FE) is obtained as

1 [ N , .
P(E)=— dxexp| ——x"+iEx
27 J_so 4

1 —E2/N
S . (6.6.2)
VTN
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We next consider the pair probability of energies of Hy. It is defined by the prob-
ability that given two spin configurations (S() = (Sl(l), Sél),...) and (@) =
(sz), Séz), ...) have energies E| and E; respectively:

P(E\, E2) = [8(E — Ho(S1))8(E2 — Ho(5®))] (6.6.3)

av’
A similar algebra to P(FE) leads us to
P(E1, E)

= W dxydx;exp —le — sz

p! D o2 Do . .
— S ( Z Si(l)Si(l)"'Si(P)Si(p)>x1x2 —iE1x1 — lszz].

I<ij<--<ip<N

With N — o0, one can write

p! M@ e _ 1 DM@  He®@ . p
NP Z Siv Sy oSS =N Z i Si 8 S, > an
]§i1<~'~<ip§N i[#-u;ﬁip

where
1 N
1 2
4= Y siVs? (6.6.4)
i=1

is the overlap parameter. Performing the Gaussian integral with respect to x; and
X7, one obtains the following expression of P(E, E»).

B 1 (E1+ Ey)?  (E| — En)?
P(Er E2) = T N[(1+qP)(1 —gP)]'/? exp[_ 2N(14+gP) 2N - q!’)}'
(6.6.5)

Equations (6.6.2) and (6.6.5) imply that the energies of two spin configurations be-
comes independent in the infinite limit of p, namely,
P(E\, E2) =57 P(E1) P(E). (6.6.6)
We focus on the case with p — oo hereafter.
Let us consider the number of states with the energy in [E, E + dE]:
2N
n(E)dE =Y 8(E—H(SW))dE. (6.6.7)
k=1
Equations (6.6.2) and (6.6.5) lead to

[n(E)], dE=2"P(E)dE
E+dE

[{n(E)dE)], = [/E n(EVn(E>) dE, dE2:|

=2N02N —1)P(E)*dE* +2V P(E)dE.

av
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It follows that for N > 1
2 2\1/2
([{n(EYdEY],, — {[n(B)], dEY)' " ~ [[n(B)], dE.
Hence the peak of the distribution of n(E) is so sharp that one may approximate

N 1
n(E)~[n(E)], =2"P(E)= T

for |E| < No/In2 and n(E) ~ 0 for |E| > N+/In2. The entropy density is given by

exp{N(an — E2/N2)}

1
= —1Inn(E)~In2 —¢&>
s(e) Nnn() n £

for |E|/N = |e| < +/In2. The phase transition takes place when ¢ = —+/In2 where
s(e) = 0. The critical temperature is determined by
1 d
1_4&6) =2vMn2.
e de |e— ym3

For T > T, the free-energy density is given by
1
=e¢—Ts=—-TIn2 — —.
! g 4T

Below T¢, since there is no level lower than —+/In 2, one has a constant free-energy
density:

f=—vIn2.

Now we introduce the transverse field and consider the full Hamiltonian (6.6.1).
The model is cast into its equivalent classical one using the Suzuki-Trotter formula
(cf. Sect. 3.1) and the free energy calculated using the replica trick [158]. The static
hypothesis or ansatz is that all the order parameters are independent of the values
of the Trotter indices. In the high temperature regime, the replica symmetric ansatz
has been used. It is found that there exist two different regions in the paramagnetic
phase (with the spin glass order parameter ¢ = 0) distinguished by the transverse
ordering. In one, there is no transverse ordering (classical paramagnetic region).
The transverse ordering is characterised by (3f/dI") where f is the free energy. In
the classical paramagnetic region the free energy is given by f = —T In2 — 1/4T
giving

af
X=or T

In the other region (quantum paramagnetic), the free energy is

0. (6.6.8)

f=-TIn2—TIn[cosh(I"/T)] (6.6.9)
giving a nonzero transverse ordering

x =(T/I')tanh(I"/T). (6.6.10)
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Fig. 6.15 Phase diagram of 1.50
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At low temperatures, the spin glass phase exists where the replica symmetry
breaking solutions have been used. The phase diagram obtained in [158] is shown
in Fig. 6.15.

A systematic large-p expansion of the same model was also done [109], using
again the replica trick and the Suzuki-Trotter transformation. For large but finite p,
the transition line between these two phases in the high temperature regime was
found to end at a critical point given by T/(J/p) =0.2593 and I"/J = 0.7579.

The cavity fields approach was used [61] to study the same model in the param-
agnetic region. The expression of free energy agreed exactly with that of [109] and
the coexistence line of the two phases is given by

I(T)=J?/AT + TIn[1 —exp(—J?/27?)]. (6.6.11)

It was also found that while the thermodynamics at p — oo is given exactly by
the static approximation, the dynamical properties are different. Thus one can con-
clude that the existence of two high temperature phases is a property of large p not
observed for p = 2.

6.6.1 p-Body Spin Glass with Ferromagnetic Bias

In this subsection, we investigate the validity of static approximation for p-body
spin glass model with ferromagnetic bias in the limit of p — oco. The following
argument was recently given by Obuchi et al. [300].

Let us start our argument from the following Hamiltonian:

N
H=— Y Jyi,S, -8 =T ) S (6.6.12)

I <--<ip i=1
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where J;,...i, s the quenched randomness obeying the Gaussian distribution:

A R I\ jop!
P(Jiy-i,) = (ﬁp') exp{—ﬂ—p!<l,-l‘.,ip - NI’—1>}’ (6.6.13)

where non-zero jop denotes the ferromagnetic bias.
For the classical system obtained by Suzuki-Trotter decomposition, we have the
following replicated partition function by means of the standard replica method

LZy>» = /Hdmﬁ‘dmﬁ‘ 1_[ qun’ ”, Hl_[dq;;,udq”,

uw<v ¢t/ Wt
ﬁ 12 1 ~UV UV
. expN{ ) Z( @) — <l
tt pu<v

Uy oy
+ ZZ( 4M2 tz’ - tht’ 4y

tt’

B jo L
+ Z(Vf(m;‘)/’ _ Mm;‘mf‘ + log trexp(— Hegf)
[

(6.6.14)
with
——BZS“ H - Zﬂz,“s,“ ZZ@,’}”
p,,t U<v tt’
M2 DO ahrssy. (6.6.15)

Hoot#£t
From the above expression, we immediately have the free energy density (free en-
ergy per spin) as

1 ~UV LY
—BF = Z Z ( 2M2 Ye 329 i

tt/ u<v

1
SR B
+ Z Z( 4M2 q,) Y )

tt!

1
* Z<ﬂMJO (mi")" = i m ) +logtrexp(—Herr) (6.6.16)

with the following order parameters
gy =<S”S”) 6.6.17)
gl = —ﬂ 272p(g!) ! (6.6.18)
gy =<S," Sy) (6.6.19)
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1 B
G =327 p(a")" ' (6.6.20)

=(s/") 6.621)
il = Bjop(mi)"~! (6.6.22)

where (---) stands for the thermal average over the weight e ', To proceed the
analysis, we usually use the static approximation under the replica symmetric (RS)
ansatz. Namely,

=R, q=q. ml=m. (6.6.23)

However, here we focus on the validity of the static approximation. Hence, we do
not use the static approximation and write the above order parameters as

gl =R(1.1'), aly =q(t,1), mt =m(). (6.6.24)

Then, we consider the deviation from the static approximation and rewrite the con-
jugate order parameters for (6.6.24) as

R(t.!) =R+ AR(t,1), G(t.t') =G+ A4(t,t"), m@)=m+ Am().

(6.6.25)
Substituting (6.6.24) and (6.6.25) into the effective Hamiltonian Hegr, we have
Heft = Hyar + V (2, 1") (6.6.26)
with
_ W qht W Qi 1 H
HS‘m_—BZS Sia1 MzZZS Sy _—ZZS - ZS
.t nootA u#v 1t ltl
(6.6.27)
and
" w
V()= ZZZARtt )Sisi ZMZZZAqtt ) SISy
I o v 1
1 .
- Z Z Am(t)S". (6.6.28)
noot

Originally, the order parameters are given as auto-correlation function between two
Trotter slices ¢, ¢'. Therefore, we can naturally assume that these quantities de-
creases as a function of | —¢’|. From the definitions, the conjugate of these order pa-
rameters are given as p-th power of the order parameters. Hence, it is reasonable for
us to expand the free energy density with respect to the deviation AR(z, '), AG (¢, 1)
and Am(t), namely, we expand the f with respectto V(¢,¢"). Thus, we immediately
obtain

1 <,32J2

Bf = 2 ) Tq(t’t/)p —q(t.1)q(t.1') - Aq(t,t/)q(t,t/))
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1 B2J? - -
N, Z(TR(t, Y = R(t.t)R(1.1) — AR(1, )R (. t/))
t#£t’
1 - -
- Z(ﬁjOM(t)p —A(Oym(t) — A m(t))

— 11rn (logtrexp( Hga) + (V)S[at) (6.6.29)

where (- - -)gtat denotes the average by th~e weight exp(— Hgat). After taking the func-
tional derivative of Bf with respect to R(z,t"), we have
tr(Sy'S}) exp(— Hstar)

R(t,1') = lim ) (6.6.30)
n—0 trexp(— Hstat)

To calculate the above auto-correlation function, we rewrite the exp(— Hgr) by
means of the Hubbard-Stratonovitch transformation:

exp(az) = / Dz exp(v/2az). (6.6.31)

When we notice

R p 2
% DD sisy= GXP{ % (Z S;L) } (6.6.32)
t

Hot#
2 ~ 2
5 oo (59) Lt (5]
M2 ;; / ; ! §:2M2 Xt: g
(6.6.33)

one has
A
exp(— H) = [ Dml—[{ / Dzzexp< >t sty +MZS;‘)}, (6.6.34)
" t

where we defined

A=2\2R — G+ 213 + . (6.6.35)

Here, we should notice from (6.6.34) and
q(t,t)=—lim 1 Z sHsh
' n—=0n t stat

m(t) = lim 1<Z s,’*> (6.6.36)
AT stat

n—0

that ¢ and m are time-independent because each replica in Hg, is independent and
the translational invariance in the Trotter direction holds.
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The denominator of (6.6.30) with (6.6.34) is rewritten in the limit of n — 0 as

A n
trexp(—Hgtar) = / Dz {f Dz tr eXP<B D SiS+ i > S’)}
t t

=1+0(n) (6.6.37)

whereas the numerator is given as

A n—1
tr(S[“Sl’f) exp(—Hgat) = / Dz {/ Dz trexp(B Z St Si1 + M Z St>}
t t

/ngtr S“Su eXP(_Hstat)

) / [ Dz u(S)' S exp(~ Hoa) (6.6.38)

f Dz, trexp(B Zt SSr+1+ M Zt St).

By using the inverse process of the Suzuki-Trotter decomposition, we can easily
carry out the trace in the denominator:

lim trexp(B ZStS;H + %Z&) :trexp(ASZ + ﬁFSx)
1 t

M— o0
=2cosh,/AZ + B2I2. (6.6.39)
For simplicity, let us define

=/D12200sh,/A2+,3F2=/Dz2 2coshw. (6.6.40)

Then, the R(z,t’) is written by
R(t,t):/Dzl Y”/Dzz G(t.1) (6.6.41)
with

G(1,1') =tr(S;Sy) exp (B >SS+ % > S,). (6.6.42)
t t

The G(z, ') is nothing but the correlation function of one-dimensional Ising chain.
It is easily computed by the transfer matrix method. The solution is given by

G, ') = 42 (MM M= im0
(22 = )M 4 (22 —1)aM, (6.6.43)

where we defined

p— (cosh(A/M) + \/coshz(A/M) —1+e48) (6.6.44)



160 6 Transverse Ising Spin Glass and Random Field Systems

for the eigenvalues of the transfer matrix and also defined

—B

—C
*)=p 6.6.45
(yi) + CB(Sinh(A/M):F\/Sinhz(A/M)+e_4B) ( )

for the first component of eigenvectors (D stands for the normalisation constant).
Then, we evaluate

2 _Lere
tT 2w F A0’

with C = {(1/2) sinh28I"/M}?. Hence, we have

(CrAp)M = et (6.6.46)

G(t,1') = G(r) = A0 *coshw + (BN *w * coshw(l —27)  (6.6.47)

(6.6.48)

Substituting these results into (6.6.43), we finally obtain the auto-correlation func-
tion as

R(z) = / Dz Y~} (/ Dz A’w % coshw + B2 2 / Dz % coshw(1 —27) ).

(6.6.49)
Here we focus on the ferromagnetic phase. In the ferromagnetic phase, all conjugate
order parameters go to infinity in the limit of p — oo. Then, we can assume that

2R = q from (6.6.18), (6.6.19), (6.6.23). Hence, from (6.6.35), the integral over z»
gives 1 and we have Y = coshw and

he(l —2
Rp(1) = f Dz <A2w_2+ﬁ21“2w_2w>. (6.6.50)
coshw

We first consider the first term appearing in the right hand side of (6.6.50). From
(6.6.22), (6.6.23), we have 7 = Bjop(m)P~!, namely, 1/ o 1/p. Hence, in the
limit of p — o0, A>w ™2 is approximated by

(1 + /G z1/m)*

A2w—2=
142G z1/m + (/G z1/m)? + (BT /ii)?
21’*2 & 2 —2p+2
:1—ﬁ~—2=1—<.—>’" —. (6.6.51)
1 Jjo p
This reads
Ia 2 —2p+2
/ Dz A0 2 =1— <—> A (6.6.52)
Jo p

We next evaluate the second term in the right hand side of (6.6.50), namely,

hw(l —2
/DZl _pcosho(l —21) /me 2rw+e—2w(1—r)) (6.6.53)
coshw
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by the saddle point method. The result gives (F/j())zf(t, p)p_z, where f(z, p)
stands for the time-dependent correlation function decreasing exponentially as p
grows. As the result, we have

r'\? 1 r'\>1
Rp(t)~1— <—) —2+<'—> — f(z. p). (6.6.54)
jo) p jo) p

In the ferromagnetic phase, the time-dependent part of the correlation function
f(z, p) for finite p correction is exponentially small for large p as in the classical
paramagnetic phase and spin glass phase. Hence, we conclude that static approxi-
mation is valid in this sense.

6.7 Random Fields

6.7.1 Classical Random Field Ising Models

The random field Ising model (RFIM), described by the Hamiltonian

H==Y J;Si8i—> S (6.7.1)
ij i

where S = %1 are the Ising spins and the %; are independent quenched random
variables with mean zero, has been subjected to rigorous theoretical and experimen-
tal investigations in recent years (for a review see [33]). The random field acts as
an order-destroying field, which effectively reduces the transition temperature 7
of the classical Ising transition from the symmetry broken (ferromagnetic) phase to
the symmetric phase (configuration averaged magnetisation zero) as the magnitude
of the random field is increased from zero, until 7, goes to zero for a critical am-
plitude or width of the random field (i.e., there exists a critical line A, (7T') in the
h,—T diagram). For h, > h¢, the system is always disordered at any temperature.
It has been established [46] that the RFIM does not order for d < 2, indicating the
lower critical dimensionality for the system is two. The existence of long-range or-
der in the three dimensional model, for low temperature and weak random field,
has been rigorously proved [46]. It has also been established from the mean field
studies of the classical model that, whenever the distribution function of the random
field P(h) has a minimum at zero field (e.g., the binary distribution), one obtains
a tricritical point [7] on the critical line, so that the transition for the larger values
of the random field is discontinuous, whereas if the distribution function P (h) de-
creases monotonically with the increase of the magnitude of % (e.g., the Gaussian
distribution), the transition is always continuous [348]. If the transition is second
order, the scaling arguments [45, 137, 411] (based on the assumptions that near the
critical point T, (h,) the random field fluctuations dominate over the thermal fluc-
tuations), suggest a modified hyperscaling relation of the form 2 — o = v(d — 6);
with the exponents v and « as the correlation length and specific heat exponents
respectively. The new exponent 6 is related to the exponents n and 77 (where 1 and i
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describe the decay of the connected and disconnected correlation functions respec-
tively at T.(h,)) through the relation 8 = 2 4+ n — 7. Obviously there seems to exist
three independent critical exponents, but recent rigorous studies [157] imply that
0 =2 —n, and 77 = 29 so that the Schwartz-Soffer inequality [350] is fulfilled as an
equality. One should also mention here that the recent extensive numerical studies
[328, 331], using both binary and Gaussian distribution of random fields, indicate
a violation of the above-mentioned simple dimensional reduction. Also, the possi-
bility of the occurrence of a spin glass phase between the para and the ferro phases
has been discussed [272, 274]. The static universal critical behaviour is found to be
identical for ferromagnets in a random field and dilute antiferromagnets in a uniform
field [59, 147].

6.7.2 Random Field Transverse Ising Models (RFTIM)

It has been conjectured that frustration in the RFIM gives rise to a “many valley”
structure in the configuration space, similar to the situation in spin glasses [33].
Dutta et al. [116] have studied the random (longitudinal) field transverse Ising model
(RFTIM) to investigate the effects of the quantum fluctuations (induced by the trans-
verse or tunnelling field) on the transition in the RFIM. Specifically, we consider
RFTIM system represented by the Hamiltonian

H=— Ji;SiSi—> hiSi—TI)_ S (6.7.2)
ij i i

6.7.2.1 Mean Field Studies

We consider a random field Ising ferromagnet (with long-range interaction), in the
presence of a uniform transverse field

H:—%ZSij—ZhiSf—FZSj‘, (6.7.3)
i#j i i

where I' is the strength of the tunnelling field and 4;, as mentioned earlier, is the

quenched random field at each site with a probability distribution P (%) having zero

mean and nonzero variance. Using the replica trick and the saddle-point integration

(in the N — oo limit), one can exactly reduce the classical Hamiltonian (I" = 0) to

an effective single-site Hamiltonian of the form [348]

H=Y Hi=-) Q2mJ+h)s, (6.7.4)

with the effective molecular field at each site given by (2mJ + h;), where m is the
configuration averaged magnetisation.
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For the quantum Hamiltonian (I" # 0), in the large N limit, one can similarly
construct an effective single-site Hamiltonian given by (see Sect. 6.A.3)

H==Y"(2m*+h)S; —I> S, (6.7.5)
i i
where m is the configuration averaged longitudinal magnetisation. The configu-

ration averaged magnetisation vector can be readily written [48, 379] in the self-
consistent form

2m*J +h)z+T'x
m = tanh B[/ (2m=J + )" + F2]< G/ thiE+ I ) (6.7.6)
VCmiJ +h)?2+T17?
so that the configuration averaged longitudinal magnetisation is
2m*J +h
m* = [tanhﬁ<\/(2sz + h)2 + F2> meJ + ], (6.7.7)
V@maJ +h)2+ 172

where the over-head bar denotes a configuration average over the distribution of the
random field. If one now uses a binary distribution of the random field

P(h) = %a(h —ho)+ %am o). 6.7.8)

the configuration averaged longitudinal magnetisation can be written as [48, 379]

1 2 2m*J + hg
= —|tanh 2meJ +ho)” + I'? }
" 2[ ﬁ<\/( " 0 )\/(2mZJ+ho)2+F2
1 P 2m*J — hgy
+ —|tanh 2mzJ —ho)” + I'?
2[ ﬁ<\/( " 0) >/(2mZJ—h0)2+r2

From (6.7.7), one can conclude that for any symmetric distribution P (h), of the ran-
dom field, m, = 0 is always a solution of (6.7.7). For large enough temperature and
random field, this is the only solution. At low temperature and weak random field,
one finds an additional solution m*® # 0 (symmetry broken phase) with lower free
energy. If the transition is continuous, one can find the transition point by expanding
(6.7.7) around m* =0,

m* ~am® — b(mz)3 — x(mz)5 — (6.7.10)

A second-order transition is found when a =1 as long as b > 0. If b < 0 the tran-
sition is first order and the point @ = 1 and b = 0 characterises a tricritical point on
the phase boundary, separating the ferromagnetic phase (m* # 0) and the phase with
m* = 0 (but with nonzero value of the configuration averaged squared magnetisa-
tion). In the classical case (I" = 0) [7], one finds

}. (6.7.9)

a=28J(1-12); b=%(2ﬁ])3[(1—t2)(1—3t2)] (6.7.11)

where ¢ = tanh Sh. With a binary distribution of the random field one finds the
tricritical point [7] at
1

3
Bl =7 tanh?(Bho) = 3 (6.7.12)
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One can solve (6.7.9) (with I" = 0) numerically, to obtain the entire phase diagram
of the classical system. In the extreme quantum limit (7 = 0), the thermal fluc-
tuations are absent and the fluctuations induced by the random field and quantum
fluctuations due to the transverse field tend to destroy the long-range order. From
(6.7.9) the configuration averaged longitudinal magnetisation can be written as

dmi +h
m? =[ me } (6.7.13)
V@miJ +h)?2+17?

Expanding the magnetisation in the form (6.7.10), we find for any symmetric distri-
bution of the random field

. [ 2J 2Jh? 6.7.14

R W R e | O
[ 2473 144h2J3 120J3h%

b= - + . (6.7.15)
_(h2 + 1"2)3/2 (/’l2 + F2)5/2 (h2 + 1'*2)7/2

Specifically, if we use the binary distribution of random field

[ 2J 2Jh2

a= - = - (h2+1"g)3/2} (6.7.16)
Vi + T 0
[ 2473 144h2J3 120h¢ J3

b= — 0 0 ) (6.7.17)
_(h(2) + F2)3/2 (/’l% + 1"2)5/2 (/’l% + 1"2)7/2

The tricritical point (@ = 1, b = 0) is obtained at I" >~ 1.4J, hg ~ 0.74J. The nu-
merically obtained phase diagram is very similar to the phase diagram obtained in
the classical case (I = 0), indicating that the transverse field behaves in the same
manner as the temperature to destroy the long-range order.

When both the thermal and quantum fluctuations are present, we obtain the phase
diagram (Fig. 6.16) in the I"—h¢ plane (for various temperatures below the pure sys-
tem transition temperature) by numerically solving (6.7.9) and also if the transition
is second order, the transition point is given by

4h2JB(1 —12) 2tJ 2th?J

B [ 201D WA TR (R T
where ¢ = tanh 8h. We find, from the numerically obtained phase diagram, that as
the temperature is increased, the phase diagram shrinks to lower values of I" and A
and the tricritical point on the critical line in the I"—h¢ plane shifts to a higher value
of ho (i.e., the second-order region on the phase boundary increases) and eventually
if the temperature is higher than the value at the tricritical point of the classical
phase boundary, the entire phase boundary corresponds to the continuous transition.
These mean field calculations can be readily extended to obtain numerically the
phase diagram when the random field distribution is Gaussian with zero mean and

nonzero variance
h2
—— . 6.7.19
exp( . A2> (6:7.19)

}, (6.7.18)

P(h) =

1
2w A?
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Fig. 6.16 The mean field phase diagram of RFTIM in the I"—h¢ plane for different temperatures.
The black circle denotes the tricritical point. The inset shows the nature of transition below and
above the tricritical point

One can easily see in this case that the phase transition is continuous for all values
of I' and A (width of the Gaussian distribution) as because even in the limit of
temperature and transverse field both being zero, the transition driven by the random
field is continuous.

6.7.2.2 Mapping of Random Ising Antiferromagnet in Uniform Longitudinal
and Transverse Fields to RFTIM

We here show that the random Ising antiferromagnet in uniform transverse and lon-
gitudinal field (RIAFTL) is in the universality class of the Ising ferromagnet with
uniform transverse field and random longitudinal field (RFTIM). This equivalence
is obtained, in a semiclassical approximation neglecting commutations, via a dec-
imation of one sublattice of the RIAFTL system. We illustrate the procedure by
considering first the one-dimensional model, commenting later on generalisations.

The decimation procedure is a partial trace over sites of one sublattice, e.g., that
in which the site label i is odd. To rearrange the statistical weights of the remaining
spins, the original (reduced) Hamiltonian

—BH =Y (—Kiin1S;Si +hiSi+TS)=> H (6.7.20)
i

i
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will be mapped into a new form
—BH' =) (K3 51285 S50 + 1y S5+ T'85) = ) Hy;. (6.7.21)
i i
In (6.7.20), h and I" are the longitudinal and transverse components of a uniform
field, and the label i on A; is there only to allow for the effects of site dilution (#; is
independent of i in the case of bond dilution). K; ;1 is a random antiferromagnetic

exchange. The semiclassical decimation procedure which neglects commutations
but is otherwise exact, is as follows

H[Tr521+1 exp(H,-)] = exp(hz,- S5; + Iai S;i)Tr521+1 eXp(SéiH [h2i+1
i
— K2i2i1185 — Kaiv1.2i4255 5] + T'S5i1) exp(h2isaS5; o + i yn) -+
= const. Hexp(Hz’i). (6.7.22)
i

The trace over Sy;+1 produces the factor

2 1/2
b(S5;. S§i+2) = 2cosh| (h2it1 — K2i2i+155; — K2i+1’2,-+2S§l.+2) + F2] 2
(6.7.23)
This can be written as
exp(A+ BS3; +CS5,_, + DS3,S5,.5) (6.7.24)

where matching of the expression for all four possible sets of values for (S3;, S5, 42)
gives A, B, C, D in terms of I, hojy1, K2i2it1, K2it1,2i+2 (see Sect. 6.A.4). We
thus arrive at the recursion relations

/
2i = hai + B(K2i 2i+1, K2i+1,2i+2)

+ C(K2i—2,2i-1, K2i—1,2i) (6.7.25)
r'=sr (6.7.26)
K 2iv0 = D(K2i2i+1, Kait1.2i42)- (6.7.27)

The particular case h; = 0 of this shows that the random bond Ising antiferromagnet
in a uniform transverse field maps to a random bond Ising ferromagnet in a uniform
transverse field. The general case (h;, I" both nonzero) maps to a random longi-
tudinal field model, along with uniform transverse field. This is most easily illus-
trated for the random bond case when /& and I” are both independent of site label i.
For h « K, one can simplify B(K1, K») (where K| and K, are two neighbouring
bonds) (see Sect. 6.A.4):

h[ Ay A_ )
B(K|,Ky)=—=|="tanh£24 + ——tanhQ2_ [+ O(h*), (6.7.28)
2| 24 Q-

with
2.=[A2+1%"7 A=K +K, (6.7.29)
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For the case of bond dilution, where
K;i+1 =K with probability p (6.7.30)
=0 with probability (1 — p), (6.7.31)

it is clear that A is always positive, while A_ could be positive or negative with
equal probability for any nonzero value of the probability p. The result is that 4, is
distributed in such a way that its mean is not zero, but it divides into two parts and
the part (containing A_) which couples to the critical fluctuations (antiferromag-
netic, in the original model) has zero mean, whereas the part with nonzero mean
couples to the ferromagnetic order parameter. K’, on the other hand, is a random
(ferromagnetic) exchange. This confirms that the model has the universality class
of the RFTIM model. The same procedure can be extended in higher dimensions
using cluster approximation of the type common in decimation methods [382], with
again the same conclusion. Equations (6.7.25), (6.7.26), (6.7.27) give the expected
relationship between the parameters of the original system and the resulting RFTIM.

6.7.3 Concluding Remarks on the Random Field Transverse Ising
Model

The phase transition behaviour of the random field Ising model in the presence of
a transverse field (RFTIM) has been studied. This transverse field represents the
(quantum) tunnelling fluctuations in double well systems representing the model
order-disorder ferroelectric systems, Jahn-Teller systems etc [48]. The mean field
phase diagram has been studied in details, in particular at zero temperature, where
the transition is induced by the fluctuations induced by the random field and quan-
tum fluctuations due to the transverse field. It has been established in a semi-
classical way that the ferromagnetic transverse Ising model with random longitu-
dinal field provides the universal critical behaviour of the random (e.g., randomly
diluted) Ising antiferromagnet in a uniform field having both transverse and lon-
gitudinal components. This is shown by employing a sublattice decimation on the
random antiferromagnet in a general uniform field. Although the decimation proce-
dure is only demonstrated for a one-dimensional system, it can be generalised for the
higher dimensions. This mapping also indicates the possible application of the re-
sults of the studies for RFTIM to random quantum (Ising) antiferromagnets. It may
also be mentioned at this point, that the mean field studies of the RFTIM (spin-1)
[35] and RFTIM (spin-1) with random bond dilution [34] have also been reported.

6.8 Mattis Model in a Transverse Field

We can write the generic form of the Ising spin glass Hamiltonian in a transverse
field as

1
H:—E%:Jngij—FXi:Sf (6.8.1)
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where J;; is the configuration dependent (random) exchange interaction. In the Mat-
tis model [262] one chooses the configuration dependent (random) exchange inter-
action of the form

Jij=J(IRi — Rjl)eie; = I eie., (6.8.2)

where ¢ = £1 and are random. The model has (site) disorder but does not have
frustration (the disorder is irrelevant and can be transformed away). For short-range
interaction, the classical model (where the non-commuting tunnelling field is ab-
sent) has a finite temperature phase transition for all dimensions d > d; (where d;
is the lower critical dimension, = 1 in Ising case) with the longitudinal susceptibil-
ity showing a cusp like behaviour at the point of transition. For the Mattis model in
a transverse field [62], one can introduce a set of pseudo-spin operators to rewrite
the Hamiltonian (6.8.1) (using (6.8.2) and siz = 1) in the form

H= —%Z]i(}rfrf -Y Lt (6.8.3)
ij i

where 77 =¢;S7, 1 =¢;S; are the pseudo-spin operators and I =& I'. In recast-

ing the Hamiltonian in terms of pseudo-spin operators, we have essentially trans-

formed away the disorder. The operators 77 have the same eigenvalue %1 as the

operators S; and satisfy the commutation relations

[t7. 1] =2isY =[5%, *]. (6.8.4)

Since | I;| = I', and the sign of the transverse spin magnitude does not determine the
spin fluctuation probabilities, one can readily interpret, using (6.8.4), that the Hamil-
tonian (6.8.3) essentially represents a pure Ising system in a transverse field in terms
of the pseudo-spin operators 7/, and it has the same thermodynamics as that of the
latter. There exists a phase transition in the pseudo-spin model from an ordered state
({r%) #0) to a disordered state ((r?) = 0), although the configuration averaged lon-
gitudinal magnetisation in terms of the real spins (S) is zero (m = (S?) =&;(t%) =0,
where (---) denotes the thermal average and over-head bar denotes the configura-
tion average; €; = 0) in either phase. This transition can be driven by both the tem-
perature and the transverse field. For the finite temperature transition of the Mattis
model in a transverse field, the exponents are the same as a pure d-dimensional clas-
sical Ising system, whereas the zero temperature transition has the critical behaviour
identical to that of a pure Ising system in (d + 1)-dimension.

As mentioned earlier, in terms of the real spins, the magnetisation is always zero.
However, the spin glass order parameter

— Z 2 — Z
0 =(s7)]" = (=)
of the system shows a second-order phase transition driven by the temperature or

the transverse field, with exponents related to the pure Ising exponents (in d and
d + 1 dimensions, respectively) by (6.8.5). The zero field longitudinal susceptibility

D D1 (5 e i ) R s B

2 (6.8.5)
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shows a cusp-like behaviour; the exponents for this asymmetric singularity in x be-

ing also similarly related to the d- and (d 4 1)-dimensional Ising system exponents
(for transition with respect to I" and T') through the relation (6.8.6).

Appendix 6.A

6.A.1 The Vector Spin Glass Model

The Sherrington-Kirkpatrick model generalised to quantum spins (quantum vector
spin glass) was introduced by Bray et al. [44], who applied the replica method to the
Hamiltonian given by

Hz_ZJijs,»-sj, (6.A.1)
ij

where the sum is over all pair of spins (the interaction is long-range), and the ex-
change interaction J;; are independent random variables, with a symmetric Gaus-

sian distribution
2
P = (L l/zex My (6.A.2)
=\ om g2 P\™ore ) .

The spin operators satisfy the standard commutation relations,

B ;
[S7. 87 ] =2ibijeapy ] - (6.A.3)
Bray et al. [44] used replica method to handle the quenched disorder of the spin

glass problem writing

e |
InZ = lim .
n—0 n

(6.A.4)

The partition function of the vector spin glass model can be written as

1 n
z" :Trpexp[ﬁf dt ZJ,-., ZS?‘(?:) . S‘}‘(r):|. (6.A.5)
0 i a=l
Performing the Gaussian average, one gets

ﬁ:TrPexp[%/oldr/OIdr’ SONT(SE () -S4 (L) - sf(r’))]].

B ij
(6.A.6)

Using the Hubbard-Stratonovitch transformation (6.3.18), one can simplify the
above expression. One can then express the free energy in terms of the self-
interaction R*“(z, t’), spin glass order parameter Q®#(z, /) and the quadrupolar
order parameter Q%% (7, t’). In the paramagnetic phase, the spin glass order param-
eter and the quadrupolar order parameter vanish, and one can derive an effective
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Hamiltonian as in the case of a quantum Ising system. One then expands the total
free energy in powers of Q% and obtains the value of T, setting the coefficient
(Q*P)? equal to zero, one gets the value of 7,. Bray and Moore established the ex-
istence of spin glass transition for all S and estimated the value of 7.(S) given by
the condition

1 1
I Xoe = 1; X1oc=/3/ dr/ dt' (T S*(v)S* (7)) (6.A.7)
0 0

In the extreme quantum case S = 1/2, one can obtain, following Bray et al., the
value of transition temperature from the paramagnetic phase o the spin glass ordered
phase as

kT, ~ J/4/3. (6.A.8)

6.A.2 The Effective Classical Hamiltonian of a Transverse Ising
Spin Glass

Let us consider the quantum transverse Ising spin glass Hamiltonian given by (6.3.1)

H=Hy+V=—I) S =) JjSs. (6.A.9)
i ij
Let us consider the configuration averaged n-replicated partition function
Z" =[exp(—BH)]". (6.A.10)

One can now transform the above n-replicated partition function in the following
form

ﬁ:Trexp<—ﬁZH(a)) (6.A.11)

where H (o) is the Hamiltonian of the «-th replica and it is separated in the follow-
ing form

H () = Hy(a) + V() = —I"Z ZJ /S 52 (6.A.12)

o ja

Applying the Trotter formula (cf. Sect. 3.1), one now gets

Z" = lim ]i[[exp(—ﬁHo(a))exp(—EV(a)ﬂM (6.A.13)
Mool L M M ' o

Similarly as in the pure transverse Ising system, one introduces complete sets of
eigenvectors of the operator S and using the relation

(S|exp(yS")|S’)=[(1/2)sinh2y]1/2exp<S; ) (6.A.14)
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one gets

n
7" = Jim Trexp ( > Heff(a)) (6.A.15)

a=1

where the effective classical Hamiltonian

M N
Her=Y (KM Y S@iiS@irir+ Y K Sii@)S (@) +1In cM> :

I=1 i=1 (ij)
(6.A.16)

with
Ky =(1/2)Incoth(BI/M), K} =pJij/M and
em = {(1/2)sinh@pr/m)} M2,

One can then perform the Gaussian averaging. This indicates an effective (d + 2)-
dimensional classical Hamiltonian [387].

6.A.3 Effective Single-Site Hamiltonian for Long-Range
Interacting RFTIM

To derive the effective single-site Hamiltonian we consider the Hamiltonian of
(long-range ferromagnetic) random field Ising model in a transverse field

J
H:—NZstj—ZhiSf—FZSf (6.A.17)

i#j i i
where the random variable at each site satisfies a Gaussian distribution (6.7.19). The
configuration averaged free energy of the system is given by

F=—kTlnZ, (6.A.18)

where k is the Boltzmann constant and Z is the partition function for a particular
realisation of the random fields. Using replica trick [39, 76, 136, 275] we can write
the n-replicated free energy in the form

. Zn—1
F=—kT lim
n—0 n

. (1 -
= —kTr}l_r)% (; [Trexp(—ﬂ; Ho((x))
B n 7
x P exp / dt ZZNSéi(I)Séj(t)+ZhiSéi(r) 1),
0 i

a=1 ij

(6.A.19)



172 6 Transverse Ising Spin Glass and Random Field Systems
where o denotes the a-th replica, P denotes the time ordering, Ho(a) = —1")_; S,

and S*(t)’s are operators in the interaction representation. We can now perform the
configuration averaging to obtain

1
F=—kT ,}i%( |:Trexp< B Z Ho(a)>
X Pexp(/ dt ZZ =S5, (0S5 (D)
0

a=1 ij

n B 2
A_Z<Z/ dt Sé,-(f)> )] - 1). (6.A.20)
i \a=179

A Hubbard-Stratonovitch transformation simplifies the term
,/ Z S5 (D) }

exp|:](; dr ZZ NSj”(t)SZ (r):| —exp|: ; dr
(6.A.21)

a=1 ij

(where the terms of order (1/N) are neglected), so that we obtain the configuration
averaged n-replicated free energy

FZ_kT,}ER)n/ deaTrexp<N,BZSX>
B > A2 ([P ?
x PexpN _sza+mzx“/ Sé(r)—}-?(/ Sé(‘l,')) _
a=l1 a=1 0 0

(6.A.22)

where x“ s are dummy variables. In the N — oo limit, one can readily obtain the
saddle point configuration averaged free energy

1| By
F = —KkT lim [—5 2)@ + lnTrexp(A):| (6.A.23)
o=
where
n
exp(A) = exp (,BF Z Sg)
a=1
n n 2
8 A2 B
X Pexp<\/2JZxa/ dtSé(t)—i-?(Z/ drSé(r)) )
a=1 0 a=1 0

(6.A.24)

The square term appearing in the above expression can be simplified using once
again the Hubbard-Stratonovitch transformation to obtain
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oo 2
exp(A) = / Ner exp(—%) exp (ﬂF Z Sx)
ﬂ n
X Pexp(\/Z_JZxa/ S (r)dr +sA/ dt ZSé),
a=1 0 0 a=1

(6.A.25)

where s is a dummy variable. Finally, one obtains the form of free energy (with
x =m*+/2J and 56 = h) given by

F= —kT[—J(mz)z,B +/oo dh exp(—h—z)lnTrexp(,Bny)P
—o00 V2w A? 2

B
x exp<(2mz —l—h)/ Sz(r)dr>]
0

= —kT[—J(mZ)Z,B + /Oo dh P(h)InTrexp(B(I"'S* + (2m*J + h)SZ))].

—00

(6.A.26)

We have thus reduced the many-body Hamiltonian (in the N — oo limit) to an
effective single-site problem, where the molecular field at each site is given by
(2m*J 4+ h) where h is distributed with a probability distribution P (k).

6.A.4 Mapping of Random Ising Antiferromagnet in Uniform
Longitudinal and Transverse Fields to RFTIM

The equivalence between the transition in the random Ising antiferromagnet in uni-
form transverse and longitudinal fields (RIAFTL) to that in the random field trans-
verse Ising model is obtained by employing semi-classical decimation of the one
sublattice of the RIAFTL system, which neglects commutators between the spin op-
erators. Here a partial trace is done over sites of one sub-lattice, e.g., that in which
the site label i is odd. The original (reduced) Hamiltonian

—BH =) (—Kiin1S;Si +hiSi+TS)=> H (6.A.27)
: ,
is mapped into a new form
—BH' = Z(_Kéi,ZiJrZSéi Sipa t+ Wy S5+ I'S}) = Z Hy;. (6.A.28)
i i

The trace over S»;4+1 produces the factors

2 1/2
b(S5;. 85 15) = 2cosh[ (hait1 — Kaii41S5 — Koit1.2i425545) + '] 2,
(6.A.29)
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This can be written as
exp(A + BS;. + CS;I.Jr2 + DSéi S§i+2) (6.A.30)

where matching of the expression for all four possible sets of values for (S3;, S5; 42)
gives A, B, C, D interms of I', hojy1, K2 2i+1, K2i+1,2i+2. For example

5o ln|: b(1, )b(1, —1)
b(—1, —1)b(—1, 1)

T4
= C(K2i+1,2i+2, K2i 2i+2) (6.A.31)
1 b1, )b(—1, -1

] = B(K2i,i+1, K2i 2i42)

= D(Kyioit1. Kainita),  (6.A32
b(l,—l)b(_l,l)} (K2i2i+1, K2i2iv2) ( )

so that we arrive at the recursion relations (6.7.25), (6.7.26) and (6.7.27). For
h <« K, one can evaluate B(K1, K3) (where K and K, are two neighbouring
bonds), using the simplified relations

Ay
b(1,1)=2cosh| 2y —h— (6.A.33)
i 24 ]
AT
b(1,—1)=2cosh| 2_ — hQ— (6.A.34)
_ AL
b(—1,—1)=2cosh| 24 +h— (6.A.35)
I 24
_ A
b(—1,1) =2cosh| 24+ + hQ— (6.A.36)
where
2:=[A1+1"7 Ar=K kK, (6.A.37)
Hence
Al A
1 cosh(£24 — h5) cosh(£2- —h5=)
B(K|,K>) = 2 ln|: Ai A: ] (6.A.38)
cosh(£24 + h9_+) cosh(£2_ +h5™)
If we now use the relation (for small /)
h h
cosh@+yM 1 _ o tanher + - - (6.A.39)
cosh(e — yh)

we get
h[ A A
B(Ki,Ky) = —~| == tanh 2, + == tanh 2_ | + O(h?),  (6.A.40)
2| 24 2

etc.
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6.A.5 Derivation of Free Energy for the SK Model
with Antiferromagnetic Bias in a Transverse Field

We show the derivation of the free energy per spin for the system to be described by
the Hamiltonian.

H:—ZfijSiZSj—rZSf. (6.A.41)
ij i

Carrying out the Suzuki-Trotter decomposition, we have the replicated partition
function.

" =t exp[% DO JSER)SY (k) + B Y SH(k)SE (k + 1)}
ijk o ik,
(6.A.42)

B = L incom( 2L (6.A.43)
= —1Inco — AL
2 M

where « and k denote the replica and Trotter indices. M is the number of the Trotter
slices and B is the inverse temperature. The disorder J;; obeys

1 (Jij — jo)*
P(Jij) = —_— . 6.A.44
e (©A44)
In other words, the J;; follows
1 <2
Jij = Jjo+ Jx, P(x) = \/2_6_7' (6.A.45)
T

We should notice that jy > 0, J = 0 is pure ferromagnetic transverse Ising model,
whereas jo < 0, J = 0 corresponds to pure antiferromagnetic transverse Ising

model. Then, by using ffooo Dxe™ = e“z/z, Dx =dx e_x2/2/\/ 2m, we have the
average of the replicated partition function as

LZN>

=tr{5}exp|:%ZZZS;"(k)S;‘(k)+BZZZS,‘?‘(I<)S,‘~¥(1<+1):|
ko ij koo i
ﬂZJNZ 2
X exp|: IVE Z(Xk:ZS,q(k)S;’-‘ (k)) }

ij
= tr(g) exp[% Z Z Z S7(k)SS (k) + B Z Z Z S (k) S¥ (k + 1)}
k k o i

o j

2j2
x exp[iw YN sEwSEkSE (k) S” (k’)] (6.A.46)

kk' af ij
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where the bracket was defined as < --- > = f ]_[,./. dJij P(J;ij)(---). To take a proper
thermodynamic limit, we use the scaling '

. Jo 7 J
Jo=—, =—.
N N
For this rescaling of the parameters, the averaged replicated partition function
KZjy> reads

0 dm (k) > d4ap (k. K
LZh> =t / 2 M/BIoN NN
w>=ws | 1 s _WQQW

X/OOHH dqaa(kak/)
O o (J2rM/BINN
7\2
U R TI D ML) 3 S (R
kk' af
J)N N ,
- zzw,k)z]

kk'

xexp[%zzma(k)zs,q(k)
( ) 3> qup (kK Zsa(k)sﬂ

kk! op

+( ) 3 G (k. K) ZS“(k)S“
kk’

(6.A.47)

+BY DY SRSk + 1)}. (6.A.48)
ko

We next assume the replica symmetry and static approximations such as

me (k) = (S (k)) = Z S% (k) = (6.A.49)
qop (k. k') = (S (k) SP (K Z S SP (k') = (6.A.50)
Gaa (k. K') = (S (k) S (k Z SE)SH(K)=g.  (6.AS51)

Then, we should notice the relation:

(BT ex y Xy srwst®)

- (%jskz/qaﬂlzi;%js?(k)f - (%j)zq ZZ(Xk: S?(k))2

(6.A.52)
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ﬁf 2~ o o (1, ,Bj 2~ o :
<ﬁ> gy > > Sk)S: (k):<ﬁ> QZZ<ZS,. (k)) .
kk! o i i o« k
(6.A.53)

To take into account the above relations, we obtain in the limit of N — oo as

LZh>
Z/ool_[ _dma® [y e K
—oo g NEIMIBION Jco s Jom /BTN
X/OOI—[ _dGaak k)
—0 o J2rM/BIVN

- )
Xexp[nN(—%m2+ B , (BJI) 7

2 g 1 4
o o0 - -
+/ Dyln/ DMZCoshﬂ\/(J0m+J\/§y+J\/é—qu)2+1"2>i|
—0o0 —0o0
~exp[nNf]. (6.A.54)

Therefore, the following f is regarded as free energy per spin by the definition of
replica theory

7\2 7\2
fo B BT BT

2 4 4
o o - -
—i—/ Dyln/ Du2cosh,3\/(Jom +JVqy+IVG—qu)?+T2.
—0oQ —0o0
(6.A.55)
6.A.5.1 Saddle Point Equations
For simplicity, we define
b=Jom+JJqy+JIVi—qu (6.A.56)
O =vb24+T2 (6.A.57)

Then, we have the following simplified free energy

J j 2 00 e
f:_@muﬂ(qz_gﬂ“/ Dyln/ Du2cosh BO.
2 4 —00 —00

(6.A.58)

The saddle point equations are derived as follows [159, 401].
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© (% Du(Z)sinhfO
m= / Dy f“’go < P } (6.A.59)
—~ L [T, Ducoshp®
© 1% Du(Z)sinhpo 7?2
q=/ Dy f—"go (g)sinh p } (6.A.60)
s L fioo Du cosh BO
5 o r[%, Du{(g—zz)coshﬁ@—k%;lsinhﬂ@}
q= Dy = (6.A.61)
o L J 2o, Ducosh BO
af o0 b [%o, Du(%)sinh O
== y| =2 . (6.A.62)
i J w /= Ducosh O

6.A.5.2 At the Ground State

We first should notice that g is always larger than ¢. In fact, we can easily show that

[o/0]
q=/ Dy
—0Q

o
=

0]

=/

Dy

o0

Dy

o0

’ffooo Du((g—zz)coshﬂ@)
o

L /7o, Ducosh B

/2% Du()sinh O
o0

L /"o Ducoshpo

}
}
i

/2% Du()sinh O
L ffooo Du cosh BO

(6.A.63)

q.

Then, we consider the limit of 8 — oco. If § — g = & > 0 is of order 1 object, the
free energy f diverges in the limit of 8 — oo as (8 J )2(q*> — G%)/4. Therefore, we
conclude that ¢ = g should be satisfied in the limit of 8 — oo and we obtain the
saddle pint equation at the ground state as

= /OO Dy(?) _ 7 py__om + Ivay) (6.A.64)
—o0 @ —o0 \/(Jom +J gy +T?
Y b\*> [ Jom +J 2
q:q:/ Dy(5> :/ Dy{ (om~ Vay) }
e o U Jugm+ g2+
(6.A.65)
my = /OO Dy(%) = /OO Dy ~F . (6.A.66)
—00 — \/(Jom +J /g y)*+I?



Chapter 7
Dynamics of Quantum Ising Systems

7.1 Tunnelling Dynamics for Hamiltonians Without Explicit
Time Dependence

A Hamiltonian with classical Ising spins has no intrinsic dynamics. It is necessary
to introduce dynamics separately through equations of motion that mimic the effect
of coupling the spins to other degrees of freedom connected to the heat bath. On the
other hand, there is intrinsic dynamics in a quantum Ising system as it contains non-
commuting terms in the Hamiltonian. Uptill now, the (equilibrium) static properties
of such systems have been described and in this chapter we intend to discuss the
various aspects of the “tunnelling dynamics”. We first consider the cases when the
transverse field is constant in time, so that there is no explicit time dependence of the
Hamiltonian. We then come to the cases of quantum quench, quantum hysteresis,
and etc., where the transverse field (tunnelling term) changes in time.

7.1.1 Dynamics in Ising Systems: Random Phase Approximation

Let us consider the quantum Ising model given by
H=-Y J;Sisi—TI) S (7.1.1)
ij i

As discussed in Sect. 1.2, in the mean field approximation, the effective field is
written as

h=J(0)(S7)z+ I'z. (7.1.2)
The equilibrium values are given by the Weiss equation
J(0)(S$*
(s7)= %tanhﬂml (7.1.3)
. r
(S >= mtanhmhl (7.1.4)
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where |h| = /T2 + (J(0)(5?))2 and J(q) = >_ij Jijexpliq - (R; — R;)]. Hence,
the transition temperature (where (S?) = 0) is givén by
O
"~ ItanhB.T

Small fluctuations around the mean state are considered in random phase approxi-
mation [48]. With the fluctuating coordinates

> Stexpliq - Ri)=SY. (7.1.6)
i

(7.1.5)

the equations of motion (obtained from Sl“ =i[H, Sf‘ ]) can be written as

S;=2M,S, (7.1.7)
where M, is given by
0 —J(0)(S%) 0
M, =| J(0){S) 0 J@(SH)—T |. (7.1.8)
0 r 0

The eigenfrequencies are therefore given by
w2 =4I (I — J(@)(SY)) +420)(s*)". (7.1.9)

It is thus found that wy ~ (T — T.) as T — T.. Associated with this phenomenon
(softening of the long wavelength mode), there will be a divergence in the suscepti-
bility, like (T — T.)~ L.

For T < T, the first term of (7.1.9) vanishes, and

wo = 2J (0)(S%). (7.1.10)

For finite g, w, has a discontinuity in slope at T = T¢, and w,(T = T) ~ g for
small ¢. The modes at high temperature behave as tunnelling modes.

7.1.2 Dynamics in Dilute Ising Spin Systems

In this section we will consider the dynamics in dilute Ising systems [239]. Experi-
mentally, it is possible to build up crystals where part or whole of the active compo-
nents can be substituted by other active components with different transverse fields
and Ising interactions or by inactive components which play the role of impurities
diluting the active component. We can consider a crystal where each lattice site is
one or other type of spin and characterised by a particular value of the transverse
field and by a dipole like parameter ;. The direct interaction J;; can then be written
as J;ij = u;T;jivj. Thus the interaction may differ from point to point. We consider
then the Green function x;; = ([it; S;; 14 S? (t)]) where [A, B] denotes the commu-
tator bracket and (---) the thermal average (here S*(¢) = exp(—iHt)S*exp(iH?t)
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denotes the time evolved S%). Decoupling its equations of motion in RPA (see
Sect. 1.2) above the transition ((S*) = 0) one gets

Xij = ®i8ij — b ) T tik (7.1.11)
k

where
¢i =23 (S7)/ (0 — 217). (7.1.12)

The above approximation is valid in the case of large transverse field and provided
the system is not very near the transition point. ¢ is a local (site dependent) parame-
ter, dependent also on the temperature and frequency. Through its coupling with
the physical quantities (like (S%)) of course depend on the configuration of the entire
system. In the effective medium theory, the value of average x;; (written as ;) is
written as

Xij =08 — &Y TuXix (7.1.13)
k

and the effective medium average is determined self-consistently. For this, let us put
the impurity at the origin. One can then write [239]

x5 =%+ GiofGoj (7.1.14)

for the Green function at the origin where ¢; = ¢ +¢; withe; = (qb(o) — ¢)8;0. Here

G=>1+¢T)7", (7.1.15)
f=0+eg) e, (7.1.16)
with
g=(TGoo=(1/N)Y_ T,/(1+¢T,). (7.1.17)
q

We next complete the definition of effective medium by requiring that the average
of x;; over all possible types of impurities equals the effective medium Green func-
tion; that is: (f) = 0, which constitutes the desired relation between ¢ and ¢©.
This can be written in a more explicit form

o=/[1+ (6 -9)g]). (7.1.18)
Finally, the expression of the Green function beginning or ending at the impurity

site is given by

x D = L_on. (7.1.19)
ST+ 00 -9

Using now the fluctuation-dissipation theorem

% / coth(Bw/2) Im x) (@) do = ud /4, (7.1.20)
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Fig. 7.1 Typical behaviour
of the spectral function versus ot §
reduced frequency at 7,(c) -
witha =414 /J(O)u? =0.8, 18
o=pup/pua=12, S
y=Ip/I'y =0.2 and
¢ = 0.64 (chain curve), N
= 0.44 (broken curve)
(from [239])

which constitutes the sum rule, physical quantities like (S) can be calculated self-
consistently. The generalised susceptibility X, () can then be obtained. The spec-
tral function p(q, w) is related to its imaginary part through

(@ @) =[1—exp(~pe)] T} (). (7.1.21)

Self-consistent calculations of (7.1.14) and (7.1.18) have been performed for a
two component (A and B) system with concentrations c4 = ¢ and cp = 1 — ¢, with
I'y > I'p, assuming a random distribution of spins in a simple cubic lattice with
nearest neighbour interaction. The spectral function and susceptibility have been
obtained as functions of the concentration, ratios of the transverse fields, dipole
moments of A and B and other relevant parameters at the transition temperature.
Typical behaviour of the g = 0 spectral function is shown in Fig. 7.1.

7.1.3 Dynamics in Quantum Ising Glasses

The relaxational dynamics in glasses is of great significance as the presence of disor-
der is known to give rise to unusual time-dependent characteristics such as stretched
exponential decay of correlation functions and non-Debye behaviour of response
functions. Quantum effects become important at very low temperatures as different
parts of the free energy surface can be linked by tunnelling. It has even been possible
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Fig. 7.2 Imaginary part of 40 ; T T T
the susceptibility as a LiHoxY;—<Fs T=175 mK
function of frequency in an o x=0.167
experimental realisation of a T T ]
quantum spin glass for a g .
series of transverse magnetic N 20F He=0 # AL
fields in 1 kOe intervals g P R %, ©
(from [427]) 9

_x -~ -1

‘IOO‘1 108

f (H2)

to study the simplest prototype of quantum spin glasses [427] experimentally. The
imaginary component of the dynamic susceptibility x”(w) has been measured as a
function of both w and the strength of the transverse field. The time scale of the sys-
tem’s response is radically affected by the presence of the transverse field. The value
of the frequency w,, where x”(w) is peaked, increases by orders of magnitudes as
the transverse field is increased (see Fig. 7.2).

The dynamics of a quantum spin glass model described by the Sherrington-
Kirkpatrick model, in a transverse field has recently been analysed [21]. The re-
laxation dynamics has been studied by coupling the quantum subsystem to a purely
dissipative heat bath. The total Hamiltonian is composed of Hg, the system Hamil-
tonian, Hpg, the bath Hamiltonian and H;, which describes the interaction between
the spin subsystems and the heat bath. The system Hamiltonian is given by

Hy=—"J;jSisi—T) S} (7.1.22)
ij i

Here the spins i and j are connected by random exchange interactions J;; which
are assumed to be Gaussian distributed.
In the mean field approximation, H; is represented as a single spin Hamiltonian:

Hy=—h*S*—TS§" (7.1.23)
where h* is an effective field acting along the z axis and is due to the nonzero

spin glass order parameter ¢. Using the thermofield-dynamical approach, 4% can be
represented as [234] (see also Sect. 6.3)

W (r) = %Jr\/a (7.1.24)

where r is the excess static noise arising from the random interaction J;;. The mean
field equations for the local polarisation m (r) and the spin glass order parameter g
are

m(r) = p(r)tanh[B|h(r)|] (7.1.25)
and
® dr 5 5
q= / exp[—r”/2]m*(r) (7.1.26)
—0o0 27‘[
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|h(r)| =/ T2+ (h*(r))° (7.1.27)

pr) =h(r)/|h(r)]. (7.1.28)

With I =0, it is customary to imagine that the dynamics arises due to the addi-
tional coupling terms to the heat bath which are off-diagonal in the representation
where S° is diagonal. This is then in the spirit of the kinetic Ising model of the
Glauber kind [156, 172, 219-221] (mimicking thermally activated jumps between
the ground states). With I" # 0, we expect the heat bath to induce not only thermal
fluctuations but quantum fluctuations as well, leading to incoherence in tunnelling.
The appropriate interaction Hamiltonian should, therefore, be of the form

with

and

Nk r
H = gb|:—Sx + —SZ}, (7.1.29)
|72] |7]

where b is an operator acting on the Hilbert space of the heat bath Hamiltonian Hp
and g is a multiplicative coupling constant. The susceptibility due to an oscillatory
magnetic field applied along z-axis is

1 . 1 -
X (@) = Eﬂ slgl%[; - 4c(s)], (7.1.30)

where ¢(s) is the Laplace transform of the correlation function c(¢) = (S*(0)S*(¢)).
The quantity s is related to the applied frequency: s = —iw + 6 and S is the inverse
temperature. Explicitly, c(¢) is expressed as

1 . 4
c(t) = ETr[e_ﬁH“" S%(0)e! ot 5% (0~ Hot' ] (7.1.31)

where
Hyw= H; + Hp + H;. (7.1.32)

With Hyy, defined as in (7.1.32), one can evaluate ¢(s). From ¢(s), the imaginary
component of the AC susceptibility is expressed as

1
X”(a))zif dm Wm)x" (w, m), (7.1.33)
4 —1

where the susceptibility for a given configuration of local polarisation m is given by

)2
X//(a),m):'BI: WA j||:(h) _m2:|

N e
2wA|h|? 2 m
(h2— 0?2 + 4022 2L “he ) (7.1.34)

Here A is a phenomenological relaxation rate and W (m) is the local polarisation
distribution given by

W (m) Z/drexp(—r2/2)8(m—m(r)). (7.1.35)
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Fig. 7.3 The variation of the -1
imaginary component of the ]
susceptibility with the 12.00
frequency w around its peak _
value for I'/J = 0.3 (circles), X"(@) 1
0.38 (squares) and 0.45 ]
(triangles) (from [21])
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The second moment of W (m) gives the Edwards Anderson order parameter g . It was
found that for a certain range of the ratio « = I/ J, the frequency of the peak of the
susceptibility shifts towards higher values of w as « is increased. The strength of the
susceptibility, on the other hand, is reduced and the peak is broadened as quantum
effects are strengthened (see Fig. 7.3). This is in qualitative agreement with the
experimental results of [427].

7.2 Non-equilibrium Dynamics in Presence of Time-Dependent
Fields

In this section, we are interested in the response of quantum Ising systems to time
dependent perturbations. These perturbations are usually in the form of time depen-
dent transverse fields, which might be quenching, sinusoidally varying or a pulse.
The dynamics in presence of a sinusoidally varying longitudinal field and time in-
dependent transverse field has also been considered.

7.2.1 Time-Dependent Bogoliubov-de Gennes Formalism

The dynamics of the transverse Ising chain in the presence of time-dependent pertur-
bations can be formulated by means of the time-dependent Bogoliubov-de Gennes
theory. We consider the transverse Ising chain given by the Hamiltonian:

H=-Y (558, +g5). g=x»". (7.2.1)
i
Applying the Jordan-Wigner transformation, this Hamiltonian is written in terms of
fermion operators ¢, and c; in the momentum space as
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H=-2 Z(g + cosq)(c;cq - c_qciq)

q>0
—2i Z sing (c;ciq — cqc_q) (7.2.2)
q>0
=Y Cim, )¢y, (7.2.3)
q>0
where we defined
aqg(g)  ibg .
M;(g)=-2 q, , ag(g)=g+cosq, by,=sing, (7.2.4)
4 —ib; —ay(g) 4 i
and

()

c, =+ ) (7.2.5)
C

—-q

This Hamiltonian is diagonalised by the Bogoliubov transformation:

14(8)
h,(g) = (nf (g)> =R} (2)Cy, (7.2.6)
—-q
where
i [ uq(8®) ivg(g)
Ry()' = (l.vq © @)’ (7.2.7)
with
_ aqg(g) — wqe(g)
“a(8) V204 () (0q(8) —aq(g)’ 728)
. by (7.2.
T8 g (2) (g (@) — g (2))
and

wq(g) =+/8> +2gcosq + 1. (7.2.9)

The inverse transformation of (7.2.6) is given by
ug(g)  —ivg(g)\ { Mq(8)
C,=Ry(eh, )= ‘! 1 B . (7.2.10)
—ivg(g)  uq(g) n_,4(8)
The Hamiltonian is written in a diagonalised form as

2w4(8) 0
— T q
H= qghq @) ( 0 2w, (g)> hy (2)

=2 w,()(n)(2)ng () + 1’ (@)n—4(g) — 1). (7.2.11)
q>0
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Following Sect. 7.A.3, we introduce operators: A; = e+ cjand Bj = el — Cj.
These operators satisfy {A;, Ay} =284 and {B;, By} = —23¢. A; and B; can be
written in terms of 5, and n; using the transformation (7.2.10). We thereby define
operators a; and b; by

1 L L
aj=—= Zel‘” (g —ivgng +e 'Y (ug +ivg)n—g, (7.2.12)
Wq>0
1 iqj . —igj .
bj = NG > e (ug + ivg)ng + e (g — ivg)n_y (7.2.13)
q>0

to have A; = a; +ajand B; = bj. — bj. One can easily show that a; an b; satisfy
anti-commutation relations:

laj,al} =8k, [bj b} =5, (7.2.14)
and
{aj.0]} ={al.bi} = % D {1 O g —ivg)® + e (g + ivg)?)
q>0
=—-Gj_. (7.2.15)

From now on we consider the time-dependent transverse field g(¢). We denote
go = g(tp) and assume that the state is in the ground state at initial time #(. The time
dependence of several quantities are studied by means of the Bogoliubov-de Gennes
formalism described as follows.

We define the time-evolution operator U (¢) by

&) =U@®)|¥ ),

where |W(t)) represents the state vector. The Heisenberg operator of@u) =
UT(t)OU (r) of an operator O obeys the Heisenberg equation of motion:

i%OH(I) =[o"®), H®)] + Ut <i % 0) U@). (7.2.16)

Note that the second term vanishes if an operator O is independent of time. Let us
now focus on ch(t). The Heisenberg equation for c?(t) is written as

d

iacy(t) =U"(0)[cg. HO]U (1)

= —2a,(g())c}' (1) — 2iby (g ()", (), (7.2.17)
where the commutator between ¢, and H is calculated from (7.2.3). We expend
ch(t) and clj; by n4(go) and 17_q(g0)T as

H

H cq ()
cHin = o = S,(")hy (20). (7.2.18)

C—q
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where

S, (1) = (uq(r) la m) . (7.2.19)

vy (1) ﬁ;(t)
Note that i, (t) and v, (¢) satisfies
g =iig(), _g()=—0,), |ig) +[5,00[> =1,  (7.220)

which are confirmed from the fermion anti-commutation relations of clq" (t) and those
of ny(go). Applying (7.2.18) into (7.2.17) and comparing coefficients of 1, (go) and

nT_q (go) in the left and right hand sides, we obtain equations of motion for i, (¢)

and v, (¢):
ii g (t) _ aq(g(t))  iby(g(t)) g (t)
dt \ 04 (1) —iby(g(1) —ay(g®) | \ Ty(1)
_ g (1)
=M,(g(0)) (5q m) (7.2.21)

with the initial condition, i, (fo) = u4(go) and v, (fo) = —ivg(go)-
We now look into the Heisenberg representation of operators A; and Bj. Using
(7.2.18), one has

AN =a;)" +a;), Bl =bl()—b;@), (7.2.22)

where

1 . o
aj @)= ﬁ Z[elqj (’Zq(t) + ﬁq(t))nq (go) + e ' (ﬁq ) — 1~)q (t))n—q(go)]

q>0
(7.2.23a)
bi(t) = ﬁ Eo[e"qf (iig (1) — Tg (1)) 1g (g0) + €U (iig (1) — Ty (1)) 11— (80)]-
(7.2.23b)

Note that a;(¢) and b;(¢) are not the Heisenberg operators of a; and b;. Obviously
we have

laj(s),ax(®)} ={b;(s), br ()} ={a;j(s), bx (1)} =0. (7.2.24)
We define
G k(1) =—{a; (1), by(1)} (7.2.252)
Gji(s,t) = —{aj(s),b] (1)} (7.2.25b)
G (s.0) =—{a;(s). a] (1)} (7.2.25¢)
GY_ (5.1 =—{b;(). b{ (1)} (7.2.25d)

Due to (7.2.23a) and (7.2.23b), these are written as
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1
Gjk(t) = =~ D _[2cosq(j = B (| 0] = [3,0)])

q>0
—2ising(j — k) (ig (DT () — 5, (OE5 )], (7.2.262)

1
Gj_k(s,t)= Y Z[Zcosq(j — k) (itq ()i (1) — Uy ()0, (1))
q>0

—2ising(j — k) (iiq ($)T() — T ()5 (1)].  (7.2.26b)

1
Gl (s, =—~ > [2cosq(j — k) (iig ()it} (1) + Tg ()T (1))
q>0

+2ising(j — k) (it ()0 (1) + T ()i} ()], (7.2.26¢)

1
GY (s, = -5 > [2c0sq(j — k) (iig ()it} (1) + Tg ()T (1))
q>0
—2ising(j — k) (iig ()03 (t) + Ty ()its (1))].  (7.2.26d)
Note that
G (=G (), G} 4 (s.0)=G(t.s) (7.2.27)

G ((s.) = Gi_;(1.9), GY ((5.0) =GR (t.9). (7.2.28)

As we shall see below, the time dependence of physical quantities can be computed
through G (1), Gi(s, t), Gf‘(s, t),and G}’(s, t). An explicit expression of these quan-
tities shall be given after specifying the time dependence of g(¢) and initial condi-
tions for i, and v, and solving the time-dependent Bogoliubov-de Gennes equation
(7.2.21).

7.2.2 Quantum Quenches

Motivated by experiments in cold atomic systems [160, 227], dynamics of isolated
quantum systems subjected by a quench of a parameter has been received a grow-
ing amount of attention in the last decade, notwithstanding a theoretical study by
Barouch, McCoy and Dresden in 70s [28]. To understand the fundamental nature
of quench dynamics of interacting systems, the transverse Ising chain has been
a subject of intense study. There are two topics in studies of quench dynamics
(see for a review [69, 120, 319]). One is a sudden quench, where a parameter is
changed discontinuously (Fig. 7.4(a)). The state after a quench is expected to re-
lax towards a steady state, when the system is macroscopically large. The identi-
fication of this steady state and properties of a transient state are main targets of
study. The other topic is a nearly adiabatic dynamics following a slow quench of a
parameter (Fig. 7.4(b)). Scaling theory for non-adiabatic excitations induced by a
quench across a quantum critical point has been developed. In this subsection, we
first present studies on a sudden quench, and then move to a slow quench of the
transverse field.
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@ g ® &
g
g 1
0 ! 0 T !

Fig. 7.4 Time dependence of the transverse field. (a) shows a sudden quench. The state is assume
to be in the ground state of the system before the quench. (b) shows a linear quench. The transverse
field passes a critical point at t+ = 0. The state evolves from the ground state at t = —oo where
§=00

7.2.2.1 Relaxation Dynamics After Sudden Quantum Quench

Let us assume that the transverse field is changed from g to g abruptly at time r =0
as depicted in Fig. 7.4(a):

g (<0
t) = . 7.2.29
g(t) { (t>0) ( )
We assume that the system at + = 0 is in its ground state before the quench, namely
@ (0)) = [Wes(20)) = l_[ 14 (80)1-¢(80)10), (7.2.30)
O<g<m

where |Wgs(go)) is the vacuum of 1, (go): 14 (g0)|Wes(go)) = 0 for all ¢, and |0)
represents the vacuum of ¢;: ¢;10) =0 for all g.

Under this condition, one can easily solve the time-dependent Bogoliubov-de
Gennes equation (7.2.21). The solution is given by

ﬁq(l‘) _ eZiwq(g)t 0 ; ﬁq(())
(ﬁq(n)_R"(g)( 0 eoer |RI®(g) 023D

The initial condition for i, (¢) and U, (¢) is given by

i _ [ a0 7232
ﬁq(o) —ivg(go) ' o
Substituting (7.2.8), the solution (7.2.31) is written explicitly as
iy (1) 1 o8 2wt + i LY gin 2t
= o : (7.2.33)
g (1) —ivg cos 2wt + =20 sin 2wt

where we have used shorthand notations: a = a,(g), b = b,(g), w = wy(g), ug =
uq4(g0), and vy = vy (go).

We first focus on the transverse component of spins, S°. The time dependence of
the transverse magnetisation is expressed in the Heisenberg representation as

N N

1 1
me() =+ > (si)= 5 > (wO)| B AR 0[w©).  (7.2.34)

i=1 i=1

We recall here (7.2.22), (7.2.23a), (7.2.23b). Then one finds
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(v OB OAF®|v ©) =~ ©|bi0)af ) |¥ ©))
= (@ ©)|{b:().a] ()} |# )
6o, (7.2.35)

where we note that the initial condition leads to a; (¢)|¥ (0)) = b; (¢)|¥ (0)) = 0.
Therefore one obtains

m(t) = Go(1). (7.2.36)

Substitution of the solution, (7.2.33), of the time-dependent Bogoliubov-de Gennes
equation in (7.2.26a) yields

2 — in?
Goh) =+ 3 [g°+cosq+(g go)sin q(]—cos4a)t)], (7.2.37)

wo w?ag

O<g<m

where we note a shorthand notation: wy = w,(go). Taking the thermodynamic limit
% > g [ dq /2, the time-dependent term vanishes at 7 — co. Hence one obtains

Td + cos — sin?
mz(OO)Z/ —q(go 7, gf) q). (7.2.38)
0o T o w?wo

Note that this can be expressed in terms of the complete elliptic integrals. Equa-
tion (7.2.38) implies that the transverse magnetisation converges to a value which
is neither the ground state expectation value nor the thermal expectation value
[28, 335]. This fact might be remarkable because the statistical mechanics teaches
that the equilibrium state long after a change of a parameter obeys the Boltzmann’s
canonical distribution. However, since the present system involves infinite number
of constants of motion (i.e., fermion occupation numbers n; (g)nq(g)), the steady
state after a quench is different from the thermal equilibrium.
The transient toward the asymptotic value is given by
b g 102
o (t) — my(o0) = — - / dq (gggﬁ cosdwr.  (7.2.39)
T Jo W=
This gives rise to an algebraic decay for large 7. A little calculation shows that the
leading power is  ~3/2 when g # 1, while it is 7~! when go = 1.
We next focus on the longitudinal correlation function in the presence of a sudden
quench. The longitudinal correlation function is defined by

C¥(s,r;t) = (S;‘ (t+9)S7,, ). (7.2.40)

We start from investigation of the equal-time correlation function C*(0, ;). Re-
calling (2.A.29), one can write

C*(0,r;0) =(ST()ST,, (1)) = (Bl oA 0B} (1) A%, (). (7.241)

Due to (7.2.22) and (7.2.24), (7.2.25a), (7.2.25b), (7.2.25¢), (7.2.25d), one has
lac@®), A} = —G3_, (1, 1), {br(), B (1)} =—GY_,(t,1)  (7.2.42)
{br®), AF ()} = =G (0). (7.2.43)
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Since G*°(¢, 1) — —8,.9 with 1 — o0, it turns out that
{ac @), AT O}, oo = {bx ), B D], oo = k1
{br(), AT} = —G—(00).
These relations yield
C*(0,r;00) = —(b; (AT, OB (1) - AL (0)], o
=G (c0)(B J+1(I)AJ+2(S) e j+,(t))\Hoo

< ]+1(t)A]+1([)b (I)Aj+2 j+2(t) j+r(t))|t—>oo

(7.2.44)

t—>00

Gi(e0)  Go(o0) ... G_ry2(00)
Ga(00)  Gi(e0) ... G_r43(0)
=det
Gr(00) Groy(o0) ... G1(o0)
Dy D_; ... D_, 1
D Dy ... D_, 1>
=det , (7.2.45)
D._1 D, ... Dy
where we defined
1 [~ + cos — go) sin?
D,:G,+1(oo)=—/ dqcos(r+1)q<g0 q+(g g;)) q)
T Jo wQ w=wQ
1 [= . sin + cosq) sin
+_/ dg 51n(r+l)q( q (8- go)(g2 q) q>
7 Jo o w=wo
(7.2.46)
After an algebra, one finds that (7.2.46) can be arranged into
1 T . .
Dy=— [ dge'"1C(e'), (7.2.47)

27 J_n
where
. 242 1 4+ e~ 2i4)elq
C(eh) = + 880 + (g +go)§ +e e - (7.2.48)
2(1 + ge'?)y/(1 + goe') (1 + goe~14)
Note that Ine’? is not a cyclic function of ¢, and thus InC(¢’?) is not a contin-
uous function of g. Hence we cannot apply the Szego’s theorem to the Toeplitz
determinant in (7.2.45). However, this determinant is considerably simplified in the
following two cases [365]. '
(1) Quench from gp = oco. In this case C(e'?) reduces to
2g +el(1 +e7%9)

C(e') = e (7.2.49)
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Changing the integral (7.2.47) into an contour integral on the complex plane of
z =¢'%, one can write

1 1 1 24771
D,=— ¢dzz"7'C =—y§d —r—1 ,
" omi @ @ 2 < z+ g7} + 2¢(z+g 1)
(7.2.50)

where the path of the contour integral is along the unit circle and the direction is
counterclockwise. Suppose here g > 1. Then a straightforward calculation yields

0 =1
o _|es =0 e
Tli-vesy e=-n (7220

Sra-ghg (r=-2)

One finds from this that the Toeplitz determinant (7.2.45) reduces to the determinant
of a tridiagonal matrix. Hence one immediately gets, for g > 1,

C*(0,r; 00) = (i) . (7.2.52)

For g < 1, one has

Srel@ =D =1

D, =] 8/? r=0 (7.2.53)
12 r=—1)
0 (r<-2)
In this case, Eq. (7.2.45) is written as
Dy D_, 0 ... 0
D Dy Dy ... O
C*0,r;00)=det| P2 D1 Do ... 0| (7254
D,y Dy, Dy3 ... Dy
Define now
A, = C¥(0, r: 00) (7.2.55)
Dy D_; 0 e
Dy, Dy D ... O
Al =det| D3 D1 Do ... O | (7.2.56)
D, D, D,_3 ... Dy

Note that A = Dp = g/2 and A} = D| = %(1 — ¢?). Expanding the determinants
of A, and A, by cofactors of the first row, A, and A/, satisfy
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Ar=DoA,—1 —D_1A._, (7.2.57)
Dy D_y 0 ... 0
D3 Dy Dy ... O
D,=DiA,_y—D_ydet| P+ D1 Do ... 0
D, D, 3 D,_4 ... Do
=DiA_1+gD_1A._,, (7.2.58)
where we note D, 1 = —g D, for r > 1. These recurrence relations reduce to
r—1
Ar\ (Do —D- Ar—1\ (Do —D- Ay
A; D1 gD A/rfl Dy gD_, A/l
| g
= ;RI <1 - g2> , (7.2.59)
where
g -1
R = ) . (7.2.60)
l—g~ ¢

By diagonalisation of Rj, one obtains

_ g2
ar= el Sor ) - LBk gz

where 1 = g +iy/1 — g2 and A* = g — iy/1 — g2 are the eigenvalues of R;. We
introduce @ such that cos @ = g. Then, one can write » = ¢! and (7.2.61) is arranged
into [365]

1
C*(0,r;00) = A, = —(cos8 cos(r — 1)0 — sin8 sin(r — 1)0
2}‘

1 1
= > cos(rf) = > cos(r arccos g). (7.2.62)

Summarising (7.2.52) and (7.2.62), The longitudinal correlation decays exponen-
tially with r both for g > 1 and 0 < g < 1. The correlation length £ is given by

1/1In(2 forg > 1
_[1/In@g) forg , (7.2.63)
1/In2 for0<g<1
(i1) Quench from go = 0. In this case, (7.2.48) reduces to
. 2 1 —2iqy,iq
C(eir) = 28U e "De (7.2.64)

2(1 + ge'q)
and hence (7.2.47) does to

1 dz 742771
D=—¢ —{——14, 7.2.65
" 2w fz’“ {2(z+g‘1)} ( )
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where we take the counterclockwise path along the unit circle on the complex z-
plane. Supposing g > 1, the contour integral is carried out to yield

0 =1
D iz =0 7.2.66
"= e (r=—1 (7200

E - (r=-2)

Thus the Toeplitz determinant (7.2.45) reduces to the determinant of a tridiagonal
matrix and is found to be

1
C*(0,r;00) = > (7.2.67)
For 0 < g < 1, the contour integral (7.2.65) is computed, so that

Eleri—gb (=1

p,=n—&/2 r=0 (7.2.68)
8/2 (r=-1
0 (r<-2)

Same as the case (i), we consider determinants A, and A). defined by (7.2.55) and
(7.2.56). These determinants are written as

A, 1 2-g°
A= 2—rR2 PN (7.2.69)
r g1 —g%)
where
2-¢ —8
Ry = (—g(l gy g2 ) . (7.2.70)
A straightforward calculation yields

1 1 2 2 -1 -1
b= gy R =)0 =) = SO ) a2
where A+ = 1 & /1 — g2 are the eigenvalues of R;. Defining 6 by ¢ = (1 +
V1 —g2)/g, the eigenvalues are simply written as A+ = g*¥. With this notation
and a short algebra, one finds

r+1
CY0,r;00)=A, =

=5

cosh(r + 1)6. (7.2.72)

For r — o0, this reduces to [365]

C*(0,r; 00) &~ ( (7.2.73)

1+,/1—g2)’+l
—5—)
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Fig. 7.5 Correlation length of the state long after time from a sudden quench as a function of the
transverse field g after a quench. The left and right panels show results (7.2.63) and (7.2.74) for
quenches from gy = oo and go = 0 respectively

One finds again that the spatial correlation decays exponentially with separation
both for g > 1 and 0 < g < 1. The correlation lengths are obtained from (7.2.67)
and (7.2.73) as

1/In2 forg > 1
:{ / & (7.2.74)

1/In[2/(14++/1—g2)] for0<g<1"

It is worth noting that the longitudinal correlation function (7.2.73) with go =0
vanish for r — oo in spite of the completely ordered initial state. This fact implies
that the quench of the transverse field is a source of fluctuations which destroy an
order of the system.

Figure 7.5 shows the correlation length (7.2.63) and (7.2.74) of the state long
after time after a quench (f+ — o0). The correlation length of the state at 1 — oco
is finite even if the transverse field after a quench is set at the critical point g = 1.
The difference of the correlation length & from that of the initial state is larger for
larger amplitude of quench. However, it is remarkable that, if the quench is across
the quantum critical point, £ = 1/1In2 is independent of the transverse field g after
a quench.

We next look into the temporal and spatial correlation functions. Rossini et al.
[334, 335] numerically studied the on-site autocorrelation function C*(s, 0; ¢) as
well as the equal-time spatial correlation function C*(0, r; ¢) of the state long af-
ter a quench (¢ > 1). They found that the autocorrelation function and the spa-
tial correlation function decay with a coherence time 7 and a correlation length &.
What is remarkable is that v and £ is determined by the energy gap A(g) =
2|g — 1] of the system after quench and an effective temperature Tef which con-
trols the strength of the quench and is defined as follows. Since the state after a
quench is no longer the ground state, the quench induces an energy to the sys-
tem. The amount of this energy depends on how strongly the quench is done. If
we assume that the system after the quench is in an equilibrium state of an ef-
fective temperature T, the energy expectation value of the system is given by
(H())1,; = Tr(H (g)e H&)/ Teit) /Tr(e~H(®)/Te) | following the standard statisti-
cal mechanics. On the other hand, the system has the energy expectation value
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(H(g)) = (Y(go0)|H(g)|¥(go)). We then make an equation between these two
quantities:

(H(g)>Teﬂ_ = (Wo(g0) |H (1)| ¥ (30)), (7.2.75)

by which we define the effective temperature.

Surprisingly, the dependences of t and £ on T.fr resemble those of the relaxation
time and the correlation length in the thermal equilibrium state. As we mentioned
before, a quench of the transverse field induces fluctuations which destroy the long-
range order. The result of Rossini et al. suggests that the fluctuation induced by a
quench of the transverse field looks like the thermal fluctuation as far as the longi-
tudinal autocorrelation function and spatial correlation function are concerned. We
remark that such an effective thermalisation behaviour does not always appear in
other quantities. We have mentioned that, due to the integrability (namely the pres-
ence of infinite number of constants of motion) of the present system, the transverse
magnetisation is not thermalised. What kind of quantities show thermalisation be-
haviour and the origin of thermalisation in the integrable system are open problem
to be clarified.

Before closing the present subsection we comment on the work by Calabrese and
Cardy [55-57]. They applied the boundary conformal field theory to the dynamics
after a quantum quench to a quantum critical point and obtained time dependence
and distance dependence of several correlation functions. When the system is at a
quantum critical point with a gapless linear quasiparticle dispersion, quasiparticles
created by a quench of a parameter propagate with a unique speed. As a result,
the system after a quench retains two-point temporal-spatial correlation of a local
observable until ¢ ~ r/v, where v is a speed of the quasiparticle. Beyond this, the
correlation decays to a time-independent value. According to computation by Cal-
abrese and Cardy [56, 57], two-point correlation decays exponentially with time
and the characteristic scale of time includes the critical exponent, so that the ra-
tio of characteristic time scales of different quantities yields a universal value. The
consequence from the boundary conformal field theory is applicable to the trans-
verse Ising chain. Its verification and development in the transverse Ising chain are
expected.

7.2.2.2 Nearly Adiabatic Dynamics Following a Slow Quench

In the present section, we consider a dynamics following a slow quench of a param-
eter. Let us imagine a system in its equilibrium state. We suppose that a parame-
ter, which specifies the equilibrium state, changes slowly with time. If the changing
speed is sufficiently slow, then the system should keep track of the equilibrium state.
However, if the parameter passes through a critical point of a phase transition, does
the system evolve into a new phase? This fundamental question has been discussed
in a wide range of area from the cosmology to the condensed matter. It should be
noted that Greiner et al. [160] demonstrated an evolution of cold bosonic atoms
from a superfluid to a Mott insulator. This experiment has raised a lot of interests
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in the dynamics across a quantum phase transition. Here we present a theory of the
dynamics following a slow change of the transverse field across a quantum phase
transition in the one-dimensional transverse Ising chain [78, 118].

We consider a linear quench of the transverse field:

g=—t/t+1, (7.2.76)
where 1/t represents a control parameter of the quench rate, and time ¢ moves
from t = —oo. Note that g passes the quantum critical point at t = 0. We assume

that the system is in the ground state initially. We show the time dependence of g
in Fig. 7.4(b). With (7.2.76), the time-dependent Bogoliubov-de Gennes equation
(7.2.21) is written as

cd [ag@)) _ 3 2 [iig®
it (ﬁq(t)) =2{(t/1 —ay)o” + B40°} (ﬁq(t)) ; (7.2.77)
where we defined

ag =1+cosgq, By =sing. (7.2.78)

Note ay > 0 and 8 > 0 for 0 < g < 7 as far as an even N is assumed (regarding
the available wave number ¢, see Sect. 2.2). ol, 02, and o2 are the Pauli matrices
which are written as

1 (0 1 2 (0 —i 3 (1 0
0—(10, a—io,anda_o_l. (7.2.79)

The initial conditions for i, (¢) and v, (¢) are given by it,(—00) = u,y(g = o0) and
Uy (—00) = vy (g = 00), which turn out from (7.2.8) to be

ig(—00) =0 and v,(—00)=—i. (7.2.80)

Let us here introduce a unitary transformation: U = exp(—io > /4). One can easily
show UTo3U =03 and UTo?U = o!. Applying this transformation, (7.2.77) is

written as
i ﬁ;([) _ _ 3 | ﬁ;([)
i (E;(t))—2{(t/r ag)o” + Byo'} ) , (7.2.81)
where
If%(t) _yt Izq(t) _ ei7.l/4:'ij](t) | .
vq(t) Uq(t) e_”T/ vq(t)
We define
7 - 1,0\ [ ¢ i)
= 2Pt =2p2e. ()= Tl ) 2,
t 'Bq(t aqt)7 ’ IBqT’ ('Dq(f)) (elﬂ/“-ﬁq(t)) (7 83)

Then (7.2.81) is written as

d (a0 (T, 1) ity (7)
ldt__<t7q(t_)>_<fa +o 5, . (7.2.84)
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Thus one finds that our problem reduces to the Landau-Zener problem. As shown
in Sect. 7.A.2, the solution of this equation with the initial condition, i, (—00) =0
and |vy(—00)| = 1, is given up o an inessential phase factor as

ity () = —i\/ge_”f/SDif ja-1(e7742/70) (7.2.85)
by (1) = &33P Dy 1 (B3714/2/7 1), (7.2.86)

namely,
iig(t) = e 4B, T e*”ﬁéf/“piﬁg,fl (3742t —agv)/V/T) (1.2.87)
B, (1) = —e TP/ Digac (€420 — 0y ) /), (7.2.88)

where D, (x) is the parabolic cylinder function.

We now focus on the density of defects as a measure for the deviation of the state
after a quench from the instantaneous ground state. The density of defects is defined
by

1
n= > ng. (7.2.89)
q>0
ng =W (tr)|nl(erng(gr) +n' (8 )n—q(gn|¥ 1)
= (¥t hy (g )W (p)+ 1, (7.2.90)

where ¢ denotes the final time and gy = g(¢7). Note that n, stands for the ex-
pected number of excited quasiparticle with the wave number ¢ in the state after
a quench. Hence n corresponds to the density of excited quasiparticle in the final
state. Applying the inverse Bogoliubov-de Gennes transformation and switching to
the Heisenberg representation, (7.2.90) is expressed as

ng = (WIC (t/)R] (87)0° Ry (g 1)Cy (1) |Wi) + 1
= (W0 (g7)S; (1 IR (8 1) Ry (g7)Sq (t )by ()W) + 1, (7.291)

where g; = g(t = —00) = 400 is the transverse field before the quench, and
|¥;) = |¥ (t = —00)) is the initial state. Due to the initial condition, |¥;) satisfies
nq (€ I¥i) =n_q(g)|¥;) = 0. Therefore it turns out that

ng =[SitRI (8 Ry (8)Sg(tp)],, + 1. (7.2.92)

‘We hereafter consider two special cases where the transverse field is reduced (i) until
tf =-+oo (i.e., gf =—00), and (ii) until 1y =7 (i.e., gy =0).

(i) case with 7y = +oc0. From (7.2.8), it turns out that u,(gy = —00) = —1 and
vy (g = —00) =0. It follows that

Ry(gy=—00) = (_01 _01> : (7.2.93)

Therefore one has
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ng =[S}ty =+00)0?S,(ty = +00)]5, + 1
= [34 (17 = +00)|* = [figt = +o0)" +1
= 2[5, (ty = +00)|*. (7.2.94)

Taking the limit + — 400, (7.2.88) gives the famous Landau-Zener formula:

14ty = +00)|*> = BT (Sect. 7.A.2). Therefore the density of defects is ob-
tained as

1
n= > 2exp(—27pr). (7.2.95)
q>0
Taking the thermodynamic limit,

T 4 /2 d
n— 2/ a4 exp(—2ntsin’q) = 4/ a4 exp(—2m 7 sin?), (7.2.96)
0 2w 0 2

where we have used the property that the integrand is a symmetric function with the
pivot at ¢ = /2. For T > 1, (7.2.96) is dominated by the integral over the region
of ¢ where 0 < sing ~ ¢ < 1. Hence one may safely approximate sin” g ~ g2 and
expand the upper bound of ¢ in the integral from /2 to co. The result is given as

® dq ) 1
n~ 4/ —exp(—27t = .
0 27 p( 1 ) T 2T

—12

(7.2.97)

This result implies that the density of defects decays as © with increasing 7 and
that it vanishes with 7 — co. One finds from this fact that, even if the quench is done
across the quantum critical point from a disordered phase to an ordered phase in the
one-dimensional transverse Ising chain, the system evolves adiabatically into an
ordered state as far as the rate of the quench is infinitesimally small. The exponent
1/2 of T which characterises the decay rate of n is a universal number. We shall
show below the universality of this exponent on the basis of a generic argument.

(ii) case with ty = 7, where the final value of the transverse field is g = 0. In
the present case, the density of defects can be expressed as

n= ﬁ(waf)m(gf) +N|w ()

1
=yl Z(l = SIS )W) (7.2.98)

Note that (1/2) (1 — S Sl?‘_H) is the number of kinks between neighbouring
Ising spins. Although there is no kink in the instantaneous ground state at the fi-
nal time, a quench of the transverse field may produce such kinks. The density of
defects n, in the present case, measures the amount of kinks present in the state after
a quench. Now, substitution of gy = 0 in (7.2.8) leads to u,(gs = 0) = —sin(g/2)

and v, (g s =0) = cos(g/2). From this, one obtains

q

—sinf  icos%
Rygr=0=( "2 "2 ). (7.2.99)
2 2
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and hence
(S5 R (810> Ry (87)S4 (1))
~ 2 - 2
— cosg [y (@) - [g,0])
—isinq(ﬁq(t)ﬁ;‘(r) - ﬁ;(r)ﬁq(r)). (7.2.100)
The density of defects in the thermodynamic limit is then written as

Td
n :/0 %{cosq(l — 2|17q(r)|2) +1—i sinq(ﬂq(t)ﬁ[’;(r) — ﬁ;(r)ﬁq(t))}

where we have used |ii O+ [Vg (1) |2 = 1. We note that vy (1) is given by (7.2.88)
with the substitution of # = 7. Let us consider the contribution to the density of
defects from n, with 7 — 1/t'4<g<m:

7 dq /‘ﬂ dq{( ( 1 )) 3 5 }
—n, N —i|-14+0|— 1 =2{v,(z +1
w[T]/Tl/4 2 q 7171/'[]/4 21 \/? ( ’ q( )‘ )

” d
—i/ —qsinq(ﬁq(f)ﬁ;(f) _ﬁZ(oo)ﬁq(oo))-

—1/71/4 21
(7.2.101)
Neglecting the higher orders in 1/7, the first term is arranged into
T d
f “s,0 (7.2.102)
n—1/cl/4 T

When 7 > 1, |y, ()2 is approximated as |7y (0)* ~ exp(—2nrt sinzq) for m —
1//7 < g <. Although this approximation is not always valid for 7 — 1/7'/4 <
q <7 —1/4/7, the integrand becomes small and one can neglect its contribution to

the integral. Thus Eq. (7.2.102) is estimated as

1/4
T d k4 d ) VAR | )
~ 2 _ 2 _ 2
/ q|vq(r)| %/‘ qe 27T sin q:/ qe 2wTsint g
T—1/7l/4 T a—1/71/4 T 0 T

1/4 1/4
_ /‘/’ R
0 T ﬁ 0 T ’

(7.2.103)

where we have changed the variable as m — g — ¢ and applied an approximation
sing ~ g for 0 < q < 1/4/t. When t > 1, one may replace the upper bound of
integral with co. Therefore one obtains

T d 1 *d 1 1
/ D, —= | D’ =——— (72.104)
T—1/7l/4 T JTh o om 2w /21
A detailed calculation shows that not only the second term in (7.2.101) but also
the integral of n, over 0 <g S —1/ 71/4 gives higher order terms. Therefore the

density of defects is obtained as [118]

nA ——— (7.2.105)
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We find from (7.2.97) and (7.2.105) that both the cases (i) and (ii) yield the same
result except for the factor 2. This difference comes from the fact that the quench
in the case (i) passes two quantum critical points at g = 1 and —1, while that in the
case (ii) passes only the single critical point at g = 1. We recall that, when g = 1,
the energy spectrum w, of the quasiparticle has a zero at ¢ = 7, whereas it does at
g =0 when g = —1. This implies that quasiparticles with the mode near ¢ = 7 and
g = 0 are excited during the quench and they contribute to the density of defects in
the case (i). However only the modes near g = & are responsible for the density of
defects in the case (ii). Thus the number of modes which contribute to the excitation
is twice larger in the case (i) than the case (ii).

Kibble-Zurek Scaling We have so far investigated the quench dynamics in one-
dimensional transverse Ising chain, and derived scaling relation between the density
of defects n and the quench rate 1/7. Hereafter we investigate the defect production
due to a quench across a critical point in a generic system. Historically the defect
production due to a quench was first discussed for a thermodynamic phase transition
in the context of the evolution of the universe by Kibble [223]. After that, Zurek
[444] proposed an experiment for defect production in the universe using a “He
superfluid. A theory on a quench across a quantum critical point was developed by
Zurek et al. [445] and Polkovnikov [318].

Let us consider a system with a parameter A. We assume that the ground state
is disordered for A > 0 and ordered for A < 0. The system undergoes a quantum
phase transition of the second order at A = A, = 0. We suppose that the energy gap
A from the ground state to the first excited state is scaled by A as A ~ A*”, and the
quasiparticle has a dispersion relation wq ~ |q|* at the critical point, where q is the
wave-number vector of the quasiparticle.

Now we assume a linear quench of the parameter A:

A=—t/T, (7.2.106)

where 1/t is the quench rate. The time ¢ is supposed to move from t = —oco to
t>0.

The coherence time of the system, T.op, is determined by the inverse of the energy
gap: Teoh = A~! ~ A 7%, Roughly speaking, if the normalised quench rate |A|/A is
smaller than T;;]lq» then the system maintains the coherence and evolves adiabatically.

Howeyver, one the other hand, if |A /A > rcjﬂll, the adiabatic evolution breaks down.

On the basis of this consideration, we make an equation so that it determines the
time 7 (namely, the parameter A = A (7)) at which the adiabaticity breaks:

|A| 1
— = , (7.2.107)
A Tcoh
which is followed by
1 .
— =A%, (7.2.108)
AT

where we have neglected inessential factors. The solution of this equation is
5 = g~ 1/GoHD), (7.2.109)
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N gives an energy scale A~ 3z, Equation (7.2.109) implies that quasiparticles with
energy < A ~ t72/@+1) are excited during a quench. Since the quasiparticle has
the dispersion wq ~ |q|*, the largest wave number ¢ = |q|, that is likely to contribute
to the excitation, satisfies

G5~ A~ gm/@FD, (7.2.110)

Once quasiparticle are excited, they never relax. The density of defects after a
quench is evaluated by the volume in the g-space which contributes to the exci-
tation. Therefore we obtain

nN/ dq~éd~f—dl}/(zv+1)’ (7.2.111)
lal=q

where d is the dimension of the system. Equation (7.2.111) provides a generic scal-
ing relation between the density of defects and the quench rate with critical expo-
nents v and z and the dimension d. In the case of the one-dimensional transverse
Ising chain, one has d =z =v = 1. Thus one has n ~ 7712 which is in consistence
with (7.2.97) and (7.2.105).

7.2.3 Oscillating Fields: Quantum Hysteresis

When the external perturbation, on a cooperatively interacting system, is sinusoidal
in time, the system cannot respond instantaneously and the (cooperative) response
gets delayed leading to hysteresis, which is a typical non-equilibrium phenomenon.
At a rudimentary level, hysteresis manifests itself as the competition between exper-
imental time scales, determined by the frequencies of the applied perturbation, and
internal time scales which are governed by relaxation phenomena, activated rate
processes, decay of metastable states and etc. Since metastable states occur quite
naturally in connection with first order phase transitions, hysteresis is particularly
noticeable near such transitions, and is often used to mark their onset.

The interest in studying hysteresis in quantum systems is because of the fact that
quantum systems are characterised by new routes to relaxation. Thus a quantum sys-
tem has additional time scales associated with tunnelling, which can link different
minima of the free energy surface.

As far as hysteresis in classical systems is concerned, there have been several
recent attempts to provide a satisfactory statistical mechanical treatment. In most of
the model studies, the scaling of the hysteresis loop area with the probe frequency
and temperature as well as the evidence of a dynamic phase transition have been the
issues of interest [2—4, 22].

The simplest quantum Ising model which is expected to show hysteresis phe-
nomena is the Ising model in a sinusoidally varying transverse field. The study of
hysteresis in Ising models in the presence of a oscillating transverse field is also
motivated by the fact that it can actually be experimentally realised in the labora-
tory by pressure modulation in the KDP crystal or by simply applying an oscillatory
magnetic field to the rare earth system of LiRFs.
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The interesting points are mainly twofold: (a) The scaling of the loop area
Ay = ¢ m* dI" with the transverse field and temperature. This loop area, being re-
lated to the energy loss, is directly measurable in the laboratory. (b) The dynamic
phase transition. This is obtained from the vanishing of the order parameter defined
by Q = ¢ m*dt, which acquires nonzero values (below the phase boundary) for
asymmetric variations at low T, I" etc. Two different cases, leading to hysteresis,
have been considered here in quantum Ising systems: (i) The longitudinal field is
oscillatory, the transverse field is time independent and (ii) the longitudinal field is
zero, the transverse one is oscillatory. In all the studies, the Hamiltonian is treated
in the mean field approximation and the equations of motion for the average mag-
netisation obtained.

In general, in presence of both time dependent longitudinal and transverse fields,
the Ising Hamiltonian can be written generally as

H==) J;SiSi—T®))y Sf—h®) St (7.2.112)
(i) i i

Here I'(¢) and h*(t) represent the time dependent transverse or longitudinal field
respectively. Acharyya, Chakrabarti and Stinchcombe [4] proposed the phenomeno-
logical extension and generalisation of the mean field equation of motion for average
magnetisation m, following that of the classical Ising system in contact with a heat
bath:

dm _ . h("")” (7.2.113)
rﬁ_—m—i—an T m, o
where
|h|:\/(mz+hz(t))2+([‘(t))2, (7.2.114)

Banerjee, Dattagupta and Sen [22] have recently given a more microscopic deriva-
tion of the equations of motion (see Sect. 7.2.3; case III).
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Case I Ising system in transverse field and oscillating longitudinal field.

In presence of an oscillating longitudinal field and transverse field, we put I"(¢) =
I' and h*(t) = cos(wt) in (7.2.112) so that || = v/ (m? + h7(1))% + I'2 in (7.2.113).
Dynamic phase transitions and AC susceptibility have been studied numerically by
solving the equation of motion with these expressions.

Dynamic Phase Transition Using a fourth-order Runge-Kutta method (in sin-
gle precision; the value of the time differential (dr) was taken to be 1079), the
above dynamical equations (7.2.113) were solved. The dynamic order parameter
Q (= ¢ m*dt) was also evaluated.

For the model considered here (represented by Hamiltonian (7.2.112)), where
I' is constant in time and h*(¢) = cos(wt), there is a dynamic phase boundary
Ty(h§, w, I") (separating Q # 0 phase from Q = 0 phase). The projection of this
boundary in the A—T plane for a fixed I" and w (Fig. 7.6) is found. A crossover
of this transition across Ty (h(z), w, I'), from a discontinuous to a continuous one,
at a tricritical point (TCP) TdTCP (h%, w, I') (see inset of Fig. 7.6), showing the na-
ture of the transition just below and above the TCP at a particular @ and I" has
been observed. Similar behaviour of Q has been observed for other projections of
the phase boundary. Figure 7.7 shows the phase boundary line I';(h5, @, T) in the
h§—I plane (separating Q # 0 phase from Q = 0 phase). The position of the tri-
critical point FCTCP(hZ, w, T) is also indicated on the phase boundary line. Inset
of Fig. 7.7 shows the nature of the transition just below and above the TCP at a
particular w and T'.

The dynamic phase transition, in fact, arises due to the coercivity property. In the
0 # 0 phase, because of the failure of the external field to provide for the coercive
field, the m—h loop is not symmetric about the field axis and lies in the upper half
(or lower half) of the m—h plane depending upon the initial magnetisation. So, the
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phase boundary equation T, (hS, w, I') for the dynamic phase transition, when ex-
pressed as hé(T, w, I'), gives in effect the coercive field variation with respect to
T, I' and w. The tricritical point TdT cp (hi, w, I') appears because of the failure of
the system to relax within the time period (27r/w) of the external field. The intrin-
sic relaxation time teff in the ferro phase decreases with lowering of temperature
and below TdTCP(hZ, w, I): Tep(h, T) > 27 /w (equality at T = TdTCP), so that the
magnetisation changes sign (from m?® to —m?) abruptly and continuously and Q
changes from a value very near to unity to O discontinuously. This indicates that
T(}CP(hZ, w, I'") should decrease with increasing frequency as is indeed observed
(see the inset of Fig. 7.6). The same is also true for FdTCP(hZ, w, T) (see the inset of
Fig. 7.7).

The AC Susceptibility Following the successful introduction of AC susceptibil-
ity [2] for (classical) Ising system, the properties of similarly defined (linear) AC
susceptibility in transverse Ising system have been studied.

In this case, by solving the mean-field equation of motion the time variation
of m* and m*® is obtained. Both the transverse and longitudinal magnetisation
showed that the responses are delayed but having the same frequency of the per-
turbing oscillating field. The amount of delay is different for transverse and lon-
gitudinal magnetisation. The response magnetisation m®(t) can be expressed as
P%*(w(t — tefr)) where P denotes the periodic function with the same frequency w
of the perturbing field and T denotes the effective delay for the a-th component
(e = x, z) of the response. The susceptibilities are defined in a “linear” way: as-
suming a linear response m®(t) ~ mg exp(iwt — ¢*); ¢* = wiy, for a perturbation
h*(t) ~ hyexp(—iwt), the AC susceptibility x, is defined as (m/hg) exp(—ip®).
This defines then the in-phase and the out-of-phase components of the AC suscepti-
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bilities: x, = (mg/ hg) cos(¢y), x!/ = (m§/hg) sin(¢;) and x, = (mg/ h§) cos(éx),
X = (m3y/ h§) sin(gy).

The components of the transverse and longitudinal susceptibilities are plotted
against the temperature (7) (see Fig. 7.8 and Fig. 7.9). At the dynamic transition
point, where the dynamic order parameter Q vanishes, the x. and . give sharp
dips and x; and x/’ give sharp peaks. Both x. and x. have another smeared peak
at some higher temperature (T > T.(I")) indicating the high temperature decay of
magnetisation.

In the limits 7~! — 0 and I — 0, the equation of motion for z-component
gets completely decoupled suggesting that the dynamic transition etc. for the
z-component remains qualitatively the same as in the classical mean field case [2].

Case Il Hysteresis due to time dependent transverse field and zero longitudinal
field.

Here the longitudinal field 4% (¢) = 0 and the transverse field "(¢) is sinusoidally
varying with time. As mentioned before, there have been two different approaches
to study the case when the transverse field is explicitly time dependent and the lon-
gitudinal field is zero. In the first study [4], one again considers (7.2.113) putting
I'(t) = I'ycos(wt), so that |h| = +/(m?)2 + (I"(¢))2. The relaxation rates here have
been assumed to be the same for both the components m* and m?.

The variation of the longitudinal and transverse magnetisation loop areas A, =
$m*dI' and A; = § m*dI" respectively, and the dynamic order parameter Q =
¢ m*dt, as functions of the frequency (w) and amplitude (1) of the periodically
varying transverse field and the temperature (7") of the system have been studied [4].
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Fig. 7.10 The variation of the scaled loop area A, = A, FO_“Tﬁ with the scaled frequency
@& =w/(I] T using « =7/4, B =1/2 and y = 0 = §. Different symbols correspond to dif-
ferent Ip and T: (o) Ip =125 and T = 1.25; () IH =1.50 and T = 1.25; (A) Iy = 1.75
and T =1.25; (0) [y =1.25and T = 1.50; (%) Ip = 1.50 and T = 1.50; (+) Ip = 1.75 and
T=150;(x)Ip=125and T =1.75;(x) [y, =1.50and T = 1.75; (x) [p, =1.75and T = 1.75.
The solid line indicates the proposed Lorentzian scaling function. The inset shows the variation of
A, with w at different Iy and T

This has been done by solving the mean field equations (7.2.113) of motion numer-
ically for the average magnetisation m = (S;) =m*x + m*Z.

It was found that the variation of the loop area A, with frequency w for different
parameters (/7 and T') can be expressed in a scaling form (see Fig. 7.10)

_ 1)
Ay~ IET ﬂg(ﬁ> (7.2.115)
with a Lorentzian scaling function

g(x) ~ (7.2.116)

1+cx?’
The best fit values for the exponents «, B8, ¥ and § were found to be around
1.75 £ 0.05, 0.50 £ 0.02, 0 £ 0.02 and 0 £ 0.02 respectively. The mean field equa-
tion of motion was solved analytically in three different (linearised) limits: (i) High
temperature limit where ¢ =2, =1,y =0and § =0; (il e =2, =0=y =$§
in the low tunnelling field amplitude limit; and (iii) « =1, B =0=y =§ in the
(adiabatic) limit of very slowly varying transverse field; with the Lorentzian scal-
ing function (7.2.115). These limiting results (of effectively linear analysis) for the
exponent values give the useful bounds for the observed exponent values. (For a
detailed discussion of these limits, see Sect. 7.A.1.1.)

The dynamic phase transition from Q = 0 (for high Iy and T') to Q # 0 (beyond
critical values of Iy and T') occurs across the Ip—7 line and the phase diagram
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Fig. 7.11 Phase diagram for 4.0
the dynamic phase transition:

below the critical (T') line

indicated by the symbols,

Q acquires a nonzero value in 3.0
the ‘F’ phase and Q =0 in

the P’ phase. The points

(symbols) correspond to

0 =0 for w =0.003. The I'v 20
analytical estimate (7.2.117)

of the phase boundary has

been indicated by the solid

line 1.0

TTTY T T T T T T T Y T Y T[T Y Ty Y T Iy ovryeT

TR TR KX~ X
0-Q. 0.5 s

(=]
o
N
o

(in the I'p—T plane) for this transition had been obtained (shown in Fig. 7.11). An
analytic estimate for the phase boundary line (see Sect. 7.A.1.2)

T = Iy/ sinh(Fp); To=(/2) (7.2.117)

was also obtained [4], which gave a fair agreement with the numerical results.
Case I1I Quantum hysteresis with microscopic equations of motion.

In this third (general) case [22] the transverse field is considered to be rotating
in the transverse plane. The equations of motion for the different components of
magnetisation is derived here in a system plus heat bath approach, which reduce to
the usual Glauber equations in the absence of the field. The system Hamiltonian for
this case is

Hy == JijSiS5 — Iycos2wmt Y SF — Mysin2wt Y _ 7, (7.2.118)
{i.J) i i

where I is the strength of the transverse field rotating with frequency 2w (note

the change in the frequency value, which is introduced for some later convenience).

The rotating field selected as above introduces an x—y symmetry in the Hamiltonian

in addition to making it quantum mechanical. In the mean field approximation, the

system Hamiltonian can be expressed as

Hy>~—h*S*—T*t)S* — I @)Ss”, (7.2.119)
where the site-independent mean field 4A* = ) i j(S§>, I'*(t) = I'ycos2wt and
I (t) = Iysin2wt.

Here the system and the heat bath coupling is considered in such a way, that in

absence of any field the dynamic equations reduce to that given by Glauber kinetics.
The starting point here is therefore the total Hamiltonian

Hior = —h*S* — I(S* cos 201 + S¥ sin2wt) + Hy + Hp.  (7.2.120)

1
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The system Hamiltonian (containing the oscillatory terms) can be diagonalised by
first a rotation wt about the z-axis

U, = exp(—iwtS*), (7.2.121)
followed by the transformation Ry, which reads
R, = exp| — 287 tan~1 [ 10 (7.2.122)
y=&p| =3 rell 2.

The transformed system Hamiltonian is:

Hy = —|h|S%, (7.2.123)

where |h| =,/ (h¥)? + FOZ. As the transverse coupling is to be treated exactly, it is
evident that the Hilbert space of the subsystem has to be enlarged now in order to
incorporate both the terms proportional to A* and [ within the Hamiltonian H;.
It is expected then that the interaction H; with the heat bath ought to be such as
to induce relaxation in both these terms. The minimal form of H; to bring out the
requisite physics is

Hy ~b(S* + 5%, (7.2.124)

where b represents the operator form of the bath variables. In the new representation
of the rotated quantisation axis H is entirely off-diagonal and therefore, responsible
for inducing Glauber kinetics. It is also easy to see that in the original laboratory
frame, the corresponding form of Hj is then (employing the inverse rotations U,
and Ry)

[ h?
H = gb|:< :“’>(hzs" — [pS%) + Sy]. (7.2.125)

Under the two rotations given by (7.2.121) and (7.2.122), H 1 contains time depen-
dent terms. However, within the Markovian limit of heat bath induced relaxation,
the w = 0 limit of the coupling with the heat bath is the only important term, and in
this limit

H; =gb(s* + %), (7.2.126)

which matches with the earlier form (cf. (7.2.124)). Collecting all the above men-
tioned facts together, the full time-dependent problem reduces to a time-independent
one in the rotated frame, governed by the Hamiltonian

Hyo = Hy + H; + Hp. (7.2.127)

The rate equations for the components of the magnetisation are now derived to
study the changes in the components of magnetisation in the formalism described
in Sect. 7.A.3. After lengthy algebra involving the properties of Pauli matrices, re-
grouping of terms and using a short time approximation for the bath correlations
characterised by X the following rate equations for m are obtained [22] (with the
Planck’s constant 7 set equal to unity)
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dm* I} I
Z =m* [_x - xﬁ cosz(zwt)] +m” [2hZ - xﬁ cosQur) sin(2a)t):|
2 Io .., .
+m —AW (h* + w) cos(Qwt) — 2T sin(Rwt)
Iy
+ ZKW cos(2wt) tanh B|A|, (7.2.128)
dm? X FOZ . F02 c 2
— = —A—= 2wt 2wt) — 2h* Y —A—= 2wt) — A
7 m |: e cos(2wt) sin(2wt) +m T sin“ (2wt)
Z Iy . :
+m —XW (h* + w) sinQwt) + 217 cos2wt)
Iy .
+ MW sin(2wt) tanh B A, (7.2.129)

dm* x F() z .
o =m —AW (h + a)) cos(2wt) + 21 sin(2wt)

I .
+mY [—AW (h* 4+ o) sinQwt) — 21 cos(Za)t):|

|h|? |hl

It may be noted that the relaxation rates come out to be different for m* and
m* (m?”). Although (7.2.128)—(7.2.130) reduce to (7.2.113) in the limit @ — 0, the
nonlinear equations (7.2.128)—(7.2.130) admit other unphysical solutions as well.
Solving these equations numerically, the hysteresis loop area A (= [m - dI’ =
[m*dI'* + [m>dI”) is obtained for the physical solution. In the low frequency
limit (w — 0), the scaling of the area as functions of temperature 7 and transverse
field Iy can be fitted, in the high temperature limit, in the form

A~TET™? (7.2.131)

with @ ~2.03 + 0.03 and b >~ 0.12 + 0.02. It may be noted that the scaling form
(7.2.115) can be reduced to the above form in the w — 0 limit with a = o — y
and b = B + ¢ in the high temperature limit. In this limit, the analytic solution of
(7.2.113) gave the values of a = 2.0 and b = 1.0, compared to the above values
obtained here.

The data indicate that the area initially increases with w, goes through a maxi-
mum and decreases to zero as @ approaches infinity, when the system can no longer
respond to the fast varying field. However, the scaled area A is skewed as a function
of w (shown in Fig. 7.12) and is not a Lorentzian as seen in the previous study [4]
(using the equation of motion (7.2.113); see case II above).

rg h*
+m2[—2,\+x—°] O g, (7.2.130)

7.2.3.1 Exact Results for a Transverse Ising Chain

In the preceding sections, we have studied hysteresis in classical and quantum Ising
systems. The case of quantum hysteresis was however studied using mean field
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approximation only. Recent studies have shown that this approximation is inade-
quate to study quantum hysteresis and exact solutions reveal spectacular aspects not
observed in classical models. Till now such studies have been made only for the case
of an Ising chain with nearest-neighbour ferromagnetic interaction (along the longi-
tudinal direction) subjected to a transverse field that oscillates with time [38, 92].

Classical dynamical hysteresis are characterised by the fact that they can be in-
ferred from comparison of two time-scales: one is the intrinsic relaxation time t of
the system, which is independent of the driving field, and the other is the time period
 of the driving field. The system falls out of equilibrium when .7 < 7, i.e. when
the driving is too fast for the state of system to adjust with the time-dependent field.
Thus, the dynamics will always be a monotonic function of .. This robust picture
has been observed ubiquitously in many studies in classical thermal systems, and
is summarised in [63]. For example, in case of sinusoidally driven classical Ising
magnet in three-dimension, the ordered phase shrinks monotonically as .7 is in-
creased, and finally becomes a line coincidental with the temperature-axis ending at
the critical temperature.

But in a periodically driven quantum many-body system there can be another
kind of process which surprisingly violates this classical intuition of monotonic
competition between two kinds of time-scales and give rise to sharp non-monotonic
freezing behaviour as a function of the driving period .7 [38, 92]. It has been shown
for transverse Ising chain driven at zero temperature by a periodic field that there
can be surprising non-monotonic peak-valley structures in the profile of the order
parameter Q (infinite-time average of the transverse magnetisation) when plotted
against time period or amplitude of the external field (Fig. 7.13). The position of the
peaks can be derived analytically to be

¥
L (7.2.132)
wh

where I is the amplitude of the field and m =1, 2, 3, ... for square-wave field and
%Z 1, %Zz, %13, ... for sinusoidal field. Here z; are the zero-s of Bessel function of the
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first kind and zero-th order. When this condition is satisfied, one gets Q ~ 1 and the
system remains nearly “frozen” to the initial state so that the dynamics is negligible.
Note that such freezing is independent of the initial state—whether ordered or not.
This excludes the possibility of some accidental symmetry suppressing certain tran-
sitions, resulting in the freezing. Another remarkable thing is that, this confinement
does not arise from any kind of energy barrier—unlike the classical cases, where a
freezing always has a long (macroscopic) but finite life-time after which transition
happens, but here the freezing sustains actually in the true + — oo limit. One must,
however, note that this effect is observable only when % Iy > J, where J is the
order of the interaction strength between the spins.

7.2.4 Response due to a Pulsed Transverse Field in Absence
of a Longitudinal Field

In order to study another interesting dynamic response of quantum systems where
the perturbation is time dependent, the response of pulsed transverse field on an
Ising system has been studied. In the Hamiltonian (7.2.112) the time variation of
the transverse field is taken as

I't)y=rI+686I", fortg<t<ty+ 4t
=TI elsewhere. (7.2.133)

Accordingly, the mean field dynamic equation of motion (7.2.113) for magnetisation
m is solved numerically [3]. As mentioned before, such a (tunnelling term) pulse
can be applied to order-disorder ferroelectrics by applying a pressure pulse. Here,
the pulse has been applied at equilibrium.

First, the system was allowed to relax to its equilibrium state at any temperature
(T) and then the pulse of small amplitude and short duration (§¢) (compared to the
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Fig. 7.14 Temperature variation of the width ratio R for different I" for pulsed variation in I".
(I =0.5,8I" =0.025 and 8r =50 x dr and (/) I = 0.8, §I" = 0.025 and §r = 50 x dr (dt is
the time interval chosen for the Runge-Kutta solution of (7.2.113))

(2) (b)
A 1 1 1 . 1 1 OO - 1 I 1 1 1
00 02 04 06 08 10 12 14 16 00 0.2 0.4 0.6 0.8 1.0 1.2 1.4
T T

Fig. 7.15 (a) Temperature variation of x/ for different values of the pulse width 87 of the trans-
verse field. (1) 6t =2 x dt, (II) 8t = 10 x dt and (III) 6t = 50 x dt. In all these cases I" = 0.6 and
81" = 0.05 (dt is the same as in the previous figure). (b) Temperature variation of xF for different
I':(I) ' =0.5,{I) I’ =0.8. The kinks indicate the transition points

relaxation time of the system) was applied. The response in transverse magnetisa-
tion was observed. Here, the transverse magnetisation m* shows a dip of width Ar
(starting at the time #y when the pulse has been applied). The ratio R = At /4t has
been measured and the temperature variation of R was studied. The observation
(see Fig. 7.14) shows that R has a very sharp variation, almost diverging, at the
order-disorder transition temperature (7,(I")).

The pulse susceptibility has been defined as x = m3, /81", where m?, is the am-
plitude of the response magnetisation m*. This is found to increase (possibly di-
verge) at the same point. It may be noted that x becomes the static susceptibility
as the pulse width becomes infinitely large (6# — 00). The transverse susceptibility
defined as x/ so shows significant change in the temperature variation at the same
transition point (see Fig. 7.15).

The variation of x/ with temperature for different values of the pulse width 8¢
has also been noted to observe the effect of the pulse width. For small values of §¢,
the response is not prominent as the relaxation time is large compared to ¢, for
higher values there is some response which vanishes as one approaches the transition
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point where relaxation time also increases. For very large values of §¢, the response
is similar to that of static perturbations (static susceptibility has a sharp dip at 7,.(I"))
(see Fig. 7.15).

These studies on the responses to pulses (of the tunnelling field) on Ising system
use the mean field equation of motion (7.2.113), where dynamics arise solely from
the contact with heat bath. However, at extremely low temperatures (and for very
high frequency measurements), the quantum dynamics should become very promi-
nent. For example, in case of a pulse in transverse field, the change in the energy
(8I") of the system will introduce a “quantum relaxation” time At ~ h/81, as dic-
tated by the uncertainty relation. In such cases, this quantum time scale At ~ /81T,
will compete with 8¢, the pulse width of the tunnelling field.

Appendix 7.A

7.A.1 Mean Field Equation of Motion

7.A.1.1 Some Analytic Solutions in the Linearised Limit

Linearisation of (7.2.113) can be carried out in three limits: namely, in the high
temperature (T~! — 0), the low tunnelling field amplitude (I — 0) and in the
adiabatic (w — 0) limits.

In the first two cases, the linearised equations of motion take the forms:

dn ro

=-m" 7.A.1
T o m 4+ T ( )
and
dm? 1
T =—(1-=|m%, (7.A.2)
dt T
in the 7! — 0 limit, and
dm* N m*\ I'(¢)
T di = —m —l—tanh(T) e (7A3)
and
dm?* m?
= —m* +tanh{ — |, 7.A4
T 7 m* + tan (T) ( )

in the Iy — O limit. For T > 1, m? decays to zero in the first case (7.A.1). The long
time solution of the dynamical equation for m* in [2] can be obtained easily as the
attractive fixed point of the map describing the discretised form of the differential
equation: m*(t + t) = tanh[m?*(¢)/ T]. This gives m* =tanh(m*/T) #0 for T < 1
and m* =0 for T > 1. Putting the solution for m* for T < 1 into the dynamical
equation for m* in (7.A.2), reduces it to the same form as (7.A.1) but with I"(¢)/ T
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now replaced by I"(¢) in the second term. Defining now s = wt and A = wt, one can
express the general solution of m*(t) as

m* (t) = J cos(s) + K sin(s) (7.A.5)

with K = AJ = (Io/ )2 /(1 +12)] for T > 1 from (7.A.1) as well as from (7.A.2),
and Iy/ T replaced by Iy for T < 1 (from (7.A.2)). The loop area A, = fm"d]" =
2K Iy can then be expressed in the form given in (7.2.116) (containing the full
Lorentzian scaling function g(1)). The resulting exponents are « =2, 8 =1 and
y =0=24in the 7=' — 0 limit (from (7.A.1) and (7.A.2) for T > 1) and a = 2,
B=0=y =§inthe Iy — O limit (from (7.A.2) for T < 1).

In the adiabatic (w~' > 7, or small A) limit, one can write m = mq + Sm +
O()\2), where mo ~ ¢ ()\°%) and m ~ O(A"): mo = [tanh(|h|/ T)](h/|h]). Collect-
ing now the linear terms in A, one gets

d X
sm* = —, 20 (7.A.6)
ds
and
Sm? r
smt = 22 tanh(—). (7.A7)
T T

For T > 1, m* = 0 (of course mg = 0). Using this to obtain mj for the right hand
side of the other equation, one gets §m”* = —A% tanh[I"(s)/T]. Hence the loop
area Ay = fmxdl“ = f(mg + 8my)dI" + O(A\2), where I' = I'ycos(s), can be
expressed as

Ay ~ w701<7> + 0(0?), where I(y) = / sin?(s) sech®[ y cos(s) ] ds
0
(7.A.8)

where y = I/ T. As 1(y) goes to w and 4/y in the small and large y limits respec-
tively, the loop area A, can again be expressed in the form (7.2.116) with g(x) ~ x
in the x — 0 limit, and witha =2, 8 =1, y =0=4§ in the Iy « T limit and with
a=1,8=0=y =4 inthe [y > T limit. Although these limiting values for the
exponents are not observed (because of the inaccuracy of the Linearisation approx-
imations in the range of the study), they provide useful bounds for the observed
values, and the Lorentzian scaling function appears quite naturally here.

7.A.1.2 Approximate Analytic Form of Dynamic Phase Boundary

Using the mean field equation for the z-component of magnetisation (7.2.113)

dm = 4 tanh( A1) (71.A.9)
T = —m an — | — A
i 7 )kl

one can estimate approximately the dynamic phase boundary. For small m?*, |h| ~
I’ (s), where s = wt. Defining, A = w7, the above equation can be approximated as

dm? (F(s)) m? |: 1 (F(s)) ]
A = —m?* 4+ tanh = tanh —1|m* (7.A.10)
dt T JI(s) I'(s) r
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or

A [dm* 1 [(F[ 1 I(s)
2~ = tanh( ——= ) — 1 |ds. (7.A.11)
21 mz 21 Jo I (s) T

The right hand side of the above equation gives the logarithm of the factor by which
m?* grows over a cycle. So, the equation of the phase boundary can be written as

1 Iy
—F|—)—-1=0, (7.A.12)
Iy T

where

F(y) = 1 /2” tanh(y cos(s))
0 cos(s)

ds; y=1IpT. (7.A.13)
2

For large y, ycos(s) ~ y(s — m/2), and since the integrand in F(y) contributes
significantly near s = 77/2, we expand the tanh term as tanhx = x /(1 4+ x%)!/2, and

get
1 % tanh(z) 1 /™ dz
F = — d = — _
W= /0 : “Tn /0 (1420172

wy/2

2 .
= —sinh™ (2)
b4

(7.A.14)

—my/2
So the approximate analytic form of phase boundary is
wly/2

== (7.A.15)
sinh(rw I[9/2)

7.A.2 Landau-Zener Problem and Parabolic Cylinder Functions

Let us consider a time-dependent Hamiltonian of a two-level system,

Hiz(t) = —ato’ +o' = (_flt ozlt> , (7.A.16)

where o! and o3 are Pauli matrices:

L {01 5 (1 0
o _(1 0)’ o _<0 _1). (7.A.17)

Assume that the time ¢ moves from t = —oo to 0o. We express the basis vectors
of the system as |0) = (1 0)T and |1) = (0 1)T. The eigenstates of this system are
|0) and |1) when ¢t = £o00, while those at any finite times are superpositions of |0)
and |1). We assume that the initial state of the system is [¥ (—o0)) = |1). The time
evolution is determined by the Schrodinger equation:

d
iE | (1)) = Hiz(0)| ¥ (1)). (7.A.18)
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We expand |¥ (1)) as

|& (1)) = Yo()|0) + ¥ ()]1). (7.A.19)
The Schrodinger equation yields
d
iEwc(t) = —atyo) + Y1), (7.A.20)
d
iawl () =vot) +aty(1). (7.A.21)

Our problem is to solve this set of equations under the initial condition, y(—00) =
0 and |¢1(—o0)| = 1, up to an unessential phase factor. This problem is called the
Landau-Zener problem and the solution is given by the parabolic cylinder functions
[91, 242, 243, 388, 413, 443].

Eliminating ¥ in (7.A.21) by using (7.A.20), one obtains an equation of ¥ (t)
as

dZ
ﬁwo(t) + (1 =i+ a®)yro(t) = 0. (1.A.22)
Define a new variable z by
eiyr/4
= Wz. (7.A.23)

Then Eq. (7.A.22) is arranged as

d2 i/ ; 12 i/
Lo E——; Ly E )=0. (7.A24
dzzwo<(2a)1/22)+<2a+2 4)1”0(‘#2“2) ( )

Writing U (z) = Yo (e™/*z/(2a)'/?), one obtains
2

d2

2
—U(2)+ ( + % - Z—)U(z) p=i/2a. (7.A.25)

The solutions of (7.A.25) are parabolic cylinder functions denoted by D (z). If
D, (z) is a solution, D,(—z), D_,_1(iz), and D_,_1(—iz) are also solutions of the
same equation. These four functions are linearly dependent. For instance, D ,(—z)
and D_,_;(—iz) are expressed by D, (z) and D_,_1(iz) as

V2T iprim/apy

D, (— 7) = e'P" p(z)—i-F( ) p—102), (7.A.26)
i \/2_ e'P7/? i(p+hrm
D_p_1(—iz) = m Dy(z) +e D_, 1(Gz). (1.A.27)

D (z) has following asymptotic expansions for |z| > 1 and |z| > | p|:

3
D,(2) ~ e_12/4z”(1 + 0(1_2)) |:f0r |argz| < Zn], (7.A.28)
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V2 ,
Dy(2) ~ e TP (14 0(272)) — —eiPT 4P =1 (1 4 0(272))
I'(=p)
fi ! > (7.A.29)
or4rr<argz<4rr, A
V2 ;
D@~ e (14 0(:72)) — e e e I (14 0(:72))
f > : (7.A.30)
or 47r<argz< 471. A
D, (z) satisfies following recursion relations:
Dypi1(z) —z2Dp(z) + pDp_1(z) =0, (7.A.31)
d 1
d_ZDp(Z) + EZDP(Z) —pDp-1(2) =0, (7.A.32)
d 1
d—ZD,,(z) — EZDP(Z) + Dp+1(2) =0. (7.A.33)

Now, the initial condition for U(z) is written as U(z — eT37/4 x 00) — 0,

where upper and lower signs correspond to & > 0 and o < 0 respectively. To find the
solution which meets this condition, one needs to look into the asymptotic values
Dy(z), Dp(=2), D_p_1(iz), and D_,_1(—iz). Equations (7.A.28)—(7.A.30) are
followed by

‘Dp(z)‘ — ¢ TI/B £ (z— eTHT/4 00), (7.A.34)
|Dp(=2)| = /8% 20 (—z— T4 x 0), (7.A.35)
Vo -wf8ay £ (i —i3m /4 0
10| — | | TORERETHIEO (2= e X 00 a2 0)
0 (iz— e /% x 00, a <0)
(7.A.36)
0 (—iz = €/ x 00, a > 0)
D_, 1(—iz)| — .
| p 1( )| |%en/8a|;ﬁo (—iz—>e’3”/4xoo, o <0)

(7.A.37)

where note that p =i /2« is a pure-imaginary number. With this observation, one
finds that D_,_1(—iz) and D_,_1(iz) are appropriate solutions for o > 0 and
a < 0 respectively. Therefore

Yo(t) = AD_,_1(Fiz) = AD_p_1(Fie 7 ™*Qa)'?1),  (7.A.38)

and
Y1 (1) = ivo(t) + ato(t)

= ﬂ:A(za)”ze—"”/“{ ———D_ 1 (Fiz) - l(zpiz)Dpl(:Fiz)}
d(Fiz) 2

= +AQa)! 234 D_, (Fiz), (7.A.39)
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where a recursion relation, (7.A.33), is used in the last equality. The factor A is
determined by the initial condition: |y;(—o0)| = 1. An asymptotic expansion of

D_,(Fiz) for z — e=37/% x 00 yields
D_p(—iz)~ e H(Fin) P+ 0(z "), (7.A.40)
which is followed by
|D_p(—iz— —ie3™/* x 00)| = |eTPT/4| = F7/8% — /Bl (7.A.41)

Therefore A is fixed as A = e~ "/81%l /(22)1/2 and the solution is obtained as

e T /8a )
Yo(t) = TD_i a1 2ar) (7.A.42)
o
Yi(t) = e D o (674 2at) (7.A.43)
for o > 0, and
o—7/8lal _
Yo(t) = WDiﬂla\ﬂ(el 7/ V2lel 1) (7.A.44)
Y1 (t) = e/ eB3TAD; 1101 (€374 2]l 1) (7.A.45)

for o < 0.
Finally we investigate the limit of z — eT"/4 x 0o corresponding to r — 0.
From asymptotic expansions (7.A.29) and (7.A.30), one has

|D_poi(—iz — eF3/% oo)|2

/A 2 /A 2
2m eiiprreq:ip371/4 — ‘ 2n eiipn/4

T+ r'(p+1)
=2« (e”/z"‘ — 67”/2“)e¢”/4°‘, (7.A.46)
|D_ ) (—iz — P4 5 00) | = [HPITAP = ¥ (7.A.47)

where we have used an identity regarding the Gamma function: |I"(1 + iy)|* =
2y /(™ — e ™). Thus the Landau-Zener formula on the non-adiabatic transition
probability is obtained as

W1t — o0)|* = ek, (7.A.48)

7.A.3 Microscopic Equation of Motion for Oscillatory Transverse
Field

We start from the Liouville equation of motion (with Planck’s constant i = 1)

dp

= —i[Hiot. p(1)] (7.A.49)
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where Hiy is the total Hamiltonian defined in (7.2.120). In the interaction picture
the evolution is governed by

dpr(t)

i T [V, p1@)] =V ()p1(0) (7.A.50)
where
p1(t) = expli(Hy + Hp)t]p(t) exp[—i (Hy + Hp)t | (7.A.51)
and
Vi (t) = exp[i(Hs + Hp)|H; exp[—(H; + Hp)]. (7.A.52)

VI>< () is the Liouville operator associated with V(). The solution of (7.A.50) can
be formally written as

t
pl(t):expT|:—ifo le(t/)dt/i|,o1(0), (7.A.53)

with expy denoting a time-ordered series with the operators for the latest time at the
left. Note that at =0, p7(0) = p(0). Combining (7.A.51) and (7.A.53), we have

t
p(t) = exp[—i(Hy + Hp)t ]| expy [—i/ V() d[’i|p(0) exp|i (Hy + Hp)t].
0

(7.A.54)
The rate equations for magnetisation m" (u = x, y, z) are obtained from
dm* dp(t)
—=T SH 7.A.55
dt r[ dt ( )
where
m* =Tr(p(t)S") (7.A.56)

and p(¢) is given in (7.A.54). However, it is easier to work in terms of a reduced
density matrix for the spin system alone:

ps (1) =Trp p(7) (7.A.57)

where Tr; denotes a trace operation over the degrees of freedom of the heat bath.
Thus, from (7.A.54)

. t .
ps (1) =~ T |:—i/0 dr' vy (t/)],o(O)e’H”

t t t
:e—stfexpT[_i [Fartvi@)-i [ ar | dt”(V,X(t/)VIX(t”))T}
0 0 0
x p(0)e !, (7.A.58)

The angular brackets (- - -) refer to an averaging over the bath degrees of freedom. It
has been assumed that the density matrix can be factorised as

p(0) =~ pp ® py, (7.A.59)
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and the cumulant expansion theorem has been used. The physical ground for writing
(7.A.59) is that at r = 0, the spin-system is assumed to be decoupled from the heat
bath; it is at that instant that the perturbation H; which couples the spin system
to the bath is switched on. The subsequent time evolution of p;(0) is what we are
interested in. Assuming invariance under time translation, we can write

t
ps(l)zeiﬂ‘texpT<— / (t—t)(V[X(r)Vf‘(t))dt)p(O)eiHS’. (7.A.60)
0

There has been an additional assumption in writing the above equation, viz.,
(Vi“() = (v ) =o0. (7.A.61)

This can always be ensured by an appropriate choice of the coupling term H;. This
assumption is necessitated by the physical requirement of the model that at a large
enough time, the system should equilibrate to a situation governed by the Hamilto-
nian H; alone. Using a short-time approximation for the bath correlation functions
of the kind (l;(r)l;(O)), viz., that correlation functions die out after a time short
compared to any other “times” of physical interest in Hy, the upper limit in the inte-
grals in (7.A.60) can be extended to co. This enables us to further write the master
equation as

dpg (1) _
dt

—i[Hy, ps(1)] — e [ /0 Y (Vv (0))}:” Bt ps (1), (7.A.62)

While using the above equation in the rotated frame, one must replace V' by V, H
by H;, p(t) and p(t) by etc. where, for example,

p(t)=R;'U p(t)U:R,. (7.A.63)

The rate equations for the components of magnetisation are obtained using the above
formalism where we have

Vi(r) = of (Hs+Hp)T [:Ile—l'(l:ls-FHB)r
1 I 7 .
= Egb(f)[s-i_e_sz + S—le21hr]
1 - ) '
+ Egb(f)[s+672lhr _ S7621hr]' (7.A.64)

We then use m* = Tr[p(1)S*] = Try[U. Ry (t)ﬁ(t)Ry_l U-'S*] and (7.A.62) to get
the rate equations (7.2.128)—(7.2.130) (see [22] for further details). The bath corre-
lations which will appear in the calculations are not calculated but parametrised in
terms of a phenomenological relaxation rate by making use of Kubo relations. In
order to parametrise the bath correlations, we use the following Kubo relation

OO . ~ A oo . ~ A
/ dre"(b(r)b(0)) =" / dte™ " (b(1)b(0)) (7.A.65)
—00 —00
so that we can write
L [ ihern etBh/2
iht _
g /_oodte (b(r)b(O))_kieﬁh/z_i_efﬁh/z, (7.A.66)
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where

A=g? [oo d (e 4+ e~ (b(1)b(0))

=g’ / dt e [(b()b(0)) + (b(0)b(1))] (7.A.67)

is the phenomenological relaxation rate.



Chapter 8
Quantum Annealing

8.1 Introduction

Let us consider the energy minimisation of a random Ising model like an Ising spin
glass. We suppose that its energy landscape has a complex multimodal structure as
shown in Fig. 8.1(a). In such a system we sometimes encounter a difficulty of find-
ing out the ground state. The easiest way to conquer it is to examine the energy of
all the states. However such a brute force method is useless if the number of spins
N exceeds 102, because of the exponential increase in the number of states. Com-
binatorial optimisation like the present problem is an important issue in computer
science. A close relation between basic optimisation problems and spin glasses has
already been discovered [275] and fruitful collaborations have been done in the
interdisciplinary field between computer science, information theory, and statisti-
cal physics [254, 273, 297]. An important optimisation method, which originates
from statistical physics, is simulated annealing [60, 228]. One utilises the thermal
fluctuation in simulated annealing. The thermal fluctuation helps the state of a sys-
tem hop from one energy minimum to another, overcoming an energy barrier. It is
not difficult to simulate the canonical ensemble by means of the Monte Carlo or
the molecular dynamics method as far as the temperature is sufficiently high. One
may expect that the ground state could be obtained by decreasing the temperature
slowly. In fact, simulated annealing has been proved mathematically to yield the
ground state with the probability one if the temperature is decreased according to an
appropriate schedule [155].

A potential power of quantum mechanics in computation was pointed out by
Feynman [134]. After the discovery of an efficient algorithm using quantum me-
chanics for factorisation by Shor [370], quantum computation has attracted a lot of
interests in computer science as well as physics and has become an absorbing topic
in today’s science [295]. In combinatorial optimisation problems, quantum mechan-
ics may offers a different route to the target from classical optimisation algorithms,
in particular, simulated annealing. Intuitively, the quantum tunnelling effect helps
the system hop from a state to another. Let us think of an energy barrier with height £
and width w. While the classical escape rate over the barrier is given by exp(—h/T),
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Fig. 8.1 (a) A complex
multimodal energy landscape
of a random Ising model.

(b) A tall but thin energy
barrier. A quantum fluctuation
might be more useful than a
thermal fluctuation in order to
overcome this barrier

Energy

>

Configuration

(2) (b)

quantum tunneling probability is approximately given by exp(—+/hw/I"), where T
and I" are the temperature and the magnitude of quantum fluctuations respectively.
This ensures the clear advantage of quantum tunneling when w < v/ (Fig. 8.1(b))
[95, 323, 372]. We note that such a thorn-shaped structure in the energy landscape
may underlie a spin glass. It has been established that the Sherrington-Kirkpatrick
model gives rise to the replica symmetry breaking in the spin-glass phase. The possi-
bility of the recovery of the replica symmetry in the presence of the transverse field
has been discussed [49, 159, 224, 240, 323, 401], notwithstanding the absence of
conclusive results. If this happens, quantum fluctuation should heal the pathological
energy landscape and help us attain the energy minimisation.

The method of quantum annealing is analogous to that of simulated annealing
[11, 17, 69, 93, 94, 130, 135, 211, 341]. A quantum fluctuation can be introduced
to an Ising model simply by the transverse field [130, 211]. The transverse field
is made strong at first, and the system is initialised at the ground state. Then, the
transverse field is weakened with time slowly. When the transverse field vanishes,
one extracts the ground state of a random Ising model. Note that the time evolution
of the system is governed by the Schrodinger equation of motion. In spite of the
similarity with simulated annealing, the different nature of the quantum fluctuation
from the thermal fluctuation and the different rule of dynamics make us expect that
quantum annealing outperforms simulated annealing.

In the present chapter, we present several properties of quantum annealing. First
we mention basic properties of combinatorial optimisation problems in next section.
We then introduce quantum annealing in Sect. 8.3. The essence of quantum anneal-
ing is an adiabatic time evolution with a time-dependent Hamiltonian. We review
the non-crossing rule of energy levels and the quantum adiabatic theorem which
are basic theories of an adiabatic time evolution. We then give an explanation on
the mechanism of quantum annealing in this section. In Sect. 8.4, we give a brief
review on experiments and numerical tests of quantum annealing. Quantum anneal-
ing is one of the algorithms which are implemented in a quantum computer. Several
attempts to realise a quantum computation by quantum annealing have been made.
On the other hand, classical computers have also significant roles for quantum an-
nealing. They serve as not only a simulator of a quantum computer but also a solver
of optimisation problems by an application of quantum annealing. Section 8.5 is
devoted to the study on the scaling of energy gaps. As we show in Sect. 8.3, the
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Fig. 8.2 A map for a travelling salesman. A salesman needs to depart from the city /, visit all the
cities once and return with the shortest time. A length is given to each path between cities. What
paths should he choose? The answer is depicted by thick lines in the picture

success of quantum annealing is governed by the magnitude of the minimum en-
ergy gap between the instantaneous ground state and the first excited state of the
time-dependent Hamiltonian. The exponential scaling of the minimum energy gap
with respect to the size (the number of spins) N implies the exponential scaling of
the time to solve the problem. We discuss this issue using some specific models.
Following the energy gap, we focus our attention to the scaling of errors with re-
spect to the runtime in Sect. 8.6. Quantum annealing inevitably yields errors, as far
as it is performed with a finite runtime. The scaling of errors with runtime is one
of the measure for the validity of the algorithm. We investigate the scaling of errors
for a specific model, and contrast quantum annealing with simulated annealing in
this section. Finally, we mention convergence theorems in Sect. 8.7. A mathematical
basis of quantum annealing is given here. The present chapter concludes in Sect. 8.8.

8.2 Combinatorial Optimisation Problems

Let us start from the travelling salesman problem.

Suppose that there are five cities named as 1, 2, 3, 4, and 5. Depicted in
Fig. 8.2, the city 1 connects with cities 2, 3, and 5, and the path lengths are
given as 9, 3, and 5 respectively. Similarly, other cities connects with others
and path lengths are given as shown in Fig. 8.2. What is the shortest path for
a salesman to visit all cities once and return to the original place?

One can formulate the travelling salesman problem in terms of an Ising model as
follows [179]. We refer to a path between cities i and j by alink (ij). In the example
of Fig. 8.2, there are 16 links as follows.

(12), (13), (15), (21), (23), (24), (31), (32),
(34), (35), (42), (43), (45), (51), (53), (54).

We write the path length of the link (ij) as d;y. In Fig. 8.2, for example, d(12y =
dip1y =9, dii3) = diz1y = 3, and so on. We assign the Ising spin Sy;;) to the link
(ij) and suppose that S;;;y = +1 (S = —1) indicates that the path (ij) is (not)
passed. Since all the cities must be visited once, one has to be exposed by con-
straints: Z,’(Sui) +1)/2=1and ZJ(SW) + 1)/2 =1 for all i. The former means
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Fig. 8.3 Conceptual picture
showing the relation between
the classes P, NP, NP-hard,
and NP-complete. Note that
P = NP is the conjecture

that a salesman goes to city i from another city, while the latter means that he goes
out from the city i to another. The travelling salesman problem reduces to finding a
spin configuration which minimises the Hamiltonian [179]

Sijy +1

Hrsp = Z d(ij)T, (8.2.1)
all links
under the constraints
Sjiy +1 Siijy +1
— =1 d — =1. 8.2.2
Tt m T o

The problem with five cities as depicted in Fig. 8.2 is easy to solve. However if
thousands of cities are involved, it is hard to obtain an exact solution.

According to the computational complexity theory, combinatorial optimisation
problems are classified into several classes [153]. First we consider a decision prob-
lem. A decision problem is a problem which asks one whether a given statement
is true or not. The class P consists of the decision problems which can be solved
in a polynomial time by a Turing machine (which is a usual computer). The class
NP consists of the decision problems which can be solved using a non-deterministic
Turing machine' in a polynomial time. The class NP includes easy problems and
hard ones. Here easy problems mean P problems, while hard problems are those
for which no polynomial algorithm using a Turing machine is known. It is clear
that the class P is included in the class NP. However, whether the classes P and NP
are the same or not is an open problem, though many of us actually believe in the
conjecture P £ NP. This problem is known as the Millennium Prize Problem of the
Clay Mathematics Institute [79]. In addition to P and NP, there are important classes
named as NP-hard and NP-complete. Let us consider a problem p. Suppose that p
has a property that any problem in the class NP can be mapped to p by a poly-
nomial time of operation. The class NP-hard consists of the problems which have
this property. It includes non-decision problems as well as decision problems. The
travelling salesman problem mentioned above belongs to the non-decision NP-hard
class. The class NP-complete is the subclass of the classes NP and NP-hard. If an
NP-complete problem is proved to be a P problem, it is proved that P = NP. On the
other hand, if an NP-complete problem is proved not to be a P problem, it is proved
that P £ NP. Therefore an NP-complete problem has a significant role to discuss
the P # NP conjecture. Figure 8.3 shows a conceptual picture regarding important
classes of optimisation problems.

'A computer which enables one to carry out a non-deterministic computation. See Ref. [153] for
details.
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Fig. 8.4 Schematic picture showing an adiabatic time evolution. The state starting from the ground
state of Htr keeps track of the instantaneous ground level and goes to the ground state of Hy

8.3 Optimisation by a Quantum Adiabatic Evolution

We suppose that a Hamiltonian Hy({S;}) with N Ising spins (S1, S2, ..., Sy) repre-
sents a combinatorial optimisation problem. Our problem is to find the ground state
of Ho({S;}). To this end, we first replace Ising spins {S;} to z-components of the
Pauli spin {S7}. We next introduce a quantum fluctuation by the transverse field:
Hrr({S7}) = —)_; S¥. Then we make a time-dependent Hamiltonian as

F@OHo({S7}) + g Hre({S7}). (8.3.1)
where f(¢) and g(¢) are time-dependent factors which control weights of Hy and
Htp. We impose f(0)/g(0) > 1 at¢t =0 and f(r)/g(r) €0 att =1, where t
stands for the final time or the runtime. A simple choice for f () and g(¢) introduced
by Farhi et al. [130] is f(#) =1 — ¢/t and g(¢) =t/7, namely

H(t) = (1 _ 5>H0 + L Hpp, (83.2)
T T

Employing (8.3.2), H(¢) interpolates Htr and Hy linearly in time. The state vector
|W (1)) obeys the Schrodinger equation,

i%}W(r)):H(t)N/(t)). (8.3.3)
As an initial condition, we prepare the ground state of Htp for |¥ (0)). Note that it
is easy to make this state, since all the spins are simply aligned along S* axis.

The spin state starting from the ground state of Htg evolves adiabatically to the
ground state of Hy, if a finite energy gap lies between the ground state and excited
state and the changing speed of H(¢) is infinitely slow. Figure 8.4 illustrates an
adiabatic time evolution from the ground state of Htr to that of Hy.

The success of the optimisation by an adiabatic time evolution depends on the
presence of a finite energy gap and how the time-dependent Hamiltonian changes
with time. In order to discuss this issue, let us look into the two important properties
of the quantum mechanics.

8.3.1 Non-crossing Rule

Let us consider a Hamiltonian H defined on a finite-dimensional Hilbert space. We
assume that no observable commutes with the Hamiltonian. We suppose that the
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Hamiltonian contains independent real parameters pi, p2, .... The non-crossing
rule by von Neumann and Wigner [416] states that, if the eigenvalues of H are ini-
tially different from each other, one must adjust three parameters to have a doubly
degenerated eigenvalue. This prohibits crossing of the energy eigenlevels by chang-
ing only one parameter. This non-crossing rule results from the following theorem.

Theorem 8.1 Let H be an Hermite matrix of dimension d. If H has f different
eigenvalues and each of them has m; (i = 1,2, ..., ) multiplicity, then the number
of the free real parameters to fix H is given by

f
Pt f=Y m, (8.3.4)

i=1

Proof We count the number of free real parameters to fix an Hermite matrix H.
Because of the Hermiticity, one can write H as

H=UDUT, (8.3.5)

where U is a unitary matrix and D is a real diagonal matrix. We remark here that
the unitary matrix which satisfies (8.3.5) is not unique. Indeed, supposing V to be
a unitary matrix such that [D,V]= DV — VD =0, one has H = uvDviU?t.
Now let ny, ny, and np be the number of free real parameters to fix H, U, and D
respectively, and ny be that to fix a unitary matrix V which commutes with D. One
has ng +ny =ny + np, namely,

ng=ny-+np—ny. (8.3.6)
Obviously D has d free parameters, so that
np=d. (8.3.7)
A unitary matrix is generally composed of 2d” real numbers. However, due to the
unitarity, they are conditioned by 2 x %d (d — 1) + d = d? relations among them-
selves. (2 x %d(d — 1) relations from Re{[U*U]U} = Im{[UTU],-j} =0withi > j,
and d relations from [UU];; = 1. Note that [UTU];; has no imaginary part.) There-
fore a unitary matrix has d? free real parameters:
ny =d*. (8.3.8)

The number ny depends on the matrix D. The commutability of D and V yields
D;Vij = D;V;j, where D; represents a diagonal elements of D. From this, one can
see that V;; =0 (i # j) when all diagonal elements of D are different from each
other. Therefore V is a diagonal matrix in such a case. In addition, if V is unitary, it
is shown that the number of free real parameters in V is ny = d. When two elements
of D are identical to have

D

D 0
D= D3

0
Dy
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one can easily see that V must be

0 Vaia
Therefore, if V is unitary, one finds that ny = 224d—2=d+2.In general, when

the elements of D are divided into f values, D1, D, ..., Dy, and each of them has
the multiplicity m;, the number of free real parameters ny is given by

ny =mj+mj+--+m. (8.3.9)
Equations (8.3.6), (8.3.7), (8.3.8), and (8.3.9) prove the theorem. O

We remark that, in the case of a real symmetric matrix, (8.3.4) is replaced by

1a’ d—1 -1 1 8.3.10

Sdd =1+ f ;meml ). (8.3.10)
This is understood by replacing the unitary matrix by the orthogonal matrix in the
above proof and noting that there are %d(d — 1) free parameters in the orthogonal
matrix with dimension d.

Now we consider the consequence of Theorem 8.1. At first we suppose that all
energy eigenvalues of a Hamiltonian H on the Hilbert space of dimension d are
different from each other. Then, making f =d and m; =1 (i =1,...,d), one has
d? free real parameters to fix H, according to Theorem 8.1. Next, when a doubly
degenerated eigenvalue is present, (8.3.4) with f =d — 1, m; =2, and m; = 1
(i=2,...,d—1)leadsto d? — 3 free real parameters. Therefore one needs to adjust
three parameters to make a Hamiltonian with a doubly degenerated eigenenergy
from a Hamiltonian without degenerated eigenenergies. Hence it is concluded that
the level crossing of any two eigenlevels does not take place by the continuous
change of one parameter.

The simplest example is a two-dimensional Hermite matrix. In general, a two-
dimensional Hermite matrix H is written using four real parameters a, b, g, and h

as
_ a g+ih
H_|:g—ih b :|

The eigenvalues of this matrix are given by

%[a—l—b—l—\/(a—b)z—i-lg—i-ihlz}, %{a—i—b—\/(a—b)z—l—lg—i-imz},

and the difference between them is

\/(a —b)?+|g+ih|>.
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It is clear that three of four parameters are adjusted to be a =b and g = h =0, so
that two eigenvalues collapse into a single value. Also one can see that, in general,
a change of one parameter does not lead to a degenerated eigenvalue. Note that,
although a degenerated eigenvalue is obtained by an adjustment of one parameter
in the case with g = h = 0, such a case is excluded from the application of the
non-crossing rule since a conserving observable (which is the Pauli matrix o3 for
instance) is involved in H.

Now we return to quantum annealing. We consider the time-dependent Hamilto-
nian (8.3.2) for simplicity. This Hamiltonian contains the parameter s = ¢/t. When
s = 1, the Hamiltonian H(t) = Hy could have degenerated energy levels. How-
ever, when s is infinitesimally smaller than 1, the perturbation by a transverse field
lifts the degeneracy in Hy, so that all the eigenenergies are separated from each
other. According to the non-crossing rule, these eigenlevels never cross with mov-
ing s except for special points at which the Hamiltonian shares the eigenstates with
other observables. Such special points are located only at s = 0 and 1 usually in our
Hamiltonian (8.3.2). Therefore, as far as no commutable observable is present, all
the eigenenergies are separated by finite energy gaps for 0 <s < 1.

8.3.2 Quantum Adiabatic Theorem

We consider a time-dependent Hamiltonian. A system, which is initially in an eigen-
state of a Hamiltonian, stays in an instantaneous eigenstate if the change in a Hamil-
tonian is sufficiently slow. This property is described by the quantum adiabatic the-
orem [43, 215, 271].

Hereafter we assume that the Hamiltonian H (s) depends on s = ¢/7. Note that
7 controls the changing speed of H (s). The larger 7 is, the slower H(s) changes
with 7. Let &,(s) and |¢,(s)) (n =0, 1,2,...) be an eigenvalue and eigenstate of
H (s) respectively:

H (5)|¢n(5)) = En(5)|n(s)). (8.3.11)

We impose without loss of generality

_ d -
<¢,,(s)|$|¢n(s)>:0 n=0,1,2,...). (8.3.12)

Note that one can make |¢_>n (s)) satisfy (8.3.12) as follows. Consider an eigen-

state [, (5))) with (b ()| 45 [ (5))) # 0. We remark that (@, (s)| - 6u (5))) is pure
imaginary since (@ ()16 (5))) + c.c. = 2= ($n(5)|$n (s))) = 0. Define |, (s))
by |¢,(s))) multiplied by the phase factor exp(— fg (B (sH] % |, (s"))ds"). Then
one can easily show that (8.3.12) is satisfied.

Now let | (s)) be the state vector. The Schrédinger equation is written as

i% | (9)) = TH (s) | W (5)). (8.3.13)
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We assume the initial condition:

| (0)) = |1 (0)). (8.3.14)
In addition, we introduce three assumptions as follows.
(1) Let
Apn(5) = Ep(5) — En(s). (8.3.15)

There exists a positive value Ag > 0 and | Apn (8)| with m # n is bounded from
below by Agp:

| Amn(s)| = Ag > 0. (8.3.16)

Note that the condition (8.3.16) is consistent with the non-crossing rule.
(i1) Define

dH(A)
T G126, () ) (83.17)

(m=n)

mn = (Y)
Smn(s) 0

Let
o = max] foun ()], (8.3.18)
There exists a finite positive value f] < oo such that for all m and n
Smn < 1. (8.3.19)
(iii) Define

jfmn(s) (m ?é n)

8mn(s) = { OAm"(S) (8.3.20)

(m=n)

Re{gmn(s)} and Im{g,,(s)} are fragmentarily monotonic functions of s and the
number of monotonic regions between s =0 and 1 is at most N1 < oo.
The quantum adiabatic theorem is stated as follows

Theorem 8.2 Let wy(s) = [y Em(s") ds’. When © — oo, the probability amplitude
of finding ¢, (s) in the state at time t = st (0 < s < 1) obeys

. L 1
|etrwm(s)(¢m (S)iqu (S)) _ 8ml| < 0(;) (8.3.21)

Proof We expand the state vector by the eigenbasis {17 )|, (5))} as
W ()= cals)e O], (s)), (8.3.22)

n

where ¢, (s) = €/ (¢, (5)| ¥, (s)). Substituting (8.3.22) in the Schrédinger equa-
tion (8.3.13), one obtains an equation for ¢, (s):

l—cm(s)——l > ¢m<s>y |¢n(s))exp[n / S Apn(s') ds’]cn(s). (8.3.23)
n#m 0
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We here recall (8.3.11) and differentiate it by s

dH B
. )|¢n(s)>+H(S)—|¢n(S)> nls )|¢n(s))+sn(s)—|¢,,(s)) (8.3.24)
This ylelds form #n
dH(s)
(¢m(s)| |dn(s)) = UL (S)"b"( D ). (8329)

Applying (8.3.25) and (8.3.20) to (8.3.23), one obtains

%cm (s) = n;n G () Aun (5) €XP |:ir /0 A (+)) ds’:|cn (s). (8.3.26)

Taking the initial condition ¢, (0) = §,,; into account, (8.3.26) is integrated to yield

en() =i+ Y / 451 (1) Bun (1) TV, (51)
n#m

N
=i +/(; ds1 Kpi(s1, 1)

K 52
+ Y | dsy | dsi Kpny (s2.T) Knyi(s1,7) + -+
—Jo 0

S s $3 52
=5m1+2/0 dsk~~-/0 dsz/O ds [K(sk,t)...K(sz,T)K(sl,r)]ml,
k=1

(8.3.27)
where we have defined
N
Omn(s) = / A_mn (S/) ds’, (8.3.28)
0
Kun(s,7) = gmn(S)A_mn(s)einpm"(x), (8.3.29)

and [-],,;; to represent the ml-component of a matrix. We focus on the integral

N N
/ ds' Kpn(s', 7) =/ ds’gmn(s’)A_m,,(s/)eiw’"”(S/). (8.3.30)
0

0

Suppose that Re{g;;,(s)} is a monotonic function of s in between a <s < b. Due
to the second mean value theorem for integration, there exists a number ¢ such that
a<c<band

b
/ dsRe{gum (s)} Amn (5) cos{T@mn(s)}
=Re{gnm(a)}/‘cds A_mn(s) COS{T‘pmn(S)}

b
+ Re{gnm (b)} / ds Amn (s) COS{T(pmn(S)}
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=Re{gm,,(a) +Re{gmn(b)

a

’

}I:sin{fgomn(s)}jr }[sin{wmn(S)}]b
T T c

(8.3.31)

where we note f ds Apn(s) cos{TPmn(s)} = sin{t @, (s)}/7. By assumption (i) and
(8.3.18), one has

_ Rl fon @ _ foun

Relem@H==3 "0 = a0°

(8.3.32)

Therefore Eq. (8.3.31) leads to

b
/ ds Re{gmn(s)}A_mn(s) COS{T(/)mn(S)}

< %[|Re{gmn<a)}[sin{wmnm)}];| + [Re{ gma (0) }[sin{r@mn ()} 7]
fmn < M‘ﬂ

. . b
< ”m (|[s1n{t(pm,,(s)}]2| + |[s1n{rg0mn(s)}]c}) < Ag” (8.3.33)
Similarly it is shown that
b - 4
/ ds Re{gmn(s)}Amn(s) Sin{t§0mn(s)} = fmn7 (8.3.34)
a TAp
which with (8.3.33) yields
b
/ ds Re{gmn(S)}A_mn(s)eirgomn(x) = Sfmn. (8.3.35)
a TAgp

By assumption (iii), there are at most N regions in 0 < s” <s where Re{gu, (s")} is
monotonic. Hence one reaches

’ A N i s/ SN]f
/(.) dS/Re{gmn(S/)}Amn(s )e”lﬂmn(Y) < T(I)ﬂn

The same result is obtained for Im{g,,, (s)}. Therefore, it turns out from (8.3.30)
that

(8.3.36)

=

s
/ ds’ Re{gmn (S/) }A_mn (S/)eir(p"m )

0
K
/ dS/ Im{gmn (S/) } A_mn (S/)eir(pm" "
0
< M
o ‘L'A()

Applying this inequality to the integral by s1 and | K, (s, T)| = | fun (8)| < fiun to
the integrals by s; (k > 2) in (8.3.27), one finally obtains

N
/ ds' Kpn(s', 7)

0

+

(8.3.37)

o 16N sk1 16N,
|emi(s) = 8mi| < Ao m[Fk]ml: T—AO[FeF]mI, (8.3.38)
k=1
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where F' denotes the matrix composed of { f;,,,}. By assumption (iii), [F e is
bounded from above by fje/1. Therefore it is shown that
16NN, flef 1

lemi(s) = 8| < ————, (8.3.39)
TAp

so that (8.3.21) is proved. g

The quantum adiabatic theorem guarantees the adiabatic time evolution when
T — 00. We shall next derive a criterion with respect to T for the adiabatic approxi-
mation. From now on we assume |¥; (0)) = |<§0 (0)) as we do in quantum annealing.
Equation (8.3.27) leads to the excitation probability amplitude at s:

S K 53 52
cm(s) = Z/ dsy - - / dszf dsq [K(sk, 7)---K(s0, r)K(sl,r)]mO
=170 0 0

(m=>1). (8.3.40)

According to inequality (8.3.37), this quantity vanishes in the adiabatic limit,
T — 00. The correction to the adiabatic limit at finite T within the leading order
is given by

s s .
em(s) ~ [ ds1 Kpo(s1, 7) = / ds1 gmo(s1) Amo(s1)e ™m0 - (8.3.41)
0 0

Note that ¢/7#m00) oscillates intensely with s for large T, while g,,0(s) is indepen-
dent of T and behaves moderately. Therefore one may replace g,,0(s) with g,0(s")
at a point s’ in between 0 and s, and draw it out from the integral. Thus |c;, (s)]
follows

e )] < maX{\gmo V dsy Apo(sp)e TOmOD
= max{|gmo(s)|} %(eif(/’mo(s) _ 1)‘
s’ 1
2
= max{|gmo(s) [} (8.3.42)

When the right hand side of (8.3.42) is small, the present perturbation analysis is
valid. It follows that the criterion for the adiabatic approximation is given by

|<¢>m<s>|"H<”|¢o(s>>|} maxs {1 ()| 52 G ()1}
{Amo()}? B [ming{A19(s)}]2

where the variable s ranges from 0 to a given time (normalised by 7), and we note
that the energy gap Ajo(s) is the smallest of all A,,9(s). In quantum annealing, 7 is

given as runtime. If T meets the condition (8.3.43) for 0 < s < 1, quantum annealing
provides the solution with high probability. We emphasise that, when the middle or

> max[ , (8.343)
s,m
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the right hand side of (8.3.43) is large, one needs to give a still larger t. In this sense,
the magnitude of

[|<¢m<s>|”’“>|¢o(s)>|] maxs (@ ()| 252 | ()1}
max > or >

s,m {Amo(s)} [ming{A19(s)}]

have a crucial role in the success of quantum annealing.

(8.3.44)

8.4 Implementation of Quantum Annealing

Quantum annealing has been implemented in several way in practice and its valid-
ity has been investigated. In this section we review some experimental works on
quantum annealing.

8.4.1 Numerical Experiments

The validity of quantum annealing has been tested numerically for several optimi-
sation problems.

Kadowaki and Nishimori in the seminal paper [211] applied both quantum an-
nealing and simulated annealing to an optimisation problem given by the spin glass

Hamiltonian:
——Zji.,stj—hZSf. 8.4.1)
ij i

To apply quantum annealing, they added the transverse-field term —I"(t) ), o/
to this Hamiltonian and solved the time-dependent Schrodinger equation. As for
simulated annealing, they considered the master equation:

ap,
(t) - Z L0 Po(1) — Z Lo () Pu(0), (8.4.2)

where 1 and v denote spin states which diagonalise the Ising Hamiltonian Hy, and
Py, (t) is the probability of the system in the state ;. The transition matrix is given by
Ly (t) = e En/TW /(e Eu/TW) 4 o=E/TM) for 1 and v which are different only
in a single spin and L, (t) = 0 otherwise, where E,, is the eigenenergy Hp with
respect to the state p and 7 (¢) is the temperature in unit of kp. Figure 8.5 shows the
results for the Sherrington-Kirkpatrick type model with 8 spins, in which each spin
connects with all other spins and J;; is randomly drawn from the Gaussian distri-
bution with mean 0 and variance 1/8. The probability Pga (¢) that the ground state
of Hy is found in the time-dependent state during quantum annealing is defined by
Poa(t) = [(Wes| W (1)) |2 where |Wys) is the ground state of Hy and |W (¢)) is the time-
dependent state obeying the Schrodinger equation. The probability Ps4 (¢) stands for
P, (1) in (8.4.2) with u of the ground state. The transverse field and the temperature
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Fig. 8.5 Time evolution of 1 — T ‘
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are assumed to decrease with time as I"(¢) = T'(t) = 3/+/t. The initial conditions
for |¥(t)) and P,(t) are given by [¥(0)) = (1/\/2_8) Z” |n) and P, (0) = 278 re-
spectively. It is found in the figure that Pga(?) is larger than Psa (¢) for large 7. In
Ref. [211], non-random configurations of J;; with different time schedules of I"(¢)
and T (¢) are also studied and similar results are reported.

Farhi et al. [131] simulated quantum annealing using Exact Cover with spins up
to N = 20. Exact Cover is one of the NP-complete problems. An instance of Exact
Cover is composed of M clauses. Each clause involves three bits chosen randomly
from N bits. We say that the clause is satisfied if one of these three bits is 1 and
the other two are 0. The problem is to decide whether all of given M clauses are
satisfied at least by one configuration of N bits or not. The parameter « = M /N
characterises the property of this problem. When o « 1, the problem is easy and
the answer should be “satisfied” (SAT) in almost all cases. On the other hand, when
o >> 1, the problem is also easy but the answer should be “unsatisfied” (UNSAT).
The SAT solutions decrease with increasing «. In the limit N — o0, it is conjectured
that the SAT solutions abruptly vanish at a certain critical value o* [5, 279, 324] and
one encounters a phase transition between SAT and UNSAT phases at this point. The
problem is considered to be most difficult at around «,.

In order to formulate this problem in the language of spins, we assign a cost hc
to a clause C. h¢ is defined as h¢c = O if the constraint is satisfied, and hc =1 if it
is not satisfied. For instance, supposing that three bits of a clause C is labelled by
C1, C2, and C3, the cost is written as

(Sc1+ Sc2 +Sc3)? — 1
8

" {(Sc1 + Sc2+ Sc3)* — 9M(Sc1 + Sca + Sez — 1)
16 ’

where S; is an Ising-spin variable. The problem Hamiltonian is thus written as
Hy({S;}) = ZC hc(Sci, Sca, Sc3). To apply quantum annealing, the Ising spin S;
is replaced with S} and a quantum fluctuation is introduced by the transverse field.

hc(Sc1, Sc2, Sc3) =
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The time-dependent Hamiltonian employed in Ref. [131] is given by (8.3.2). In nu-
merical simulation, Farhi et al. generated tens of instances of Exact Cover which
has the unique satisfied solution, solved the Schrodinger equation, and measured
the probability that the solution is found in the final state at t = t. Figure 8.6 shows
the median runtime to achieve the probability 1/8. To obtain the runtime to achieve
the probability 1/8 for a fixed Exact Cover instance, simulation is repeated chang-
ing the runtime till the probability becomes between 0.12 and 0.13. The solid line
indicates a quadratic fit to the data. The agreement between a quadratic curve and
the results of simulation suggests that the mean time to get the solution of Exact
Cover grows quadratically with the number of bits. We remark here that the results
in Fig. 8.6 does not imply that Exact Cover can be solved by quantum annealing
in a time scaled polynomially by the number of bits. In order to reveal whether the
cost of quantum annealing is polynomial or not, one needs to argue the worst case,
namely, the scaling of the longest runtime to achieve the probability 1/8 must be
studied. It is worth noting that the largest size studied in Ref. [131] is not neces-
sarily sufficient to convince us the size scaling of the runtime. Since it would be
impractical to solve the time-dependent Schrodinger equation for sizes beyond 20
spins using a classical computer, one has to rely on other numerical or analytical
methods. We argue this issue in Sect. 8.5 from a different point of view.

From a practical point of view, one may not necessarily restrict oneself to the
Schrodinger equation of motion. If one employs another rule of dynamics, one can
apply quantum annealing to much larger sizes using classical computers. Martondk
et al. [260] demonstrated quantum annealing by a quantum Monte-Carlo method
for the travelling salesman problem. The Hamiltonian to be minimised of the trav-
elling salesman problem is given by (8.2.1). To apply quantum annealing to the
travelling salesman problem, one needs to take into account the constraints given
by (8.2.2). A standard way to incorporate them is to use the 2-opt move of the path.
A 2-opt move consists of a removal and creation of two links. Suppose that N cities
are labelled by i = 1,2,..., N, and a path 1-2-----N-1 is given initially. Let us
choose two links (i,i + 1) and (j, j + 1) from this path. We then remove these
links and create new links as (i, j)and (i +1, j + 1) or (i, j + 1) and (j,i + 1). In
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the language of spins this motion can be realised by the application of spin oper-

— - +
ators: Sz+1]+1 SinS i Siien) O SGisnSi jan Sy j+n)Sgigy Where S, =

3 L(s¥ {Lm) j: zS 1m) ) stand for the spin-flip operators. Hence the natural choice for the
quantum Hamiltonian should be

H(t)—de ——ZZH i i ) (S G Sty S i S + Hee)

(ij) (i

—~ —ZZ Da(is joi's J) (S5 St iy Siorin Sy + Hec)- (8.4.3)
(i) 'y’

The amplitudes of quantum coupling /7 and /> may depend on the distance between
cities involved in a 2-opt move. Note that under this Hamiltonian the magnetisation
>_ij) Siijy is conserved. Hence with this Hamiltonian the state moves in a subspace
with a fixed magnetisation. The quantum Monte-Carlo simulation requires mapping
of this quantum Hamiltonian to a classical one. However the presence of four-spin
interactions in (8.4.3) causes a difficulty in such a mapping. To avoid this difficulty,
Martondk et al. replaced (8.4.3) to a transverse field Ising model:

Sl
H(t)y =) dij—— f FZS (8.4.4)
(ij)

This Hamiltonian can be immediately mapped to a coupled classical systems by the
procedure described in Sect. 3.1. The usual Monte-Carlo dynamics of the classical
Hamiltonian from (8.4.4) could violate the 2-opt move and break the constraint of
(8.2.2). However, the constraint can be fulfilled if one implements the 2-opt move
in each Trotter slice. Thus quantum annealing is carried out by decreasing the trans-
verse field I" with the Monte-Carlo step in a fixed sufficiently low temperature.
The travelling salesman problem studied in Ref. [260] is the instance pr1002 of the
TSPLIB [326], which is a benchmark test problem composed of 1002 cities and the
exact solution is known by another algorithm. Figure 8.7 shows results of quantum
annealing and simulated annealing. In quantum annealing, the number of Trotter
slices P is set at P = 30 and the temperature is kept at 7 = 10/3 so as to make
the effective temperature PT of each Trotter slice PT = 100. The transverse field
I' is weakened linearly in a Monte-Carlo step 7 from an initial value I; = 300 to
zero. Before annealing, equilibration is done under /7;. In simulated annealing, the
temperature is lowered linearly from 7; = 100 to zero in a Monte-Carlo step t.
In both cases, 2-opt moves are implemented with a neighbourhood pruning, which
restricts 2-opt moves within 20 nearest neighbours, namely one Monte-Carlo step
consists of 20 x 1002 (x 30 in the case of quantum annealing) 2-opt moves. The
average is taken by the best path in Trotter slices over 96 independent runs. The
results of simulation clearly show that the excess length after quantum annealing
decays faster than simulated annealing. Since the quantum Monte-Carlo simulation
consumes more computational cost than the classical one, it might be fair to replace
the Monte-Carlo step in quantum annealing by the machine time Pt. The red curve
in Fig. 8.7 is the result of quantum annealing with the machine time. It is obvious
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that quantum annealing still gets advantage for large machine time. These results
give a numerical evidence that quantum annealing brings a faster convergence to
the target than simulated annealing.

Quantum annealing by means of the quantum Monte-Carlo method has been
applied other models. Santoro et al. [342] showed better performance of quan-
tum annealing over simulated annealing in the two-dimensional spin glass model.
Sarjala et al. [343] studied the decay rate of an error after quantum annealing in
random field Ising models in one, two and three dimensions. Battaglia et al. [30]
focused on the 3-satisfiability problem. The 3-satisfiability problem is one of the
NP-complete problems, and explained as follows. We consider N bits denoted by
(01,072, ...,0n). An instance of the 3-satisfiability problem (3-SAT) is composed
of M clauses. A clause C involves three bits randomly chosen from N, which we la-
bel by C1, C2, and C3. A value z; taken from O and 1 with probability 1/2 is given
to each bit. Thus a clause C is represented as (z¢1, z¢2, 2¢3). We here consider the
exclusive distinction between z¢; and the corresponding bit o¢; (i = 1, 2, 3). When
at lease one of the three values of exclusive distinction is 0, we say that a clause C is
satisfied. The problem of 3-satisfiability is to decide whether given M clauses can be
satisfied by a bit configuration. In terms Ising spins, this problem can be translated
into a problem to find a zero energy ground state of the Hamiltonian:

1
H=2 Z(l —&c1Sc) = e2Se2)(1 = ¢e3Sce3), (8.4.5)
c

where ¢; and S; have been defined as ¢; = 2z; — 1 and S; = 20; — 1 respectively.
It is shown in Ref. [30] that quantum annealing performs worse than simulated
annealing, if it is applied to the 3-satisfiability problem. Matsuda et al. [261] studied
quantum annealing in the Villain model defined on the square lattice. The vertical
bonds are ferromagnetic whereas horizontal ones alternate between ferromagnetic
and antiferromagnetic. What is special in this model is that one has an exponentially
large number of degenerated ground states. Matsuda et al. observed that quantum
annealing does not work well in comparison with simulated annealing in this model.
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All these numerical experiments using quantum Monte-Carlo simulations show that
quantum annealing basically works, but it does not always outperforms simulated
annealing.

8.4.2 Experiments

In order to implement quantum annealing, one needs to make a system realising a
transverse Ising model, initialise the spin state at the ground state of the transverse
field term, move the state without decoherence by weakening the strength of the
transverse field, and read the final state. A quantum computer naturally performs this
procedure. Although a quantum computer is still beyond our reach, some elementary
experiments of quantum computation by means of quantum annealing have been
carried out.

Steffen et al. [376] first demonstrated quantum annealing for a three-bit MAX-
CUT problem using an NMR quantum computer. The MAXCUT problem is one
of the graph partitioning problem and belongs to the NP-hard class. Although the
problem challenged in Ref. [376] is quite small, it has been observed that quantum
annealing brings the solution.

A system of coupled superconducting flux qubits is another candidate for a quan-
tum computer. D-Wave Systems, a Canadian company, is developing a commercial
quantum computer made from superconducting flux qubits. It has been reported in
Ref. [201] that the ground state of an Ising spin chain with eight spins is obtained
by quantum annealing. Although a large gap must be filled before the realisation of
a commercial quantum computer, the challenge of D-Wave Systems [201, 309] is
noteworthy.

Trapped atomic ions also provide a route toward the realisation of a quantum
computer. Kim et al. [225] reported that the ground state of a frustrated Ising-spin
system with three spins made from trapped ions is attained by the adiabatic evolution
following a change of the transverse field. What was done here is essentially the
same as quantum annealing. The development of a quantum computer using a large
number of trapped ions is expected.

Experiments mentioned above are concerned with microscopic systems. Brooke
et al. [47] in turn studied quantum annealing and simulated annealing using a bulk
material LiHo, Y1_,F4. When one applies a magnetic field perpendicular to the ¢
axis, this material realises an disordered Ising system in a transverse field. Brooke
et al. conducted two protocols of annealing and compared resulting states. The one
protocol is simulated annealing, where the temperature is reduced at first at the weak
transverse field and then the field is lifted toward the target. In the other protocol, one
lifts the field at a high temperature, reduces the temperature with keeping the field,
and then reduces the field at the low temperature. The latter corresponds to quantum
annealing. In both cases, the initial and final conditions for the temperature and field
are the same. The measurements of the ac susceptibility reveals that the state after
quantum annealing involves shorter time scales. This means that quantum anneal-
ing brings states in narrower energy minima than simulated annealing. Although it
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is not clear whether the true ground state is in such narrow energy minima, experi-
ments suggest that quantum annealing should have a virtue in extracting the global
minimum from the sharp energy landscape.

8.5 Size Scaling of Energy Gaps

As we mentioned in Sect. 8.3.2, the success of quantum annealing rests on the mag-
nitude of

maxg {1 (b ()1 L2262 |G (5)) )
[ming {A10(s)}12

The runtime T must be greater than (8.5.1) in order to obtain the solution with high
probability. One may assume that the numerator of (8.5.1) is O (N) since the Hamil-
tonian is an extensive quantity. Therefore, if A, = ming{A9(s)} is scaled by a
polynomial of N~! then the runtime grows polynomially with N as well, while the
exponential scaling of Apj, gives rise to the exponential increase of the runtime.
The knowledge on the scaling of Ap;, is crucially important to reveal the ability
of quantum annealing. In this section, we shall argue the scaling of Ap;, in several
models.

8.5.1)

8.5.1 Simple Case

As a simple case, let us focus on the pure transverse Ising chain. Because of the
parity conservation of the fermion number, the lowest excited state accessible during
the time evolution from the ground state is not actually the first excited state. The
energy gap from the ground state to the lowest accessible excited state is given by

Al =4 cosl—[‘ 2+sin2£
B N N’

where we have assumed a system with size N and with the periodic boundary condi-
tion. It is easy to show that this energy gap takes its minimum A, = 4sin §; when
I" =cos %;. For N > 1, it follows that

47
Amin ¥ N (8.5.2)

Hence the minimum energy gap closes as 1/N with N — oo. In the thermodynamic
limit, this occurs at the quantum critical point I = 1. The scaling relation (8.5.2)
is reproduced from the dynamical scaling relation in the vicinity of the quantum
critical point:

(D)~ |1 =T ~§°
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where t(I") is the coherence time defined by t(I") = h/A(I") and the & is the
correlation length of the ground state. In finite d-dimensional systems, one may re-
place the correlation length with the linear size N'/¢ and A(I") with Iyin. Using
the critical exponents z =v =1 and d = 1, one can obtains Apyj, ~ 1/N. In gen-
eral, d-dimensional systems with a quantum phase transition characterised by the
dynamical exponent z have

Apmin ~ N~9/4. (8.5.3)

Therefore, as far as a standard second order quantum phase transition is concerned,
the minimum energy gap Ap;y is scaled polynomially with the system size.

8.5.2 Annealing over an Infinite Randomness Fixed Point

‘We move on to disordered systems. Since the non-trivial combinatorial optimisation
problem involves disorder, it is significant to investigate quantum annealing of dis-
ordered systems. In this subsection, we focus on the random transverse field Ising
chain, though it is still trivial from the viewpoint of the optimisation problem.

Let us consider the random transverse field Ising chain:

H==Y"JiSiS, —TY hS, (8.5.4)
i i

where the coupling constant J; and the random parameter /; are assumed to follow
uniform distributions,

P(J) =06 — Ji),
P(hi) =0(hi)0(1 — h;),

respectively. Same as the pure system, the model (8.5.4) is self-dual at I" = 1, where
a quantum phase transition takes place. The critical point /. = 1 is known as an
infinite randomness fixed point. The critical properties are revealed by the strong
disorder renormalisation group [138]. According to detailed calculations [139, 188,
415], the distribution of the energy gap A from the ground state to the first excited
state at the critical point of the system with size N is given as a function of x =
—1In(A/Ap)/v/'N, where Aq is the largest energy scale of the system. In fact, the
distribution function is obtained as [139]

P(A,N)dA = P(x)dx (8.5.5)

2 —x%/4
e forx > 1,
PO~V (8.5.6)
Te " /45D for x <« 1.
Let xmax be the value of x that maximise P (x). The typical energy gap Ay, of the
system at the critical point is estimated by — In(A¢y,/Ao)/ /N 2 xmax. This implies
that the scaling of the typical energy gap is given by

Agyp ~ €=MtV 8.5.7)
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The average of the energy gap is given by
o0 o
Aav=/ AP(A,N)dA:/ Aoe YN P(x)dx.
0 0

When +/N > 1, the integrand vanishes for x > 1/+/N < 1, so that one may safely
approximate P(x) as P(x) ~ (2 /x3)e™™ 214 yield

o [ B g,
0 X

One can see that the integrand has a sharp peak at x* = (72 /2N /2)!1/3_ The width of

the peak can be estimated as 2x*? /7 by making x = x* +8 and expanding —x+/N —

72/ (4x?) up to the order of 82. Therefore one obtains

1
Ay & ie—x* N-n?/(4x*?) N1/6 exp{ _é (n_2N> a } (8.5.8)
x* 2\ 2

We recall here that the lowest excited state accessible during the time evolution

from the ground state is not the first excited state. We then call for an ansatz that the

energy gap A,.c(I") from the ground state to the lowest accessible excited state also

obeys a distribution with the variable x = —In(Ayc(I%)/A0)/ VN at the critical

point. The numerical study by Caneva et al. [58] has confirmed that this ansatz

seems actually true. In the present system, the energy gap of a fixed sample is not

always minimised at the critical point. One can bound the minimum energy gap
Amin by

Amin < Aacc(IT).

From this inequality and the scaling analysis on the energy at the critical point,
we reach that the typical runtime to achieve optimisation by quantum annealing is
estimated as
1/2
Tyyp 2 eSSV (8.5.9)

whereas the averaged one is estimated as

Taye 2 €%V (8.5.10)

Now let us generalise these results to a system with a generic infinite randomness
fixed point. We suppose that the distribution of the energy gap to the first excited
state is given with an exponent ¥ by

P(A,N)dA=P(x)dx, x=—In(A/Ag)/NY (8.5.11)

at the critical point. Note 1 = 1/2 for the random transverse field Ising chain. Most
recent numerical study has shown v ~ 0.48 for the two-dimensional random trans-
verse Ising ferromagnet [235]. With generic 1, the argument presented above shows
that the typical runtime is estimated as

Tiyp 2 NN (8.5.12)
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An estimate for the averaged runtime t,ye is not available since the detailed form
of the distribution function P (x) with generic ¥ is not known. If one assumes the
same form as the random transverse Ising chain, one has

Tave Z eXp(COIlSt. X N21/f/3).

In any case, it turns out that the disordered Ising chain under consideration gives
rise to subexponential complexity for quantum annealing, though it serves as a trivial
optimisation problem.

It is significant to comment on the role of the frustration in the infinite ran-
domness fixed point. One might naturally think that Ising spin glass models in a
transverse-field involve an infinite randomness fixed point. In fact, quantum Monte
Carlo simulations have shown its manifestation in a two-dimensional transverse
field Ising spin glass [333]. However the character of a quantum phase transition
of this model is still uncertain. The strong disorder renormalisation group is con-
cerned with the strongest interaction energy and transverse field and its procedure
is not influenced by the presence of frustration. This suggests that the frustration
might be an irrelevant factor to the infinite randomness fixed point. If this is true,
not only trivial optimisation problems but also nontrivial ones share the same scal-
ing of runtime in quantum annealing. Notwithstanding this speculation, the infinite
randomness fixed point in frustrated models and quantum annealing over such a
critical point remain to be clarified.

8.5.3 Annealing over a First Order Quantum Phase Transition

We have so far analysed size scaling of the energy gap at continuous quantum phase
transitions in the previous subsections. We next consider first order quantum phase
transitions in the present subsection.

8.5.3.1 Fully Connected p-Body Ising Ferromagnet in a Transverse Field

Let us consider the fully connected p-body ferromagnetic Ising model in a trans-
verse field. The Hamiltonian is written as

1 N

Np—1
i

S5 ST -y s, (8.5.13)
= i

..... ip=1

where N is the number of spins in the whole system and p denotes the number of
spins which are interacting. We assume that p is odd and consider p — oo limit. As
we showed in Sect. 3.4.2, this model exhibits a first order quantum phase transition
at I.=1.
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We begin with the perturbation theory of the ground state. Let us first choose the
ground state of the classical Hamiltonian Hy as an unperturbed state. The Rayleigh-
Schrodinger perturbation theory gives the perturbed ground-state energy as

Ey (I =EY + (g Z(—FV){%(E;(” — Eo(I') — FV)} l2),
Es” — Hy

n=0
(8.5.14)
where |g) and Eéo) denotes the unperturbed state and the corresponding energy,
k) (k =1,2,...) stands for an eigenstate of the classical Hamiltonian Hy, and
Q =) 4~ |k) (k| is the projection operator onto the subspace orthogonal to |g). We
define V = Zi Sf and Vj; = (k|V|l). One can easily see that Vi =0 and Vi; # 0
for |k) and |I) which differ by a single spin flip. Hence (8.5.14) reduces to

F2
Eg(l)=—N - — > Val*+0(r?)

k>1
—_N-T2yo(r), (8.5.15)
where we note EéO) = —N and Zkz 1 |ng|2 = N. Next, we consider the ground

state of —I"V as the unperturbed state and deal with Hy as the perturbation. Suppose
that |g)) and |k)) (k =1, 2, ...) represent the ground state and an eigenstate of —I"V
respectively. The perturbed energy is written as

| (k| Holg)

Ey(I)==NT +(glHolgh + > — =&
k

k>1

+0(r2), (8.5.16)

where E [ is an eigenenergy of —I"V. Since the ground state of —I"V is the su-
perposition of all the eigenstates of Hy with the same weight, the second term is
evaluated as

1 N
(el Holgh = Y| KIgh PEL = 55 S B0 ~ 0 (2_N)
k k

where E ,EO) (k=1,2,...) denotes the eigenenergy of Hy with respect to |k). Sim-
ilarly, the matrix element in the third term is computed as |{(k|Ho|g))| &~ N2~V
Noting that the summation is dominated by the terms with E [ ~ O(1), one finds

that
ZI((leolg»IQ%_L NN N LN L (N
= —NF—E{ NI \2V ) {(N/2)!}? N2V 2N )
Therefore (8.5.16) is estimated as

- N
Eg(F)z—NF—i-O(Z—N). (8.5.17)
Equations (8.5.15) and (8.5.17) imply that the ground-state energies with I" < 1
and I" > 1 are not modified from the unperturbed energies within the leading order
(which is proportional to N).
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In order to reveal the size scaling of the energy gap at the quantum critical point,
one needs an elaborate analysis. We consider the following Hamiltonian which ap-
proximates (8.5.13) at the critical point I%:

He=—Nlg){gl — NIc|g) (gl (8.5.18)

Note that the first and the second terms represent the classical term Hy and the
transverse-field term —/I.V respectively. In the first term, we have neglected the
highest energy level of Hy. As for the second term, we adopt an approximation
that all the eigenenergies except the ground energy vanish, because the zero-energy
states dominate all the eigenstates of —I"V in their number. One can show that cor-
rections to this approximation do not change the result [205]. We solve the eigen-
value problem of (8.5.18):

Hely) = AlY), (8.5.19)

where A and |) represent the eigenvalue and the eigenstate respectively. Substitut-
ing (8.5.18) and applying ((g| and ((k| to the left, one obtains

—N{(glg)(gly) — NIc(gly) =2r(el¥),
—N{klg)(gly) = r{kly) (k=1,2,...).

These equations are arranged into

N
(ely) + m«gh‘%)(ghﬂ) =0, (8.5.20)
N
((k|1//)+7((k|g)(g|1ﬂ)=0 (k=1,2,..)). (8.5.21)

Multiplying the first and the second equations by (g|g)) and (g|k)) respectively,
(8.5.20) and (8.5.21) are summed into

N
<g|w>+m|«g|g (gly) + Q (klg)| (glv) =

where we have used |g)) ((g] + Y ;= k) (k| = 1. Since | ((g|g)|* = |((k|g)|* =27V
and Zkzl =2N _ 1, the above equation reduces to

LY (S St
2N\ NT: + 2 ro)

Noting that I = 1, this equation is easily solved to yield

N
—-N+ — N
Thus one obtains the size scaling of the energy gap at the quantum critical point:
2N
Amin = N2 (8.5.22)

This result implies that the present system suffers from the exponential scaling of
the minimum energy gap, although the classical Hamiltonian Hy has a trivial ground
state.
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8.5.3.2 Quantum Random Energy Model

The second model we investigate is the p-body random Ising model in the transverse
field:
H(IN=Hy—-TV

Hy= > Jy. S5 S5 SF s v=>"s;, (8.5.23)

lP 11
I<ij<--<ip<N

.....

NPl Nrtb
P(Ji...ip)) = - eXP<— ol Ji i,,)‘

where we assume that the J;,, _ ; » obeys the Gaussian distribution,

.....

As mentioned in Sect. 6.6, the classical Hamiltonian Hy is reduced to the random
energy model by taking p — oo [103, 104], where the eigenenergy of Hj obeys the
distribution

P(E) = ﬁe‘fz/’v . (8.5.24)

In the present subsection, we shall mainly discuss this particular case by means of
the perturbation theory [204].
First, we choose I" = 0 as a starting point of the perturbation theory. Let |k) and

E ,EO) be an eigenstate and an eigenenergy of Hj respectively. We suppose that E ,EO) is
of order N. According to the Rayleigh-Schrodinger perturbation theory, the energy
perturbed by —I"V is written as

Ex(D) =E” + k|Z< FV){ (O)Q (B — Ex(D) - )} k),
Hy

(8.5.25)

where Q = Zl# I[}(I| is the projection operator. Let V;; = (i|V|j) be the matrix
element of V. Equation (8.5.25) is then written up to the second order of I" as

F2|V |2

(0) - VKT

ExN)=E.+) e +., (8.5.26)
= E

where we remark that the first order term of I" vanishes since Vi =), (k|S*|k) =

0. Notice that |Vkl|2 =1 if |/) differs from |k) by a single-spin flip and |Vk1|2 =0

otherwise. It follows that

1
0 2 -(0)
Ex(IN=E; + W(m @ > IVulE +>
ko Ik
Since each E 1(0) obeys the distribution (8.5.24), one can estimate ) , 2k [ Vi |2 El(o) ~

O(+/N). For higher orders, one can see Zl;ék |Vk1|2(El(O))” = O(N"/?). Therefore
one obtains
N
Ex)=EY +I*— +r?0(N"3?) +..., (8.5.27)

©)
E k
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0

where we have used £, " = O(N). The ground energy in particular is written as

FZ
E, (')~ —-N+~In2 — ——. 8.5.28
(I n J1n2 ( )

We remark that the second term in (8.5.27) is of order I?x1. Higher orders in
I' are shown to give O(1/N) contributions. This implies that the energy E ,EO) of
order N is not perturbed by the transverse field —I" V within the leading order in N.
Consequently the free-energy density and the entropy density are independent of I".

We next look upon the perturbation expansion around I" = co. We here focus
on the ground state |g)) of —I"V as the unperturbed state. The eigenenergy —I"V
with respect to |g)) is —N I". We suppose that |k)) and E [ denote an eigenstate and
an eigenenergy of —I"V. The perturbation expansion of the ground energy around
I' = 0o is given by

| (k| Holg)?

7+ 8.5.29
—NI' —El ( )

Eo(I') = —NT + (g|Holg)) + Z
k>1

The second term is arranged as

(el Holg) Z} (el [EY = 2NZE<°),

where note that |k) and E ,EO) are an eigenstate and an eigenenergy of Hy. Since the
eigenenergies of Hj obey the distribution (8.5.24), the second term is estimated as

(gl Holg)) ~ sz/z VN2V,

which turns out to be exponentlally small. Regarding the third term, |k)) must differ
from |g)) by p spins in order to produce a finite contribution to the summation. This
is because Hy flips p spins in the o basis if it is applied to |g)). The energy E [ of
such states is given by (—N 4 2p)I". Hence one has

(k1 Hole) I
2 Nr-gr = F;! I EOIg) [ = = 5 el ).

Due to the distribution (8.5.24) of the eigenenergies of Hy, the expectation value of
H§ is estimated as

1
\/_

0 _2 N
(el Hg g = ENZ EQ)? E2 BN gp = =

Thus one obtains

3 |(k|Holgh> N

r - :
=1 —NI' - E; 4pI”
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One can show that higher order corrections are negligible. Hence the perturbed
ground state energy is obtained as

- N
E,(I')~—-NI' — ——. 8.5.30
g (I7) apT ( )
To obtain the expression for generic eigenenergy, one needs to go around with the
perturbation theory of degenerated states of —I" V. However the matrix elements of
Hj between degenerated states are tiny and lift the degeneracy by a small amount.

Hence the argument for the ground state can be basically applicable and yields

~ T N
Ex(I'~—E; apT (8.5.31)
for a generic unperturbed eigenenergy E ,f of —I"V. The second terms in (8.5.30)
and (8.5.31) vanish with p — oo. Therefore the energies are not affected by the
perturbation within the leading order in N. It turns out that the free-energy density
and the entropy density are not modified by the perturbation as well.
The quantum critical point can be identified from the crossing point of Eg(I")

and Eg(l"). Equations (8.5.28) and (8.5.30) yield
I': =+In2. (8.5.32)

The quantum phase transition between the ground states for I” < I and I" > I is
the first order transition. The same result can be obtained using the static approxi-
mation [158], which has been shown to be exact when p — oo [109].

The energy gap between the lowest two states at the critical point is estimated
as follows. We consider two ground energies Eq(/") and Eg . These two energy
levels come close to each other with I approaching It.. However, level crossing
is avoided at I because of quantum tunnelling between two states. This is what
the non-crossing rule states. To obtain the energy gap, we introduce the following
Hamiltonian:

H = Ey(I)|g) (gl + Eo (1)) (gl
= —N+In2(|g) (gl + |2) (gl). (8.5.33)

Here we have restricted ourselves to these two levels and neglected the effect of
higher levels. In addition, we have made an approximation that the ground states
for I' < I and I" > I, do not change from the unperturbed ground states |g) and
|g)) respectively. This approximation is reasonable because of the above perturba-
tive analysis and the discontinuous character of the transition. Now, let |e) be the
normalised state which is orthogonal to |g), such that (gle) =0 and (ele) = 1. We
expand |g)) using |g) and |e) as

Ig) = alg) + Ble). (8.5.34)
The Hamiltonian (8.5.33) can be written as
H = —NvIn2{(1+|al*)Ig) (gl + |B*le) el
+ aB*|g) (el + o Ble) (gl }.
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By diagonalising this Hamiltonian, one finds that the energy gap is given by [204]

A =2N+vIn2la> =2N+vIn2(g|g) = 2+/In2N27V/2, (8.5.35)

where note that (g|g)) = 27V/2. This shows that the energy gap at the quantum
critical point closes exponentially with system size N.

8.5.3.3 Numerical Studies

In order to clarify the scaling of the minimum energy gap in systems represent-
ing practical optimisation problems, we need to rely on numerical studies. Young
et al. investigated a quantum Hamiltonian of Exact Cover by means of the quan-
tum Monte Carlo method [440, 441]. The quantum Monte Carlo might be the most
suitable method for our purpose, considering its applicability to various systems
and large sizes. Let us consider the imaginary-time autocorrelation function of S,
(87(0)S; (u)), where S; (u) = e uH 7 " is the Heisenberg operator with the imag-
inary time u. Let Ajg be the energy gap between the ground and first excited states.
When g = T—1 = oo and u > Ay, this autocorrelation function reduces to

(5057 (0) = g+ 3 _|inISflg)[FeEFe), (8.5.36)
n>1

where ¢ is the spin glass order parameter defined by
q=|(2ls?e)). (8.5.37)
We note that |g) and |n) (n = 1,2,...) stand for the ground and excited states of
H with eigenenergies E, and E, respectively. Equation (8.5.36) turns out to be
(S7(0)S7 (u)) —q ~ e~"410 for y > Ayg. Therefore one finds Ajg by the decreasing
rate of ln[(SiZ ) Sl.Z (u)) — q] with respect to u. Now we consider the time-dependent
Hamiltonian H(s) = (1 —s)Ho — s ) ; S, where s = /7 is the time normalised
by the runtime and Hj is the problem Hamiltonian. What Young et al. showed by
a quantum Monte Carlo simulation in Ref. [441] are as follows. (1) For some in-
stances of Exact Cover, the spin glass order parameter g as a function of s exhibits
a discontinuity between different values. When this discontinuous transition occurs,
q drops abruptly and then rises up to a different value. (2) The energy gap takes
a minimum simultaneously with ¢. Its value are much smaller compared to those
for instances in the absence a discontinuous transition of g. (3) The ratio of the
instances with a discontinuous transition increases up to unity with increasing the
system size.

We recall that Farhi et al. have reported a polynomial scaling of the median run-
time to get a solution in the same problem on the basis of simulation for system
sizes up to N =20 [131] (see Sect. 8.4.1). In this small size regime, the probability
that an instance with a discontinuous transition is drawn is so low that almost of
all instances should be easy problems with large energy gaps. Assuming that the
energy gap at a discontinuous transition point closes exponentially with the system
size, the result of quantum Monte Carlo simulation implies that the complexity of
Exact Cover by quantum annealing turns into an exponential one with the system
size.
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Fig. 8.8 The eigenenergies
of the Hamiltonian (8.5.38)
witha =1,b=2, and

& = 0.1, which bring about
anti-crossing. The energy gap

2
1
is minimised at g = 0 and
given by |8|2 /
e

8.5.4 Anderson Localisation

In the previous subsection, we have discussed a first order quantum phase transition.
Here in this section we discuss scaling of the gap at a level anti-crossing point with
the aid of the notion of the Anderson localisation.

Let us consider a correspondence between a transverse-field Ising model and a
tight-binding model. In this correspondence, an eigenstate of the Ising Hamiltonian
with N spins is regarded as a vertex site of the N-dimensional hypercube. Then
it is easy to see that an Ising Hamiltonian and a transverse field correspond to a
potential energy on site and hopping between nearest neighbour sites. Now we con-
sider a transverse-field Ising model representing quantum annealing of Exact Cover.
By the analogy to the Anderson localisation [15], it is expected that the random-
ness in the potential energy makes the wavefunction of an eigenstate localised in
the N-dimensional space and decay exponentially with distance from the centre of
localisation. As one changes the transverse field, the energy of such localised states
changes. For simplicity we consider two levels which are close in energy. Accord-
ing to the non-crossing rule described in Sect. 8.3.1, level crossing of two levels
does not occur as far as no special symmetry or conserving quantity is present. The
Hamiltonian expressing this level anti-crossing can be written effectively as

ag )
H = |: 5 —bg:| , (8.5.38)
where we chose localised states as the basis. ag and —bg are the energies of lo-
calised states without tunnelling energy. g is a parameter representing the transverse
field so as to vanish at the crossing point of two levels. § stands for the tunnelling
energy. Figure 8.8 shows two eigenvalues of (8.5.38). The minimum energy gap is
obtained, when anti-crossing takes place, as Amin = 2|8|>. The tunnelling energy 8
decays exponentially as the distance between the positions of two localised states
increases. Thus the minimum energy gap closes exponentially with the size N if the
distance of two lowest levels is O (N).

Let us elaborate on above argument a little further. We consider an instance of
Exact Cover which has a unique satisfied solution. We assume that this instance
consists of M clauses. The ratio « = M/N is very close to the critical value o*
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Fig. 8.9 Schematic of energy levels of transverse field Ising models representing Exact Cover.
(a) Lowest two energy levels of a Hamiltonian with M — 1 clauses which give rise to two satisfied
solutions. (b) Lowest two energy levels of a Hamiltonian with M clauses. The addition of one
clause lifts one of the degenerated ground states at /" = 0 by 1 or 4. For finite I, the lowest energy
level of the Hamiltonian of M — 1 clauses shifts upward by about 1 or 4 with a finite probability.
As aresult, a level anti-crossing takes place at I = ¢

which divides the SAT and UNSAT phases. It is known that problems with « close
to o™ are particularly hard and that satisfied solutions, if they exist, are different from
each other in O(N) bits when a ~ o™*. Now we focus on M — 1 clauses for which
there are two satisfied solutions. Adding the transverse field to the Ising Hamiltonian
of M — 1 clauses, the doubly degenerated ground level separates into two levels.
When the transverse field I" is small, these two eigenenergies decreases with the
transverse field (Fig. 8.9(a)). Let Eg(I") and E{(I") denote the ground and first
excited eigenenergies. We define I, such that at this point the difference of two
eigenenergies becomes 4, namely, Eq (1) +4 = E1(I). We now add the remaining
clause. Then the degeneracy of the ground state at I" = 0 is resolved and one of the
degenerated states acquires the energy 1 or 4. When the transverse field is switched
on, one may think that the lowest level of the Hamiltonian with M — 1 clauses is
lifted with a non-zero probability by about 1 or 4 so as to connect with the excited
state at I = 0 (Fig. 8.9(b)). As a result, it is likely that two levels cross at a certain
I' = Iy.. Due to the non-crossing rule, this level crossing is avoided in practice
and a level anti-crossing takes place. If the shift in energy by the addition of one
clause is 4, then the anti-crossing takes place at Iy, namely, I, & I',. On the other
hand, if the energy shift is 1, one has I'c < I'x. Thus one finds that Iy < I.
Altshuler et al. [10] applied the perturbation theory to this energy-level analysis,
and obtained size scaling of I, and A, at the anti-crossing point. The application
of perturbation theory is allowed if the energy levels of the Hamiltonian are discrete
and no continuous spectrum is involved in the thermodynamic limit. On the basis
of the theory of the Anderson localisation [1], we guess that this condition is given
by I' < It = O(N/dInd) = O(1/InN), where d is the spatial dimension and
note that d = N in the present system. The results of the perturbation theory are
written as I, ~ N~1/8 and Apip ~ exp(—cN In N), where c is a constant. We refer
to Ref. [10] for the details of the perturbation theory. We note that I, < I, for
N > 1 implies the consistency of the perturbation theory. The results show that a
level anti-crossing takes place at Iy close to 0, and that the energy gap at anti-
crossing decays as an exponential of N In N. We comment that Farhi et al. [132]
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have discussed an avoidance of the anti-crossing by randomising the transverse field,
and that Choi [75] has proposed a different choice for the problem Hamiltonian
which might change the exponential scaling of the minimum energy gap.

The anti-crossing at an infinitesimal I is contrasted with a first order quantum
phase transition which takes place at I = O(1). In practice, a quantum Monte
Carlo simulation of Exact Cover has shown a transition point which is rather close
to 1 [441] (see Sect. 8.5.3.3). In addition to this, Jorg et al. [206] have shown for an
random optimisation problem related to 3-SAT the presence of a first order quantum
phase transition with a transition point around I, = 1 by means of a quantum cavity
method and a quantum Monte Carlo simulation. The consistency of the anti-crossing
at an infinitesimal Iy with the first order quantum phase transition has not been
clarified. One needs further investigation about this.

8.6 Scaling of Errors

As far as quantum annealing is performed with a finite runtime, it is inevitable to
suffer from a finite amount of errors. The decay rate of errors with runtime is an
important measure to characterise the validity of quantum annealing. In the present
section, we discuss the decay rate of errors by quantum annealing.

In the presence of a non-zero minimum energy gap, the error by quantum anneal-
ing vanishes in the infinite limit of the runtime v — oco. However, the runtime must
be taken to be finite in the practical situation. When the runtime is finite, according
to the quantum adiabatic theorem, the probability that an excited state is detected in
the final state is given by

|(px|¥ (7))
-2

for T > A i, where |¢y) is the k-th excited state of the problem Hamiltonian Hy,
|W (7)) is the final state after annealing, and Ay is the minimum energy gap above
the instantaneous ground state. The residual energy is estimated as [390]

P~e? (k=1,2,..) (8.6.1)

Eres = (¥ (0)|Ho|¥ (v)) — E¢
= Eg(|(gelw @)’ = 1) + > Ef(gelw (0)]

k>1
~772 (8.6.2)

where E, and Ej are the ground and excited energies of Hp, and |¢;) is the ground
state of Hy. Hence one finds that the excitation probability and residual energy decay
as 72 with runtime 7, as far as 7 > A;lizn.

As we have seen in the previous section, quantum phase transitions have a sig-
nificant role in understanding of quantum annealing. Let us consider a simple case
that a standard second order quantum phase transition occurs on the way of quan-
tum annealing. We assume a critical point characterised by an exponent v for the
correlation length and a dynamical exponent z for the coherence time. Suppose that

quantum annealing is performed by changing the transverse field as I'(t) = —¢/t
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with rate 1/7 and time ¢ moving from r = —oo to 0. Then the density of defects
after annealing is scaled as 7~4v/@+1) [318], as we mentioned in Sect. 7.2.2.2. The
residual energy density obeys the same power-law scaling. if the ground state of the
problem Hamiltonian is separated from excited states by finite energy gaps.

Apart from the standard second order quantum phase transition, the problem is
not so simple. One of the tractable systems is a random transverse field Ising chain
given by (8.5.4). Caneva et al. studied quantum annealing of this model using the
Landau-Zener transition formula [58]. Let us assume that the transverse field is
changed as I" = —t/t with time ¢ moving from t = —oo to 0. The state starting
from the ground state of the transverse-field term is likely to excite when the energy
gap to the first accessible excited state Auc. takes the minimum. The excitation
probability during the time evolution is well approximated by the Landau-Zener
formula: e~ min?/ 4 \where Apin is the minimum of A, and « is the slope of
the approaching lowest two eigenenergies as functions of s = ¢/7. Supposing that
Agcc 18 minimised at the quantum critical point and the slope is independent of the
randomness, then the average of the excitation probability at the critical point is
estimated as

o
Pex.er(N) = / e TN P (Ao, N) d Agee. (8.6.3)
0

where P (A, N) is the distribution function of Ay with system size N. As
we have mentioned in Sect. 8.5.2, the distribution of the energy gap A between
the ground and the first excited states is a function of scaled parameter x =
—1In(A/Ag)/+/N at the quantum critical point, where Ay is the largest energy scale
of the system. We here make an ansatz that A, has the same property as A, namely,
P(Azec, N)dAyee = P(x)dx with x = — ln(Aacc/Ao)/\/N. It follows that

Pex.cr(N) :/exp{—xre_b“/ﬁ}P(x) dx, (8.6.4)
where k = nA%/4oz. Defining x. = In(x7)/2+/N, this is written as
Pex or(N) = / CXp{—e_ZW(x_XC)}P(X) dx. (8.6.5)

For N > 1, the double-exponential part almost vanishes for x < x; and becomes
unity for x > x.. Hence following approximation is allowed:

Pex or(N) = / O(x —x)P(x)dx = /OO P(x)dx =1I1(x.). (8.6.6)

‘We remark here that the location where A,.. takes the minimum distributes around
the critical point. Therefore the average of the excitation probability Pex(N) during
quantum annealing satisfies

Pex(N) 2 Pex,er(N) & IT (xc). (8.6.7)

Let ¢ be a positive small number. We define a size N, such that Pex (N;) = ¢. Then
Eq. (8.6.7) leads to

Inkt)? Inkt 2
_ p—1 -1 _ _
Ne=P, (e) S Py or(8) = <2xc’8> = (217_1(8)) , (8.6.8)



8.6 Scaling of Errors 257

where x¢ . =Inkt/ 2./N;. By the definition of N,, the system of size N, after quan-
tum annealing with a given t should remain in the ground state. Therefore one may
regard N, as the averaged size of ferromagnetic domains after quantum annealing.
The inverse of this size corresponds to the density of kinks created during quantum
annealing. As a result the density of kinks follows [58]

1 2T (e)\?
p~—> (7(8)) ~(nt)"2. (8.6.9)
N, Inkt

To evaluate the residual energy, consider a classical chain (I = 0) with length N.
Since the distribution of the coupling constant J; is uniform between O and 1, the
lowest value of J; in the chain should be of order 1/N. Therefore the lowest exci-
tation energy from the ground state should be O(1/N). Now in the infinite system,
if there are kinks with density 1/N,, then each kink should cost an energy of or-
der 1/N,. It turns out that the excitation energy per spin to such a state amounts to
1/N, 52 Thus we find that the residual energy density per spin after quantum anneal-
ing obeys

gres ~ N2 > (Int) ™% (8.6.10)

The same result in essence for the density of kinks can be obtained by Dziarmaga
[119] using the Kibble-Zurek argument (see Sect. 7.2.2.2). The energy gap above
the ground state at the critical point typically is scaled as —In Agyp ~ N 172 1139]
with the system size N, namely

Aygp ~ = OmXN!2, (8.6.11)
The correlation length & is scaled as [139]

E~y72, (8.6.12)
where y = (I" — I;)/I; is the dimensionless parameter. Supposing the schedule
of annealing as y = —t/t, the equality between the coherence time At_yll, and the
remaining time to the critical point || yields

Ty = ecomstxy ™! (8.6.13)

where we remark N & &. This equation of y cannot be solved analytically, but one
has

A

—, (8.6.14)
Inty

y =

where y represents the solution of (8.6.13) and A is a constant. Equations (8.6.12)
and (8.6.14) yield

E~p 72~ (1) (8.6.15)

Supposing that the growth of the correlation length stops at £, the density of kinks
after annealing is estimated as

p~E1~(@nt). (8.6.16)
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It is significant to compare the results for scaling of kink density and residual
energy after quantum annealing to those after simulated annealing. Assuming the
Glauber model as the spin dynamics at finite temperature [105, 156] and applying
the Kibble-Zurek argument, one obtains the scaling of the density of kinks as [389]

P ~(n7)7!, (8.6.17)
and the scaling of residual energy per spin as
eS8 ~ (Int) 2. (8.6.18)

Comparing (8.6.9) and (8.6.10) with (8.6.17) and (8.6.18) respectively, it turns out
that quantum annealing brings faster decays of density of kinks and residual energy
than simulated annealing. In this sense, quantum annealing performs better than
simulated annealing in the present system.

8.7 Convergence Theorems

We mentioned in Sect. 8.3.2 on the basis of the quantum adiabatic theorem that
quantum annealing succeeds in optimisation if the change in the time-dependent
Hamiltonian is sufficiently slow. In this section, we focus on the degree of freedom
on the time-dependence of the transverse field and provide conditions which ensures
convergence of quantum annealing in a generic optimisation problem.

8.7.1 Sufficient Condition of the Schedule

We consider an Ising model in a transverse field
N
H(t)=Hy—T'(®))_ S, 8.7.1)
i

where Hy denotes an Ising model. We do not specify the detail of Hy but assume
that the range of the eigenvalues of Hy is of order of the system size N. We assume
that I"(¢) is a monotonic decreasing function of time ¢. Initially I"(¢) is so large
that the transverse-field term dominates the total Hamiltonian, and it vanishes for
t — 00. Let the system be in the ground state initially. Morita and Nishimori [281]
provided the following theorem on a condition of I"(¢) that ensures the adiabatic
time evolution.

Theorem 8.3 Let ¢ be a nonzero positive small number such that 0 < ¢ < 1. For
a given positive number ty, a sufficient condition of I (t) for the adiabatic time
evolution is given by

r@)=A(t+B) " YN"D " fori>r, (8.7.2)

where A and B are constants which are of O(N°) and exponentially large in N
respectively.
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We note that under this condition the excitation probability is bounded by &2 at
any time ¢ > fg.

Proof We recall the condition (8.3.43) for the adiabatic approximation. The condi-
tion for the adiabatic evolution with a time-dependent Hamiltonian H (¢) is written
as
1

{Amo ()}
where A,,0(f) denotes the energy gap between the instantaneous ground state
|¢po(¢)) and the mth excited state |¢,, (t)) of H(¢), and ¢ is a nonzero positive small
number.

We first focus on the matrix element of d H (t)/dt. It is easy to see

dH ( ) d I'(t)
dt ’
since only the transverse-field I” (t) in (8.7.1) depends on time and the matrix ele-
ment of $7 is at most unity in the absolute value. Note that dI"(t)/dt is negative.

We next look into the instantaneous energy gap A,,o(¢). In order to give a bound
on Ay,0(t), we make use of the Hopf’s theorem stated as follows.

dH(t)

(om ()| ——|do®))| <e <1 forallt >0, (8.7.3)

(¢]()|

(8.7.4)

|do ())‘

For a strictly positive matrix M (i.e., My,, > 0 for any m and n), there exists
a positive eigenvalue Ao which satisfies

-1
A < £ T 1A0 for any other eigenvalue A of M, (8.7.5)
K
where K is defined by
M
K= max{ In } (8.7.6)
Lmn | My,

This theorem is a sharpened version of the Perron-Frobenius theorem for a non-
negative matrix M (i.e., M > 0 for any i and j). We refer to Sect. 8.A.1 for the
proof.

Now let us choose M = (Er(l?gx + Iy — He)N, where EI(TEQX is the largest eigen-
value of Hy and Iy = I'(tg). Note that I'(t) < Iy for t > ty. With the basis which
makes Hj diagonal, M is strictly positive for N > 1 and I'(¢) > O since all ele-
ments of M!/V are non-negative and irreducible (which means that any eigenstate
can move to any other by applying M'/" at most N times). The Hopf’s theorem
leads to the following inequality:

k—1
(EQ + Ty —en )" < (Bt o - so)Y form=1, (877

max

where go(¢) and &, () are the instantaneous ground and mth eigenenergies of H (¢)
respectively.

k in (8.7.7) is evaluated as follows. At first, notice that the minimum element of
M is attained by a pair of states which have mutually opposite spins. It is given by

min{M,} = N'I'N (1), (8.7.8)
m,n
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where note that N! comes from the number of paths which connects two states with
N times of single-spin flips. Regarding the maximum element of M, one has the
following inequality

mn —

N
0
B0+ - 0], < | B 10 B 10 Y|
i mn

+ TN <EQ +1—EY

max min

SEI(r?a?x—i_FO_E(O)

min

+ Nav
which yields an upper bound for M:

N
max(M;;} < (EQ, — EQ + N+ 1)1p)", (8.7.9)
2%}

where Eélol)n is the smallest eigenvalue of Hy. From (8.7.8) and (8.7.9), we obtain an

upper bound for «:

(EQ —EQ + (N +1)yrp)V
< .
- N!FN(t)

K (8.7.10)
On the other hand, since max,, ,{Mpu,} > Er(,?gx + 1y — Er(r?l)n ~ O(N), k is bounded
from below as
(0) O\~
KZ(Emax+FO_Emin) -1
Ny

With this bound and inequality {(1 —x)/(1 +x)}'/¥ <1 —x)!/¥ <1 —x/N for
0<x <1, (8.7.7) yields
1—1/«

1/N
- W) (EQ), + Iy — e0(1))

EQ 4+ Th—en(r) < (

1 0
< (1 - ﬂ) (EQ, + Iy — e0(1)). (8.7.11)
This inequality is arranged into

2 0 2 0
Amo(t) > W(E}ngx + Iy — &o(1)) > W(E;lgx —e(1),  (8.7.12)

where we note A,,0(¢) = &,,(t) — &9(¢). Combining (8.7.10) and (8.7.12), we obtain
Amo®) > ANTN (1) (8.7.13)

with

2NV(EQ,, — eo(t))

CNEYD —EQ LN+ D)V

min

Ay

N N
~2/2n/Ne N (EQ) —E(O.))< ) :
YN ERK — Egn+ (N+ D1

(8.7.14)
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where we used the Stirling’s approximation, N! ~ /27 Ne VNV, and made
EWk — eo(t) ~ ESx — EO since EC) — g9(t) ~ O(I'?) « 1 while Ef —
ED > 1.

Now we return to the adiabatic condition (8.7.3). Inequalities (8.7.4) and (8.7.13)
yields

(050 P g 0)| < e 0 )
A2(> ! A2 TN () dr -
Therefore it turns out that a sufficient condition for the adiabaticity is
N dr)
- =e k1. (8.7.16)
A} 2N (r)  dt
Integrating this equation, one obtains

I =A(e@ — 1)+ B) /"D, (8.7.17)

where A = A7V "V(@N = 1)/N}yY@N-D and B = N/{2N — )AL T2V 1)
It turns out from (8.7.14) that A ~ O(N?) and that B is exponentially large in N for
N> 1. O

8.7.1.1 Complexity

We showed above that a sufficient condition of I"(¢) for the adiabatic evolution is
its schedule which has the time dependence t~'/@N=1 for r — oco. However this
does not mean that the optimisation problem can be solved in a polynomial time.
Here we show that the computational complexity is still exponential with respect to
the size of problem.

Assuming the schedule (8.7.17), the system evolves adiabatically and the solution
is obtained with high probability when the transverse field becomes I"(r) < 1. Let
81 be a positive small number, i.e., §; < 1. The computational complexity is defined
by the time ¢* such that I"(*) = §;, namely,

—1/@N-1)

A(e(t* —10) + B) =6. (8.7.18)

Recalling the definitions of A and B, one obtains

gy = — 10 N o)™ 1 (8.7.19)
0T ea2 2V aN — 1|\ s ' .

Since, An FON is exponentially small in N for large N, it is shown that t* grows
exponentially with N.
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8.7.2 Convergence Condition of Quantum Annealing
with Quantum Monte Carlo Dynamics

One of the possible ways to implement quantum annealing using a classical com-
puter is to make use of a quantum Monte Carlo method. Of course, the stochas-
tic dynamics generated by the quantum Monte Carlo method is different from the
Schrodinger dynamics, and the quantum adiabatic theorem does not serve as a base
of quantum annealing. In this subsection we focus on quantum annealing using the
quantum Monte Carlo dynamics. The convergence of quantum annealing with quan-
tum Monte Carlo dynamics was studied by Morita and Nishimori [280]. In a quan-
tum Monte Carlo method, a transverse Ising Hamiltonian is mapped to an effective
classical Hamiltonian [386]. Quantum annealing is then implemented by changing
a parameter, which is related to the transverse field with the Monte Carlo step [259].
Morita and Nishimori extended the convergence theorem of simulated annealing by
Geman and Geman [155] to dynamics of such effective classical systems.

We consider a time-dependent transverse Ising model of the form of (8.7.1). As
is mentioned in Sect. 3.1, the transverse Ising model in d-dimension can be mapped
to an Ising model in (d 4 1)-dimension. The effective Hamiltonian after mapping
can be written as (see Eq. (3.1.8))

M

p (k)

Hett =+ > Hy — K@) Z SikSik+1
k=1 i

where Hék) stands for the Ising model part in the original Hamiltonian, & is an

index representing the Trotter slice, M is the number of Trotter slices, and Ky (¢) =

% In coth %F(t). The effective partition function of the system is given by

M M
Z(t) = Trexp(—Hetr) = Trexp[—% Y HP k)Y S,-,ksl-,m},
k=1 k=1 i
(8.7.20)

where this partition function coincides with the exact partition function of the orig-
inal system when M — oco. We now define effective temperatures 7o = M/ and
T1(t) = 1/Kp(¢). Using these notations, the partition function (8.7.20) can be writ-
ten as

Fy F

Z(t) =Trexp|:—?o - T(t)j|’

where

M M
F0=ZH(§k), Fi==Y"Y SitSiks1.
k=1 k=1 i

From now on, we use an abstract notation x for the Ising-spin state {S; x}. We sub-
stitute Fp , and F1  for Fp and Fj to show x-dependence of these quantities.
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We next define sets of the Ising-spin states. Let .7, be a set of the states which are
accessible from a state x in a single Monte Carlo step, and .#4 be a set of the states
x’s which give F , suchthat F| , > F| , forall x’ € .%. ,EZA is the complementary
set to .Fy.

We define the maxima of energy differences:

Lo = max| max |Fo.y — Fo,x|}, (8.7.21)
x Wed,
and
L = max{ max |Fy y — Fl,x|}. (8.7.22)
x Wed
We furthermore define
R = min {maxdx/x}, (8.7.23)
XS x’

where d,, is the number of the smallest Monte Carlo steps needed to bring the state
from x to x’. Note that d,/, can be seen as a distance between x and x’. Roughly
speaking, R is the smallest number of steps needed to move from a state to an
arbitrary state.

Hereafter we follow the convention that the time ¢ stands for the Monte Carlo
step. Let G, (¢) be the time-dependent transition probability from a state x to x’
given by

Pxix A(Qy ()] 0x (1)) for x" # x
- Zx” Dxx A(Qxr(t)/Qx(t)) for x'=x

where p,, is the probability that x” is chosen in the single Monte Carlo step from x.
Py must satisfy pyy >0, prr =0, Y pyy = 1. In addition, we assume py, =
P .x and that there exists a positive number s such that

Z Px'xg_1 " Pxjx = 0

Xlseeer Xg—1

Gyy(t)= { (8.7.24)

for any x and x’. A(u) is a monotonically increasing function, for which we assume

0<Aw) <1 and A(l/u)=A)/u foru > 0. (8.7.25)
O« (¢) is defined by
0,(1) = ! exp[— Fox _ Pl } (8.7.26)
Z() To Ti(2)

The convergence theorem of quantum annealing with the quantum Monte Carlo
dynamics is stated as follows.

Theorem 8.4 If the time dependence of the effective temperature Ty (t) follows

Ly

Ti(t) > hE1D (8.7.27)
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or equivalently, if the transverse field follows

ra =2 e ! 8.7.28
) = F an m, (8.7.28)
then the distribution generated by G, (t) converges to the distribution
* 1 FO,x * FO,x
Qr = ?exp(— T ) 7= Xx:exp<— ) (8.7.29)
We note that (8.7.28) reduces to
) > M : (8.7.30)
T B (t+2)%RL o

for + > 1. This is contrasted with the logarithmic schedule of the temperature in
simulated annealing [155]: T (¢) > ¢/Int, where c is a constant.

The proof of this theorem is attained by showing that this Markov chain possesses
the strong ergodicity described below.

We first show following lemmas. Let w be the minimum of p,/, with respect to
x' € %, and x, namely,

2o =min{ min px/x]. (8.7.31)
x e,

Lemma 8.1 For any x, x' € %, and t, one has

G (t) > poA(l) Lo _ _Li (8.7.32)
/ expl —————|. .
x'x = Po p T T (1)
Lemma 8.2 Forany x € jA, there exists t; such that

Lo L

Gix(t) > poA(l)exp<—?O — m) foranyt >t. (8.7.33)

Proof of Lemma 8.1 We define
FO,x/_FO,x Fl,x’_Fl,x =1 Qx(t)

a = =1n )
To T1(2) Q. (1)
namely e % = Q,/(t)/Qx(¢). From Egs. (8.7.21) and (8.7.22), one can see that
Lo L
f— p— + _7
o T@)
and hence
_ Lo L )
e “>expl ——— ). (8.7.34)
p( vy Ti@)

Now, the definition (8.7.31) of pg leads to
Px'x Z PO (8.7.35)
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for any x and x’ € .%,. Using (8.7.25), (8.7.34), (8.7.35) and the monotonicity of
A(u), if a > 0, one has

Gy (1) = px’xA(eia) Z P()e*aA( a) > poeiaA(l)
> poA(l)exp<—@ — i)
vy Ti()
If a < 0 on the other hand, since A(e~%) > A(1), one has
Gux(t) > poA( ) > poA(l) > poA(l)exp(—ﬂ _ L)
v Ti@)

Therefore inequality (8.7.32) is shown for any x, x’ € .%#; and ¢. O

Proof of Lemma 8.2 For any x € jA, there exists x” € .%; such that Fy ,» > F] x.
For such an x’, one has

To T (1)
Besides, because of A(u) =uA(1/u) <u for u <1, one has
(Qx (t)) lim 2@ _
0x(1) >0 Oy ()
Therefore there exists a number #y for a given positive number &g such that

A(Qx’(t)

lim exp
—00

( FO,x’_FO,x Fl,x/_Fl,x)_

lim A

t—00

0x(1)

Using this inequality and A(u) < 1, it is shown for ¢ > 1 that

ZP” <Qx~(r)> . (Qx(n) Y po (Qx//(r))
N0 () 040 S o ND)

) <go forallt> 1.

//# ’
< px'x€0 + Z Dx"'x = &0DPx'x T I— Px'x
x//séx/
=1- (1 - 8O)px/x-

Therefore one obtains for t > #;

Gyx (1) = (1 —€0) px' x = (1 — €0) po.
Noting that

Lo Ly

hm poA(l)exp<—?0 — r(l)) =

there exists a positive number 31 for given pOSithC numbers €0 and &1 < (1 — 8())p()
such that
(t)>(1 )P > =D (1) P ——0——1 i Nt>t
& & A €X ora .
xx 0)P0 Z¢1 0 T() Tl (I) Z I

Thus Lemma 8.2 is proved. g
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We next prove that our Markov chain has the weak ergodicity. To this end, we
introduce the transition probability G, (¢', t) from a state x at Monte Carlo time ¢ to
x" att’ > t. Due to the Chapman-Kolmogorov equation, one can write G/, (t + s, t)
in terms of G,/ (¢) as

Gurt+s,)=" D Gug (t4+5 =1 Gup (t + DGy (1). (8.7.36)

Kg—15-+03X2,X]

Details of this equation is provided in Sect. 8.A.3.1. Using the matrix notation,
G(t', 1) and G(¢), for G ,(¢', 1) and G, (1), (8.7.36) is simplified into

Guox(t+s.0)=[Gt+s—1)---Gt+DG®)] .,

The definition of the weak ergodicity is given by

(1

i| 0 for any f.

wx(t+8.DPox =Y Gyt +5.1)Q0.
X
(8.7.37)

The weak ergodicity implies that the distribution generated by a Markov chain be-
comes independent of the initial distribution for long Monte-Carlo times.

Proof (Weak ergodicity) In order to prove the weak ergodicity, we call for the weak
ergodic theorem. We define the ergodic coefficient a(G(¢', r)) by

a(G(r',1)) = maX[Zmax [0, G (', 1) — Gxx/(t’,t)}]. (8.7.38)

x" . x
Observing ), G,,/(t',1) =1 and
Zmax{O, Gy (1, 1) = Grp (1, 1) }
X
=Y [Guwr(t',1) = min{G o (¢, 1), G (¢, 1)}]
X
=1-=> min{Gyw(t'.1). Guv(t'.1)}.
X
one can arrange (8.7.38) into
a(G(t',1)) =1 — min

m ,[me G (t',1), Gow (1, z)}]. (8.7.39)

The weak ergodic theorem is stated as follows.

Let {t;} (i =1,2,...) be an ascending sequence of time such that t; < t; for
i < j. The necessary and sufficient condition for the weak ergodicity is given
by

Z {1 -a(Gtis1,1))} = <. (8.7.40)
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Details of this theorem is included in Sect. 8.A.3.3. We shall show that the transition
probability defined by (8.7.24) satisfies (8.7.40).

Let x* be the state which belongs to S5 and gives max,/{d,/,+} = R. By the
definition of R in (8.7.23), the state x* can be reached from an arbitrary state by at
most R Monte Carlo steps. We consider a Markov chain which brings the system to
x* at the Monte Carlo time ¢ from x at f — R:

Guat, 1 —=R)= Y Gy (= 1)+ Gy (1 = R+ DG ( — R).

One finds from the definition of x* that there exists a number / (0 </ < R) and a
sequence of transitions from x to x* such that

X=XQAXIFEXF  FX =X = =AR=X"
For the transition from x; to x;41 with 0 <i <, Lemma 8.1 gives

) Oyt —R+10)
Gxi+1xi t—R+0)= pxi+|X1A<x+l—>

Lo Ly
> PoA(l)exp(—To TTG—R+D) 1))-

With i >/, Lemma 8.2 guarantees that there exists a positive integer #| such that for
t > t{ one has

Gyt — R+1) =G (t — R+1)

Lo Ly
> poA(1) exp T TG—R+D)

Therefore one obtains for ¢ > t{

Guix(t, 1 = R) = Groxp (1 = 1) -+ Gy (f = R+ 1)Gr 1 (t = R)

RLy, = L
> (pOA(l))RexP(— TOO - Z T)(t —;34-1'))
i=0

RL L
> (poA(l))ReXp(—TOO - Tl_n)

where we used the monotonicity of 7 (¢) at the last inequality. Now we evaluate the
ergodic coefficient. For sufficiently large ¢, we have

Zmin{Gmn(r, t—R),Gyy(t,t — R)} =min{G sy (t,1 — R), Gy (1, — R)}

X

RL L
z(poA(l))ReXP<— 0 1 )

To Ti(t—1)

Notice here that the right hand side is independent of x” and x’. Taking the minimum
with respect to x” and x’, this inequality yields
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x/,x//

min [Z min{G (1,1 — R), Gry (1,1 — R)}]

RLy Ly

= 1= a(G.r = B) = (mac) e - 50 - o H )

Therefore there exists a positive integer ko such that koR > #; and the following
inequality holds for k > kq:

Ty, Ti(kR—1)
We substitute (8.7.27) for 77 in the right hand side. Then it is shown

| ~a(GkR kR~ R) 2 (POA(l))Rexp<— RLy Ly )

o0

RLo\ — 1
Y {1 —a(GKR. kR - 1)} = (poA(l))ReXp<—TOO) > kR+1_°
0

k=0 k>k

(8.7.41)

Therefore, by the weak ergodic theorem, it is proved that a Markov chain generated
by the transition probability (8.7.24) has the weak ergodicity. g

We shall finally prove that our Markov chain has the strong ergodicity. The defi-
nition of the strong ergodicity is given by
lim

—>00
x/

Z Gx’x (ta O) PO,x - Q;/ = 0, (8742)
X

where Py , is an arbitrary initial distribution and Q% = lim;_, oo O, (¢) with the equi-
librium distribution Q,(¢) of G/, (t), which satisfies Q,/(t) = G,/ (t) Q«(¢). The
strong ergodicity implies that the distribution generated by G(¢) from an arbitrary
initial distribution converges to a unique distribution Q* with t — oo.

Proof (Strong ergodicity) To accomplish the proof of the strong ergodicity, we re-
sort to the strong ergodic theorem. The strong ergodic theorem is stated as follows.

Assume that

(1) a Markov chain generated by G (t) is weakly ergodic,
(i1) there exists an equilibrium distribution Q(t) such that Q. (t) =

Zx G,y (t)Qx(t) for any t,

(iii) the equilibrium distribution Q(t) satisfies

SN 0ut + 1) = (1) < 0. (8.7.43)

t=0 x
Then the Markov chain has the strong ergodicity.
We refer to Sect. 8.A.3.3 for details of this theorem. Here we are going to prove that

the three conditions (i), (ii), and (iii) are satisfied by the transition probability G (¢)
defined by (8.7.24) and the distribution Q(#) by (8.7.26).
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The satisfaction of the condition (i) has been already mentioned. That of condi-
tion (ii) is easily shown by noting p,/, = p,y and A(Q,/ Q) = A(Qx/ Q) 0/
0, in (8.7.24). Here we see that the condition (iii) is satisfied.

Define F| min = miny F1 x and Ay, = F1 x — F1,min. We write a set of x which
provides Fi xy = Fimin a8 -1 min and its complementary set as <771,min. For x €
<1 min, ONE can write

Fox F1 min
exp(— To Tl(l))
FO‘x’ Fl,x’

2w eXP(—" = Tiy)

Fox

exp(— 1)

Qx(t) =

ZX/Etsﬁl,min exp(—
Since T1(t + 1) < T1(¢t) and Ay » > 0 forx’ € jl,min’ one has
(-7esn) <=o(-7)
exp| ——— ) <exp| — ,
it+1) Ti (1)

which leads us to Q,(t + 1) > Q,(¢). On the other hand, for x € jl,min, one can
write

FO,x’ ~ FO,X’ Al,x’ .
To )+ZX/€«5”1,min exp(— To Tl(l))

Fox Alx

Qx (t) = FO,x’ . 10 FO.x/ Al.x/ :
X' e min EXP(— 75 )+ Zx'ey}mm exp(— T~ T

The derivative of this by ¢ yields

d _dTi(1) 0. (1)
O (=" {Al,x— > Al,foxf(z)}Tl(t)z.

xlejl.min
Notice that dTy(¢)/dt <0 and Ay, — Zx'ey] Ay v Q(t) > 0 for sufficiently
large r since Q,/(r) with x" € jl,min vanishes with t — oo. Hence there exists a
number #; < 0o such that d Q. (¢t)/dt < 0 for all t > ;. This results in Q,(t + 1) <

Q. (¢t) for any t > 1,. Using these relations between Q(¢ 4+ 1) and Q(¢), one can
show

Yo+ - 0= D (Q:t+1)— 0:(1))

X XES min
+ Y (2= 0xt+1)
xeﬁ";l’mm
=2 Z (Qx(t+1)_Qx(t))a
xetsﬁl,min

by which one obtains

e¢]

D10+ = 0] =2 > (Qu(00) = Qu(t2)) <2.

t=tr x XE min
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Therefore it is shown

Hn—1

DX 0+ = 0] =D 10t + 1) — 0.(1))

t=0 x t=0 x

+ Y 0+ 1) = 0 ()]

1=t x
H—1
<Y D10+ = 00| +2
=0 x
H—1
<Y Y (0t + D+ 0:(0) +2
t=0 x
=2t + 2 < 0.

Thus we verified that the condition (iii) is satisfied. It follows that the Markov chain
defined by (8.7.24)—(8.7.27) has the strong ergodicity and the distribution generated
by this Markov chain converges to Q* defined by (8.7.29). g

8.8 Conclusion

Quantum annealing is known as a quantum mechanical algorithm which can be
implemented using the quantum computer. We mentioned some studies regarding
the size scaling of energy gaps in Sect. 8.5. The size scaling of energy gaps is related
to the power of quantum annealing as quantum computation. So far there have been
several evidences that the exponential complexity of NP-complete problems cannot
be relaxed by quantum annealing. It is probable that quantum annealing is not an
almighty algorithm for hard optimisation problems. However, it is too early to be
discouraged. There could be unknown paths of quantum annealing which do not
encounter exponential closing of the energy gap [351]. In addition, there is still
a possibility that NP-complete problems which are solved by quantum annealing
efficiently will be found. As for the latter possibility, the Ising spin glass on the cubic
lattice might be a candidate. The energy minimisation of this model has been proved
to be an NP-hard problem [23]. If the quantum phase transition of this model in the
transverse field belongs to an infinite randomness fixed point with ¢ < 1 [236], then
the complexity reduces to a subexponential one (see (8.5.12) in Sect. 8.5.2).
Comparison between quantum annealing and simulated annealing is a significant
topic in order to highlight the validity of a quantum annealing. We mentioned in
Sect. 8.6 that residual energy after quantum annealing decays faster than simulated
annealing in the one-dimensional random Ising model. Apart from this model, no
generic theory which shows the convergence of residual errors after quantum an-
nealing has been established. In contrast, the Huse-Fisher law [185] is known for
residual energy after simulated annealing in generic systems. It is a future task to
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make a theory for the convergence of residual errors after quantum annealing in
generic systems and show the validity of quantum annealing in comparison to sim-
ulated annealing.

In Sect. 8.7, we presented theorems on sufficient conditions of convergence of
quantum annealings with the real-time dynamics and the quantum Monte Carlo dy-
namics. Morita and Nishimori have provided several theorems in Ref. [282], some
of which are not included in Sect. 8.7. We list them as follows:

e Sufficient conditions on the coefficient I'(¢) of the transverse field to guaran-
tee the convergence of quantum annealing with real-time dynamics (presented in
Sect. 8.7.1).

e Sufficient conditions on the coefficient I"(¢) of the transverse field and two-body
interactions, —I"(t)(3_; S* + ) _; j S S}‘), to guarantee the convergence of quan-
tum annealing with real-time dynamics.

e Sufficient conditions on the coefficient I"(¢) of many-body interactions, —I"(¢) X
[[;(1 +8), to guarantee the convergence of quantum annealing with real-time
dynamics.

e Sufficient conditions on the coefficient I"(¢) of the transverse field to guarantee
the convergence of quantum annealing with standard quantum Monte Carlo dy-
namics (presented in Sect. 8.7.2).

o Sufficient conditions on the coefficient I"(¢) of the transverse field to guarantee
the weak ergodicity of quantum annealing with a quantum Monte Carlo dynamics
using a generalised transition probability [404].

e Sufficient conditions on the time-dependent mass m(f) to guarantee the conver-
gence of quantum annealing with standard quantum Monte Carlo dynamics in a
system of distinguishable particles in a finite continuous space.

o Sufficient conditions on the coefficient I"(¢) of the transverse field to guarantee
the convergence of quantum annealing with Green’s function quantum Monte
Carlo dynamics.

It is noteworthy that the schedule of the coefficient I"(¢) of the transverse field
appearing in the sufficient conditions of the convergence of quantum annealing
with standard quantum Monte Carlo dynamics depends on a power of ¢ for t > 1,
whereas that of temperature 7'(¢) given by Geman and Geman for simulated anneal-
ing depends on ¢ as 1/In¢. If I and T are equivalent, this fact means that the con-
vergence of quantum annealing is faster than simulated annealing. However, it is not
necessarily true. Recalling the Suzuki-Trotter mapping, 1/Ky; = 2/Incoth(8I"/ M)
gives an effective temperature, where 8 and M are the inverse of real temperature
and the number of the Trotter slices. This shows that the coefficient of the transverse
field has a non-linear relation with an effective temperature. In order to compare the
speed of convergence between quantum annealing and simulated annealing, one
needs to investigate the convergence of a quantity which is common to both meth-
ods. This remains to be studied.

There are several missing topics related to quantum annealing in this chapter.
Among them, probably the most important topic is an equivalence between quantum
annealing and the standard model of quantum computation. The standard model



272 8 Quantum Annealing

means the gate-based circuit model [295]. Their equivalence implies that in principle
any gate-based quantum computation can be mapped to quantum annealing and vice
versa. It follows that quantum annealing can be seen as one of the most basic model
of quantum computation. We refer to Refs. [6, 278] for details.

Quantum annealing is still an active research subject. We expect further develop-
ment in the study of this subject, which leads us to deeper understanding of quantum
computation as well as quantum disordered systems.

Appendix 8.A

8.A.1 Hopf’s Theorem

In this appendix, we shall prove the Hopf’s theorem [177]. The Hopf’s theorem is
given by Theorem 8.8. To prove this, we show Theorems 8.5-8.7 in advance.

Suppose that M is a m x m matrix and v is a column vector with m components.
We use simplified notation M > 0 and M > O to represent M;; > 0 and M;; > O for
any i and j respectively. Also, v> 0 and v > 0 imply v; > 0 and v; > O for any ith
component respectively. v =0 means that all components of v are zero. As usual,
we write the product of a matrix M and a vector v as Mv, namely,

m
[MV],' =ZMijvj.
i

We introduce following notations,
osc(v;) = max(v;) —min(v;) for areal vector v,
1 1 1

Osc(v;) = sup oscRe(nv;) = suposc |v;|cos(¢ +6;) for a complex vector v
! Inl=1 1 ¢ !

where 6; is a phase of v;. For any complex number ¢ and a complex vector v, one
has

Osc(cv;) = suposc |c||v;| cos(¢ + o + 6;) = |c| suposc |v;| cos(¥ + 6;)
l ¢ l 1// 1
= |c| Osc(vj). (8.A.1)
l

We assume in the following part of this Appendix that M is a positive matrix,
namely, M > 0. The positivity of M is equivalent to

Mv >0 forany v whichis v> 0 and v # 0. (8.A.2)

We next assume that the ratio M;i/M ji is bounded, namely, there exists a positive
number k < 400 such that

My

<k foralli, j, and k. (8.A.3)
M
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One may write this assumption with a vector v such that v> 0 and v # 0 as
[Mv];
<k foralli, j, andv (>0, #0). (8.A4)
[M v];

Under assumptions (8.A.2) and (8.A.4), we have the following theorem.

Theorem 8.5 If M satisfies the conditions (8.A.2) and (8.A.4), for any vector p > 0
and complex-valued vector v

Osc<[ VL) <= 0sc<ﬂ>. 8.A.5)

i \[Mp]; k+1 & \ pi

Proof Consider first a real-valued vector v. Define X for fixed i, j, and p > O by
M . M m
Ml MVl Z ks (8.A.6)
[Mpl;  [Mp];

namely, X (i, j, p) = M /[Mpl; — M i /[Mp];.Itis easy to find that the light hand
side of (8.A.6) vanishes when v = ap with a constant a. Hence Zk Xkpr =0, and
thus

(MY [MY];

= X — . 8.A.7
Mpl ~ Mpl, > Xi(u —apy) (8.A.7)

k=1

a:min(ﬂ) and b= max(v[).
i Pi i Pi

Because of an identity, vy — apy = (b — a) px — (bpx — vi), and inequality, a <
Vk/pr < b, v — apy takes its minimum 0 when vy = ap; and its maximum
(b — a) px when v = bpy. Therefore the right hand side of (8.A.6) for a given p
takes the maximum when

Suppose now

v=ap +bpt=ap+ (B —-a)p",
where we defined
— ) pi whenX; <0 - _JO0 whenX; <0
Pi =10 when X; >0 pi = pi whenX; >0
Therefore, one gets from (8.A.6)
[Mv];  [Mv]; - [M{ap+ (b —a)p™}; _ [M{ap+ (b —a)pt};
[Mpl;: [Mpl; — [Mp]; [Mp];
M +7. M +7.
:(b_a){[ Pl _[ P ]j}
[Mpl; [Mp];
Note here Mp > 0, Mp*™ >0, and Mp~ >0, since M >0and p>0.If p~ =0

or p” =0, then pt = p or p™ = 0 respectively which implies that the right hand
side of (8.A.8) vanishes. Hence we may assume both p~ # 0 and p* # 0, namely,

(8.A.8)
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Mp~ > 0and Mp* > 0. It follows from this that the terms inside braces in the right
hand side of (8.A.8) can be written as

[Mp*]l:  [Mptl; 11
[Mpl; [Mpl; 1+t 1417

where

,_MpT);
[Mp*];

M -1.
t:[ P ]'>O and ¢
[MpT];

Because of the condition (8.A.4), ¢ and ¢’ are bounded from k! to k, namely,
k <Kk*t <k> and ¢’ < k. Combining these inequalities, one has t' < k>¢. Therefore
M@ﬂujMﬂh<(l R )

[Mp]; (Mpl; — \1+4+t 1+4«%)

For ¢t > 0 and given « > 1, the right hand side takes the maximum (x — 1)/(k + 1)
when ¢ = 1/k. Therefore one obtains from (8.A.8)

[Mv]; [Mv]; Kk—1 <Ui )
- < osc| — ).
(Mpl; [Mpl; ~k+1 i

Di
Since this inequality holds for any i and j, we reach

Mv Mv . [ Mv Kk —1 v;
oscl — J=max{ — | —min{ — | < osc| — .
i \Mp i \Mp i \Mp k+1 i \ pi

As for a complex-valued vector v, we replace v; by Re(nv;) in the above. The same
argument as above yields

[(nMv]; k—1 v;
osc| Re < oscRe( n— ),
i [Mp]; k41 i Di

where we note MRe(nv) = Re(nMv). Taking sup with respect to n on || = 1, we
obtain (8.A.5). Il

Now we apply Theorem 8.5 to the eigenvalue problem:
Mv =Av. (8.A.9)

The Perron-Frobenius theorem states that when M > 0, the eigenvalue equation
(8.A.9) has a non-negative eigenvalue Ag that satisfies Ao > |A| for any other eigen-
value A. This theorem is sharpened for M > 0 in the next theorem. We refer to
Sect. 8.A.2 for the Perron-Frobenius theorem.

Theorem 8.6 Under conditions (8.A.2) and (8.A.4), the eigenvalue equation
(8.A.9) has a positive eigenvalue Ly > 0 and corresponding eigenvector q > 0.
Moreover, for any vector p > 0 (% 0),

w_ _M'P
[M"plk
with a fixed k converges to q with n — o0.

q
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Proof Consider two vectors p and p’ such that p >0, p#£0, p’ >0, and p’ # 0.
Define

p(n+1) — Mp(”), p(O) =p
p/(n-i-l) — Mp/(n), p/(O) — P/-

By the assumption (8.A.2), p™ and p’™ are positive vectors for n > 0. Applying
Theorem 8.5, one finds

([p“’“]) (x—l) ([p“"—“]i) (x—l)”‘l ([p“”]i)

0SC < 0SC < 0SC .

i \[p™]; k+1) i \ [pe=D; K+ 1 i\ [pD];
(8.A.10

It follows that

7(n)7.
°z‘sc<[[l;<">]];> sh e

namely, there exists a finite constant A independent of i such that
']
[(p™];

‘We introduce for a fixed k

— A (n—>o00) foreveryi. (8.A.11)

P(") q (n) _ p’ @)

™

) _
(p™ 1k

The assumption (8.A.4) leads to

q

k< [q™] <k and «'<[q™] <« (8.A.12)
It follows that
[d], - [a™] | = T T T A R R R T R
1k T, ™| P®k| p™]L [p™k

Pk [p'™]; (p™ 1k [p'™];
(n)
=a" )iy, °?°< p™1; ) =Ko °?°< p™1; )

(8.A.13)
We now choose p/ = p(1) = Mp, namely, p/(n) — Mp(”) — p(n+1) and q/(n) =
q"*D . From (8.A.11) and (8.A.13), one finds
(n) (n+1)7.
[a"" "], = [a™],| =« Luag osc ™ ) -0 (n— 00).
[P D] i\ [p™];

This implies the sequence q™ converges to a vector q, which is positive because of
(8.A.12). We now define )¢ such that

"tV [(Mp™]  [Mq™];
™l [p™L g™l

—> Ay (n— 00).
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This implies

Mq = Aoq.
Because of (8.A.10), (8.A.11), and (8.A.13), the sequence q(") for any vector p
converges to the same limit q. Thus Theorem 8.6 is proved. d

Theorem 8.6 immediately leads us to the following theorem.

Theorem 8.7 Under the conditions (8.A.2) and (8.A.4), Eq. (8.A.9) has no other
non-negative solution except for Ay and cq, and has no other eigenvectors for the
eigenvalue Ay except for cq.

Proof Assume that v > 0 (5 0) is a solution of Eq. (8.A.9). Because of the assump-
tion (8.A.2), one has Mv > 0 and thus A > 0 and v > 0. Now we make pp = Vv in
Theorem 8.6. One finds

M"v Ay A

MV~ DoVl
Hence the vector q in Theorem 8.6 is nothing but v/vg, that is, v =cq and A = ).
This proves the first part of Theorem 8.7.
Next, following Theorem 8.6, suppose Ao > 0 and q > 0, and consider a solution
A and v of Eq. (8.A.9). Application of Theorem 8.5 to v and q yields

A . AV Mvl: -1 .
u0sc<ﬁ> =Osc< vi >=Osc<[ VL) <X 0sc<ﬂ), (8.A.14)
Ao i \4gi i \Aogi i \[Mql; k+1 i \gi

where we used (8.A.1) in the first equality. If A = A¢ in this inequality, one has
Osc(vi/gi) = 0 since (k — 1)/(x + 1) < 1. Hence the eigenvector with respect to
A = XAg is v = cq. This proves the second part of Theorem 8.7. O

Finally, we reach the following theorem.

Theorem 8.8 Under the conditions (8.A.2) and (8.A.4), any eigenvalue A # Ao of
Eq. (8.A.9) satisfies

—1
Shmby Y (8.A.15)

Al <
Kk+1

Proof Recall (8.A.14). If A # Ao and v # 0, then v cannot be cq. It follows that
osc(vi/q;) > 0 and hence (8.A.14) yields (8.A.15). Il
8.A.2 Perron-Frobenius Theorem

In this appendix, we provide the statement of the Perron-Frobenius theorem without
proof. We refer to textbooks of the matrix analysis (e.g., Ref. [180]) for the proof.
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Consider a square matrix A with dimension N > 2. We define the irreducibility
of a matrix A by the property that one cannot make

A A
-1 _ 11 12
par-i= [t 4e]

by using any permutation matrix P, where A1, A2, and Ay are square matrices.
This property is also written as follows: For any i and j with 1 <i # j < N, one
can choose /1, [», ..., I, such that

ainat, * - ai,_y1,4i,j # 0,

where a;,,, denotes an element of the matrix A.
The Perron-Frobenius theorem is stated as follows.

Theorem 8.9 If A is a non-negative and irreducible matrix, it has following prop-
erties.

(i) Maximum eigenvalue )\ of A is positive, i.e., A > 0, and satisfies A > |A;| for
any other eigenvalue A;.
(i1) A is the non-degenerate eigenvalue.
(iii) The eigenvector v to A can be positive, v > 0, or negative, v < 0.

Corollary 8.1 Assume A is a non-negative and irreducible matrix. If Av = Av with
v > 0, then A is the maximum eigenvalue of A and A > 0.

8.A.3 Theory of the Markov Chain

In this appendix, we provide a theory of a Markov chain [155]. Starting from the
Chapman-Kolmogorov equation for a generic Markov chain, we show the ergodic
theorem of a Markov chain with the time-independent transition probability. We
then move on to a Markov chain with the time-dependent transition probability. We
finally give a proof on the weak and strong ergodic theorems.

We employ an abstract notation x for the microscopic state of a system. We
assume that x is a discrete variable. Throughout this appendix, the time is discrete
and takes an integral value.

8.A.3.1 Chapman-Kolmogorov Equation

Let P(X; = x) be the probability that a system is in a state x and time ¢ and P (X;, =
x1; X, = x2; ...) be the joint probability that a system is in xy at #{, x2 at 2, and
so on. Furthermore, let P(Xff = x{; Xzé =x5;...| Xy = x15 X, = x2;...) be the
conditional probability that a system is in x| at #{, x} at #5, and so on, under the
constraint that the system is in xj at ¢, xp at #p, and so on, where it is assumed

t/ > t;. These quantities are related through
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P(Xy=x1i Xy =xp0.. 0 Xy =213 X, =223 ..
= P(X,; =Xx{; Xy =xb; .. Xy = x15 Xy, = X2 ...)P(X,l =x1; Xy, = X25...).
(8.A.16)

Consider the conditional probability P(X;4+1 = x'|X; = x; X—5, = X15 ... Xi—s, =
Xx,) where 1 <s1 <sp <---<s,. We demand

P(Xp1=x"1Xs =x; Xi—gy =x15 . .3 Xi—g, = Xn) = P(Xi51 =x"|X; = x).
(8.A.17)
This is an essential property of the Markov chain. We call the sequence of the
stochastic variables, X1, X», ..., the Markov chain. Equation (8.A.17) ensures that

the probability in the Markov chain that the system is found in x” at ¢ + 1 depends
only on the state at # and does not on the states # — 1 and before.

We next define the transition probability by G, (', 1) = P(X; = x'|X; = x)
and in particular G, (1) = G . (t + 1, ¢). The former denotes the transition prob-
ability from x at 7 to x” at t’. These transition probabilities have following properties:

0<Gy. (1) <1, ZGx/xt =1, (8.A.18)

0<Gu,(1)<I, Z G (t)=1. (8.A.19)

We consider an equation

Gualt+s.0= D> Gy ((t+5=1) Gy (t + DGy 2 (D),
X1,X2,.00,X5—1

(8.A.20)
or
Gy x(t+s,)=[Gt+s—1)--G@t+ 1)G(t)]x,vx (8.A.21)

in the matrix representation. In particular, if G,/ ,(¢) is independent of ¢, this re-
duces to Gy (¢t + s5,t) = [G®]y . Equation (8.A.20) or (8.A.21) is called the
Chapman-Kolmogorov equation. The Chapman-Kolmogorov equation is proved by
the method of induction as follows.
At first, one can verify (8.A.21) with s = 1 by definition. Next, we assume
(8.A.21) and consider G,/ . (t + s + 1, ¢). It is easy to see
Gx’,x(t +s+1,0)= P(Xt+‘v+l Zx/|Xt =x)

=Y P(Xipsp1 =x"s Xy = y|X; =x). (8.A.22)
y
By Eq. (8.A.16), one finds
P(Xips41=x"s Xips = y|X; =x)
=P(Xips41=x"; Xiys =y: X; =x)/P(X; = x)
=P(Xips41 =x|Xigs =y Xs =x) P(X145s = y; Xs =x)/P(X; = x).
(8.A.23)
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Using the property of the Markov chain (8.A.17), one has
P(Xigpsp1 =X Xops = y: Xy = x) = P(Xips1 = x| Xig5 = y).
With this and P(X;45 =y; X, =x)/P(X; =x) = P(Xi45 = y|X; = x), (8.A.23)
is arranged as
P(Xt+s+1 =x"; X115 = y1X; :x)
= P(Xits1= x| Xi45 = y) P(Xis = Y Xy = x)
=Gy y(t+5)Gyx(t+5,1).
Hence Eq. (8.A.22) is written under the assumption (8.A.21) as
Gualt+s+1,0=) Gyt +9)Gy . (t+5.1)

y
=[G(t+s)---Gt+ l)G(t)]X,,x. (8.A.24)

Therefore, by the method of induction, Eq. (8.A.20) or (8.A.21) are proved for any
integer s > 1.

8.A.3.2 Time-Independent Transition Probability

Let us focus on the time-independent transition probability. We use the notation
Gy » = Gy x(t) throughout this subsection. The purpose of this subsection is to
prove that the distribution generated by G converges to a unique equilibrium distri-
bution.

The transition probability G, . has the properties given by (8.A.19). Here we
impose additional conditions to G/ .

(i) (Irreducibility). For any states x and x’, there exists a finite positive integer s
such that

Z Gx/’xs—l Gy Gy x = [Gs]x/)x > 0. (8.A.25)

X15X250005 Xs—1

This condition implies that any state x’ is accessible from any state x by a finite
number of application of G.

(i1) (Aperiodicity). For any state x and [ = 1, 2, ..., there is no positive integer
s > 1 which yields [G”]x’x > (0 and [G"#S]Lx = 0. This implies that the sys-
tem does not return to the initial state with the periodicity larger than 1.

(iii) (Existence of an equilibrium distribution). There exists an equilibrium dis-
tribution Q, which satisfies

0<0r<1, Y 0c=1
X
Z Gy xQx =0y (e., GO = Q in the matrix representation).
X

(8.A.26)
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(iv) (Detailed balance). G, satisfies the detailed balance condition:
Gy xOx =Gy Oy, (8.A.27)
where Q, is the equilibrium distribution of G.

To tell a truth, the last two conditions, the existence of an equilibrium distribution
and the detailed balance, are not necessary for the convergence of the distribution
generated by G. However, in practical situations, the transition probability is usually
constituted so as to fulfil the last two conditions. Since the proof is simpler with
these two conditions, we impose them.

The theorem for the convergence of the Markov chain with the time-independent
transition probability is stated as follows.

Theorem 8.10 The Markov chain generated by the transition probability, which
fulfils the conditions (1)—(iv) and (8.A.19), converges to the unique equilibrium dis-
tribution Q.

Proof Let Py(0) be an initial distribution. We demand 0 < Py(0) < 1 and
> . Px(0) = 1. Define the distribution after ¢ applications of transition probabil-
ity as Pyr(t) =) [G'ly x Py (t) or P(r) = G'P(t) in the matrix notation. Due to
the detailed balance condition and Q, > 0, one has
Q;]/szf,x Vr=07"%Gew Qlf/z-

Introducing a diagonal matrix D = diag(Q,), this relation is written as D~/2G x
D'2 = D/2GD~1/2_ This implies that G = D~!/2G D'/? is a non-negative sym-
metric matrix. Hence the eigenvalue of G is real and its eigenvectors are mutually
orthogonal. In addition, the Perron-Frobenius theorem can be applied to G. We write
the eigenvalue and eigenvector of G as A, and v, respectively. We define the order
of A, (m=0,1,2,...)such that Ayp > A; > Ar > ---. Note that the Perron-Frobenius
theorem guarantees Ag > 0 and Ao > |A,| (n = 1,2,...). See Sect. 8.A.2 for the
theorem. Here we recall (8.A.26). It follows that

GD™ 20 =D"1?9. (8.A.28)
Hence one finds that D~1/2Q is a positive eigenvector of G with the eigenvalue 1.
Therefore, by _the Perron-Frobenius theorem, the eigenvalue 1 is the maximum
eigenvalue of G, i.e., Ag = 1. B
Now we expand the initial distribution P (0) by the eigenvectors of G as

P(0) = Dl/z(Covo + Z Cnvn).
n>1

Assuming that v, is normalised, one may choose vo = D~'/>Q. The coefficient
Cy is easily obtained as Co = QT D~V2D~12P(0) =", 0 Q' P;(0) = 1. The
application of G’ yields

P(t)= D‘/2<D‘/2Q + chxflvn).

n>1

Since 1 > |A,| for n > 1, it is shown that P (1) — Q (t — 00). O
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In practice, one can make G, , as follows. At first, we suppose that there is a
target distribution Q, we want to realise. An example of Q is the Boltzmann distri-
bution, Q, =exp(—H,/kpT)/ Zx/ exp(—H, /kpT), of the Ising model H, with
the fixed temperature 7. Next, suppose p, , the probability that x’ is selected in one
step from x and A, , the acceptance function which decides the acceptance of the
transition of the state from x to x’. One demands py >0, px » =0,/ pry =1,
Px'.x = Px.x'» and the existence of a positive integer s such that [p*],s , > 0 for any
x and x’. As for the acceptance function A, ., we give it using the ratio Q,//Qy of
the target distribution function such that A, , = A(Q,//Qx) and

0<A(w) <1, and A(l/u)=A(u)/u foru > 0.

Usually we choose

A) = min{l, #} in the Metropolis method
W= Ton in the heat bath method

Using p, x and Ay x, we define G,/ , by

Pl xAxl x for x’ # x
Gy x= { 1= poraAv, forx' =x (8.A.29)
The proofs that this transition probability fulfils the conditions (i)—(iv) and (8.A.19)
are given as follows.

At first, it is clear that this transition probability satisfies (8.A.19). Next, due to
the property of p,’ ., one finds that for a positive integer s there is a sequence of
states, X = X0, X1, X2, ..., Xs—1, Xy = x’, such that p,/ y | - P, x; Px, x > 0. No-
tice that x; | # x; since py, , x; # 0. Therefore, for such a sequence of states,

Gy xy " Gy Gy x = P x  Axxe " Pxaxi Axy xy Pxy x Axy x> 0,

where we used Ay; r; > 0. This inequality and G , > 0 for any x and x” immedi-
ately establish (8.A.25), namely, the irreducibility. Third, consider two state, x and
x', such that Q, > Q.. For such x and x’, due to the property of p, ., there ex-
ists a positive integer s which yields [p®],s » > 0. This implies that there exists at
least a pair of x; and x; which yield Qy, > ij and Pxjxi > 0. Notice here that if
Oy >0 Xj then

AX]‘,X,‘ = A(QXj/Qx,') = A(Qxi/ij)ij/Qxi < A(Qx,'/ij) <1
With Dxjx; > 0 and Ax_,~,x,~ < 1, one can show

Gy =1-— E Pxrx Ay =1— E Py x Ax xg — Pxj.x; Ax_i,xi
X//

x"#Xj,Xi
>1- E Py x; — DPxj =1 — E Py x; = 0.
XX, Xi x"

Hence there exists a state x which gives G, , > 0. Now suppose G, ,» > 0.
For an arbitrary x, by the irreducibility of G, there exists a positive integer s
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and s” which yield [G*]y , > 0 and [G*'],. > 0. It follows that [G*+'], , >
[G¥' 15 [G* 1y > 0 and [G*TH1), > [G¥' ],/ Gy [G*1y .« > 0. This shows
the aperiodicity of G. To show the existence of an equilibrium distribution and the
detailed balance, we call for A(Q,//Qx)0x = A(Qx/Qx)Qy and py ' = py/ x.
Using these properties, one can easily show (8.A.27) and (8.A.26).

8.A.3.3 Time-Dependent Transition Probability

In this subsection, we discuss the convergence of a Markov chain generated by a
time-dependent transition probability.

Suppose that P, (¢) represents a probability distribution of the state at time 7. Note
that Py (¢) is identical to P(X; = x). When G, ,(t) depends on ¢, the Chapman-
Kolmogorov equation (8.A.20) leads to the distribution Py (¢") at ¢’ from a given
distribution at ¢:

Py(t')

Y Gt 1) Pe()

= > Gua (1= 1) Gy, (1 + DGy (D PL(0).

X, X],X2, 0 Xy

(8.A.30)
This can be written using the matrix representation as
P({)=G('=1)--- G+ DGO P®). 8.A31)

For this Markov chain with the time-dependent transition probability G, . (¢), the-
orems on the condition for the weak and strong ergodicities are known. They are
called the weak ergodic theorem and the strong ergodic theorem respectively. We
first prove the weak ergodic theorem, and then move on to the strong ergodic theo-
rem.

To make a statement of the weak ergodic theorem, we define the ergodic coeffi-
cient by

a(Gt), 1)) = max [Z max {0, G v (tj,1;) — Gy v (1], t,~)}:|. (8.A.32)
’ x

We note that there are several expressions for the ergodic coefficient «. To see this,
we define the notations (-)+ and (-)_ by

_jA (A=0)
(A)+_{0 (A <0,

[0 (A=0)
(A)_{A (A <0).
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We next define . (G, x’,x"”) and .¥_(G,x’,x") by the sets of x which yields
Gy — Gy >0and G, ,» — G, < 0respectively. Note that

Y max{0, Gy xr = Gy} =Y (Grxr = Grx)t
X X

= Z (GX,X” - Gx,x/)~ (8A33)
xe4(G,x' ,x")

Recall here ). Gy ,» =), G, = 1. Then one can write
1
Zmax{O, Grxr — Gy} = Z(Gx,x” — Gy )+ — ) Z(Gx,x” =Gy x).
X X X

The half of the first sum in the right hand side is cancelled by the second sum over
x € %1 (G,x', x"). Moreover, the second sum over x € ._(G, x’, x") is identical
0 ) ves (G x| Grxxr — Gy x| Hence one obtains

1
Xx:max{o» Gx,x” - Gx,x’} = 5 Xx: |Gx,x” - Gx,x’|~

Therefore (8.A.32) can be written as

a(G(t' 1)) =max Y (Gy(t',1) =Gy o(t, t))+, (8.A.34)

x//’x/
a(G(t',1) ——max[Z|Gxx~t t Gx,x/(t/,t)}] (8.A.35)

Next, observe

Zmax{O, Gx,x” - Gx,x/} = Z(Gx,x” - min{Gx,x”’ Gx,x’})
X

X

=1- Zmin{Gx,x”y Gx,x’}-
Due to the non-negativity of G, the second term yields
max min{G, ,», G = — min min{G, ., G, v+ }.
[ Z {Grr, G }] Z {Grxrs G ')

Thus another expression of « is obtained as

a(G(t’, t)) =1—min

mln{Gx,xn (t’, t), Gx,x/(t’, t) } (8.A.36)
// x/

In order to simplify expressions in the following argument, we employ the nota-
tion for the norm of vector: [[v]| =), |vx|. Note that u, (r) — vy if lu(r) —v| - 0
(t = 00).

Now the weak ergodic theorem is stated as follows.
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Theorem 8.11 (Condition for the weak ergodicity) Consider an ascending se-

quence of time ty, 1, ..., where t; <t; fori < j. If and only if
(Gt +5),1) =50 foranyt, (8.A.37)
then

max |GG +s,0)Po— Gt 45,000 =50 foranyr.  (8.A.38)
0,0

Equation (8.A.38) is called the weak ergodicity. The weak ergodicity implies
that the distribution given by a Markov chain becomes independent of the initial
distribution in the infinite limit of time.

Proof We employ the expression (8.A.35) of «, dropping arguments (¢, ) to make
formulas concise. Using the Kronecker’s §, (8.A.35) is written as

|

Let us here consider ) _ | Zy Gy y(Py— Py)l, where P and P’ are some probability
distributions. Using the notations, (-)+ and (-)_, one can write

x(G) = —max[

X )(8) x" ay,x’)

xy(Py = P))

= ZZ(Gx»y(Py —P)), =YD (Gey(Py—P)))_. (8.A39)

x oy
Noting that

2.2 Gra(B = F)
- ;(zy: G.y(Py — Py/)>+ + ;(; Gry(Py— Py’)> =0,

Eq. (8.A.39) is arranged as

xy(Py

= 22(2 Gy y(Py — Py’)> . (8.A.40)
X y +

Suppose that P and P’ are the probability distributions that maximise (8.A.39),
namely,
or

%%X{XX:(; Gyy(Py — Py/))+} = {Xx:(; Gy y(Py — ﬁy’)>+}. (8.A.42)

(Py—P})|. (8.A41)

max
PP’
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We here define .7, (G; P, P') as the set of x that yields Zy Gx,y(};y — I3y/) > 0.
Notice that

Y Yen-A-ml X Your-m)

xeZ (G P, Py Y T xe S (G PP Y
(8.A.43)

Equations (8.A.42) and (8.A.43) lead to
max{Z(Z Gy y(Py— P)’)) }
PP LTNS "
= 5,1,{335{ 2. 2 Gu(b- Py’>}

xeZ(G;P,P"y Y
:mgx{z( > Gm)py} _mgn{z( > G)p}
Y xeS(G;P,P) Y xeS(G;P,P)
(8.A.44)
We define ymax SO as to maximise er«%r(G'f’ B G,y and ymin to minimise it.
Then one finds that the maximisation of the first term of (8.A.44) is achieved when

Py = ﬁy = 8y, ymax - Also one finds that the minimisation of the second term is done
when P, = 15" =8y, yin- From this with (8.A.40) and (8.A.44), one obtains

1
5 { y) } = Z (Gxa}’max - GX,Ymin)’

x€74 (G} Ymax, Ymin)
where 74 (G; Ymax, Ymin) is the set of x that yields Gy ... — Gx, y.. = 0. By the
definition of ymax and ymin, one has

(8.A.45)

Gxaymax - Gxaymin = H/l,aX,{Gx,x” - G)C,)C/}ﬂ
X7,X

and

Z maX{Gx,x” - x x'} = max Z {Gx,x” - Gx,x’}~
x// x/

a

x€.71 (G} Ymax,>Ymin) ’ ' xeZ4 (Gix/ x'")

Therefore one reaches

5?%’5{; 2 G Py = Fy)

} max{Z(Gx = Gy m} =a(G),
(8.A.46)

where we used the expression (8.A.34). Thus it is shown that, if and only if
@(G) — 0, one has maxp p |GP — GP'|| = 0. 0

The weak ergodic Theorem 8.11 is followed by the next corollary.
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Corollary 8.2 The necessary and sufficient condition for the weak ergodicity is
given by

[1—a(Gis1, 1))} = 0. (8.A47)

™

I
_

Proof Assume first that there is an ascending sequence of time, 1, 7, . . . , for which
one has

™

I
—

[1—a(Gis1,1))} = 0. (8.A.48)

Let us observe that, if Y .-, a; = 0o for 0 < a; < 1, then one has [ ]2, (1 —a;) =0.
This is verified by noting that 0 < [2,(1 — a;) < [[72; e % =exp(— Y icq ai)-
Using this, it is shown that (8.A.48) yields

]‘[a G(tit1,1)) =0. (8.A.49)
i=1

Now we look into a(G (tj+2, t;)). By the Chapman-Kolmogorov equation (8.A.20),
one has G(tj12, ) = G(ti+2, ti+1)G(ti+1, t;). Hereafter we use the shorthand nota-
tion: G = G(tiy2, 1), G' = G(tix1,1;), and G” = G(t;12, tiy1). Observe

GX,X// — Gx)x/ = Z{G;C/,}( X” G/ ) + G;c/,y(Gly,x” - Gly,x’)—}'
y
It follows that

Z(Gx,x” - Gx,x’)-i— = Z (Gx,x” - Gx,x’)
X

xe4(G,x"x")

-Y( T GG,
Yy xeS4 (G x")
+(G, =G ) ) (8.A.50)
Note that the second term in the braces are negative. Hence one can bound (8.A.50)

by maximising ), c #, (G.vv7) G¥,, With respect to y on the first term and by min-
imising it on the second term.

Z(Gx,x” —Grx)+ = Z[II;E}X{ Z G:c/,y’ } (G;,x” - Giv,x’)-}-
x y

xe(G,x',x")
. ” / /
+n’;l/n{ Z Gx’y/}(Gy’x// _Gy’x/)_il
xe4(G,x",x")

= H/l/a)s{ Z (G;/’y// - G;/,y’)} Z(G/y‘xu - G/y’x/)+9

YV e s (Gox x) y
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where we used Z}:(Gy,x” -Gy ) =— Zy(Gy,x” — Gy x/)+. Since
Z (G;”y,, — G;/yy,) < Zx € (G y',y") (G;/’y// - G;/ y/)
xeZ4(G;x' . x"")

one obtains
Z(GX,X// — x x/)+ < II/l/a)E{ Z (G,/v/,y” — G:C/,y/)} Z(G;’xu - G;’X/)_i_

X Yoy R "o ! )

xeS4(G",y'y") by

=a(G")) (G =Gy o), (8.A.51)

y

Taking the maximum over x” and x’, one reaches
a(G(tiv2, 1)) < a(Gtiga, tix))a (G Uiv1, 1)) (8.A.52)
With (8.A.49) and (8.A.52), it is shown that

lim «(G(', 1)) ]‘[a G(tit1,1)) =0. (8.A.53)
i=1

t'—00

Next, we assume that

a(G(t,1)) "25°0  for any t. (8.A.54)

This is followed by
1—a(G(t',1))' =1 foranyr. (8.A.55)
One finds from this that for a fixed ¢, there exists #, such that r, > ¢ and 1 —
a(G(ty, 1)) > l . In the same way, one can choose 73, t4, ..., t, such that ;1| > ¢;

and 1 — a(G(t,_H ti)) > 5. Then, with an arbitrary positive 1nteger n, one has

n

1
d {1 —a(Gti.1)} > e (8.A.56)
i=1
Taking the limit of n — 0o, one obtains

o0

> {1 —a(Gltis1. 1))} =o0. (8.A.57)
i=l
Thus the Corollary 8.2 is proved. O

We finally move on to the strong ergodic theorem.
Theorem 8.12 (Conditions for the strong ergodicity) Assume the following condi-

tions:

(i) The Markov chain is weakly ergodic.
(ii) For any t, there exists an equilibrium probability distribution Q(t) such that

Q) =G1)Q).
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(iii) The equilibrium distribution Q(t) satisfies

Yo+ —0@®] <o (8.A.58)

=0

Then the probability distribution P(t) generated by the transition matrix G(t) =
Gt —1)---G()G(0) from an arbitrary initial distribution Py converges to a
unique distribution Q* =1lim;_, o, Q(t) for t — 0o, namely, P (t) satisfies

lim | P(t) — Q% = lim | G(r,0)Py — Q*| =0. (8.A.59)
t—00 1—0o0

Proof Because of the condition (i), P(t) = G(t, 0) Py becomes independent of Py
for t — oo. Hence one may choose Q(0) as Py. Define R(s) by

R(s)=G(s)Q(s — 1) — Q(s). (8.A.60)
Noting G(0)Q(0) = Q(0), one can write

P =G 0000)=G6@—1)---G(2)G(1)Q(0)
=G@t—1)---G2)(Q() + R(1))
=Qt—1D)4+Rt—1)+GE,t—DRE—2)+--+G(t,2)R(1).
(8.A.61)

Consider here || P(t) — Q*||. For this quantity, one has
|P@&)—0*| < |P1)— 0t —D|+]0ot—1) -0
<[|P®) - G, QW | + |Gt w) Q) — Ot — 1)
+ || o¢ -1 - 0%, (8.A.62)

where we supposed 0 < u < t. The first term is estimated as follows:

|P@)—Gt.u)Qw)| =G, u)Gu,0)Q(0) — G(t,u) Q(u)|
=Gt w)(Gu,0)0(0) — Qw))].

Due to the weak ergodic theorem, for any given positive number ¢ one can choose
t1 such that

|G, u)(Gwu,0)0(0) — Q)| <& foranys>r andu <t,
namely,
|P(t)—G(t,u)Q)| =& forany >t andu <t. (8.A.63)

Next, the second term of (8.A.62) is estimated as follows:

t—1

> G(t.s+DR(s)

s=u+1

t—1
< Y |G s+ DRE)|.

s=u+1

|Gt,wow — o —1)| =
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Using (8.A.60), it follows that
—1

|Ge.wQw) -0t -] < > |Gt.s+1D(G)Qs — 1) — Q)|

s=u+1

t—1
= Y |GG -1)—0)].

s=u+1
Note that, since Gy,y >0and }, G,y =1,0nehas [[GA|| =3}, 1>, Gy yAy| <
>« 2_y Gx,y|Ay| = || A|| with an arbitrary vector A. Hence one obtains

t—1

|Ge.wow) -0t —D] < > ot -1) -0

s=u+1
Due to the condition (iii), for given & one can choose | such that # > #; and

t—1

|G, unQ) — Q=1 < Z oG =1 —-0@)| <e

s=u1+1
forany r > uy + 1. (8.A.64)

Finally, regarding the third term of (8.A.62), the condition (iii) ensures us that there
is a positive integer #; for given € such that #, > u; + 1 and

ot —1)— Q*|| <& foranyt > 1. (8.A.65)

Thus it is shown that, for an arbitrary ¢ > 0, there exists a positive integer #, and for
t > tp one has

|P@)— Q| < 3e. (8.A.66)

Therefore the strong ergodic Theorem 8.12 is proved. 0



Chapter 9
Applications

In the previous chapters, we reviewed several models to explain physical phenom-
ena in which the quantum fluctuation as a transverse field plays important role,
especially quantum phase transition in magnetic systems. However, as we saw in
the chapter of quantum annealing, transverse Ising model and its variants are use-
ful for various research fields. In this chapter, we introduce several applications of
transverse Ising model to the outside area of physics, namely, brain science and
information science and technology.

9.1 Hopfield Model in a Transverse Field

Since J.J. Hopfield pointed out, we know that associative memories in artificial neu-
ral networks are described by a kind of spin glasses of the Sherrington-Kirkpatrick
type. In this section, we explain how we extend the model to the quantum-
mechanical variant in terms of the transverse field.

The Hopfield model of neural networks employs the two state (classical) Ising
spins S; = %1 to represent the McCulloch-Pitts (formal) neurons. The synaptic con-
nections between the neurons are represented by the spin-spin interaction J;;, which
are taken to be symmetric. The symmetry of J;; allows one to define an energy func-
tion or Hamiltonian for the network. The symmetric connections are constructed fol-
lowing Hebb’s rule of learning, which says that for P random (orthogonal) patterns,
the synaptic strength J;; for the pair of neurons (i, ) is given by

1 P

= > gl 9.1.1)
n=1

where {éf },i=1,2,..., N, represents the p-th (random) pattern to be learned
by the network. Each éi” can take values 1 and the randomness of the patterns
demand (1/N)}; Ei“ & =8, N is the total number of neurons (Ising spins) in the
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network; each connected to all others in the network through J;;’s. The Hamiltonian
is then defined as

N
H=—ZJ,-ijSj. 9.1.2)
i>j
Strictly speaking, about 10 years before of the Hopfield’s work, Kaoru Nakano [293]
who is a Japanese engineer already proposed almost the same mathematical model
as that by Hopfield. However, in his paper, the concept of energy function such
as (9.1.2) was not mentioned. As the result, his paper was not drawn attention to
physicists.

The idea of Hopfield is that the above choice of J;;’s (9.1.2) will make the energy
corresponding to the learned patterns local minima in the free energy landscape. An
initial configuration close to a learned pattern will therefore be attracted towards
a learned pattern through any energy minimising dynamics. Any pattern evolves
following the (zero-temperature Monte Carlo) dynamics

SZ(t + 1) = sgn(h; (1)), 9.1.3)

where h; is the internal field (the active potential) on the neuron i, given by

N
hi(t)=ZJijS§(t). 9.1.4)
j=1
Here a fixed point of dynamics or attractor is guaranteed (Hopfield [178]): after a
certain number of iterations #*, the network stabilises and S (t*) = S (r* + 1).

9.1.1 Statics and Phase Diagrams

Using replica symmetric (mean field) theory for such long range systems (as for the
Sherrington-Kirkpatrick model of spin glasses, Amit, Sompolinsky and Gutfreund
[13] obtained the following equations for the finite temperature overlap function
my,=(1/N)Y; Sl.Z (t*)Ei” (where t* refers to the equilibrium state at finite 8 and to
fixed points for * — o0):

my = /fo Dr tanh[,B(mM +Vag r)], 9.1.5)
qg= /oo Dr tanh?[B(m,, + agr)], (9.1.6)

- q
_ , 9.1.7
TTh—Ba-gr ©-17

where we defined Dr = dre~""/2 //2m and . = P/N. A self-consistent numerical
solution of the equation shows that, at zero temperature (8 — 00), the local minima
for H in (9.1.2) indeed correspond to the patterns fed to be learned (i.e., m, = 1),
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Fig. 9.1 The phase diagram of the classical Hopfield model (left: from [13]). Right panel is phase
diagram for the Hopfield model in a transverse field (from [298]). R-I in the right panel corresponds
to the area where the ferromagnetic memory state is a global minimum, whereas R-II denotes the
area in which the memory state is a local minimum of the free energy. The areas 0 < T < T¢
and Tc < T < Ty in the left panel correspond to the regions R-I and R-II in the right panel,
respectively. The Tg in the inset of the left panel stands for the de Almeida-Thouless (AT) line
[97] and the corresponding line in the right panel is shown as a broken line

in the limit when memory the loading factor «(= P/N) tends to zero; and they
are about 3 % off (m,, >~ 0.97) when « is finite but o < o, 22 0.138 [13] (see the
phase diagram in Fig. 9.1 (left)). Above this loading capacity, the network goes to
a confused state where the local minima in the energy landscape do not have sig-
nificant overlap with the patterns fed to be learned. These results are also checked
in detailed numerical studies, where the dynamics of relaxation of the distorted pat-
terns, measured quantitatively by the relaxation time ¢*, can he studied additionally.
These relaxation studies for the Hopfield model show a novel critical slowing down
or divergence of relaxation time #* (Chakrabarti et al. [64]) near the critical loading
capacity o, where the metastable (memory) overlap states disappear (but no real
phase transition occurs in the Hopfield model for which the ground states corre-
spond to spin glass states already at o > 0.05).

In order to study the effect of quantum fluctuations on such associative memory
neural network models (in connection with the suggestions of nontrivial quantum
coherence effects in the brain [307, 414]), one can study the various phases of the
Hopfield model in a transverse field [250, 251, 253]. One therefore considers here
the Hamiltonian

N P
1
H=—ZJU'S?S§—F§ St Jij=N§ 55“5;‘, 9.1.8)
pu=1

i>j i

where Si“ ’s represent the same P = o N (random) patterns. The treatment by Ma
et al. [250, 251, 253] is based on the so-called ‘naive mean field method’, and it
could not mention the de Almeida-Thouless line [97] at which the replica symmet-
ric solution becomes unstable. Nishimori and Nonomura [298] solve the problem by
using a standard approach based on the replica method. Following again the mean
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field theory of transverse Ising Sherrington-Kirkpatrick model [369], they can gen-
erate the self-consistent equations as

m:/DzY_I/Dwgu_lsinhﬂu 9.1.9)
q
=—* (9.1.10)
"T U= B5+pg2
S—q
t=r4——= (9.1.11)
1-BS+Bq

2
q:/Dz(YI/quulsinhﬁu) (9.1.12)

S:/DzY‘l(f quzu_lcosh,Bu+TF/Dwu_lsinh,3u)
(9.1.13)

where we defined
g=m+Jarz+Jalt —r)w (9.1.14)

u=/g2+1r?2, Y:/choshﬁu (9.1.15)

where we set m,, = §,, 1m, namely, we consider the case in which a specific pattern
&, =(,..., 1) is recalled. The detail of the derivation is given in Appendix 9.A.

We draw the phase diagram in Fig. 9.1 (right). R-I in the panel corresponds to
the area where the ferromagnetic memory state is a global minimum, whereas R-1I
denotes the area in which the memory state is a local minimum of the free energy.
The areas 0 < T < T¢ and T¢ < T < Ty in the left panel correspond to the regions
R-I and R-II in the right panel, respectively. It appears that the quantum fluctuations
destroy the overlap states and the critical loading capacity «, (=~ 0.138 for T =
I = 0) decreases continually with I" (o, =0 for I" = 1).

9.1.2 Pattern-Recalling Processes

In the above subsections, we discussed equilibrium properties of quantum Hopfield
model. However, the dynamical properties of the system, especially, the pattern-
recalling process also have a rich behaviour. In the following subsections, we argue
such dynamics of the quantum Hopfield model in which of order 1 patterns are
embedded [192].

9.1.2.1 The Classical System

We first revisit the conventional Hopfield model described by classical Ising spin.
Let us consider the network having N-neurons. Each neuron S; takes two states,
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namely, S; = +1 (fire) and S; = —1 (stationary). Neuronal states are given by the
set of variables §;, thatis, § = (Sy, ..., Sy), S; € {+1, —1}. Each neuron is located
on a complete graph, namely, graph topology of the network is ‘fully-connected’.
The synaptic connection between arbitrary two neurons, say, S; and S; is defined
by the following Hebb rule:

1
= Zglf‘AWg; (9.1.16)
nw,v

where §* = (&1,...,&N), Si” € {+1, —1} denote the embedded patterns and each of
them is specified by a label u =1, ..., P. Ay, denotes (P x P)-size matrix and
P stands for the number of built-in patterns. We should keep in mind that there
exists an energy function (a Lyapunov function) in the system if the matrix A, is
symmetric.

Then, the output of the neuron i, that is, S; is determined by the sign of the local
field h; as

hi = Zg Ayym” +— Z £¢ Aang S; (9.1.17)

nov=1 ab p+1

where A, and A, are elements of p x p, (P — p) x (P — p)-size matrices, re-
spectively. We also defined the overlap (the direction cosine) between the state of
neurons S and one of the built-in patterns {El.“ } by

1
mVENZEiVS,'. (9.1.18)
i

Here we should notice that the Hamiltonian of the system is given by — ), #; S;.
The first term appearing in the left hand side of Eq. (9.1.17) is a contribution from
p ~ O(1) what we call ‘condensed patterns’, whereas the second term stands for
the so-called ‘cross-talk noise’.

To evaluate the cross-talk noise, let us first consider the case in which the sec-
ond term is negligibly small in comparison with the first term, namely, the case of
P = p ~ O(1). Then, the cross-talk noise is evaluated as /pN/N ~ 1/+/N =0
in the limit of N — oo. In this sense, we can say that the network is ‘far from its
saturation’. On the other hand, for the case of P = &'(N), p = (1), one can evalu-
ate the cross-talk as /pN/N ~ € (1), which is the same order as the signal. In this
case, we can say that the network is ‘near saturation’

9.1.2.2 The Quantum System

To extend the classical system to the quantum-mechanical variant, we rewrite the
local field &; as follows

P
— Z gﬁAW<%Zgi”s§> (9.1.19)

u,v=1
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where Sf (i=1,..., N) stands for the z-component of the Pauli matrix. Thus, the
Hamiltonian Ho = — )", ¢; S is a diagonalised (2 x 2")-size matrix and the low-
est eigenvalue is identical to the ground state of the classical Hamiltonian — ) _; ¢; S;
(S; is an eigenvalue of the matrix Sf).

Then, we introduce quantum-mechanical noise into the Hopfield neural network
by adding the transverse field to the Hamiltonian as follows

N
H=H0—FZs;‘ (9.1.20)

i=1

where S7 is the x-component of the Pauli matrix and transitions between eigenvec-
tors of the classical Hamiltonian H are induced due to the off-diagonal elements
of the matrix H for I" # 0. In this paper, we mainly consider the system described
by (9.1.20).

9.1.2.3 Quantum Monte Carlo Method

The dynamics of the quantum model (9.1.20) follows Schrodinger equation. Thus,
we should solve it or investigate the time dependence of the state |/ (¢)) by using
the time-evolutionary operator e ~*H4!/"" defined for infinitesimal time Az as

[yt + AD) = e HATR g 1)), (9.1.21)

However, even if we carry it out numerically, it is very hard for us to do it with
reliable precision because (2" x 2V)-size Hamilton matrix becomes huge for the
number of neurons N 3> 1 as in a realistic brain. Hence, here we use the quantum
Monte Carlo method to simulate the quantum system in our personal computer and
consider the stochastic processes of Glauber-type to discuss the pattern-recalling
dynamics of the quantum Hopfield model.

9.1.2.4 The Suzuki-Trotter Decomposition

The difficulty to carry out algebraic calculations in the model system is due to
the non-commutation operators appearing in the Hamiltonian (9.1.20), namely,
Ho,H;=—TI);S7. Thus, we use the following Suzuki-Trotter decomposition
[386] in order to deal with the system as a classical spin system

H H\\”
refHHHD) — iy tr<exp(u> exp<h>> (9.1.22)
M—00 M M

where 8 denotes the ‘inverse temperature’ and M is the number of the Trotter slices,
for which the limit M — oo should be taken. Thus, one can deal with d-dimensional
quantum system as the corresponding (d 4 1)-dimensional classical system.
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9.1.2.5 Derivation of the Deterministic Flows

In the previous section, we mentioned that we should simulate the quantum Hop-
field model by means of the quantum Monte Carlo method to reveal the quantum
neuro-dynamics through the time-dependence of the macroscopic quantities such as
the overlap. However, in general, it is also very difficult to simulate the quantum-
mechanical properties at the ground state by a personal computer even for finite size
systems (N, M < 00).

With this fact in mind, in this section, we attempt to derive the macroscopic flow
equations from the microscopic master equation for the classical system regarded
as the quantum system in terms of the Suzuki-Trotter decomposition. This approach
[192] is efficiently possible because the Hopfield model is a fully-connected mean-
field model such as the Sherrington-Kirkpatrick model [369] for spin glasses and its
equilibrium properties are completely determined by several order parameters.

9.1.2.6 The Master Equation

After the Suzuki-Trotter decomposition, we obtain the local field for the neuron i
located on the k-th Trotter slice as follows

1
Boi(Sk: Sitk+ 1)) = % Zs,-“A,w{N Zs;sjuo}
J7RY j

B
+ 5 {Sik = D+ 56k + D) 9.1.23)

where parameter B is related to the amplitude of the transverse field (the strength of
the quantum-mechanical noise) I" by

B = ttogeot( 2L (9.1.24)
= — 102 CO — 1. .
2 %8 M

In the classical limit I” — 0, the parameter B goes to infinity. For the symmetric
matrix A,,, the Hamiltonian (scaled by 8) of the system is given by — >, B¢ (Sk :
Stk £1))S;i (k).

Then, the transition probability which specifies the Glauber dynamics of the sys-
tem is given by

1
wi(Si) = 3[1 = §i (k) tanh(B1 (S : Sk & 1)) ). 9.1.25)

More explicitly, w;(Sx) denotes the probability that an arbitrary neuron S; (k)
changes its state as S;(k) — —S; (k) within the time unit. Therefore, the probabil-
ity that the neuron S; (k) takes +1 is obtained by setting S; (k) = —1 in the above
w; (Sx) and we immediately find S; (k) = S;(k — 1) = S; (k + 1) with probability 1
in the limit of B — oo which implies the classical limit I” — O.

Hence, the probability that a microscopic state including the M-Trotter slices
{Sk} = (St1,--.,Sm), Sk = (S1(k), ..., Sn(k)) obeys the following master equa-
tion:
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d ({S D e
2D SO (FR S0 wi (FP (50) = pi(Sowi ()]

k=1i=1
(9.1.26)

where Fi(k) (-) denotes a single spin flip operator for neuron i on the Trotter slice &
as S;(k) - —S;(k). When we pick up the overlap between neuronal state Sy and
one of the built-in patterns &", namely,

k—_ (Sk-&") Zé S; (k) (9.1.27)

as a relevant macroscopic quantity, the joint distribution of the set of the overlaps
{my,...,mp} at time ¢ is written in terms of the probability for realisations of
microscopic states p,({Sx}) at the same time ¢ as

M

P (m},...,m}y, Zpt ({Sk}) ]_[5 v —m}(SK) (9.1.28)

{Sk} k=1
where we defined the sums by

Z( )_Z Z( Z(...)E Z Z ().

{Sk} S Sk S1(k)==*1 Sy (k)==*1
(9.1.29)

Taking the derivative of Eq. (9.1.28) with respect to ¢ and substituting (9.1.26) into
the result, we have the following differential equations for the joint distribution

dP(mj,...,my,)
dt
a 1% v v v
= k 8mz{mkP,(ml,...,mk,n-,mM)}
8 v v v o v v
_Xk: at {P,(ml,...,mk,...,mM)/_OOD[E |as
y 2 (5. Pr({SkHE" tanh[Bp ()T ; 8(my —m}(Sk)) }
Z{sk} peSiH) [T 8(my — my (Sk))
x §(Stk+1) = Sitk+ 1))3(Stk — 1) — Si(k — 1)) (9.1.30)
where we introduced several notations
1
D[é“]ENZS(g‘”—S;’) (9.1.31)
AL
,3¢(k)zﬂzw+mz+ §S(k— 1)+§S(k+1) (9.1.32)

for simplicity.
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Here we should notice that if the local field B¢ (k) is independent of the micro-
scopic variable {Sy}, one can get around the complicated expectation of the quan-
tity tanh[B¢ (k)] over the time-dependent Gibbs measurement which is defined in
the sub-shell: [, 8(mz — mz (Sk)). As the result, only procedure we should carry
out to get the deterministic flow is to calculate the data average (the average over
the built-in patterns). However, unfortunately, we clearly find from Eq. (9.1.32) that
the local field depends on the {S}. To overcome the difficulty and to carry out the
calculation, we assume that the probability p;({Sk}) of realisations for microscopic
states during the dynamics is independent of ¢, namely,

pe({Sk}) = p({S«})- (9.1.33)

Then, our average over the time-dependent Gibbs measurement in the sub-shell is
rewritten as

> (s P ({SkhEY tanh[Be ()1 [T, S(my —m} (Si))
Z{Sk} pe({Sk}) nk B(m}é - mZ(Sk))
X 8(S(k+1) = S;(k + 1)3(S(k — 1) = S; (k — 1))

= <g“ tanh[B¢ ()] [ [8(Stk+1) = Si(k + 1))8(Stk — 1) — S (k — 1))>

*

(9.1.34)
where (- - -), stands for the average in the sub-shell defined by m; = m} (Sx) (Vi):

Y (50 PASIN G- T 8(ml — my(Se)
> (50 PUSID TTeo0my —m(S)

If we notice that the Gibbs measurement in the sub-shell is rewritten as

M
Z p({Sk}) ]‘[ §(my —my(Sp)) = tr(s) exp [,3 Zq&(l)S(l)} (9.1.36)

{Sk} k I=1

()% (9.1.35)

(trisy(---) =[x s, (- - )), and the quantity
> sty=+1 Sk) expl B (k) S (k)]
h k)= 9.1.37
e O ST PTG ©-137

is independent of S(k), the average appearing in (9.1.34) leads to

<g” tanh[ B¢ (k)] ]_[ 8(Stk+1)—Si(k+ 1))>

i *

_ s 57 2y SO explpg (R SK)]
tr{S} explB () S (k)]

=£"(5)% ) (9.1.38)

in the limit of M — oo. This is nothing but a path integral for the effective sin-
gle neuron problem in which the neuron updates its state along the imaginary
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time axis: trys)(---) = ZS(])::I:] e ZS(M):ﬂ( --) with weights exp[B¢ (k)S (k)]
k=1,...,M).
Then, the differential equation (9.1.30) leads to
dP/(m},...,my,)
dt

o0 v
_ZW{P,(m‘I’, mkva)/ D[E”]d&”f”(S);)iﬂ)l}.
k k
(9.1.39)
In order to derive the compact form of the differential equations with respect to
the overlaps, we substitute P;(m},...,m},) = ]_[IJCV[:1 8(my —mj (1)) into the above

(9.1.39) and multiplying m; by both sides of the equation and carrying out the
integral with respect to dm] - --dm}, by part, we have for/ =1,..., M as

dm;)__ v 00 vdvv ") 1.40
=—m) + D[£"]dg"EY(S) ;. (9.1.40)
dt oo p

&Y
path
patterns £”. In the next subsection, we carry out the quenched average explicitly

under the so-called static approximation.

Here we should notice that the path integral £V (S) depends on the embedded

9.1.2.7 Static Approximation

In order to obtain the final form of the deterministic flow, we assume that macro-
scopic quantities such as the overlap are independent of the Trotter slices k during
the dynamics. Namely, we must use the so-called static approximation:

my =m" (V). (9.1.41)

Under the static approximation, let us use the following inverse process of the
Suzuki-Trotter decomposition (9.1.22):

Jim Zy = trexp|:,3 D EFALmMYS + ﬁrsx] (9.1.42)
B Z;w éMA;wmv
ZMEtr{s}exp[T;S(k)+B;S(k)5(k+1)]. (9.1.43)
Then, one can calculate the path integral immediately as
v EFA,,mY 2
(S )= L& A tanh B (ZgﬂAme> + 12
J 0  Am®? + 12 -

(9.1.44)
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Inserting this result into (9.1.40), we obtain

dm” v KA mY 2
i:_mv+<< g ZMV&_ 22y tanh,B (ZgﬂAlLvmv> +1"2>>

dt \/(Z;w gMAlwmu)z_,_]ﬂ "

(9.1.45)

where we should bear in mind that the empirical distribution D[£"] in (9.1.40) was
replaced by the built-in pattern distribution &7(£") as

1
— Y s -8 =2(&") (9.1.46)

lim
N—oco N
in the limit of N — oo and the average is now carried out explicitly as
/D[é:”]df”(' )= f P(EV)E () =< >> (9.1.47)

Equation (9.1.45) is a general solution for the problem.

9.1.2.8 The Classical and Zero-Temperature Limits

It is easy for us to take the classical limit /" — 0 in the result (9.1.45). Actually, we
have immediately
dm"
dt

=—m" +<<E”tanh<,3 ZE“AWm”)». (9.1.48)
v

The above equation is identical to the result by Coolen and Ruijgrok [87] who
considered the retrieval process of the conventional Hopfield model under thermal
noise.
We can also take the zero-temperature limit 8 — oo in Eq. (9.1.45) as
dm vy 5 2w A
dt \/(Zuv %-;/,Alwmv)Z + 2

Thus, Eq. (9.1.45) including the above two limiting cases is our general solution
for the neuro-dynamics of the quantum Hopfield model in which &'(1) patterns are
embedded. Thus, we can discuss any kind of situations for such pattern-recalling
processes and the solution is always derived from (9.1.45) explicitly.

>. (9.1.49)

9.1.2.9 Limit Cycle Solution for Asymmetric Connections

In this section, we discuss a special case of the general solution (9.1.45). Namely,
we investigate the pattern-recalling processes of the quantum Hopfield model with
asymmetric connections A = {A,,,,}.
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Fig. 9.2 Time evolutions of
m1 and my for the case of
I =0.01

9.1.2.10 Result for Two-Patterns

Let us consider the case in which just only two patterns are embedded via the fol-

lowing matrix:
1 -1
A_<1 | > (9.1.50)

Then, from the general solution (9.1.45), the differential equations with respect to
the two overlaps m| and my are written as

dm mi my
—=—m + —

dt Vem)2+T12  \/@my)? +I?
dmy mi ma

+ + .
T Vamp 2 Jamp i I

In Fig. 9.2, we show the time evolutions of the overlaps m; and my for the case
of the amplitude I = 0.01. From this figure, we clearly find that the neuronal state
evolvesas A—> B — A— B— A — B — --- (A, B denote the ‘mirror images’
of A and B, respectively), namely, the network behaves as a limit cycle.

To compare the effects of thermal and quantum noises on the pattern-recalling
processes, we plot the trajectories m—my for (T = B~1, I =(0,0.01), (0.01,0)
(left panel), (T, I") = (0, 0.8), (0.8, 0) (right panel) in Fig. 9.3. From these panels,
we find that the limit cycles are getting collapsed as the strength of the noise level
is increasing for both thermal and quantum-mechanical noises, and eventually the
trajectories shrink to the origin (m1, my) = (0, 0) in the limit of 7', I' — oo.

dt

9.2 Statistical Mechanics of Information

In the previous section, we consider the quantum-mechanical variant of the Hop-
field model in terms of transverse Ising model. We could apply the knowledge of
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Fig. 9.3 Trajectories m1—my for (T, I") = (0,0.01), (0.01,0) (left panel), (T,I") = (0,0.8),
(0.8, 0) (right panel)

transverse Ising model to a specific problem in the outside of physics. However,
application of the transverse field Ising model is not limited to the Hopfield model.
As we saw, the quantum fluctuation in the Hopfield model works on the retrieval
properties as ‘quantum-mechanical noise’ to prevent the network from recalling
an embedded pattern. In this sense, the use of the transverse field is rather ‘nega-
tive’ effect on the information processing in artificial brain. However, we use the
quantum fluctuation induced by the transverse field to construct useful algorithms
for massive information processing such as image restoration or error-correcting
codes.

Recently, problems of information processing were investigated from statistical
mechanical point of view [297]. Among them, image restoration (see [320, 396,
422] and references there in) and error-correcting codes [374] are most suitable
subjects. In the field of the error-correcting codes, Sourlas [374] showed that the
convolution codes can be constructed by infinite range spin-glasses Hamiltonian
and the decoded message should correspond to the zero temperature spin configu-
ration of the Hamiltonian. Rujan [337] suggested that the error of each bit can be
suppressed if one uses finite temperature equilibrium states (sign of the local mag-
netisation) as the decoding result, what we call the MPM (Maximizer of Posterior
Marginal) estimate, instead of zero temperature spin configurations, and this opti-
mality of the retrieval quality at a specific decoding temperature (this temperature is
well known as the Nishimori temperature in the field of spin glasses) is proved by
Nishimori [296].

The next remarkable progress in this direction was done by Nishimori and Wong
[299]. They succeeded in giving a new procedure in order to compare the perfor-
mance of the zero temperature decoding (statisticians call this strategy the MAP
(Maximum A Posteriori) estimation) with that of the finite temperature decod-
ing, the MPM estimation. They introduced an infinite range model of spin-glasses
like the Sherrington-Kirkpatrick (SK) model [369] as an exactly solvable example.
Kabashima and Saad [210] succeeded in constructing more practical codes, namely,
low density parity check (LDPC) codes by using the spin glass model with finite
connectivities. In these decoding process, one of the most important problems is



304 9 Applications

how one obtains the minimum energy states of the effective Hamiltonian as quickly
as possible. Geman and Geman [155] used simulated annealing [228] in the con-
text of image restoration to obtain good recovering of the original image from its
corrupted version. Recently, Tanaka and Horiguchi [396, 397] introduced a quan-
tum fluctuation, instead of the thermal one, into the mean-field annealing algorithm
and showed that performance of the image recovery is improved by controlling the
quantum fluctuation appropriately during its annealing process.

As we saw in Chap. 10, the attempt to use the quantum fluctuation to search
the lowest energy states in the context of annealings by Markov chain Monte Carlo
methods, what we call quantum annealing, is originally introduced by [11, 135] and
its application to the combinatorial optimisation problems including the ground state
searching for several spin glass models was done by Kadowaki and Nishimori [211]
and Santoro et al. [342]. However, these results are restricted to research aided by
computer simulations, although there exist some extensive studies on the Landau-
Zener’s model for the single spin problems [276, 277, 443].

Recently, the averaged case performance of the both MPM and MAP estima-
tions for image restoration with quantum fluctuation was investigated by Inoue [190]
for the mean-field model. He also carried out the quantum Monte Carlo method to
evaluate the performance for two dimensional pictures and found that the quantum
fluctuation suppress the error due to failing to set the hyperparameters effectively,
however, the best possible value of the bit-error rate does not increases by the quan-
tum fluctuation. In this result the quantum and the thermal fluctuations are com-
bined in the MPM estimation (the effective temperature is unity). Therefore, it is
important for us to revisit this problem and investigate to what extent the MPM
estimation, which is based on pure quantum fluctuation and without any thermal
one, works effectively. From this direction of studies, the MPM estimation by us-
ing quantum fluctuation at zero temperature was discussed in [93] (see a chapter
given by Inoue, pp. 259-296). In this reference, the decoding performance of the
Sourlas codes by MPM estimation with quantum fluctuation was also given and the
relation ship between the phase transition and the so-called Shannon’s bound was
clarified.

In this subsection according to [93], we make this point clear and show that the
best possible performance obtained by the MPM estimation, which is purely induced
by quantum fluctuations, is exactly the same as the results by the thermal MPM
estimation. The Nishimori-Wong condition [296, 299] for the quantum fluctuation,
on which the best possible performance is achieved, is also discussed. Moreover,
we extend the Sourlas codes [374] by means of the spin glass model with p-spin
interaction in a transverse field [65, 158] and discuss the tolerance of error-less
(or quite low-error) state to the quantum uncertainties in the prior distribution. In
last part of this section, we check the performance of the MAP and MPM image
restorations predicted by the analysis of the mean-field infinite range model by using
the quantum Markov chain Monte Carlo method [386] and the quantum annealing
[11, 135,211, 342].
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Fig. 9.4 A typical example of image data retrieval. From the left to the right, the original {£}, the
degraded {r} and the recovering {S} images. The above restored image was obtained by quantum
annealing. The detailed account of this method will be explained and discussed in the last section.
The original image (left) is a Japanese seal (what we call ‘inkan’) for surname ‘Inoue’ in kanji
character

9.2.1 Bayesian Statistics and Information Processing

In the field of signal processing or information science, we need to estimate the orig-
inal message which is sent via email or fax. Usually, these massages are degraded
by noise and we should retrieve the original messages (Fig. 9.4). Then, if possible,
we can send these messages not only as sequence of information bits but also as
some redundant information such as parity check. In such problems, noise channels
or statistical properties of the original message are specified by some appropriate
probabilistic models (see [254] for the basics of such probabilistic models). In this
subsection, we explain the general definitions of our problems and how these prob-
lems link to statistical physics.

9.2.1.1 General Definition of the Model System

Let us suppose that the original information is represented by a configuration of
Ising spins {£} = (§1, &2, ..., &N) (each spintakes & = £1,i =1, ..., N) with prob-
ability P({£}). Of course, if each message/pixel &; is generated from independent
identical distribution (i.i.d.), the probability of the configuration {§} is written by
the product of the probability P (&;), namely, P({¢}) = ]_LN= | P&).

These messages/pixels {£} are sent through the noisy channel by not only the
form of the sequence of the original messages/pixels {£}, but also as ‘spin products’
&1+ &ipy = {Jiol...ip} for appropriately chosen set of indexes {i1, ..., ip} (what we
call parity check in the context of error-correcting codes). Therefore, the outputs of
the noisy channel are exchange interactions {J;;...;p} and fields {r}. Namely,

(5) =55 (1)

{Jl-ol } Joise, {Jil---ip}-

wip
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In the field of information theory (see [254] for example), the noisy channel is spec-
ified by the conditional probability like P({t}|{§}) or P({J}I{J 0}). If each mes-
sage/pixel & and parity check Ji(i ip are affected by the channel noise independently,

the probabilities of output sequences {t} = (71, ..., ©2) or {J} = {Ji1.ip}V(1.-ip)
for given input sequences {£} = (&1, ...,&y) or {J%) = {Jﬂ...i,,}Vui-uip) are written
by

P({z}lie}) ]"[P(msl PN = [T PUi-ipldS.sy). ©21)
(il--ip)
respectively, where ]_[(i J.ipy (- - +) stands for the product of all possible combinations
of p indices (il---ip).

In this book, we use the following two kinds of the noisy channel. The first one is
referred to as binary symmetric channel (BSC). In this channel, each message/pixel
&; and parity check J;j...j, change their signs with probabilities p; and p,, respec-
tively. By introducing the parameters

1 1-— 1 1-—
Br== 10g< Pr ) ) Br=z 10g< br > ) 9.22)
2 Pt 2 Pr

the conditional probabilities (9.2.1) are given by

Briéi Be > ik
(<] [~ !
P — = 9.2.3
(Gla) H (wil&) = H{Zr,:ia eﬁ,r,.g,.} Zoosmpyy O
o eﬁr]il---ip-],'ol.“ip
PN D= TT PUnpli) = T1 oBritipdf
(ilmip) (11 lp) ZJ] lp_:t 0 rovlipYilip
ePr 2 (i1ip) Jitip ‘/iol---ip
= 924
(2cosh B,)Vs ( )

where we defined N =), 1, Np = Z(ilmip) 1.
Thus, the probability of the output sequences {J}, {r} provided that the cor-
responding input sequence of the original messages/pixels is {£} is obtained by

>y PATIIOH PAIOIHED P({T}I{ED), that is to say,
p(ﬂrZ(,] -ip) zl zp%:l gip‘l',Br Z,‘ Tiéi)

P({J}{z}&)) = B oo B, (2c0sh By 9.2.5)
where we used the following condition:
P{NEN = [T 85 T (9.2.6)

(il--ip)

The second type of the noisy channel is called as Gaussian channel (GC). The above
BSC (9.2.5) is simply extended to the GC as follows.

2122(11 ,,,,, ,p)(-]ll ‘ip —Jo&i1+ Slp) zzf(fi_a()éi)z

(V27m DVe (v2r a)V

P({J}. {r}I{§}) = (9.2.7)
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We should notice that these two channels can be treated within a single form:

P HEN = [ AU [[F

(i1--ip)

X eXp(ﬂr Z Jitip&i1---&ip + B Z r,E,-) (9.2.8)

ilip
with
Z '—:|:18(Ji1~--ip —-J) Z 11 8(ti — )
Frinip) = =5 L FRm==—— (929
i) 2cosh g, w(m) 2cosh B; ( )
for the BSC and
Fr(Jiteip) = Xpl=372 (Jiip + I5)] ) oxpl= 5 (@ 4 )]
A V2w J? ' [ V2ma?
(9.2.10)

for the GC. Therefore, it must be noted that there exist relationship between the
parameters for both channels as

Jo ap
ﬁr=ﬁ, ﬂr=;~ (9.2.11)

Main purpose of signal processing we are dealing with in this subsection is to
estimate the original sequence of messages/pixels {§} from the outputs {J}, {t} of
the noisy channel. For this aim, it might be convenient for us to construct the prob-
ability of the estimate {S} for the original messages/pixels sequence {£} provided
that the outputs of the noisy channel are {J} and {7}.

From the Bayes formula:

P(A|B)P(B)
> 3 P(AIB)P(B)’
where P(B), P(A|B), P(B|A) are referred to as prior, likelihood and posterior,

respectively. Thus, in our model system, the probability P ({S}|{J}, {r}) is written
in terms of the likelihood: P ({J}, {t}|{S}) and the prior: P, ({S}) as follows

P S Pa((S))
PUSIIIATY) = S B T e T1Sh P (D) ©213)

As the likelihood has a meaning of the probabilistic model of the noisy channel, we
might choose it naturally as

exp(By D i1.mipy JitipSit -+ Sip + h 32, T Si)

P(B|A) = (9.2.12)

P{JL{T}H{S}) = Qeosh B Vs @eosh ™ (9.2.14)
for the BSC and
e B Xty Giteeip=Sin-SipP=h 22, (5 =52
P({J}. {T}{S}) = (9.2.15)

(27 /By)NB/2 (s ) B)N/2
for the GC.
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Therefore, the posterior P({S}|{J}, {r}) which is defined by (9.2.12), (9.2.13) is
rewritten in terms of the above likelihood as follows.
e~ B A

Z{S} e~ B

where we defined the inverse temperature § = 1/T and set T = 1 in the above case.
The effective Hamiltonian .7 is also defined by

Hgg=—Bs Y JijpSiSip—h Yy uSi—log Pu({S})  (9.2.17)
(il--ip) i

P({SH{J}, (z}) = (9.2.16)

for the BSC and
Hetr = —'%J Z (Jitoip — Si1 -+ Sip)* — h Z(Ti — §;)* —log P ({S})
@il--ip) i
(9.2.18)
for the GC.

9.2.1.2 MAP Estimation and Simulated Annealing

As we mentioned, the posterior P({S}|{J}, {t}) is a useful quantity in order to de-
termine the estimate {S} of the original messages/pixels sequence. As the estimate
of the original message/pixel sequence, we might choose a {S} which maximises
the posterior for a given set of the output sequence {J}, {tr}. Apparently, this esti-
mate {S} corresponds to the ground state of the effective Hamiltonian 5%. In the
context of Bayesian statistics, this type of estimate {S} is referred to as Maximum
A posteriori (MAP) estimate.

As we saw in Chap. 10, from the view point of important sampling from the
posterior as a Gibbs distribution (Gibbs sampler), such a MAP estimate is obtained
by controlling the temperature 7 as T — 0 during the Markov chain Monte Carlo
steps. This kind of optimisation method is well-known and is widely used as sim-
ulated annealing (SA) [155, 228]. As the optimal scheduling of the temperature 7
is T(t) = c¢/log(1 + ¢t), which was proved by using mathematically rigorous argu-
ments [155].

9.2.1.3 MPM Estimation and a Link to Statistical Mechanics

From the posterior P ({S}|{J}, {t}), we can attempt to make another kind of estima-
tions. For this estimation, we construct the following marginal distribution for each
pixel S;:

P(SI{J)(th)= > P({SH{J}. {r}). (9.2.19)
(S5
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Then, we might choose the sign of the difference between the probabilities
P(11{J},{r}) and P(—1|{J}, {r}) as the estimate of the i-th message/pixel, to
put it another way, we assume that the original pixel é,- is +1 if P(1|{J}, {z}) >
P(—1|{J}, {r}) and §,~ = —1 vice versa. Thus we have

. Z{S} S; e~ et
& Esgn|: Z SiP(Sil{J}, {r})j| =sgn(ﬁ) =sgn((S;)1) (9.2.20)
{s)

Si==+1

where we defined the bracket (- - -) g as

Z{S}("’) e Bt

N (9.2.21)

(-)p=

In this sense, the estimate & is regarded as the result of ‘majority rule’ in which
each voting §; = %1 fluctuates due to the ‘thermal’ fluctuation. Therefore, the above
estimate é‘i has a link to statistical mechanics through the local magnetisation (S; )1
for the spin system described by % at temperature 7 = 1. This estimate £ =
sgn((S;)1) is referred to as Maximizer of Posterior Marginal (MPM) estimate or
Finite Temperature (FT) estimate [337].

It is well-known that this estimate minimises the following bit-error rate [296,
299, 337]:

1
P = BB b Py = S[1= ROBs b P)] 02.22)

with the overlap between the original message/pixel &; and its MPM estimate éi =
sgn((S;)):

RVBy h:Py= Y P(IJ}{r}, (€))&é. (9.2.23)
{6.J.7}

Obviously, the bit-error rate for the MAP estimate is given by

1
pMAD) i P(ﬁ)(ﬁj,h:Pm):—[l — lim R(ﬂ)(ﬁ],h:Pm)] (9.2.24)
B—00 2 B—00
with
RPBy h:Py)= " P({J}. (t} E))&sen((Si)p). (9229
{&.J.7}
In the next section, we compare pl(JMPM) with plgMAP) by using replica method and

show the former is smaller than the later.

9.2.2 The Priors and Corresponding Spin Systems

In the previous two subsections, we showed the close relationship between Bayesian
inference of the original messages/pixels under some noises and statistical physics
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Fig. 9.5 We assume that the
local structure in binary
images is smooth so as to be
well-described by a snapshot
from the Gibbs distribution
for the ferromagnetic Ising
model

[297]. However, we do not yet mention about the choice of the prior distribution
P,,({S}) in the effective Hamiltonian .7%¢r. In the framework of the Bayesian statis-
tics, the choice of the prior is arbitrary, however, the quality of the estimation for a
given problem strongly depends on the choice (what we call ‘model selection’).

9.2.2.1 Image Restoration and Random Field Ising Model

In image restoration, we might have an assumption that in realistic two dimensional
pictures, the nearest neighbouring sites should be inclined to be the same value (the
same colour), in other words, we assume that real picture should be locally smooth
(see Fig. 9.5). Taking this smoothness into account, then, it is quite reasonable for
us to choose the prior for image restoration as

eBm Xijy SiS;

Pu({S}) = T ZGn

L 2B =S 9226)
{s}

where ) @,j»C++) implies that the sum should be carried out for all pairs locating
as the nearest neighbours in the lattice. In conventional image restoration, we do
not send any parity check and only available information is the degraded sequence
of the pixels {t}. Hence, we set 8; = 0 for this problem. Ultimately, we obtain the
effective Hamiltonian for our image restoration as

Hett = —Bm Z SiS;—h Z 7 S;. (9.2.27)
(ij) i

This Hamiltonian is identical to that of the random field Ising model in which ran-
dom field on each cite corresponds to each degraded pixel t;.

9.2.2.2 Error-Correcting Codes and Spin Glasses with p-Body Interaction
In error-correcting codes, we usually use so-called uniform prior distribution be-

cause we do not have any idea about the properties of the original message sequence
{€} as we assumed smoothness for images. Thus, we set the prior as P, ({S}) =2~V
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and substituting — log P,,, ({S}) = N log 2 = const. into 7% (usually, we neglect the
constant term).

In this case, we do not use any a priori information to estimate the original mes-
sage, however, in error-correcting codes, we compensate this lack of information
with extra redundant information as a form of &;; - - - §;), (a parity), besides the orig-
inal message sequence {£}. In information theory, it is well-known that we can
decode the original message {£} without any error when the transmission rate R,
which is defined by R = N/Np (N original message length, Np: redundant mes-
sage length), is smaller than the channel capacity C (see for example [19, 254]). The
channel capacity is given by

1+ plog, p+ (1 — p)log,(1 —p) (BSC)
C=1, 72 . (9.2.28)
5 logy (1 + J—"z) (GO)
As we will mention in the next subsection, when we send yC, combinations of p
bits among the original image {&}, as products &; - - - &, error-less decoding might
be achieved in the limit of p — co. We call this type of code as Sourlas codes [374].
For this Sourlas codes, we obtain the following effective Hamiltonian.

Hr=—Ps Y JitipSiv-e-Sip—h ) TS, (9.2.29)
(i1-ip) i

It is clear that this Hamiltonian is identical to that of the Ising spin glass model with

p-body interaction under some random fields on cites.

9.2.3 Quantum Version of Models

In the previous subsections, we explained the relationship between the Bayesian
statistics and statistical mechanics. We found that there exists the effective Hamil-
tonian for each problem of image restoration and error-correcting codes. In order
to extend the model systems to their quantum version, we add the transverse field
term: —I" ), S* into the effective Hamiltonian. In this expression, {S*} means the
x-component of the Pauli matrix and I" controls the strength of quantum fluctua-
tion. Each term I' S} appearing in the sum might be understood as tunnelling prob-
ability between the ‘up-state’ |+); (Sl.z|+)l~ = +1|4);) and the ‘down-state’ |—);
(871=)i = —1|—=);), namely,

r'SH+)i=Il-), r'sfl=)i=rl+)i, (9.2.30)
intuitively. The eigenvalues S; = %1 of the matrix S} correspond to the classical
Ising spin (information message/pixel). As the result, the quantum version of image

restoration is reduced to that of statistical mechanics for the following effective
Hamiltonian

A" = =B Y SFSE—hY uSI—T ) SE. (9.2.31)
(i) i i
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We also obtain the quantum version of the effective Hamiltonian for error-correcting
codes as

Gy 3 Sy —h s ~r s 023)
(il--ip)

We should keep in mind that in the context of the MAP estimation, it might be useful
for us to controlling the strength of the quantum fluctuation, namely, the amplitude
of the transverse field I" as I" — 0 during the quantum Markov chain Monte Carlo
steps. If this annealing process of I" is slow enough, at the end I" = 0, we might
obtain the ground states of the classical spin systems described by the following
Hamiltonian

Alassical _ g Z S:S;—h Z 7 S; (9.2.33)
i i

for image restoration and

A = — B Z JiteipSit - Sip—h Y uSi  (9.2.34)
(@i1-ip) i

for error-correcting codes, where S; stands for the eigenvalue of the matrix S . This
is an essential idea of the quantum annealing. We will revisit this problem in the last
section. In this section, we investigate its averaged case performance by analysis of
the infinite range model and by caring out quantum Markov chain Monte Carlo
simulations.

9.2.4 Analysis of the Infinite Range Model

In the previous subsections, we completely defined our two problems of information
processing, that is to say, image restoration and error-correcting codes as random
spin systems in a transverse field. We found that there exist two possible candi-
dates to determine the original sequence of the messages/pixels. The first one is
the MAP estimation and the estimate is regarded as ground states of the effective
Hamiltonian that is defined as a minus of logarithm of the posterior distribution.
As we mentioned, to carry out the optimisation of the Hamiltonian, both the simu-
lated annealing and the quantum annealing are applicable. In order to construct the
quantum annealing, we should add the transverse field to the effective Hamiltonian
and control the amplitude of the field I" during the quantum Markov chain Monte
Carlo steps. Therefore, the possible extension of the classical spin systems to the
corresponding quantum spin systems in terms of the transverse field is an essential
idea.

Besides the MAP estimate as a solution of the optimisation problems, the MPM
estimate, which is given by the sign of the local magnetisation of the spin system,
is also available. This estimate is well-known as the estimate that minimises the bit-
error rate. Performances of both the MAP and the MPM estimations are evaluated
through this bit-error rate.



9.2 Statistical Mechanics of Information 313

In order to evaluate the performance, we first attempt to calculate the bit-error
rate analytically by using the mean-field infinite range model. As the most famous
example of solvable model, Sherrington-Kirkpatrick model [369] in spin glasses, we
also introduce the solvable models for both image restoration and error-correcting
codes. In this section, according to the previous work by the present author [190],
we first investigate the performance of image restoration.

It is important to bear in mind that in our Hamiltonian, there exists two types
of terms, namely, o) = —%ﬁ"”i"“[ and @ = —I'")_; S7, and they do not com-
mute with each other. Therefore, it is impossible to calculate the partition function
directly. Hence, here we use the Suzuki-Trotter (ST) decomposition [386, 403]

Zesr = lim triexp| — ] exp =1 ! (9.2.35)
im tryex X 9.2.
eff M—o0 M M

to cast the problem into an equivalent classical spin system. In following, we calcu-
late the macroscopic behaviour of the model system with the assistance of the ST
formula [386, 403] and replica method [369] for the data {£, J, T} average < - - - >>:

LZhe>—1

K log Zetr> = lim
n—0 n

(9.2.36)

of the infinite range model.

9.2.4.1 Image Restoration

In order to analyse the performance of the MAP and the MPM estimation in image
restoration, we suppose that the original image is generated by the next probability
distribution,

B exp(% > i &) . Bs
P({E}) = T» Z(Bs) = %exp(ﬁ lzj:éifj>, (9.2.37)

namely, the Gibbs distribution of the ferromagnetic Ising model at the temperature
T, =B, !, For this original image and under the Gaussian channel, the macroscopic
properties of the system like a bit-error rate are derived from the data-averaged free
energy < log Z¢g>>. Using the ST formula and the replica method, we write down
the replicated partition function as follows

dJij N S g D0g g2
<<Zeff>> Z/ 1_[ ll e 22 Zt/(J'/ v &i&j)

2nJ2/N
s/N i1 6i§j
Z(Bs)

X tr(s) 1_[ 1_[ exp[ Z Jij S S + ,3m Z S8 S

a=1K=1

+— Zrl +BZS SlKH] (9.2.38)
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where < --->> means average over the quenched randomness, namely, over the
joint probability P({J}, {t}, {£}). We should keep in mind that these quantities {£}
and {J}, {r} mean the data we send to the receiver and the outputs of the channel the
receiver obtain, respectively. Therefore, by calculating these averages < --- >, we
can evaluate the data-averaged case performance of the image restoration [190].
We also defined the partition function Z(8;) for the original images and B as
Z(Bs) =D e BNV &8 g = (1)2) logcoth(I"/M). The standard replica cal-
culation leads to the following expressions of the free energy density:

RS
LZg» -1 _ [y

<logZe» = = === — 1 (9.2.39)
with
fRS—l,Bmz—loZ h 9.2.40
0 = 5PsMo g2 cosh(Bsmo) (9.2.40)
J)? J)? J
fRSZ_(,BJZ) Q2+ (,312) S2+'87mm2+'8120t2

o (0.¢]
- Z///(s)/ Du log/ Dw2coshv @2+ T2 (9.2.41)
S —00 —00
and the saddle point equations with respect to the order parameters as follows

o0 o0 ® sinh =
< ?K)>>=m=2$:///(g)/oo Du [w Dw <%> (9.2.42)

> * @ sinh &
<alst»=1=2eae [ ou [ po(THEE
E oo Jeo

00 00 : o 2
<[(8%)%)> = Q=Xs:///($)foo Du UOO Do (%)} (9.2.44)

© Du (/D> sinh &
<<<SIOZKS:XL>>>:S=Z%(E)/ 3/ |:<j> COShE+F2( =3 )]
£ —00 —00 b

(9.2.45)

with <& > = mq = tanh(B;mg) and .# (&) = eP"0% /2 cosh(Bsmg), where we used
the replica symmetric and the static approximation, that is,

S (K#L)
1 (K=L)’

and (---) denotes the average over the posterior distribution and @, y and §2 are
defined as

D =u/(ah)? + (JB1)?Q + JBjwy/S — Q + (aoh + JoBt)E + Bum  (9.2.47)
E=vVo2 417, Q= /oo Dwcosh E. (9.2.48)

) (9.2.43)

=

tk=t,  So(KL)= { Qup =0 (9.2.46)
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Fig. 9.6 The bit-error rate p, = (1 — R)/2 without exchange term (8; = 0) as a function of
temperature 7, = ﬂnjl (left: from [190]). Keeping the ratio to h/B, = B /Bs = ao/az,ﬁY =09
(we set ag = a = 1), we change the value of 7,,,. For the case of I = 0, p; takes its minimum at
T, = T; = 0.9. For finite I", the optimal temperature 7}, is not 7, however, the minimum of p,
does not change. The right panel shows the optimal temperature T,,‘;p‘ as a function of I”

Then, the overlap R which is a measure of retrieval quality is calculated explicitly
as

<Esen((SH))>=R=> &4) / Du f Dw sgn(®), (9.2.49)
£ —00 —00

then, of course, the bit-error rate is given by p, = (1 — R)/2.

9.2.4.2 Image Restoration at Finite Temperature

We first investigate the image restoration without parity check term 8; = 0. For
this case, the saddle point equations lead to the following much simpler coupled
equations:

mq = tanh(Bsm) (9.2.50)

00 @ tanh /P + I
m= Z///(g)/ Du (9.2.51)
£ o0 JoZ+ 12

with @9 = mpB,, + aph& + ahu. Then, the overlap R is also reduced to

R=)"t4) /OO Du sgn(®g) =1 —2p, (9.2.52)
£ —00

where R depends on I" through m. In Fig. 9.6 (left), we plot the bit-error rate pp, as
a function of T, = 8, I for the case of no parity check B; = 0. We choose the tem-
perature of the original image 7,"! = B; = 0.9 and noise rate 8; = agp Ja*=1. We
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Fig. 9.7 The bit-error rate p;, is drawn for 7,, = 0.01, 0.1 and 7,, = 0.9 as a function of I" (left).
The right panel is the same type of the plot as the right panel in Fig. 9.6 for the case of Ty = 0.7

keep the ratio /B, to its optimal value 8. /Bs; = 0.9 and investigate T;,-dependence
of pp. Then, the parameter 7, has a meaning of ‘temperature’ for simulated anneal-
ing. Obviously, plgMAP) = limy, 0 pp and p,, at T, = T is the lowest value of
plEMPM) for I' =0.

Let us stress again that in practice, the infinite range model is not relevant for real-
istic two dimensional image restoration because all pixels are neighbour each other.
In order to restore these two dimensional images, we should use the prior P({§})
for two dimension. In fact, let us think about the overlap r between an original pixel
& and corresponding degraded pixel 7;, namely,

Zt,§=i1 eﬂr$f+ﬂ:m0§ (S'L')
4 cosh(B;) cosh(Bsmg)

From this relation, the error probability p; is given as

r=<&Tu> =

= tanh(f;). (9.2.53)

pr=(0—=r)/2=1/(1+e*)=0.119 < p**™™ (9.2.54)

for B; = 1, and unfortunately, the restored image becomes much worse than the
degraded (see Fig. 9.6 (left)). This is because any spacial structure is ignored in this
artificial model. This result might be understood as a situation in which we try to
restore the finite dimensional image with some structures by using the infinite range
prior without any structure (namely, the correlation length between pixels is also
infinite).

However, the infinite range model is useful to predict the qualitative behaviour of
macroscopic quantities like bit-error rate and we can grasp the details of its hyper-
parameters (namely, T;,, h or I") dependence and can also compare the MAP with
the MPM estimations. This is a reason why we introduce this model to the analy-
sis of image restoration problems. Of course, if we use two dimensional structural
priors, the both the MAP estimations via simulated and quantum annealing and the
MPM estimation by using thermal and quantum fluctuations work well for realistic
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Fig. 9.8 The bit-error rate p;, as a function of B; for I" =0, 1, 2 keeping the ration constant
h/Bm = Br/Bs (left). In right panel, pj as a function of I' is plotted for the case of 8; =0.5, 1, 2.0

two dimensional image restoration. In the following subsections, we will revisit this
problem and find it. It is also important for us to bear in mind that the quality of the
restoration depends on the macroscopic properties of the original image.

In our choice of the original image, its macroscopic qualities are determined
by the temperature 7; and magnetisation mq as a solution of mg = tanh(Bsmy).
Although we chose the temperature 75 = 0.9 in Fig. 9.6 (left), it is important to
check the retrieval quality for different temperatures 7. In Fig. 9.7 (right), we plot
the bit-error rate for the case of 75 = 0.7. From this panel, we find p, < p; and the
MPM estimation improves the quality of the restoration.

For I" > 0, the optimal temperature which gives the minimum of pj is not Tj.
In the right panel of Fig. 9.6, we plot the T,™ as a function of I". In Fig. 9.7 (left),
we plot the bit-error rate as a function of I" for 7}, = T; = 0.9 setting the ratio to its
optimal value /B, = B /Bs = 0.9. From this figure, we find that the MPM optimal
estimate no longer exists by adding the transverse field I" > 0 and the bit-error rate
pp increases as the amplitude of the transverse field I" becomes much stronger.

On the other hand, when we set the temperature 7, = 0.01, the I"-dependence
of the bit-error rate is almost flat (see Fig. 9.7 (right)). We should notice that pj
at I' =0 for T,, = 0 corresponds to the performance of the MAP estimation by
quantum annealing. We discuss the performance of the quantum annealing in the
following subsections.

We next consider the performance for the MAP and the MPM estimations with
parity check term (8; # 0). We plot the result in Fig. 9.8. As we mentioned before,
two body parity check term works very well to decrease the bit-error rate pj,. How-
ever, in this case, there does not exist the optimal 8; which minimises the bit-error
rate for any finite values of I". As we see the left panel in Fig. 9.8, for small value
of B, the restoration by a finite I” is superior to that of absence of the transverse
field (I" =0).
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9.2.4.3 Hyperparameter Estimation

In this subsection, we evaluated the performance of the MAP and the MPM esti-
mations in image restoration through the bit-error rate. In these results, we found
that the macroscopic parameters, §,,, h and I"-dependence of the bit-error rate have
important information to retrieve the original image. However, from the definition,
(9.2.49), (9.2.52), as the bit-error rate contains the original image {£}, it is impossi-
ble for us to use p; as a cost function to determine the best choice of these param-
eters. In statistics, we usually use the marginal likelihood [193] which is defined by
the logarithm of the normalisation constant of trisy P({S}|{r}) P, ({S}), that s,

K(,Bm, h, I : {r}) =log Zpys, —log Zp,i, —log Z (9.2.55)

where Zp,s., Zpyi, and Zp are normalisation constants for the posterior, the prior
and the likelihood, and which are given by

Zpos, = trjgy e 2y SIS T Ly ST TL ] (9.2.56)

Zpyi =trigy P D SRS 7y S DTS (9257)

respectively. For simplicity, let us concentrate ourselves to the case of no parity
check B8y =0.

It must be noted that the marginal likelihood (9.2.55) is constructed by using the
observables {r} and does not contain the original image {£} at all. Therefore, in
practice, the marginal likelihood has a lot of information to determine the macro-
scopic parameters, what we call hyperparameters, before we calculate the MAP and
the MPM estimates.

In the infinite range model, it is possible for us to derive the data-averaged
marginal likelihood per pixel K (B, h, I') = KK By, h,I" : {t})>/N explicitly.
Here we first investigate the hyperparameter dependence of the marginal likelihood.
log Zp,; and «log Z; > = K log ffooo [1;dw Fr(;)e%5i > per pixel can be cal-

culated as
log Zp,: :
ong,, - _ﬂmzm L +log2coshy/(Bum1)? + I'? (9.2.58)

log Z 2 ?
KlogZp> _ _h° [(‘%) = a2:| 9.2.59)
a

N 2

and the data average of the first term of the right hand side of (9.2.55) is identical
to the free energy density for 8; = 0. Thus, we obtain the data-averaged marginal
likelihood as follows.

2 ()
K(,Bm,h,F)z—’Bmzm +Z,///(g)f Dulog2cosh /@ + I'?
r‘;: —00
2 2 2
h
—i—M—logZCosh\/(ﬁmm1)2+F2+—[(a—o) —a2:|
2 2 | \ah

(9.2.60)
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Fig. 9.9 The data-averaged marginal likelihood as a function of hyperparameters, 8,,, h and I"
(left). The right panel shows the time development of the hyperparameter 8,,, # and I" via gradient
descent of the marginal likelihood. We set the time constants cg, = ¢, = cr =1 and the values of
true hyperparameters as Ts = S =009, 8, =1

where m |, m mean the magnetisations of the prior and the posterior, are given by

_ ﬂmmltanh\/ (,Bmml)2 +I?
vV (Bum1)? + I'?

and (9.2.51), respectively. In Fig. 9.9 (left), we plot K (B,,, h, I"). In this figure, we
set Ty = 0.9, B, = 1. We found that the data-averaged marginal likelihood takes its
maximum at 7,,, = Ts, h = B; and I" = 0. This result might be naturally understood
because the performance of both the MAP and MPM estimation should be the best
for setting the probabilistic models of the noise channel and the distribution of the
original image to the corresponding true probabilities. Therefore, it seems that the
transverse field I” has no meaning for restoration.

When we attempt to maximise the marginal likelihood via gradient descent, we
need to solve the following coupled equations

dBm oz z ez
g 8,3 <Zs S> _<,Z,-:Si Sj> (9.2.62)

Pos. Pri.
dh oK
_—= = SZ
h <Z fi >

- <Z T Sf> - <Z T S§> (9.2.63)
Pos. i ; L
dr oK . i
" T ar <Z S; >P - <Z S; >an (9.2.64)

with the definitions of the brackets
tI'{S}( )eﬂmZU i /+hZiriS[Z+FZiSf

(- YPos. = <
08 tr{g}e'Bm Z”S S +hY; uSiHr Y S}

(9.2.61)

Pri.

(9.2.65)
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tr(z) eh2iusi
(9.2.66)

trysy €

and time constants cg,,, ¢, and cr.
For the infinite range model, we easily calculate these expectation explicitly. The
results are given by

dBn m3—m?>  Bumitanh\/(Bumi)?+ I

c _ _
a2 JBum P+ 17
00 Qﬁotanh,/@g + 12
+my M E) / Du (9.2.67)
£ —00 Jer+ T2
0o ®o(ao + au) tanh /@2 + I'?
—a*h+ Y M) / Du (9.2.68)
£ —00 /¢§+F2

dr Ftanhm+ Z///(é)/ b tanh ,/®2 + I'2
cr—-= —
T T i 1 v

(9.2.69)

where m and m satisfy (9.2.51) and (9.2.61). We plot the results by solving the dif-
ferential equations with respect to the hyperparameters, namely, (9.2.67), (9.2.68),
(9.2.69) numerically in Fig. 9.9 (right). From this figure, we find that the B,, and
h converge to the true values, whereas the I" drops to zero. Hence, the gradient
learning algorithm actually works well and we find the solution that maximises the
marginal likelihood, however, it is impossible to obtain the optimal I” which min-
imises the bit-error rate. As we mentioned, this result comes from the fact that our
probabilistic model with transverse field is inconsistent with the true model.

In practice for the realistic two-dimensional image, we should solve the above
equations, and then, we need to evaluate these expectations for every time steps by
using the quantum Markov chain Monte Carlo method. It is obvious that it takes
quite long time to obtain the solutions. From reasons mentioned above, it is conve-
nient for us to suppress the error of hyperparameter estimation by introducing the
transverse field. From Fig. 9.6 (left), Fig. 9.7 (right), we actually find these desirable
properties.

dh
Ch— =
hdt

9.2.4.4 Image Restoration Driven by Pure Quantum Fluctuation

In the above discussion, we investigated mainly the MPM estimation at finite tem-
perature T, > 0 according to Ref. [190]. However, it is worth while for us to check
the following limit: B,, — oo keeping the effective amplitude of transverse field
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Fig. 9.10 The bit-error rate for the quantum (7},, = 0) and the thermal (classical) (I" = 0) estima-
tion (left). The right panel shows the time development of the effective amplitude of the transverse
field I'esf = I'/ By - The inset means the time dependence of the bit-error rate

Ieet = I'/ By finite. In this limit, we investigate pure effect of the quantum fluctu-
ation without any thermal one. To evaluate the performances of the MAP and the
MPM estimations for this zero temperature case, we set @9 = B, (m + h.aoé +
h.au) = B, ¢o, where h, is its optimal value h, = /B, and consider the asymp-
totic form of the saddle point equations with respect to m and m in the limit of
Bm — 0o0. We easily find

m=J1-T%  m= Z///@/
Oo\/‘/’o"'resz

and the time evolution of I as follows

dar I I
cr off _ eff +Z///(§)/ _ Iei Du ©.2.71)

dt /42 2
+ eft * ¢0 + Feft

where cr,; = Bncr. The bit-error rate is given by p, = (1 —mg)/2 + ZS M (E) X
EH (uy), where u, = (aph«& + m)/ah,. We fist plot the I g-dependence of the
bit-error rate at 7;, = 0 in Fig. 9.10. In this figure, the value at It = 0 corresponds
to the quantum MAP estimation which might be realised by the quantum annealing.
From this figure, we find that the performance of the quantum MPM estimation is
superior to the MAP estimation and there exists some finite value of the amplitude
I' at which the bit-error rate takes its minimum. In the same figure, we also plot the
T,,-dependence of the bit-error rate for I" = 0. We find that, for both the quantum
and the thermal cases, the best possible values of both the MAP and the MPM
estimation is exactly the same. In Fig. 9.10 (right), we plot the time development
of the effective amplitude of transverse field and the resultant bit-error rate. From
this figure, we notice that at the beginning of the gradient descent the bit-error rate
decreases but as I" decreases to zero, the error converges to the best possible value

(9.2.70)
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for the quantum MAP estimation. The speed of the convergence is exponentially
fast. Actually, in the asymptotic limit t — oo, It — 0, Eq. (9.2.71) is solved as

e = Tegp(0) e Orent! (9.2.72)

where

O = (1/creff>(1 -y | Du/|¢0|>. ©.2.73)
£ —00

However, this fact does not mean that it is possible for us to decrease the effec-
tive amplitude of the transverse field to zero by using exponentially fast scheduling
to realise the best possible performance of the quantum MAP estimation. This is
because the time unit ¢ appearing in (9.2.71) does not corresponds to the quan-
tum Monte Carlo step and the dynamics (9.2.71) requires the (equilibrium) mag-
netisation m () at each time step in the differential equation. As the result,
we need the information about m near [¢ — 0, namely, the asymptotic form:
m(t — oo, Ieff — 0) to discuss the annealing schedule to obtain the MAP esti-
mation. Although we assume that each time step in (9.2.71), the system obeys the
equilibrium condition:

m=y ") / ¢o Du/ /2 + %, (9.2.74)
£ —0o0

we need the dynamics of m to discuss the optimal annealing scheduling about .
This point will be discussed in last section by means of the quantum Markov chain
Monte Carlo method.

9.2.4.5 The Nishimori-Wong Condition on the Effective Transverse Field

From Fig. 9.10 (left), we find that the lowest value of the bit-error rate is the same
both for the thermal and the quantum MPM estimations. In the thermal MPM es-
timation, Nishimori and Wong [299] found that the condition on which the best
performance is obtained, namely, what we call Nishimori-Wong condition. They
showed that the condition:

m/mo = (h/Bc)(Bs/Bm) (9.2.75)

should hold in order to obtain the lowest value of the bit-error rate. When we set
the hyperparameter # to its true value & = S, the condition is reduced to the simple
form:

TP = T,. (9.2.76)

Therefore, it is important for us to derive the same kind of condition which gives the
best performance of the quantum MPM estimation. Here we derive the condition and
show the lowest values of the p;, for the thermal and the quantum MPM estimations
are exactly the same.
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Fig. 9.11 The optimal temperature T}y’ " and the optimal transverse field I oif " as a function of the
temperature 7 of the original image (left), respectively. The optimal temperature for the thermal
MPM estimation T, is simply given by T, °P' — T, (Nishimori temperature). The right panel
shows the magnetisations m(TOp ) and m (1"Op t)

To look for the condition, we first investigate the equation, (dpp/d1efr) = O for
pp=(1—mp)/2+ Zg EM (&) H (uy). After some simple algebra, we obtain

o h.& + Y2
() Lt ovp| - |0 w2y

Taking into account that m(I¢fr) # 0 is needed for meaningful image restorations,
the Nishimori-Wong condition for the quantum MPM estimation is written by

mo(Bs) __ @
(TR~ e

(9.2.78)

As we chose &, = B¢ /Bs, Br = ap/a?, this condition is simply rewritten as

mo(Bs) = m(Iefr). (9.2.79)

Let us summarise the Nishimori-Wong condition for the MPM estimation:
Thermal: 7" =7, (Nishimori and Wong 1999)
d)() Du
Quantum: mg(B;) = Z M (&) /

85+ (Ti)?

In Fig. 9.11, we plot the temperature of the original image 7s-dependence of the

optimal temperature TmOpt and the optimal amplitude of the transverse field Fe(;ft In

the right panel of this figure, the magnetisations n(T}," ") and m(F ") are plotted.
The effective amplitude of the transverse field I at which the bit-error rate takes
its minimum in Fig. 9.10 is consistent with the I’e(;lf)t(T =0.9) ~ 0.66 as shown in
Fig. 9.11 (left).
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From these results, it is shown that the lowest values of the of the bit-error rate
for both the thermal and the quantum MPM estimations are exactly the same and
the value is given by

pp= 120 Z&///(E)H(M) (9.2.80)
E

2 ahy

Therefore, we conclude that it is possible for us to construct the MPM estimation
purely induced by the quantum fluctuation (without any thermal fluctuation) and the
best possible performance is exactly the same as that of the thermal MPM estima-
tion.

9.2.4.6 Error-Correcting Codes

Here we introduce our model system of error-correcting codes and mention the
Shannon’s bound. In our error-correcting codes, in order to transmit the original
message {£} = (&1,...,&n), & € {—1, 1} through some noisy channel, we send all
possible combinations y C), of the products of p-components in the N-dimensional
vector {£} such as

I ip =618z &ip (9.2.81)
as ‘parity’. Therefore, the rate of the transmission is now evaluated as
N p!
R=—= ; (9.2.82)
NCp NP~

in the limit of N — oo keeping the p finite.

On the other hand, when we assume the additive white Gaussian noise (AWGN)
channel with mean (Jop!/Np_l)JiOll.zmip and variance {J+/p!/2NP—1}2, that is,
when the output of the channel J;y;2...;p is given by

Jop! [l
Jitioip = <W)Ji0]i2n‘ip +J NPT n, n=40,1), (9.2.83)

the channel capacity C [19, 254] leads to

{(Jop!/Nf’—l)Jn...,-pF)
JZpl/2NP-1
in the same limit as in the derivation (9.2.82) (we also used the fact (J; 1.,.1-,,)2 =1).
The factors p!/NP~! or /p!/2NP=! appearing in (9.2.83) are needed to take a
proper thermodynamic limit (to make the energy of order 1 object) as will be ex-
plained in the next section.

Then, the channel coding theorem tells us that zero-error transmission is

achieved if the condition R < C is satisfied. For the above case, we have R/C =
(J/Jo)*log?2 < 1, that is,

!
 J2NP—llog2

1
C=3 10g2<1 + (9.2.84)

Jo > <ﬁ> =./log?2. (9.2.85)

J T\J
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The above inequality means that if the signal-to-noise ratio Jo/J is greater than or
equal to /Tog2, the error probability of decoding behaves as P, ~ 2~ N(C=R _ ¢
in the thermodynamic limit N — oo. In this sense, we might say that the zero-error
transmission is achieved asymptotically in the limit N — oo, C, R — 0 keeping
R/C =0 (1) < 1 for the above what we call Sourlas codes [374].

In the following subsections, we investigate the performance of the decoding
in the so-called Sourlas codes [374], in which uncertainties in the prior are intro-
duced as the quantum transverse field. As we saw, we usually choose the prior in
the Sourlas codes as P({o}) =2~ (the uniform prior).

To introduce the quantum fluctuation into the system, we shall multiply the pos-
terior by the factor []; e~ I'S and rewrite the effective Hamiltonian. The resulting
Hamiltonian of the Sourlas codes extended by means of quantum fluctuation leads
to

%ff—_ﬁl Z Ji1.. sz”S,Zz hZ‘EISZ FZSX (9.2.86)
il,,ip

Hereafter, we call this type of error-correcting codes as Quantum Sourlas codes.
We first derive the I"'-dependence of the bit-error rate for a given p (the number of
bits in a parity). Then, the Gaussian channel noise is specified by the next output
distribution:

NP1 Jop! 2_ 1 2
—Jz—p, Zil ,,,,, ;],(-/il---ip—#fil'"fip) —zr—z(fi—aogi)

P({J}, {z}I{g}) = (9.2.87)

(J2mp!/NP—1)1/2 27 a
For a simplicity, we treat the case in which the original message sequence {£} is
generated by the following uniform distribution P ({€}) =2~". Then, the moment
of the effective partition function Z.g leads to

Zeft—eXp|: Z ZZJH ipSi (DS ()87, (1)

Lipa=1t=1

+— Z Z Zr, S¢(t) + B ZZS (0)S: (t + 1)} (9.2.88)

i a=1t=1 i
where o and ¢ mean the indexes of the replica number and the Trotter slice, respec-
tively. We set B = (1/2)logcoth(I"/M) and used the gauge transform: J;j...;, —
Jit-ipit -+ &ip, Sip = &ip Sy,
After averaging Z[; over the quenched randomness < - -->>, namely, over the
joint distribution P({J }, {t}, {£}), we obtain the following data averaged effective
partition function:

LZN> = HH/ dQup tt/ d)\.alg(l,l/)/ dmo,(t)/ diig (1)

t' af
x exp[—Nf(m, i, @, 1] (9.2.89)

with
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N BrJdo hto
Fnyih, @) ===23% imf(1) — - Zmam

t,a
(BsJ)? b (ht)? /
— T O Q) = T D7 Quslr. 1)
tt',ap 1',op

+— Zma(t)ma(t)Jr 5 D hap(1.1) Qg (1.)
tt',af

—~ —Zma(I)S“(t)— — > hap(t,1') S (1) SP (1)
tt',apf

- B Z S@)S(+1) (9.2.90)

t

where we labelled each Trotter slice by index ¢. Using the replica symmetric and
the static approximations, namely,

my(t) =m, g (t) =m (9.2.91)

N [x @=8) / {M (@=p)
ap\l, = , Aaglt, = , (9.2.92
Qe (1.1) {q @#p) =1 @ep O

we obtain the free energy density f&:
1
Bs I m, x. @)= (p = DBy Jom” + 2 (p = DB ) (x” —q")
o0 o
— / Dw log/ Dz2cosh & (9.2.93)
—0oQ —0o0
where we used the saddle point equations with respect to i, A1, A2, namely, m =

pBsJomP~" +aoh and hy = £(Bs 1)*x P~ + (ah)?, ha = 5(BsI)?qP ™" + (ah)*.
Then, the saddle point equations are derived as follows:

@ sinh &
/ Da)/ ( ) (9.2.94)
Dw o[ sinh &
/ / [(;) cosh&E +TI" < =3 >i| (9.2.95)
@ sinh &
q =/ Dw [f DZ(—:,Q )i| (9.2.96)

where we defined

& = a)\/g(ﬁJJ)qu’_l + (ah)? +z\/§(ﬂﬂ)2(xl"l —qP1)

+ pByJom? ™" +agh (9.2.97)
and E =V P2+ T2, 02 = f Dz cosh Z. The resultant overlap leads to

/ Da)/ Dzsgn(cb)—l—/ Dw H(—z}) (9.2.98)
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Fig. 9.12 The I"-dependence of the bit error-rate p;, for the case of p =2 without magnetic field
h = 0 (left) and order parameters m, x and ¢ as a function of I" (right). Weset By =1,J = Jp =1

where we defined zj, by

(DB JomP™" +aoh) +w, /B (B, )2qP~" + (ah)?
JEB D2 =g

and the error function H(x) defined as H(x) = fxoo Dz. Thus, the bit-error
rate for the problem of error-correcting codes is given by pp, = (1 — R)/2 =
ffooo DwH (—zf,), where the above bit-error rate p;, depends on I" through the
order parameters x, g and m.

(9.2.99)

9.2.4.7 Analysis for Finite p

We first evaluate the performance of the quantum Sourlas codes for the case of finite
p by solving the saddle point equations numerically.

In Fig. 9.12 (left), we first plot the I"-dependence of the bit-error rate p; for the
case of p =2 without magnetic field 4 = 0. In this plot, we choose J = Jy =1
and set B; = 1. It must be noted that Jy/J corresponds to the signal to noise ratio
(SN ratio). From this figure, we find that the bit error rate gradually approaches
to the random guess limit p, = 0.5 as I" increases. This transition is regarded as
a second order phase transition between the ferromagnetic and the paramagnetic
phases. We plot the I"-dependence of the order parameters m, x and ¢ in the right
panel of Fig. 9.12. We should notice that in the classical limit I" — 0, the order
parameter x should takes 1 and both magnetisation m and spin glass order parameter
g continuously becomes zero at the transition point. Therefore, for the case of p =2,
the increase of the quantum fluctuation breaks the error-less state gradually.

On the other hand, in Fig. 9.13, we plot the I"-dependence of the bit-error rate p;,
for the case of p = 3. In this figure, we find that the bit-error rate suddenly increases
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Fig. 9.13 The I'-dependence of the bit error-rate p;, for the case of p =3 without magnetic field
h = 0 (left) and order parameters m, x and g as a function of I" (right). Weset By =1,J = Jp =1
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Fig. 9.14 The I"-dependence of the bit error-rate p, for p =2,...,6 and p = 12 without mag-
netic field & = 0 (left). We set By = 1, J = Jo = 1. The right panel shows the T; = ,8;1 depen-
dence of the bit-error rate for keeping the ratio: I"/B; = I¢f to the values Ief = 0.1, 1 and 1.5

to 0.5 at the transition point I" = I, and the quality of the message-retrieval be-
comes the same performance as the random guess. This first order phase transition
from the ferromagnetic error-less phase to the paramagnetic random guess phase is
observed in the right panel of Fig. 9.13.

We find that the system undergoes the first order phase transition for p > 3. In
Fig. 9.14, we plot the I"-dependence of the bit-error rate for p =2,3,...,6 and
p = 12. From this figure, we find that the transition for p > 3 is first order and the
bit-error rate changes its state from the ferromagnetic almost perfect information
retrieval phase to the paramagnetic random guess phase at I" = I'.. The tolerance
to the quantum fluctuation increases as the number of degree p of the interaction
increases.
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Fig. 9.15 The I'-dependence of the bit error-rate p, for the case of p =4 with magnetic field
h =1 (left) and order parameters m, x and g as a function of I" (right). Weset 8; =1,J =Jp=1
andap=a=1

We next consider the case of & # 0. This means that we send not only the parity
check {J;1...;p} but also bit sequence {£} itself. We plot the bit-error rate as a function
of I for p =4 in Fig. 9.15 (left). From this figure, we find that the bit-error rate goes
to some finite value which is below the random guess limit gradually. The right panel
of this figure tells us that in this case there is no sharp phase transition induced by the
quantum fluctuation. In Fig. 9.16 (left), we plot the bit-error rate and corresponding
order parameters as a function of I" for p = 5. This figure tells us that the bit-error
rate suddenly increases at some critical length of the transverse field I',.. At the same
critical point, order parameters suddenly changes their values (see Fig. 9.16 (right)).
As we add the external field #, this is not a ferro-para magnetic phase transition,
however, there exist two stable states, namely good retrieval phase and poor retrieval
phase.

In Fig. 9.17, we plot the I"-dependence of the bit-error rate for p =3, ...,6 and
p =12 (left) and for p =6 and B; = 0.2, ..., 12 (right). From this right panel,
interesting properties are observed. For small I”, the bit-error rate becomes small as
we increases p. On the other hand, for large I', the bit error rate becomes large as
p increases. Moreover, the bit-error rate for p = 6 takes its maximum at some finite
value of I".

9.2.4.8 Phase Diagrams for p — oo and Replica Symmetry Breaking

In this subsection, we investigate properties of the quantum Sourlas codes in the
limit of p — oo. In this limit, we easily obtain several phase boundaries analytically
and draw the phase diagrams.

First of all, we consider the simplest case, namely, the case of Jo =0, h = 0.
For this choice of parameters, the ferromagnetic phase does not appear and possible
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Fig. 9.16 The I'-dependence of the bit error-rate p, for the case of p =5 with magnetic field
h =1 (left) and order parameters m, x and g as a function of I (right). Weset 8; =1,J =Jy =1
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Fig. 9.17 The I'-dependence of the bit-error rate for p =3, ...,6 and 12 (left). For p = 6, the
I’ -dependences of the bit-error rate for 8; = 0.2, ..., 1.2 are shown in the right panel

phases are paramagnetic phase and spin glass phase. The free energy density we
evaluate is now rewritten by

1
f==2 =B — x")

o0 o
-7y / Dw log/ Dz2coshBy /¢t + % (9.2.100)
(o)

—00 —

with ¢g = wy/pJ2qP=1)2 + 23/ pJ2(xP~1 — qP~1)/2, where we defined I =
I'/Bj. In the paramagnetic phase, there is no spin glass ordering, namely, g = 0.
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Thus, the free energy density in the paramagnetic phase leads to

J*By
frora =" (p—l)x”—TJIOg/
—0

e¢]

DchoshﬂJ\/Fesz+ §J2XP—IZ2.
(9.2.101)

The saddle point equation with respect to x is given by

sinh B/ Iy+6oo
S22 D2 { (22 cosh B\ T+ oo + T3 Ty s
eff P00 JT3+d00

JZ5 Dz cosh By Ty + 5

with ¢oo = pJ?xP~'1z%2/2. In the limit of p — oo, there are two possible so-
lutions of x, that, is x? =1 and x? = 0. The former is explicitly given from
(9.2.102) as x >~ 1 — 4Fe2ffT12 / p2] . Then, we obtain the free energy density for
this solution as f; = —J%/4T; — T;log2 by substituting this x into (9.2.101)
and evaluating the integral with respect to z at the saddle point in the limit of
p — oo. Let us call this phase as PI. The later solution is explicitly evaluated as
x = (Ty/Iegr) tanh(Lee/ Ty) (< 1, thus, x? = 0) and corresponding free energy
density leads to fiy = —Tjlog2 — T logcosh(Iegr/ Ty). We call this phase as PII.

Here we should not overlook the entropy in PI, namely, S = —(3f;/9T) =
—J?/4T? + log2. Obviously, S becomes negative for 7 < (J/2/Iog2)~! and in
this region, the replica symmetry of the order parameters might be broken. There-
fore, in this low temperature region, we should construct the replica symmetry
breaking (RSB) solution. To obtain the RSB solution, we break the symmetry of
the matrices ¢ and A as

X= (9.2.102)

q (=1 o (=
Qs s = { Co sy =120 ( /) (9.2.103)
g1 (#D) Ao (A#D)
forl=1,...,n/x,5 =1,...,x. Then, we obtain the free energy density for one

step RSB solution as

BsJ?
4

J2
RSB = (p — 1) Jom? + £

[xql + 1 —x)qf]+ (p—Dyx?

- 'B—J[quil + (1 = x)qoho]
2

o oo o X
Ty ~ )
- — Dw log Dz Dy2cosh B/ ¢+ I 5
oo

X J_ oo o0 _
(9.2.104)

with ¢ = wy/A; + z\/):o —+ y\/szxl’*‘/Z— 2o + pBrJomP~' + agh. By
taking (3f'%B/3g0) = (3f'RB/dq1) = 0, we obtain i = pJ%q" "' /2,50 =
pI%qd~' 2.

Here we set the parameters Jo, h again to Jo = h = 0. At low temperature, we
naturally assume g1 <0 (A1 =0), go =1 (X = pJ?/2) and x = 1. Substituting
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Fig. 9.18 The phase diagrams in the limit of p — oo. In the case of Jy = 0, there exist three
phases, namely, PI, PII and SGI. Below the critical point (7;/J). = (1/2J4/log?2), the replica
symmetry is broken (the left panel). The right panel shows the critical SN ratio (Jy/J)., above
which (labelled FI in the panel) decoding without errors is achieved, is given by /log?2

these conditions into (9.2.104) and evaluating the integral with respect to y at the
saddle point in the limit of p — oo, we obtain the free energy density in this phase,
which will be referred to as SGI, as fsg; = —B7J%x /4 —log2/(B,x). Substituting
the solution of (3fsG;/dx) = 0, namely, x = 2./log2/(JT;) into fsg, we obtain
the free energy density which specifies SGI as fsg; = —J/log?2.
Let us summarise:
2

J
PI (para): fi=——+—T;log2 (x=1,q=0)
4T,
) Tt
PII (para): fiy =—T;log2 — T;logcosh T (x?=¢=0)
7

SGI (spin glass):  fsgi=—J+/log2 (x=qg=1)

We illustrate the phase diagram in Fig. 9.18 (left).
As the phase transitions between arbitrary two phases among these three (P,
PII, SGI) are all first order, each phase boundary is obtained by balancing of the

free energy density. Namely,

Ty cosh=1(e”* /4Ty (T; > T,) (for PI-PII)
Tetr =\ Ty cosh™' e/ Vs 11 /2) (T; <T.)  (for PII-SGI) - (9.2.105)
Ty =J/2log2 =T, (for SGI-PI)

9.2.4.9 The Shannon’s Bound and Phase Boundaries

We next consider the case of Jy 7 0. This case is much more important in the
context of error-correcting codes. For the case of absence of the external field
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h = 0, the phase transition between the error-less phase and the random guess phase
is specified as the ferro-paramagnetic (or spin glass) phase transition. From rea-
sons we mentioned above, our main purpose here is to determine the transition
point (Jo/J). below which the ferromagnetic phase is stable. The critical SN ra-
tio (Jo/J), is important because as we mentioned before, the error-less decoding
is possible when the channel capacity C and the transmission rate R satisfy the in-
equality R < C. The channel capacity for the Gaussian channel we are dealing with
is given by C = (1/2)log,(1 + J¢/J?) with Jy = Jop!/NP~', J = J?pl/2NP~1,
that is, C ~ Jozp!/(JzNI’_llogZ) in the limit of N — oo for a given p. On
the other hand, the transmission rate R is given as R = N/Np = N/NC) =
p!/NP~1 Therefore, the error-less decoding is possible when the following inequal-
1ty:

R [T\
—=|— log2<1 (9.2.106)
C Jo
holds and the question now arises, namely, it is important to ask whether the above
inequality is satisfied or not at the critical point (J/Jy).. In following, we make this
point clear.

We start from the saddle point equations which are derived from the free energy
density of the one step RSB (9.2.104). These equations are given explicitly as

Dw

/oo [, Dz (% Dy2cosh By &)1 [0 Dy(%)2sinhﬂjé
m =

—0 [0, Dz ([* Dy2cosh B, E)*
/oo . [%2. Dz ([* Dy2coshB; E)2([*_ Dy (%)2 sinh By £)?
q0 = w -
—00 [0, Dz (f°, Dy2cosh By &)

o (2% Da ([, Dy (Ly2sinh gy E) )2
q1=/ Dw{ 5 } (9.2.107)

[ Dz ([* Dy2cosh B &)*

/oo [, Dz (% Dy2cosh ;&) [0 Dy (% )2251nh,31u
Dw

o S22, Dz (J%, Dy2cosh By &)
0o f*OODZ(f*ooDyZCOShﬂJE)"_If?OOD (251nhﬂju)
+FffTJ/ Dw © ~ !
- JZoo Dz (J2o, Dy2cosh B; 5)*
(9.2.108)
with
~ D p-1 D p-l o - -
p=Jw 5% +Jz E(‘Io —qf )-I—Jy 2()( —gl™") + pJom
(9.2.109)
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When the number of product p of the estimate of the original bits is extremely
large and J/Jy, m is positive, b= pJomP~! and the solutions of the above saddle
point equations lead to m = go = g1 = 1 and x = 1. Thus, the system is in the
ferromagnetic phase and the replica symmetry is not broken (go = q1). Substituting
the replica symmetric solution m = g = 1 into (9.2.93) and evaluating the integral
with respect to w at the saddle point in the limit of p — 0o, we obtain the free
energy density in this phase (let us call F1) as fr; = —Jo. We should notice that this
free energy density does not depend on the effective amplitude of the transverse field
Ir at all. From the argument of Jy = 0 case, the phase specified x =1, Ty < T, =
(2+4/log?2) is spin glass phase. Therefore, the condition (9.2.1006) is satisfied and the
ferromagnetic error-less phase exists for (Jo/J) > (Jo/J)c = +/log2, where (Jo/J)
is determined by balancing of the free energy densities fr; = fsgr. As the result, we
conclude that the error-less decoding is achieved if the SN ratio (Jo/J) is greater
than the critical value (Jy/J). = +/log?2 and the condition is independent of Itg.
To put it into another word, the Shannon’s bound is not violated by the quantum
uncertainties in the prior distribution in the limit of p — oo.

9.2.5 Mean Field Algorithms

In the previous subsections, we evaluated the performance of Bayesian inference
for the original image or original bit sequence by using the solvable model. In this
subsection, we mention concrete algorithms to achieve the original information re-
trieval. For such algorithms, mean field approaches are useful to carry out.

9.2.5.1 Naive Mean Field Algorithm for Image Restoration

Tanaka and Horiguchi [397] proposed mean field algorithm for image restoration.
For thg image defined on the two dimensional square lattice, the effective Hamilto-
nian H for image restoration is given by the matrix form:

L
H=—) (JSi;Si, +JSi S, +ht;Si,;+TS})) (9.2.110)
i,j=1
where 1;; is degraded pixel on the site (i, j) and the dimension of the matrix is
2N % 2N N = L?. We also defined the following tensor products:
@) (L,L)
s;sz I R --RI®S IR I

() (L,L)
Sf’jEI(X) RI® S RIQ---Q I

« (01 . (1 0 (10
S _<1 o>’ s_<0 _1), _<0 1). (9.2.112)

9.2.111)

with
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For this Hamiltonian (9.2.110), the density matrix is given by
exp(—H/T)

= 17 9.2.113
P Trexp(—H/T) ( )
where we used the formula
o0 An
exp(A) = Z — (9.2.114)
n=0
Under the mean field approximation, the density matrix is rewritten by
L
exp(—H,j/T)
~ = = 9.2.115
p ilj_:[1®pt] Pij Trexp(—H;;/T) ( )
with
Hij(+1 -r
Hjj= A (9.2.116)
- Hjj(-1)
Hij(s) =—{J(miy1j+mi_1j+mijpr+mij1)+hrls (9.2.117)
mj j =Tr[SZ,0,-j]. (9.2.118)

For the eigenvalues A;;(n), n =1, 2 of the matrix H;;, the marginal density matrix
pij is expressed as

= ’
1y =7 Dl ) (g1 o

n=1

2
L Zy=Y e WIT (92.119)
n=1

In the zero temperature limit 7 — 0, the marginal density matrix is reduced to

pij = |¢i; (D)){¢i; (D) (9.2.120)
and the local field at site (i, j) is rewritten as
mi,j =T $%pij | = Te(S7¢i; (D){r; (D] = (¢1; (DS |gi; (D) (9.2.121)
were we defined |¢;;(1)) as eigenvector of the minimum eigenvalue A;;(1) of the
matrix H;;.
Thus, from Eqs. (9.2.118), (9.2.121), we obtain the mean field equation for each
site (i, j) as

J(mig,j +mi—1j+mijq1+mij—1)+ht;

mi i =
\/Fz +{J(mig1,j +mi—1j+mijp1+mij—1) +ht;)?

(9.2.122)

Obviously, the solution of the above equation m; ; corresponds to the local magneti-
sation at site (i, j) obtained by mean field approximation. To solve the non-linear
coupled equations, we usually use the following recursion relations (maps) by in-
troducing the ‘time step’ ¢ as

(0 () (1)

(1)
t+1) SOy p+m g tmy G +m )+ hT

iLj
JP2H e, +m® e m w4 b

(9.2.123)
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Fig. 9.19 Original image for
the demonstration of the
mean field algorithm. The
sizeis L x L =32 x 32

By solving the above equations until the time dependent error:

Z| D —m (9.2.124)
l] 1

becomes smaller than some appropriate precision, say, &« =~ 1078, the MPM esti-
mate is given by

&.j =sgn(m{') = sgn(m; ;) (9.2.125)

for each pixel (i, j).

As a benchmark test, we shall apply this mean field algorithm for two dimen-
sional image with size N = L x L =32 x 32 given in Fig. 9.19. The original image
is degraded by noise probability (flip probability) p = 0.2. The parameters are set to
J = 1.1 and h = 1. The schedule of the transverse field I" is selected as in Table 9.1.
As the performance measurements, we choose the distance

d(a,b) = 2(1 Sar; b (9.2.126)
lj 1

and the number of edges

L

oa(a) = % DU =8aa )+ 50 Z (=84 ar)-  (9:2.127)

i,j=1 i,j=1
From the table, we find that these quantities converge to the finite values as the trans-
verse field goes to zero. Although there exists a gap between the resulting values of
d, 0 and the true values, the quantum fluctuation works well on the original image

retrieval on the contest of the mean field annealing.

In Fig. 9.20, we show the resultant restore images.

9.2.5.2 Mean Field Decoding via the TAP-Like Equation for Sourlas Codes

In the previous subsections, we introduced a quantum variant of the Sourlas codes
and investigated the averaged-case performance by means of the replica method. In
practice, we must use some concrete algorithm to decode the original message. As
we saw in the previous subsections, zero-error decoding is achieved for (J/Jy) >
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Table 9.1 The schedule of

the transverse field d(&.8) d(z.&) 02(€) # iteration

(I, #Iteration) and several

measurement to quantify the 8.0 0.190430 0 0341797 18

performance 7.0 0.156250  0.034180  0.273438 22
6.0 0.125977  0.066406  0.213867 27
5.0 0.088867  0.103516  0.160156 36
4.0 0.062500  0.133789  0.125977 62
3.0 0.044922  0.159180  0.099609 72
2.0 0.039063  0.172852  0.086914 66
1.0 0.038086  0.175781  0.084961 32
0.0 0.038086  0.175781  0.084961 2
True Value O 0.190430  0.083008

Fig. 9.20 From left to right, the snapshotat I' =7,6,5and I' =0

+/log 2 in the limit of p — oo (see Fig. 9.21). However, for finite p, it is not obvious
to clarify to what extent the bit-error rate becomes small for a given algorithm. To
make this point clear, we introduce a mean field algorithm to decode the original
message for finite p.

In practical decoding, for a given set of the parity {J}, we should calculate the
estimate

& = lim sgn[tr(Afﬁ,g)], pp= M (9.2.128)
p—o0 trexp[—BH]
for each bit. To calculate the trace effectively by sampling, the quantum Monte Carlo
method (QMCM) might be applicable and useful [386]. However, unfortunately, the
QMCM approach encounters several crucial difficulties. First, it takes quite long
time for us to simulate the quantum states for large number of the Trotter slices.
Second, in general, it is technically quite hard to simulate the quantum states at zero
temperature. Thus, we are now stuck for the computational cost problem.
Nevertheless, as an alternative to decode the original message practically, we
here examine a TAP (Thouless-Anderson-Palmer)-like mean field algorithm which
has a lot of the variants applying to various information processing [203, 302].
According to [194], here we shall provide a simple attempt to apply the mean
field equations to the Sourlas error-correcting codes for the case of p = 2. In fol-
lowing, the derivation of the equations is briefly explained.
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Fig. 9.21 Phase diagram of 1.6
the Sourlas codes for

p — oo. In the shaded area
(F), zero-error transmission
is achieved. The area P ~
denotes the para-magnetic E 0.8¢
phase and the area SG is the
spin glass phase. For instance, 04!
at the ground state, the SG
critical signal-to-noise ratio is
Jo/D)e =_~/10§12 =0.8326. 0 0 03 06
Weset T; = B; I/

‘We shall start the Hamiltonian:
ﬁ:—ZJ,-,-SiZS;—FZS‘;‘ (9.2.129)

2Jo
Jij= <W)J£‘ +—=n, JS =&&;, n=4(0,1) (9.2.130)
Then, we rewrite the above Hamiltonian as follows
[:I = — Z(FS'ZX + h,‘giz) + Z Jij(mifi)(mjij)
i ij
=3 0 (8 —miB) (S5 —mil) =AY+ V92131

HO == "(P§F +hi85) + Y Jijmidi)(m ;) (9.2.132)
i ij
‘A/E— Jij(giz—mil:')(s;—mjfj), hizzzfijm]'
ij j
(9.2.133)

where we defined the 2V x 2V identity matrix I;, which is formally defined by
L=1h)®---®1;) ®---® Iy). We also use the definitions in terms of tensor
product:

S’l-z=I(1)®"'®SE~)®'“®I(N) (9.2.134)
S'f=I(1)®"'®S)(C,-)®"'®I(N) (9.2.135)

with

1 0 0 1 1 O
=(00): = (0 0) s=() %) oz

m; is the local magnetisation for the system described by the mean field Hamilto-
nian H©, that is,

& exp(—BH©
mi=m? = lim w(§75), A = exp(=BHT)
trexp(—BH©)

B—o00

(9.2.137)
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Shortly, we derive closed equations to determine m;. It is very tough problem for
us to diagonalise the 2V x 2 matrix H, whereas it is rather easy to diagonalise
the mean field Hamiltonian H© . Actually, we immediately obtain the ground state
internal energy as

1
E(O)=—2Ei+52him,~, Ei =T +h2 (9.2.138)
i i

Then, taking the derivative of the E© with respect to m; and setting it to zero,
namely, dE© /am; = 3", (3hy/dmi){hi/\/ T + h} — mg} = 0, we have

h.
V) mi=———. hi=2) Jjm,. (9.2.139)

The above equations are nothing but the so-called naive mean field equations for
the Ising spin glass (the Sherrington-Kirkpatrick model [369]) in a transverse field.
It should be noted that the equations are reduced to (V;) m; = h;/|h;| = sgn(h;) =
limg_, o tanh(Bh;) which is naive mean field equations at the ground state for the
corresponding classical system.

To improve the approximation, according to [194, 195, 433], we introduce the re-
action term R; for each pixel i and rewrite the local field /; suchas 2" j Jijmj—R;.
Then, the naive mean field equations (9.2.139) are rewritten as

2%, Jijmj = Ri N hi [1_ r: <&>]
\/1"2+(22j Jijmj_Ri)2 (F2+hi2)3/2 F2+hi2 h;
(9.2.140)

m; =

for all indices i. In the last line of the above equation, we expanded the equation with
respect to R; up to the first order. We next evaluate the expectation of the Hamil-
tonian H by using the eigenvector that diagonalises the mean field Hamiltonian
HO = — 3, (I8F + hi §7) + 32 Jij(mi [;) (m; I;). We obtain

J2
E,=E® _r*# (*) 9.2.141
¢ Z 2E?E%(E; + E)) ( )
ij J
Then, (0E;/0m;) =0 gives

h; r? 1
m; = 1-— —
(F2+hm)32L I2+hi\hi

JEmi[2(1 —mi)(1 — 2)2 +3(1 — 2)2(1 —m3)?]
% Z L i :|
j 2I'[(1 — 2)2+(1_ 2)2]2

(9.2.142)



340 9 Applications

By comparing (9.2.140) and (9.2.142), we might choose the reaction term R; for
each bit i consistently as

3 1
Jl%mi[Z(l _ mi2)(1 — m?)i +3(1 — ml.z)i a- m?)Z]

Ri = (9.2.143)
; 2 (1 —m)? + (1 —m?)2 P
Therefore, we now have a decoding dynamics described by
2% Jijmi(t) — R;(t)
mi(t+1) = 2 s ’ (9.2.144)

JI2+ 02X dymy0 = R0

Temi@2(1 = mi @A) (1 =m0 430 = mi@?) (1= m;j(1)*)]
2L —mi(®?)} + (1 —mj ()2} 2

Ri()=Y
J

(9.2.145)

for each bit i. Then, the MPM estimate is given as a function of time ¢ as &; (t) =

sgn[m;(t)] and the bit-error rate (BER) is evaluated at each time step through the
following expression

1 1 _
pB(t) = 3 (1 -5 IZ&E;‘U)). (9.2.146)

We should notice that the naive mean field equations are always retrieved by setting
R; =0 for all i. The naive mean field equations were applied to image restoration
by Tanaka and Horiguchi [397] in the previous subsections. We plot several results
in Fig. 9.22. In the left panel of this figure, we plot the dynamics of mean field
decoding. We plot them for several cases of the signal-to-noise ratio. During the
decoding dynamics, we control the I" by means of

c

ra)= F0<1 + P 1) (9.2.147)
where ¢ denotes the number of time step in the TAP-like update described by
Egs. (9.2.144) and (9.2.145). In Fig. 9.22, we set I = 0.5. From this figure, we
find that the BER drops monotonically as the number of iterations increases. We
also find in the right panel that the BER drops beyond the SN ratio Jo/J =~ 1. From
these limited results, we might confirm that TAP-like mean-field approach exam-
ined here is useful to decode the original message with a low BER for relatively
large SN ratio.

9.2.6 Quantum Monte Carlo Method for Information Processing

In the previous subsections, we investigated the performance of the MAP and the
MPM estimations for the problems of image restoration and error-correcting codes
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Fig. 9.22 The dynamics of the TAP-like mean field decoding (left, N = 1000, the error-bars
are evaluated by independent 10-samples). We set p =2, Iy =0.5 and J/Jp =0.8,2 and 1. The
horizontal axis ¢ in the left panel denotes the number of time step in the TAP-like update described
by Egs. (9.2.144) and (9.2.145). The right panel shows the signal-to-noise ratio dependence of the
BER. We set p =2 and Iy = 0.5. These panels are borrowed from [194]

by using analysis of the mean-field infinite range model. We also provide several
concrete algorithms based on the mean field approach to obtain the MPM estima-
tions. In Sourlas codes, the infinite range model is naturally accepted because we
do not have to consider any structure in the bit sequence {£}, and in that sense, the
range of interactions in the parity check {§;1 - - - &;p} is infinite.

On the other hand, in image restoration, there should exist some geometrical
structures in each pair in the sequence of the original image {£}. Then, we should
introduce appropriate two dimensional lattice on which each pixel is located. There-
fore, here we carry out computer simulations for the two dimensional model system
to investigate the qualities of the MAP and the MPM image restorations quantita-
tively.

9.2.6.1 Application of Quantum Monte Carlo Method

Let us remind of readers that our effective Hamiltonian for image restoration is
described by g = — B Z(ij) Sij —h) ;S —I'Y ; S’ In this section, we
suppose that each pixel o is located on the two dimensional square lattice. To
evaluate the expectation value of arbitrary quantity A in the quantum spin system
tr{S} A efﬁ%éff
(A)=—"—"—F7— (9.2.148)
tr{s} e*ﬁ 7Ceff

we use the following Suzuki-Trotter formula [386] to carry out the above trace in
practice as

A
M

exp(—pem) = lim (e e’r) (9.2.149)
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where we defined

o =B <,3m D OSSRy r,~Sf> =—BALG T B=pr Y SI.
(ij) i i
(9.2.150)
We should keep in mind that these two terms .7 and & are easily diagonalised.
Then, by inserting the complete set: Z{Sjk} [{Sjx}) ({Sjk}| = 1, the partition func-
tion Z s for a fixed Trotter size M leads to

Zu =t Tel) = 3 (isleT |{s] DS e [(572)
{Sjk==%1}
L4 / / [z
x o (8 7a} e | {87 ) SGae e [£5703) 92.151)

where [{S;t}) is M-th product of eigenvectors {S} and is explicitly given by
{Sjkh) =18j1) ®1Sj2) @ -+~ ® |Sjm).

By taking the limit of M — oo, we obtain the effective partition function Zeg of
the quantum spin system with B = (1/2)logcoth(81"/M) as follows

Zegt= lim Zy
M— o0

k ok h k k ok+1
Z eﬁ‘%Zij,ksiSj+ﬁ72i,krisi+82i,ksiSi+

(Sji)==1

= lim (ap)"
M— o0

= i N
Mgnoo(aM)

X Z exp[ﬂeﬁ{ﬂmzslksf-i-hznslk—}—BMZS;CS£<+1}:|
ik

{Sjp==£1} ijk ik
(9.2.152)

where we defined ays and Bjs as

ay = {(1/2)sinh@BerrT)}?, By = (1/2Beir) logcoth(Berr ) (9.2.153)

and introduced the following effective inverse temperature: Begr = /M. Thus, this
is the partition function of a (d + 1)-dimensional classical system at the effective
temperature Tofr = ,Be_ﬁ«l.

Let us think about the limit of " — 0 in this expression. Then, the coupling con-
stant of the last term appearing in the argument of the exponential becomes strong.
As the result, copies of the original system, which are described by the jﬁﬁ“”ical
and located in the Trotter direction labelled by k, have almost the same spin config-
urations. Thus, the partition function is now reduced to that of the classical system
at temperature 7 = 1.

We should not overlook that when we describe the same quantum system at
T =0 of the effective Hamiltonian %’;fo”anmm by analysis of Schrédinger equa-
tion: i k(| (2))/0t) = F€(t)| ¥ (t)) for the time dependent Hamiltonian: 77(¢) =
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—Bm 2y SiS; —h 2 tiS; — I'(1) 3, S, the inverse temperature B does not ap-
pear in the above expression. Therefore, we can not use 8 in the quantum Monte
Carlo method to simulate the quantum system at 7 = 0.

To realise the equilibrium state at the ground state 7 = O for a finite amplitude
of the quantum fluctuation I" # 0, we take the limit 8 — oo, M — oo keeping the
effective inverse temperature Besf = ¢ (1). Namely, effective parameters to simulate
the pure quantum system by the quantum Monte Carlo method are Besr and M, in-
stead of B and M. This choice is quite essential especially in the procedure of quan-
tum annealing [211] because the quantum annealing searches the globally minimum
energy states by using only the quantum fluctuation without any thermal fluctuation.
Therefore, if we set the effective inverse temperature Sefr as of order 1 object in the
limit of M — oo (we can take into account the quantum effect correctly in this
limit) and 8 — oo (the thermal fluctuation is completely suppressed in this limit),
we simulate the quantum spin system at the ground state 7 = 0.

9.2.6.2 Quantum Annealing and Simulated Annealing

According to the argument in the previous subsection, we construct the quantum
annealing algorithm to obtain the globally minimum energy states of our effective
Hamiltonian jfg%“‘“ical . To realise the algorithm, we control the amplitude of the
transverse field as

Quantum Annealing (QA): I' - 0 for Ber=1, M — 0.

We should notice that the simulated annealing (thermal annealing) is achieved by
controlling the parameter S as

Simulated Annealing (SA): S — oo for finite M and I" = 0.

As we mentioned, the scheduling of 7'(¢) and I"(t) might be essential in the sim-
ulated annealing and the quantum annealing. Although we know the optimal tem-
perature scheduling 7'(r) ~ (log#)~!, whereas the schedule of the I"(f) is given as
I (t) ~ (1 4+ )¢ from the argument of the convergence theorem [282]. Neverthe-
less, in this section, we use the same scheduling for I"(¢) as that of the simulated
annealing, namely, 7 () = I'(¢) to compare the accuracy of these two algorithms.
The justification of identification of I"(¢) and 7' (t) comes from the results we ob-
tained in the previous section, that is, the shape of the bit-error rate, especially for
image restoration at 7 = 0 as a function of I" is almost same as the bit-error rate for
the thermal one. Thus, we assume that I" and 7 might have the same kind of role to
generate the equilibrium states for a given I" and T'.

9.2.6.3 Application to Image Restoration

We investigate the MAP and MPM estimations by the quantum Monte Carlo method
and the quantum annealing for the two dimensional pictures which are generated by



344 9 Applications

0.08 : : 0.08 . . .

T T=EIS o thermal MPM

0075 -, quantum MPM

0.075

0.07

Dy

b
0.065

gt -

0.055 0.055

0.065

0.06

—o—1
—0—t
—o—
——
—e—i

0.05 0.05

T ' T

m m?

r

Fig. 9.23 The bit-error rate p,, for the thermal MPM estimation as a function of the temperature
T (left). The plots were obtained from 30-independent runs for the system size 100 x 100. We set
the temperature of the original image 7y = 2.15 and the noise rate p, = 0.1. The right panel shows
the bit-error rate for the quantum MPM estimation for the system size 50 x 50, and the Trotter
number M = 200 for the same noise level p; = 0.1 as the left panel. The error-bars are obtained
from 50-independent runs

the Gibbs distribution: P({€}) = P Lap E"gf/Z(,Bs). It must be noted that in the
above sum » (ijy () should be carried out for the nearest neighbouring pixels lo-
cated on the two dimensional square lattice. A typical snapshot from this distribution
is shown in Fig. 9.24 (upper left).

9.2.6.4 Thermal MPM Estimation Versus Quantum MPM Estimation

Before we investigate the performance of the simulated annealing and the quantum
annealing, as a simple check for our simulations, we demonstrate the thermal MPM
estimation for the degraded image with p; = 0.1 of the original image generated
at Ty = 2.15 by using the thermal and the quantum Markov chain Monte Carlo
methods. We show the result of the T,-dependence of the bit-error rate in Fig. 9.23.
We carried out 30-independent runs for system size 100 x 100. We set h/B,, =
T;8; = (T5/2)log(1 — p/ pr). From this figure, we find that the best performance is
achieved around the temperature 7;, = T; = 2.15. In Fig. 9.24, we show the original,
the degraded and restored images. From this figure, we found that the restored image
at relatively low temperature 7,, = 0.6 is pained in even for the local structure of the
original images. On the other hand, at the optimal temperature 7, = 2.15, the local
structures of the original image are also restored.

We next investigate the quantum MPM estimation. In Fig. 9.23, we plot the bit-
error rate for the quantum MPM estimation of the original image generated by the
Gibbs distribution for the two dimensional ferromagnetic Ising model. We control
the effective transverse field Ir on condition that the inverse temperature § is set-
ting to B = BerrM, namely, the effective inverse temperature Bef = 1. The hyper-
parameter ﬁnjl = T,, and h are fixed to their optimal values T,,, = Ty = 2.15 and
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Fig. 9.24 From the upper left
to the lower right, the
original, the degraded

(pr = 1), and the restored at
Tn=0.6and T, =T, =2.15
pictures are displayed

h=B;=(1/2)log(l — p:/p:). To draw this figure, we carry out 50-independent
runs for the system size 50 x 50 for the Trotter size M = 200. The Monte Carlo Step
(MCS) needed to obtain the equilibrium state is chosen as ' = Mt, where r = 109 is
the MCS for the thermal MPM estimation. One Monte Carlo step in calculation the
quantum MPM estimate takes M times evaluations of spin flips than the calculation
of the thermal MPM estimate. Thus, we provide a reasonable definition of the time
t" of which the quantity is plotted and compared as a function as ' = ¢ (thermal)
and ' = Mt (quantum).

From this figure, we find that the lowest values of the bit-error rate for the quan-
tum and the thermal MPM estimations are almost the same value as our analysis
of the mean-field infinite range model predicted, however, the I"-dependence of the
bit-error rate is almost flat. We display several typical examples of restored images
by the thermal and quantum MPM estimations in Fig. 9.25. From this figure, we
find that the performance of the quantum MPM estimation is slightly superior to the
thermal MPM.

9.2.6.5 Simulated Annealing Versus Quantum Annealing

In last part of this section, we investigate how effectively the quantum tunnelling
process possibly leads to the global minimum of the effective Hamiltonian for the
image restoration problem in comparison to temperature-driven process used in the
simulated annealing. It is important for us to bear in mind that the observables we
should check in the problem of image restoration are not only the energy on time E
but also the bit-error rate p,. As we mentioned, the globally minimum energy state
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Fig. 9.25 From the upper left
to the lower right, 50 x 50
original image generated at

Ty =2.15, degraded images
(pr =0.1), and restored
image by the thermal MPM
estimation, and the restored
image by the quantum MPM
estimation. Each bit-error rate
is pp = 0.06120 for the
thermal MPM at
Tn=Ts=2.15and

pp = 0.06040 for the
quantum MPM estimation
with I" = 0.8 (at the nearest
point form the solution of

mo =m(I")), respectively

of the classical Hamiltonian does not always minimise the bit-error rate. Therefore,
from the view point of image restoration, the dynamics of the bit-error rate is also
relevant quantity, although, to evaluate the performance of the annealing procedure,
the energy on time is much more important measure. In this section, we investigate
both of these two measures.

In our simulations discussed below, we choose the temperature and the ampli-
tude of transverse scheduling as I"(t) = T (¢t) = 3/+/t according to Kadowaki and
Nishimori [211]. To suppress the thermal and the quantum fluctuation at the final
stage of the annealing procedure, we set I" =T = 0 in last 10 % of the MCS.

In Fig. 9.26, we plot the time development of the bit-error rate and the en-
ergy on time, namely, E; = —By 3 ;;, S;S; — h)_; =i S;, where we defined S; =
(/M) S{‘ for the quantum annealing. As the MCS ¢’ for the quantum annealing
is defined by ' = Mt for the MCS, where ¢ is the MCS for the SA, we should not
overlook that the initial behaviour of the first M-th MCS in the quantum annealing
is not shown in this figure. We carried out this simulation for system size 50 x 50
with Trotter size M = 200. The noise rate is p; = 0.1. We set ,6;11 =T, =2.15
and h = (1/2)log(1 — p,/p.) = 1.1. From this figure, we find that the mean value
of the bit-error rate calculated by the quantum annealing is smaller than that of
the simulated annealing. However, the energy on time of the simulated annealing
is slightly lower than that of the quantum annealing. Although this result is not
enough to decide which annealing is superior, the simulated annealing with temper-
ature scheduling T (¢) = 3/+/t seems to be much more effective than the quantum
annealing with the same scheduling of the amplitude of the transverse field for find-
ing the minimum energy state. Of course, we should check more carefully to choose
the optimal or much more effective scheduling of I". This might be one of the im-
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Fig. 9.26 The time dependence of the bit-error rate for the simulated annealing (SA) and the
quantum annealing (QA). The Monte Carlo step (MCS) ¢’ for the quantum annealing is defined
by ' = Mt, where t is the MCS for the SA. The right panel indicates the dynamical process
of the energy function by the SA and the QA. We carried out this simulation for system size
50 x 50 with the Trotter size M = 200. The noise rate is p = 0.1. The error-bars are calculated

by 50-independent runs

Fig. 9.27 From the upper left
to the lower right, the original
image (T; = 2.15), the
degraded image (p; =0.1),
and typical restored images
by the simulated annealing
and the quantum annealing.
The resultant bit-error rates
are pp = 0.066400 for the SA
and pp, = 0.058000 for the
QA

portant future problems. In Fig. 9.27, we display the resultant restored images by
the simulated annealing and the quantum annealing. For this typical example, the
performance of the quantum annealing restoration measured by the bit-error rate
is better than that of the simulated annealing. The difference of the correct pix-
els is estimated as An = 50 x 50 x App = 2500 x 0.0084 = 21 (pixels), where
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App = pp(SA) — pp(QA). From reasons we mentioned above, the MAP estimate
obtained by the quantum annealing is not a correct MAP estimate, however, the
quality of the restoration is really fine.

Appendix 9.A: Derivation of Saddle Point Equations
for the Quantum Hopfield Model

In this appendix, according to Nishimori and Nonomura [298], we derive the saddle
point equations (9.1.9)—(9.1.15) for the Hopfield model at zero temperature. We
starts our argument from the Suzuki-Trotter decomposition:

Z= lim Tr(e PHo/M—BH/MM _ |y 7, 9.A.1)

M—oc0 M—00

where we defined the two parts of the Hamiltonian as

P
1
Hy = _NZZ%@;‘S;S} Hy=-I)S}. (9.A2)
ij n=1 i

Zy is given by

= > CXP[ Z > Zs“s SikSjk + B Z ZS,KS, kH}

{o==1} K 1 ij p=1 K=1i=1
:/HdeMZexp[ Z my, + 'B ZZmKME Sik
K.n o Ku i
+BY Siks,»,m} (9.A.3)
K,i
with
B 1l pr (9.A4)
= —logcosec| — ). A
2 %8 M

To average out the pattern-dependence in the self-averaging quantity such as free
energy, we use the replica trick:

LZu>»—1

Llog Zy>» = lim ———. (9.A.5)
n—0 n
Then, we have
LZyu>
ﬁ
< [ Tamsur oo~ 5 S £y TS Tl
Kpp wa Kpu 1

p
+ % Z Z Zéiﬂsiplf + B Z SipKSipK+1>>>- (9.A.6)

Kp p=s+1 i Kip
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Here we assume that for the first s patterns, namely, for the so-called ‘con-
densed patterns’, the quantity (8/M)Y_x, > 5 — MKup 2_; & Siok is of order
1 object, whereas for the un-condensed patterns u = s,..., p, the quantity
(B/M) ZKP Zﬁ:ﬂ_l > SiMSl-pK is of order 1/+/N. Hence, we can rewrite (9.A.6)

as

p
<<eXp|:%Z > Z«S,-“S,-pK]»
Kp p=s+1 i

p
=H<<exp|:MZmKW§i”S,-pK >
in Kp
:HCOSh EZmK S,’K
‘ M 1o Oip
i Kp

1 2
= Hexp{log(l — 5% ZZmKumeuaSipKSiaL + .. )}

ni Kp Lo

= HGXP[ZMZ Z ZmKMmep.o Z SszSsz + ﬁ(l/N):| (9.A.7)

Kp Lo

Collecting the quadratic part in (9.A.6), we obtain

Hexp[ 2M2 ZZ MK up ZMzzmeupmwaZS,pKSmL}=1_[EM

Kp Lo Kp Lo

where we defined

NB
E,= expl:—m Z AKp,LomK;/.meu.a]
ukp

with (Mn x Mn)-matrix:
Akp.Lo =0Kp,Lo — izsi K SioL
p. p. MN L=
1

B B <
=08Kp.Lo — MQpa(KL) - MS/)(KL)

and

1 — 1
qpo(KL) = v Z Sipk SioLs Sq(KL)= N Z Sipk SioL-
1 1

Thus, we immediately obtain

%
(9.A.8)

(9.A.9)

(9.A.10)

9.A.11)
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1_[/ l_lde;,Lp E,= {const.(det/1)—1/2}_(1”—3)/2
12 Kp

~ (det A)P/? = (Hm)
_ exp<—§ ZlogAKp> 9.A.12)

Kp

p/2

where A, are the eigenvalues of the Ak, 1. Inserting the definitions (9.A.11) by
using the identities:

/ ]_[ dqpa(KL)5<qpa(KL)——ZSZpKSwL)=1 (9.A.13)

(Kp,Lo)
f [] 4s (KL)8<S (KL)——ZS,sz,,,L> 1. (9.A.14)
p.(KL)

We write the factor of unity G{Ag,} =1 as

G{AKp}=/ [] dapo(KL) J] dSo(KL)

(Kp,Lo) 0. (KL)
1 — 1
x 8 (q,w(KL) - Z Sl-pKSmL)a(Sp(KL) - Z Sipk s,»pL>

/ [] dape(KLydrps(KL) [] dS,(KL)dt,(KL)
(Kp.Lo) P (KL)
N()lﬂZ [_32
xexp[ 3z "or (KLDaps (KL) + — rm(KL)ZS,pKSmL

2 2
xexp[ NA‘;”B t,(KL)S,(KL) + op tp(KL)ZS,pKS,pL]_I

(9.A.15)

where we used the Fourier transform of the delta function. Multiplying the
G{ikp}=1by «Z">>, one obtains

<<Z">>=/]_[deup [[ dape(KL)drps(KL) [] dS,(KL)dt,(KL)

Kpp (Kp,Lo) p,(KL)
con| -5 E 2wk, - 5 S
Kpu 1

Nap? Nap? _
_“Tﬂz 3 er(KL)qpa(KL)—ZLAﬁ 3 tp(KL)Sp(KL):|

(Kp,Lo) p.(KL)
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X<<ZeXp|: ZZmKﬂpZS SlpK+BZZSlpKSlP K+1

Kp p=1

05,32
o2 2 oo (KDSipkSioL

i (Kp,Lo)

2MZZ > tp(KL)SlpKS,pLi|>>

i p,(KL)
= exp[—NBf] (9.A.16)

where we used self-averaging properties in the limit of N — oo and dropped the
site i dependence. f denotes the free energy per spin, which is given by

1 d a . ap
f =537 22 XMk T 35 D 10ehks + 335 Do 1o (KL)ape (KL)

Kp p=1 Kp (Kp,Lo)

+2°;52 > 1, (KL)S,(KL) — T<<10gZexp|:MZZmKW§ Sok

p.(KL) Kp p=1
Olﬂz
+BY SpkSp kit oy D o (KL)SpkSar
Kp (Kp,Lo)
132
+ 507 (;L)tp(KL)SpKSpL > (9.A.17)

where T is temperature T = ~!. Extremum conditions for the free energy give the
following saddle points:

mi e = <<EM(Spk)> (9.A.18)

Gop(KL) = < (Spg N {SoL)> (9.A.19)
] R

roo (KL) = — > <mgppmiue> (9.A.20)

n=1

Sp(KL) = <(Spk Spr)>> (9.A21)
1 S

ty(KL) = — 9.A.22

p(KL)=~— ;; LMK ppMLpp>> ( )

where we should notice that m g, ¢ (K L) and 7,5 (K L) are overlap, spin glass
order parameter and noise from un-condensed patterns, respectively. These are the
same as in the classical Hopfield model. On the other hand, Ep(K L) and t,(KL)
represent quantum effects. The former represents the degree of quantum fluctuation
by the deviation from unity and the latter denotes the effect of un-correlated patterns
in the same replica.
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9.A.1 Replica Symmetric and Static Approximation

To proceed the calculations, we assume the replica symmetric and static approxima-
tions:

MK pp =my (9.A.23)
4po(KL)=q (9.A.24)
rpo (KL)=r (9.A.25)

to(KL) =t (9.A.26)

- S (K#L)

S,(KL)= 9.A.27
P(RL) { 1 (K#L) ( )

namely, we consider the case in which these order parameters are independent on
the replica and Trotter indexes. Then, we have the free energy per replica as follows

f /3 2 a5
L § log A ——=M*(n—1 —=M tS
» ogikp + (n )rq+2

_ z<<logZexp|:% ZS/’K Zmugﬂ + BZSPKS/),K+1
" Kp pu=1 Kp
2 a,32 2
() )] ]
o N K K

(9.A.28)

By using the Hubbard-Stratonovich transformation, we obtain in the limit of n — 0
as

logZexp[%ZSpK Zmus”+BZSpKSp,K+1
— Kp
2 e 2
i (Ss) () | (D)
o MK K
=log/DzZexp|:MZSpK Zmﬂgu—i_BZSpKSva"'l
S Kp 12% Kp
Bar B g
L MarZKZpSpK—F%O_r);(;SPK)}
=10ngz{Zexp|:%(m 'E)ZSK +BZSKSK+1 + pyar
K
ol

ZZSK
K
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/DzlogZexp[ ((m-&) + Jarz) ZSK+BZSKSK+1
:3 2
+%(l—r)<2[(:51() }
_ / / B
=n | Dzlog DwZexp M(m-’;‘—}—\/(Wz—l—\/a(t—r w)ZSK
S K
+BZSKSK+1]
K

:n/Dz 10g/DwTrexp[(m-§+ﬁz+mw)SZ+FSX]
=n/Dz 10g/DZ2005hﬁ\/(m-§+\/Ez+\/oz(t—_r w)? + 12,

(9.A.29)

We next consider the term (1 /ﬁ) logikp, in (9.A.28). The matrix elements
{Akp,Lo} are —B/M (p #0), —BS/M (p =0, K #L)and 1 — B/M (p =0,
K = L). Then, the eigenvalues are given by

A=1— B _M- 1)ﬂ§ —(m—1)Bg (with 1-degeneracy) (9.A.30)
i m A

A=1-— B _M- 1),3§+ Bg (with (n — 1)-degeneracy) (9.A.31)
i i A
B B< .

AMm=1-— M + MS (w1th (M — l)n-degeneracy). (9.A.32)

Thus, one can evaluate

—Zm— (tog ] 25" -3571")

1 A
= —log—1 +logir + (M — 1)logAs
n Ao

=gt
n 18 D ge 1 gy

—Hog(l—%—( D,BS~I—,3)

B B<
Ba < <
= 1 1_ - .
1—ﬁS+ﬂq+Og( BS+Bg)—B+BS (n—0, M— o00)

(9.A.33)
Collecting therms in (9.A.28), (9.A.29) and (9.A.33), we obtain
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Sl o _ 4% __ B 5 li s
i 2m + 28 |:log(1 BS+ Bqg) 1 p5 1+ g B S)} + > S —rq)
—T<</Dzlog/Dchoshﬁ\/(m-E—l—«/oTrz—i— a(t—r)w)2+F2>>.

(9.A.34)

For simplicity, we now set m,, = 6, 1m, &, = J, 1, namely, we consider the case
in which a single pattern is recalled. The extremum conditions gives the following
saddle point equations.

m= / D7y~ ! / Dw gu_l sinh Su (9.A.35)
q
= (9.A.36)
" U—F5+pa?
S—q
t=r4+ —mm—— (9.A.37)
1—BS+Bq

2
q:/Dz(Yl/quulsinh,Bu) (9.A.38)

S:szY_l(/ qu2u_lcosh;8u + TF/Dwu_1 sinhﬂu)
(9.A.39)

where we defined
g=m+Jarz+Jalt —r)w (9.A.40)

u=/g2+ 12, Y:/Dw cosh Bu. (9.A.41)

9.A.2 Zero Temperature Limit

At the ground state T — 0, we naturally expect that S = ¢. For convenience, we
introduce the parameter C as

— Dz
C=li S—q) = F2/ . 9.A.42
gD [(m + ar 2)> + I/ ( :

Then, we can rewrite the saddle point equations in terms of C as

m= [ pr—tverz (9.A.43)

\/(m+«/ocrz)2 +I?

2
g = / py— Mt vers) (9.A.44)
(m+Jarz)2 + 1?2

r el (9.A.45)

T a-or



Chapter 10
Related Models

10.1 XY Model in a Transverse Field

The XY model in a transverse field is another simple model, which, apart from the
transverse Ising model, exhibits a zero-temperature quantum phase transition. This
model also appears in the pseudo-spin representation of the BCS Hamiltonian and
its mean field treatment yields exactly the BCS gap equation [16]. The spin-1/2
transverse XY chain can be diagonalised using the Jordan-Wigner transformation
(see Sect. 2.2).

10.1.1 Mean Field Theory and BCS Equations

The reduced BCS Hamiltonian [26], operating only within the pair subspace (which
includes only the configurations having both the Bloch states with opposing spin
and momenta occupied or empty), can be written as

H=>Y e(CCl+cl ) —vY clct, cic, (10.1.1)
k k. k'

where C;(Ck) are the creation (annihilation) operator for electrons in Bloch state
(k,1/2) and the interaction V is nonzero only if &; lies within a small shell of
thickness iwp (wp is the Debye frequency), centred around the Fermi energy. One
can rewrite the Hamiltonian (10.1.1) in terms of the occupation number operator n
and n_j of the electrons

H==Y e -m—n_)—VY C,C",CCt. (10.1.2)
k k.k'

In the pair subspace, eigenvalues of n; and n_j are the same (1 or 0) and defin-
ing the basis states as ¢ (1, 1_¢) (both states with momenta and spin (k, 1/2) and
(—k, —1/2) are occupied) and ¢ (O, Or) (both states are empty), one can readily
check that

S. Suzuki et al., Quantum Ising Phases and Transitions in Transverse Ising Models, 355
Lecture Notes in Physics 862, DOI 10.1007/978-3-642-33039-1_10,
© Springer-Verlag Berlin Heidelberg 2013
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A =ng —n_)¢ g, 1) ==, L), (10.1.3)
(' —=ng —n_)¢ O, 0—x) = ¢ (O, 0—p). (10.1.4)

The above relations imply that in the pair subspace the operator (1 —ny —n_g) can
be written as the z-component of a Pauli spin matrix

(1 —ng —n_y) = Sk. (10.1.5)

Similarly one can check that
1 1
c,jcik=zs,;; CiCok= 587 (10.1.6)

In terms of the pseudo-spin operators S, ST and S, defined above, one can readily
rewrite the reduced BCS Hamiltonian as

H:-Zsks,ﬁ—%Z(S,f/s,fjts,f/s,f), (10.1.7)
k k. k'

which turns out to be an XY model in a transverse field, written in terms of the
pseudo-spin operators.

The above Hamiltonian (10.1.7) can be studied using the molecular field theory
(as in Sect. 1.2), where the many-particle Hamiltonian is written as the collection of
isolated spins in a fictitious magnetic field [16]

H:—th-Sk, (10.1.8)
k

where hj and Sy are treated as classical vectors in the pseudo-spin space and are
written as

LV ) )
he=eai+ o D (S8R +(S0)9) (10.1.9)
k/

Sk=Six+ 89+ Siz. (10.1.10)

Since, at zero temperature, the energy is minimised when Sy is polarised in the
direction of the effective molecular field k., one can write (with (S z,) =0),

hx Sx Z ! Sx/
_';:_/;:Mﬂanek. (10.1.11)
hk S; Ex

Now using Sy, = sin6 we get the BCS integral equation (at 7 = 0)

tanf = (V/2e;) Y _sin6p. (10.1.12)
k/
To solve Eq. (10.1.12), we set A = (V/2) )",/ sin6y = & tan b, so that
Vv A
A=— _ 10.1.13
2 ; (A2 +62)1/2 ( .



10.1 XY Model in a Transverse Field 357

Replacing the above summation by an integral over f from —wp to +wp, one arrives
at the BCS gap equation

Ao @D

sinh(1/prV)

where pr is the density of states at the Fermi level and it is assumed that Vpr < 1.

It is clear that the energy gap is positive if the interaction V is positive. At a finite
temperature 7' the average magnetisation can be written as (cf. (1.5))

~2wpexp(—1/prV), (10.1.14)

172
(Sk) =tanh(Blhel);  |hil = (ef + A*(T)) 2, (10.1.15)
The BCS integral equation (10.1.12) is then modified to
A
tanh 6 = (V/2¢¢) Y _ tanh(B|h|) sin 6 = —. (10.1.16)
I ek

The phase transition from the superconducting state to the normal state occurs at a
temperature 7, given by A(7,) =0, or

1
1=V _ 10.1.17
; 2¢y tanh(ey / T;) ( )

Replacing the summation once again by an integral and performing graphical inte-
gration, one obtains

T, = 1.14wpexp(—1/pF), (10.1.18)
for Vpr < 1. One can use (10.1.14) in (10.1.18) to obtain the BCS gap equation
2A =3.5T,. (10.1.19)

Thus, transforming the reduced BCS Hamiltonian into a XY model in a transverse
field, one can obtain the BCS results using simple mean field theory.

10.1.2 Exact Solution of Transverse XY Chain

The transverse XY chain Hamiltonian was first studied in details by Katsura [216]
as a limiting case of anisotropic Heisenberg chain in a magnetic field. The Hamil-
tonian can be exactly diagonalised [322, 385] using Jordan-Wigner transforma-
tion to rewrite the spin Hamiltonian in terms of spinless Jordan-Wigner fermions
(cf. Sect. 2.2). We start from the nearest neighbour XY chain Hamiltonian in a trans-
verse (tunnelling) field, with periodic boundary condition

N N

H=— Z(JXSfoH + JySinin) -r Zszz

i=1 i=1
N N
DA +nSEsi +A—y)SIs) - sF (10.1.20)
i=1

i=1

|~
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where yJ = J, — J, measures anisotropy in the in-plane interaction and for
y =0 and y = 1 the model reduces to the isotropic XY chain in a transverse
field and transverse Ising chain, respectively. Using Jordan-Wigner transformation
(cf. Sect. 2.2, Sect. 2.A.1) one can readily rewrite the Hamiltonian in terms of spin-
less lattice fermions

N

N
H=-J Z[(Cjciﬂ - CiC;r+1) + y(cjclrl —ciciy1)] — FZ(chci —1).
=1 =1
l ’ (10.1.21)

The above Hamiltonian can be diagonalised by transforming the fermion operators
in momentum space and then using Bogoliubov transformation [245] (cf. Sect. 2.2
and Sect. 2.A.1) and can be written in the form

L
H=qum}nq—52wq, (10.1.22)
q q

where the dispersion for the elementary excitations w, is given as

wg = 2\/J2cos2q +y2J2sin’q + I'2 +2I'J cosq. (10.1.23)

For y = 1, the dispersion relation reduces to that of a transverse Ising chain [312].
The normal modes 7, and n; are as given in the Sect. 2.2. In the isotropic limit,
y =0, the dispersion relation writes as

r
wy =2(I" + Jcosq) =2J (A + cos g); A=7. (10.1.24)

Defining ¢’ = m — ¢ as the pseudo-wavevector for the excitations, it is readily
seen that the energy gap w, vanishes at ¢’ = 0 for a critical value of transverse
field given by A =1,./J = 1; I, = J, indicating a quantum phase transition at that
value of the transverse field. One thus finds using (10.1.23) that, for the anisotropic
transverse XY chain, the quantum phase transition occurs (energy gap vanishes) at
a value of transverse field given by

Le=J=Jy+Jy; r=1. (10.1.25)

Near the critical point (A = 1), the long wavelength (¢ — 0) characteristic energy
dispersion and its gap A (for g = 0) have the scaling form (see also [110])

0 ~q 1+ @), A=wo=I[ TP, &= -7 (10.1.26)

From Egs. (10.1.23) and (10.1.24), one gets the exponents z =1, s =1 and v =1
forO<y <landz=2,s=1and v =1/2for y =0. One should note at this point
that for the isotropic case, the excitations (and hence z and s) are not defined below
the critical point (A < 1).

At this point we should mention that a two dimensional periodic Ising model
(N x 00) in the absence of a magnetic field

H' = =1 S5She— Y ShSh (10.1.27)
i i
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at a temperature 7 is equivalent to the ground state of a linear periodic anisotropic
XY chain in a transverse field [385] with the Hamiltonian (10.1.20) through the
relations,

JV 2 % r *
— =tanh” K, 7 = 2tanh K coth K>, (10.1.28)

X X

where K i" =exp(—2K1), K1 = BJ1, or in terms of y the equivalence holds when

1— 212
cosh(2K}) =y, tanh K = % (10.1.29)

The above equivalence can be analytically established by exact analytic diago-
nalisation of both the Hamiltonians in terms of fermions. The critical temperature
of the Ising model T, given by the relation [237, 349]

2J 2J
sinh( =21 ) sinh =2 ) =1, (10.1.30)
kT, kT,

corresponds to the critical transverse field of the XY-Hamiltonian given by I, =
Jy + Jy, through the relations (10.1.28)—(10.1.29). The high (low) temperature re-
gion with T > T, (T < T,), of the Ising model corresponds to the high (low) trans-
verse field, I" > I, (I" < I), region of the transverse XY chain. It can also be
analytically established that the exponents associated with the finite-temperature
thermal phase transition in the Ising model are identical to those associated with
the zero temperature quantum transition in the transverse XY chain. From the re-
lation (10.1.28), one can verify that the above mentioned equivalence between the
two dimensional Ising model and the one dimensional transverse XY system holds
outside the unit circle (y> + A% > 1), in the y—A plane (Fig. 10.1). From the elab-
orate calculation [27] it has been established that spin-correlation functions of the
transverse XY chain have non-oscillatory asymptotic behaviour outside this unit cir-
cle, whereas they show oscillatory asymptotic behaviour (mass gap is always zero)
inside the circle. This can be understood realising that the behaviour of the model
outside the circle is classical whereas inside the circle the nature is quantum (where
it may be related to a two-dimensional Ising model with complicated interactions
using the Suzuki-Trotter formalism (cf. Sect. 3.1)).

10.1.2.1 Slow Quench Dynamics in Transverse XY Chain

Due to the richness in the phase diagram as shown in Fig. 10.1, the transverse XY
chain involves several properties with respect to the quench dynamics [74, 99—-101,
106, 107, 287, 364], which are absent in the transverse Ising chain.

Let us return to the Hamiltonian of the transverse XY chain in the fermion rep-
resentation (10.1.21). Using the Fourier transformation ¢, = (1/+/N) }" jc jetaR;
the Hamiltonian is arranged into

H:ZH, (10.1.31)
q>0
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Fig. 10.1 Zero temperature phase diagram of the transverse XY chain [27]. The equivalence be-
tween the 2-dimensional Ising model and the transverse XY chain holds outside the unit circle
in the y—A plane (A = I'/J), where spin-correlation functions of the transverse XY chain have
non-oscillatory asymptotic behaviour. The spin correlation functions show oscillatory behaviour
inside the circle. The dashed lines show critical lines where excitation gap vanishes. When one
crosses a vertical critical line (I"/J =1 or —1), the ground state undergoes a quantum phase tran-
sition which shares the nature of transition with the pure transverse Ising chain. On the critical
line of the isotropic y = 0 case, the ground state is quantum critical. The transition across this line
brings about a change of the anisotropic character in the ground state, such as a change from a J,
dominant state to a J, dominant state

c
H, = —2(c; c—g){ (A +cosq)o* — y singo} CTq
—q
(st = A+cosqg —ysing Cq
= 2 c_q)(_ysinq —)\—cosq) ) o1

where we made A = I'/J and chose J =1 as the unit of energy. ¢*, o¥ and
o* denote the Pauli matrices. Note that we applied a unitary transformation U =
exp(ioim/4) such that UoYU" = o and defined (¢q ET_q)T =Ul(gy ciq)T to have
the last line. Since each mode ¢ is decoupled from the other in the Hamiltonian, the
time-dependent Schrodinger equation reduces to that of a two-level system, which
is given by

d
i g (O) = Hy |y (). (10.1.33)

We first consider a quench of the transverse field as A =1/t (—00 < t < 00) with
arate 1/t and assume that |/, (f = —00)) is the ground state of the Hamiltonian
H,(t) att = —o0 [74, 287]. We inquire how much the system is excited at # = +00.

Defining |f)q) as the vacuum of ¢, and ¢_, and |iq) = EZEJquﬁq), we expand the

state vector as [, (1)) = lﬁq,o(t)lf)q) + lﬁq,l(z‘)ﬂq). Using 1/7q,0(t) and gﬁq,l(t), the
Schrodinger equation is expressed as

4 ‘:”‘I’l(t)>__ (A‘FCOSCI —y sing )(‘?{Ll(ﬁ)
i <¢q,0(t) =-2 —ysing —i—cosq ) \ Y, 0(t) )’ (10.1.34)
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and the initial condition is given by (&q,l (—00), 1/~/q,0(—oo)) = (0, 1). This equa-
tion is immediately solved using the Landau-Zener solution (cf. Sect. 7.2.2.2 and
Sect. 7.A.2). The excitation probability at t = 400 is

Py = Vg 0(+00)|> = e~ 27 sina (10.1.35)

Thus the density of defects (excitations) is obtained as

Td ®d T d
n =/ _qpq ~ / 49 ~anry?q? +/ 49 ,~2mryi(n—q)?
0 0 T —

o T
1

- ny\/Zr'

This result is consistent with the Kibble-Zurek scaling n oc =4/ @*D (cf. (7.2.111)
in Sect. 7.2.2.2), which reduces to 1/2 using the values d =z =v =1 of the
quantum critical point on the quantum Ising critical line.

Note that the scaling (10.1.36) of the density of defects does not make sense
when y = 0, namely, the system passes through the quantum XX critical line. In
this case, one gets p, = 1 for all ¢’s and hence n = 1.

Let us next consider a quench in which the transverse field A and the anisotropy
y are changed as A + 1 =y =t/7. We assume that the system is in the ground
state at t = —oo. Using this schedule of A and y, the system passes the multicritical
point (A, y) = (—1,0) at + = 0. Note that this multicritical point is characterised
by exponents z =2 and v = 1/2. The Hamiltonian (10.1.32) with time-dependent A
and y is written as

_o(xt t/t —1+cosq —(t/7)sing Cq
Hy (1) = Z(Cq c_q)< —(t/t)sing —(t/t)+1 —cosq) (5iq> :

(10.1.37)

(10.1.36)

We introduce a unitary matrix U such that

_ — i _ 1 + sin? 0
U ( ! S“f") =V 1 . (10.1.38)
—smg = 0 —/1+sin’q

and define (¢, ET_q)T = U(Eq ET_q)T. One can see that, for ||/t — o0, the Hamil-
tonian H,(¢) is diagonalised by U, so that H,@) — =2(t/1)(1+ sin® q)l/z(EZEq —

c,qET_ ¢)- Therefore the ground state at = —oo is found to be the vacuum of ¢,

and ¢_,. Writing this vacuum as |6q> and defining |Tq) = E;Eiq@q), we express
the state vector as [V, (1)) = ¥, o(1)[04) + ¥, 1(1)[14). Now a little calculation

shows that for ¢ < 1

—( —1+4cosqg 0 —t 1 qz q3
U( 0 1—cosq>U N_§<q3 —2) (10.1.39)
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Using this and (10.1.38), the Schrodinger equation with ¢ < 1 is written as

d (V) (—2t/t+q2 q° ) Y1) {
— | = = Z . 0.1.40
i (wq,om) & 22— )\ ¥, (10140
The initial condition for Jq’l (t) and Eq,o(f) is given by (Eq’l(—oo), Jq_’o(—oo)) =

(0, 1). Applying the Landau-Zener solution, the excitation probability at t = 400 is
obtained as

P = [Fgo(+o0) =772 (10.1.41)
for ¢ <« 1, and the density of defects as
Td *d 1
n:/ =y %/ 24 -ra®/2 7% (10.1.42)
0o T 0 b/ T

This result conflict with the Kibble-Zurek scaling 7=dv/@+D) which with d = 1,
z=2and v = 1/2 predicts 7~!/4. To resolve this conflict, Divakaran et al. [106]
proposed an extension of the Kibble-Zurek scaling. According to them, when the
off diagonal term of the two-level Hamiltonian H, has an exponent z’ and one
has the critical exponent v’ such that z'v’ = 1, then the scaling of n follows
n o~ dV/@V D — —d/2e

One may also consider a quench along a gapless line. Let us assume y =/t and
A fixed at A = 1. We choose the initial condition that the system is in the ground state
at t = —oo. The Hamiltonian of the mode g with this quench schedule is written as

H.() =2 & z Y

() = —Z(Cq c_q){(l +cosq)o® — (t/1)singo } &t . (10.1.43)
—-q

Applying a unitary transformation U’ = exp(—io Y7 /4), the Hamiltonian is ar-

ranged as

é
Hy ()= —=2() ¢é_q)UTU'{(1+cosq)o® — (t/7)singo™ JU'TU’ <5Tq )
—-q

==2(c;" ¢ ){(+cosq)o* + (t/7)singo*} ( f" ) (10.1.44)
C
—-q
where (¢, )T =U'@, & )T, Letting [y4(1)) = ¥, o()10}) + ¥, ;()I1})

where |OQI) denotes the vacuum of c’q and ¢ , and |l;) = c/;c/jqw;), the
Schrodinger equation with m — g < 1 is written as

d (Y, __(2(;/1)(71—61) (r —q)? ) v
ldl‘ (3”(;0@)) - (r —q)? —2(t/0) (T — q) w;()(t) . (10.1.45)

The initial condition for 1”;,1 (t) and 1//4’0(1‘) is given by (w”l (—00), 1//;’0(—00)) =
(0, 1). The Landau-Zener solution for this equation yields the excitation probability
att = +00

Pg = W] o(+00)|} =TT 02, (10.1.46)
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The density of defects is thus obtained as

T dg T dq 1
,_/0 _pq%/ A py~ 5 (10.1.47)

b4 oo T

Divakaran et al. generalised this result to a quench across a critical line in a
d dimensional system with the energy spectrum of the quasiparticle of the form
wg =1ylq* +5q*"/, where § is a constant. They proposed n ~ 19/Q7=2) when 27 > 7
and y is quenched as y = ¢/t with fixed §.

Before closing this subsection, we comment that Sengupta and Sen [364] have
discussed entanglement production due to a quench of the transverse field in the
XY chain. They have shown that, when transverse field is quenched from I" = —oco
to +o0o with rate 1/, the concurrence (cf. Sect. 2.2.1) acquires a finite value only
between even neighbour sites and there is a critical rate 1/, such that for 1/7 >
1/7. no concurrence is generated due to a quench.

10.1.3 Transverse XY Chain and Harper Model

The studies on metal-insulator transition induced by quenched (random) disorder
had been naturally extended to systems with quasi-periodic disorder (see e.g. [373]),
in order to find the link with and to compare with the quantum transition from ex-
tended to localised electronic wavefunctions in such systems. The one dimensional
Harper model

Vit1 +Yi-1 + Ipcos2roi) = Ey; (10.1.48)

is considered a paradigm in the study of quasi-periodic systems exhibiting (global)
transitions from metallic or Bloch-type extended states (for I < 2) to the insulat-
ing or exponentially localised states (for Iy > 2) with irrational o [373]. At the
metal-insulator transition point, the states are critical, having power law localisation
characterised by fractal spectrum and wave functions. The energy spectrum here
becomes self-similar (the butterfly spectrum). The quasi-periodic systems being in-
termediate between periodic and random systems, provide useful link for under-
standing the crossover, and the Harper model has been extensively studied in this
context, as well as in the context of the quantum Hall effect and the mean field
theory of Hubbard model.

The above Harper model has been approximately mapped [344-346] to a gen-
eral isotropic XY chain in quasi-periodic transverse field, suggesting intriguing pos-
sibilities of identifying the various states in both the models. Let us consider the
anisotropic XY chain in a transverse field

N
H== (J:SIS5y+ 1S S) + TiST) (10.1.49)
i=1
with the transverse field having a quasi-periodic variation

I; =Tpcosmoi) (10.1.50)
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along the chain length i, controlled by the parameter o and amplitude I7. Using
the Jordan-Wigner transformation (see Sect. 2.2) the above spin chain Hamiltonian
may be related to a quadratic (free) fermion Hamiltonian

H==> [+ Iycciyr + (e = Jyelel, + Ticfei +he] (10151
i
where ¢;’s are the anti-commuting fermion operators. The Hamiltonian (10.1.51)

is bi-linear in fermion operators and can be readily recast to the general form
(cf. Sect. 2.A.2)

H=> [c]Aijej +ciBijcj+h.c.] (10.1.52)
ij
with
Ajj = +Jy)8iv1,j +1i6ij;  Bij=(Jx — Jy)6it1,j.  (10.1.53)

Using Bogoliubov transformations (cf. Sect. 2.A.2) one can readily obtain the ma-
trix equations

®1(A— B)(A+ B) = Ef dy; W (A+B)(A—B)=E}W,  (10.1.54)

where(A 4+ B)T = A — B because A is symmetric and B is antisymmetric. Follow-
ing Lieb et al. [245], the diagonalisation of the above Hamiltonian can be reduced
to the diagonalisation of the tight-binding Hamiltonian [344]

E>Y; =160 Jy (Wi + Yi2) + 4 Tt + Je T i
+ 4y T+ e L) Vis1 +4(Jx + Jy + T Y. (10.1.55)

In the isotropic limit (J; = Jy), the above equation reduces to the squared Harper
equation (10.1.48). This mapping can be employed to extract and compare the gen-
eralised Harper butterfly energy spectrum with the various correlations in the equiv-
alent transverse XY model [346]. In the anisotropic case (Jy # Jy), the localised
to extended state transition (at I = 2) gets split with a critical region in between
(localised to critical transition and critical to extended transition).

10.1.4 Infinite Range XY Spin Glass in a Transverse Field

In this section, we shall briefly discuss the infinite range XY model in the presence
of a transverse field. The Hamiltonian of the N interacting spins in the presence of
a transverse field can be put in the form

N
H==) Jj(Sisj+5/S}))-T)_ st (10.1.56)
i=1

i<j
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where S¥’s are Pauli spin operators and random interactions J;;’s are distributed
according to the Gaussian distribution with zero mean and variance (J/~/N),

N \'/2 NJZ
P(Jij) = (W) CXp(— 272 ) (10.1.57)

One can now apply the Suzuki-Trotter method (cf. Sect. 3.1) to the above quan-
tum Hamiltonian to derive the partition function of the equivalent classical system.
The partition function (in the M-th Trotter approximation) one arrives at, after a few
steps of algebra, can be written in the form [407]

M N
Z:TrSTI_[exp(hx+h )HAeXp i( Z Stk + BrieSi s (10.1.58)
’ k=1 ’ i=1 4 ’ ’
= 1=

where {|S;x)} and {|z;)} denote the complete set of eigenvectors of the operators
S% and S;, respectively and

p
hx=MZJ,»,-Siijk, (10.1.59)
1<j
h:ﬁZJ,--z-kr»k (10.1.60)
y M £~ J FIK B K
1<j
A=1 Jeosh(2EP (10.1.61)
= —_ [cosh{ —— ), 1.
2 M

B:--tan—l(.;) (10.1.62)
2 sinh(281I"/M)

As mentioned in the previous sections, the partition function may be considered
as Trexp(—p Hgff), where Hé)ff is the effective classical Hamiltonian on a N x M
lattice, corresponding to the quantum model in the M — oo limit.

At this point one has to consider the random interactions and use the n-replicated
partition function Z”". Performing the configuration average and the Hubbard-
Stratonovich transformation (to linearise the quadratic terms appearing in the ex-
pression of the partition function) and using the saddle-point method for a thermo-
dynamically large system, one obtains for the expression of the free energy [51]

1 1
/= 2mM? Z Z Dok — n InTrexp(Hefr), (10.1.63)

k.o k' o

where t = 1/(8J) and the effective replicated Hamiltonian is given by

1
Hetr = W k%: , qkak/a/(Sak Sa’k’ + Tak Ta/k’)
(07,9407

T

+Zi(45akfak+BTakSa,k+l>a (10.1.64)
k,a
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Fig. 10.2 Phase diagram of 2.0f A T T
transverse XY spin glass
(infinite range). The solid line T / J

represents exact result. The
lower dotted line represents
the thermofield dynamical
result and the upper one is the
static approximation

result [51]

1.0

0.5

0.0

and order parameters are given by the self-consistency condition
Grak'a’ = {SakSak’) = {Tak Ta'k’) (10.1.65)

(the angular bracket denotes the thermal average with respect to the Hamiltonian
Hegr). There are two types of order parameters: the order parameters Ry for a = o’
are the spin self-interaction terms (cf. Sect. 6.3) (independent of the replica index)
and the spin glass order parameter (« # o) gop Which vanishes in the paramagnetic
phase. Similar considerations as in Sect. 6.3 (with the only exception that in this
calculation discretised Trotter indices are used) lead to the relation

1 kT,
M;RW == (10.1.66)
Biittner and Usadel [51], numerically solved the self-consistency condition (10.1.65),
up to M = 14, by direct spin summation. Thermodynamic quantities obtained for fi-
nite systems can be extrapolated to the limit M — 0o, using the M ~2-extrapolation
law proposed by Suzuki (cf. Sect. 6.3). The phase boundary was calculated exactly
[51] up to (kp/J) = 0.18 and extrapolated for the lower temperatures (Fig. 10.2).
The value of I'. (T = 0), thus obtained is around 1.44J and the value of the critical
temperature, in the limit of vanishing I" is 0.763J. The thermofield dynamical treat-
ment [52] gives the lower value of T, whereas the phase boundary, obtained from the
static approximation deviates visibly from the above result in the low temperature
region (Fig. 10.2).
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Fig. 10.3 A honeycomb lattice is decomposed into an A-sublattice and a B-sublattice denoted by
open and closed squares respectively. The horizontal bonds with an A-site on the left are x-links,
those with a B-site on the left are y-links, and the vertical bonds are z-links. The interaction S} S;’.‘

is defined on an a-link. Ji, J3, and J3 are the coupling constants of S;‘ S}‘ ) S,.)‘S?’, and Sl.Z S;”. respec-

tively. n represents the position vector of a unit cell. c,‘,* (cE) is the Jordan-Wigner fermion operator
on the A(B)-site of the unit cell n

10.2 Kitaev Model

10.2.1 Fermion Representation and Diagonalisation

The Kitaev model [229] is a quantum spin model defined on the honeycomb lattice
in two dimension. Its Hamiltonian is given by

H= Y " (WSSt + 0S8y ST, +7385,55,,,),  (10.2.1)

j+l:even

where j and / respectively specify the horizontal and vertical coordinates of a site.
The honeycomb lattice can be decomposed into two sublattices. We name the sub-
lattice composed of the sites (j, ) with even j + [ A-sublattice and that composed
of the odd j +1 sites B-sublattice (Fig. 10.3). The bonds connecting two sites of the
A-sublattice and the B-sublattice are classified into three types, x-link, y-link, and
z-link, according to their positioning. We define the x-link between an A-sublattice
site on the left and a B-sublattice site on the right, y-link between a B-sublattice site
on the left and an A-sublattice site on the right, and z-link between a B-sublattice
site on the top and an A-sublattice on the bottom. In the Kitaev model, neighbouring
spins connected by the «-link interact only through & component out of x, y and z.
Therefore one can write the Hamiltonian (10.2.1) as

H=J1 ) SiSi+0 )y SiSu+J03 ) Sist, (10.2.2)
x-link y-link z-link

where r indicates the position a site, and Za—link stands for the summation with
respect to all a-links.
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A prominent feature of the Kitaev model is that it can be mapped to a free-
fermion model by means of the Jordan-Wigner transformation. Following the pro-
cedure in Sect. 2.2 or Sect. 2.A.1, we define fermion operators as

Cj,lz@le/l, (10.2.3)
O =[] ]expli Sy, Seml [ [explinsi,Si,]- (10.2.4)
m<l k k<j

Note that the operator ®;; includes spin operators at all the sites which are on the
left to or below (j,!). Suppose now that a site (j, /) belongs to the A-sublattice.
We define the unit cell specified by the position vector n(j, /) such that it includes
the site (j, ) of the A-sublattice and the site (j,! 4 1) of the B-sublattice. We then
write the fermion operator at site (j,[) as cr‘?(j’l) = cj, and that at (j,/ + 1) as
CE(],[) = ¢j ;+1. Employing this notation, each term in the Hamiltonian (10.2.1) is
expressed as follows

aSiri = (Cl?(Tj,l) - Cljl\(j,l))(cE(TjJrl,lfl) + cE(j+1,l—1))’ (10.2.5)
S] 1 lsjyz (Crl?(Tj—l,l—l) + CE(,/—l,z—l))(Cﬁ(Tj,n - Cﬁ(,/,l))ﬂ (10.2.6)
S5 i85 =(c :?(Tj,l) - Cﬁ(,-,z>)(653},z> + CE(j,l))(Cr?(T/,l) + Cr?(j,l))(cr]?(?',l) - Crl?(j,l))'

(10.2.7)
We next define new fermion operators by a unitary transformation:
P 1 -1 1 cn
al_1tfr 1o 102.8)
On 21 -1 1 1 1 cB
o I -1 1 1 (B
In terms of these operators, (10.2.5)—(10.2.7) are written as
;,zsf+1,1 = (“n(jJ) - “jl(j,z))(“n(j,l)Jer + ijl(j,l)+M1)’ (10.2.9)

) i i
;14571 =—(emGin-My + iy wp) (@G = apgp)s  (10.2.10)
85,83 1= (1 =20 ; yen(in)) Dngj, (10.2.11)

where
Da=(cp’ +c)(cn’ —cn) =285 — 1. (10.2.12)
Therefore the Hamiltonian (10.2.1) is expressed as [73]

H= Z{Jl(cy - Cfn\)( ﬁMl +Cn+M1) + JZ(CQT ¢ )(CETM2 +Cn Mz)
n

+ (chT —c )( B+ cB) D). (10.2.13)
= 3 (en —ad) emon, + o)+ oo — ) o+,

+ J3(1 — 20 o) Dn }. (10.2.14)
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As one can see from (10.2.12), the operator Dy has eigenvalue +1, and it has a
remarkable property:

[Dn, H] =0. (10.2.15)

Therefore, Dy, is a constant of motion. It turns out that the Kitaev model possesses
an extensive number of constants of motion.

Let us fix Dy at Dy = (—1)% = /T where ¢, takes the value 0 or 1. The
Hamiltonian is written as

H= Z Ii(ea” = en)(enian, +emem) + (" =) (enw, +imy)

+ J3(€ln§"CAT —e mg"cﬁ)(cf + cﬁ)}
_ Z{‘h (e—iﬂfn&’l‘?'}' _ eiﬂ{ngﬁ) (EELV[I + EEJer)
n

+ Dp(eTmET — e (@ ETMZ + Cn—Mz)

+ (T - ) (@B +eBy), (10.2.16)

where we applied a unitary transformation EA =e " gV“c and ¢ c = c . This Hamil-

tonian represents the tight-binding model Wlth pair creations and annlhllatlons in
the presence of the flux phase.

The flux phase is defined on each hexagonal plaquette. Let us consider a round
trip starting from a B-sublattice site of the cell at n; counterclockwise to the original
site, passing A-site at np, B-site at n, A-site at n3, B-site at n4, and A-site at ngq (see
Fig. 10.4(a)). According to the Hamiltonian (10.2.16), hopping of a fermion from
the B-site of the cell nj to A-site of cell n; is represented by e —imlny cAT El, where
note ny = n; +M,. A fermion acquires the phase e """ by this motion. Applying
this consideration to other hoppings, one finds that the total flux phase of the round
trip is given

eiﬂ§n4 X ein§n3 X efiﬂ(—n3 X e—iﬂlnz = e_iﬂ(§n2_§n4)-

According to the Lieb’s flux phase theorem [246], the ground state of this system is
realised when the flux phase on any plaquette is zero, namely, {n, = ¢n,. This means
that the ground state of the Kitaev model belongs to the subspace with Dy, = 1 for
all n or —1 for all n.

We next consider a change D, = — Dy, for all n. Note that this is equivalent to
the change J3 = —J3. Then the Hamiltonian (10.2.13) changes into

H s = Y = ) g+ o) + el — )y + B )
n

— (T =) (BT + cB)Dn}. (10.2.17)

We here apply a unitary transformation for cl‘f and ¢8 on the /-th row with even I:

= =—c forevenj, (10.2.18a)
B = B=—c8 forodd, (10.2.18b)
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(b)

Fig. 10.4 (a) A plaquette made by unit cells nj, ny, n3, and n4. Squares denote A-sublattice
sites. When a fermion moves around this plaquette counterclockwise, it acquires a flux phase
exp{—im ({2 — &a)}. Due to the Lieb’s theorem, this flux phase is unity in the ground state. It
follows that the ground state belongs to the subspace of uniform &,. (b) A unitary transformation
that leads to a change in sign of Dy. The fermion operators at the sites marked by the square are

transformed as c,’,\ B —c,’? B

whereas those on the odd /-th row are unchanged. This transformation changes the
sign of the operators C,‘? and CE at sites marked by squares in Fig. 10.4. As a result
of (10.2.18a), (10.2.18b), the negative sign in front of J3 is cancelled to yield

H/ZZ{JI(EQT _Eﬁ)( CniM, +cn+M1) +h(@t - ETMZ +EE—M2)

n
+ 3(cyT —eh) (e’ +ép) Dl (10.2.19)

Therefore the eigenenergy remains the same under the change of Dy, — — D, for
all n. This consequence and the Lieb’s flux phase theorem show that the ground
state is realised when D, = 1 for all n and when D, = —1 for all n. We hereafter
fix Dp =1 for all n and study the property of the ground state of the Kitaev model.

The Hamiltonian (10.2.14) with D, = 1 is diagonalised by successive application
of the Fourier transformation and the Bogoliubov transformation. Let us first define
the Fourier transformation:

1 —ik-n
oK = — e Op. (10.2.20)
R
In terms of this, the Hamiltonian is written as

H = Z {J1 (e_ik'Mlak(x,k + e_ik'Mlakai — eik'M'aiak — eik'M‘aiaik)
keBZ
% Jz(eik»Mzakaik n eik-Mzakai _ e—ik-Mzaiak —ik- MzaT i )
i T
+ J3 (moy, — o) |

ok

= ) (of ox)H (aT ) (10.2.21)

keBZ/2 -k

where
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Hyx = —2(J3 + Jicosk-Mj + Jrcosk - Mp)o*®
+2(J; sink - Mj — Jysink - My)o”, (10.2.22)

with the Pauli matrices, 0¥ and o*. Note that BZ stands for the Brillouin zone and
BZ/2 is the half of BZ. This Hamiltonian is diagonalised to yield

H= Y Ex(nfm+nnx—1). (10.2.23)
keBZ/2
where
™) = ( Ui vﬁ) ™), (10.2.24)
N —uk uk ) \af,
and
2 ) 5 2 1/2
Uk = bk/{Z(ak + bk) — 2ax,/a; + bk} ,
1,2
ve=—i(y/a +bf — ) /{2(a + 0) - 20} + 2
with

ax = —2(J3 + Jicosk-Mj + Jocosk - M>),
bk = —2(]1 sink - M1 — Jz sink - Mz).

The energy spectrum of the Bogoliubov quasiparticle is given by

Ex=./a} +b}. (10.2.25)

The eigenenergy per site of the ground state is given by

1 1
eos=—5— > Ex 5 —— | dkE (10.2.26)

2N keBZ/2 BZ/2

where A = 472/3+/3 is the area of the half Brillouin zone. The energy spectrum
(10.2.25) has a zero when

agr = —2(]3 + Jycosk®-Mj + Jocosk* - Mz) =0, (10.2.27)
by = —2(Jy sink* - My — Jysink* - My) =0, (10.2.28)

where k* denotes the solution of these equations. Equations (10.2.27) and (10.2.28)
are arranged into

Ji=J} 4+ J} 4201 Jacosk* - (M) — M), (10.2.29)
or equivalently

J2—J2—J?
cosk* - M; —M,)=23__"1 "2
(M, 2) A

A condition that (10.2.30) has a real solution is given by
—1<(F—J2 =0 2nh<1.

(10.2.30)
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gapped | gapless | gapped
e 4 J
-2 2 3

Fig. 10.5 The ground-state phase diagram of the Kitaev model with J; = Jo = 1. We have a
gapped ground state for |J3| > 2 and a gapless ground state for —2 < J3 <2

Therefore Ey vanishes when
[Ji = Ll S |31 < |J1 + . (10.2.31)

This implies that the gapless excitation is present when J3 satisfies (10.2.31), while
aenergy gap opens when |J3| < |J; — Jz2| or | J3]| > |J1 + J2| [73,229]. In particular,
when J; = J> = 1, one has the gapped phase for |J3| > 2 and the gapless phase for
—2 < J3 < 2, which are separated by a quantum phase transition at J3 = £2. We
show the phase diagram of the ground state of the Kitaev model with J; = J, =1
in Fig. 10.5.

Let us look into the spectrum Ex of the gapless phase in detail. We expand E
around its zero point, supposing k = k* + 5k and |5k| <« 1.

0 FE)
Ex~ —
K75

0 by b
w=(lgal laael)»

ag dag by 0bk
—_—— —_—— Sky, (10.2.32
+<|:Ek 8kyi|k*+|:Ek 3ky:|k*) » )

where we note

dayg . .

K = 2(.]1 sin(k - M{)M; + Jpsin(k - Mz)Mz),
0bk

T 2(—J1 cos(k - M)M; + J; cos(k - M2)My).

Equation (10.2.32) implies that the quasiparticle has a linear dispersion around the
zero point. It turns out that the present system has the dynamical exponent z = 1.
We remark that the solution k* of (10.2.30) moves with J3 for fixed J; and J,.
This shows that the quantum criticality maintains inside the gapless phase. This
fact plays a significant role in the slow quench dynamics across the critical region
(Sect. 10.2.3).

We finally mention that the eigenstate of the Kitaev model is composed of
the “particle” sector and the “spin” sector. The ground state denoted by |¥gs) =
|VGs; ¥)|¥) is the Bogoliubov vacuum with respect to the particle sector, which
satisfies

nklvgs; 9) =0 forallk, (10.2.33)
and the fully polarised state with respect to the “spin” sector,

Dnl¥9)=|9) forallmn or Dy|¥)=—|¥) for all n. (10.2.34)
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10.2.2 Correlation Functions

Let us next consider the spin-spin correlation function given by [29]

8l () = (Was|SS, (08T, (0)|WGs)
= (Was| S5 e Fe ST Iws), (10.2.35)

where §%,(1) = ¢'f"§% =" is the Heisenberg operator of S¢, and Egs denotes
the ground-state energy. For the meantime we suppose that (j,1) and (j',1") be-
long to A- and B-sublattice respectively. We first investigate Sj" |¥Gs) (@=x,y,2)
with (j, 1) belonging to the A-sublattice. Using the fermion representation, they are
written as

ST 1Was) = @1(cnl: 1y + chiin)1¥as) = O, (BL 1y + Baiiny) W)
ST 11¥G6s) =i©;1(can — Cﬁ(Tj,z))W’GS) = i@./,l(“j,(j,l) — an(jn) 1¥Gs),
8j11¥as) = (Cﬁ(Tj,Z) +eniin) (eniin = Cﬁ(?‘,l))'“’GS)
= (:33(]',1) + ,Bn(j,l))(a;;(j,l) - Oln(j,l)) YGs),
where the string operator @ is defined by (10.2.4). Note that, since

explint S, Sl
@y — ) Bhgepy + Bucksy)  for (k. 1) € A-sublattice

T e ., (10.2.36)
(Ba.ry = Pak.) (g py +amp)  for (k, 1) € B-sublattice

the application of S"‘l to |¥Gs) causes a change in the “spin” sector. It turns out
that the spin operators S ) with (j’,1") € B-sublattice which cancel this change
are only S {IRE s WL and S 141 fora=x,y, and z respectively. Moreover, since
the “spin” sector of |lI/Gs) is unchanged during the time evolution, the correlation
function vanishes unless it is between «-components of the spins connected by the
a-link. Therefore, as far as the spin-spin correlation between sites of the A-sublattice
and B-sublattice is concerned, the non-zero correlation functions are g( DG

86—t A 85 11y 1291

10.2.3 Slow Quench Dynamics

The slow quench dynamics of the Kitaev model was studied by Sengupta et al.
[366]. We recall the Hamiltonian (10.2.21). Applying a unitary transformation U =
exp(io*m/4), the Hamiltonian can be written as

!
H= " (o o/ )H (:f‘%k>, (10.2.37)

keBZ/2
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o o PLEIEI
( /';)zu( Tk>=(_m/4l+{ ) (10.2.38)
o\ aly e aly

H, =UHU" = —=2(J3 + Jy cosk - M + Jr cosk - Mp)o*
+2(Jysink - My — Jsink - Mp)o ™. (10.2.39)
Since each mode is decoupled from the others in the Hamiltonian, the state of a
mode k does not mix with other modes during the time evolution. Supposing that

[Vk()) denotes the wave function with mode Kk, the time-dependent Schrodinger
equation is written as

where

d ,
i—[V(®) = Hy v ®). (10.2.40)

We choose the vacuum |Ok) and the occupied state | 1) of al’( and o’ k as the basis,
and expand |y (7)) as

|[Y(0)) = Yi.0() |0k) + Y1 (1) 1) (10.2.41)
Then the Schrodinger equation (10.2.40) reduces to
.d %1(0) /(Wkl(t)>
— ' =H, ’ . 10.2.42
Vi (wk,om kvt (10242
Let us now assume J; = J, = 1 for simplicity and consider a quench of J3 as
Ja=-2+1t/t, (10.2.43)

with the quench rate 1/r. We fix the initial state at the ground state, i.e.,
|k (—00)) = |Ok) or equivalently Y (—o0) =1 and ¥k o(—0o0) = 1. Define now

gk =2 —cosk-M; —cosk-Mp, (10.2.44)
hx = (sink - M — sink - M»). (10.2.45)

The Schrodinger equation is then written as
.d Wkl(ﬂ) (gk—t/f hx ><1ﬂk1(t)>
— ’ =2 ’ , 10.2.46
T (wk,om e~ 1/0) o) (10-2:40)

with the initial condition
(ﬁég—ooo - <1) (10.2.47)

This is nothing but the Landau-Zener problem. The excitation probability at = 400
is given by (see Sect. 7.A.2)

P = |V o(00)| = e 27T (10.2.48)

Integrating px with respect to k over the half Brillouin zone, we obtain the density
of excitation as

1 1
n=— dk p = — dke= 27T (10.2.49)
A Jpzp2 A Jpz)2
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where A is the area of the half Brillouin zone. /iy has zero lines in the k-space along
(kyx, ky) = (£7/+/3, ky), (ky,0), and (ky, £271/+/3). The excitation probability is
pk = 1 along these lines. For sufficiently large t, only narrow areas around these
zero lines have a contribution to n and hence one can safely expand &k up to square
terms of the variation from the zero lines. We introduce the wave number & and &,
which are respectively parallel and perpendicular to the zero line, such that Ay is

expanded as hg & aki. Then one finds that the density of excitation results in
~lfdk /OO dky e ek L (10.2.50)

n~ 1 I . e ﬁ 2.

We recall here that the Kibble-Zurek scaling: n ~ t=4"/@*D 1n the case of
the Kitaev model, one has z = v = 1 and d = 2 which leads to n ~ ¢! in con-
flict with (10.2.50). This conflict originates from the presence of the zero line of
hx in the k-space. hy is dispersionless along the zero line and only the component
of the momentum perpendicular to the zero line is the relevant variable of hy. It
follows that the dimension of the integral in n reduces to d’ = 1 effectively. Thus
one obtains n ~ t~4"V/@+D = £=1/2 We consider a d-dimensional system with
exponents v and z, and a critical region where a quasiparticle has a dispersion
only in m-direction. If one considers a quench across the critical region of this sys-
tem, then the modes which contribute to the excitation during the quench amount
to k™, where k is the largest mode which can excite during the quench. Since the
energy scale of excitation A scales as A ~ t=/@+D and A ~ k%, one obtains
k ~ 7=v/@+D _This leads to a generic scaling relation between the density of exci-
tation of the quench rate: n ~ km ~ g—mv/ @D [366]. Hikichi et al. [174] studied
quench dynamics of the Kitaev model in the presence of a slow quench which ends
at an onset of the critical region. In such a case, the excitation probability (10.2.48)
is not applicable to obtain the density of excitation 7, but instead one can write n
in terms of the exact solution of the Landau-Zener equation (cf. Sect. 7.A.2). What
is interesting is that the energy spectrum (10.2.25) at the critical point (e.g., J =2)
has a dispersion along k| such as Ex ~k | and Ey ~ kﬁ. The excitation probability

is then a function of rkﬁ_ and rkﬁ. This makes the scaling the density of excitation
modified from (10.2.50) into n ~ [ dk dky px(tk?, rkﬁ) ~ t73/4_1f one consid-
ers d-dimensional anisotropic critical points, where the energy spectrum Ey ~ k;

for m directions and ~ kf/ for d — m directions, the density of excitation scales as
n ~ ¢—(m+d—m)z/)v/(zv+1) [174].



Chapter 11
Brief Summary and Outlook

The transverse Ising models have occupied an outstanding position in the study of
quantum statistical physics and quantum magnetism for a half century. Sometimes
they were useful to reveal fundamental properties of a quantum phase transition, or
sometimes they were studied to understand experimental findings. Impressively, the
study of the transverse Ising models are still developing. This is because they are
not only simple but rich in their physical content. In this book, we tried to present
the rich dispositions of various transverse Ising models.

After a general introduction to the Transverse Ising models and their relevance
in the context of modelling various quantum order-disorder transitions, including
quantum glass transitions in condensed matter systems, in the introductory chapter,
we discussed in Chap. 2 the energy spectrum of the pure transverse Ising chains. One
of the peculiarity of the transverse Ising models is the solvability of the pure trans-
verse Ising chain. We presented the exact solution using the Jordan-Wigner trans-
formation described in this chapter. This chapter also includes several numerical
and analytic methods including numerical diagonalisation methods, renormalisation
group methods as well as a duality argument and a perturbative method. These the-
ories and calculation reveal the nature of a quantum phase transition resulting from
the cooperative interaction and the quantum tunnelling effect in the pure transverse
Ising chains. What is found here is quite important to understand the universal prop-
erties of a quantum phase transition in quantum spin systems with Ising anisotropy.
Remarkably, in spite of its rather mathematical character, theoretical results on this
model has also been confirmed in experiments. We have mentioned some recent
experimental results in this context. We also discussed there the finite size scaling
behaviour and the applications of real space renormalisation group etc. techniques.
In the next chapter, we discussed the Suzuki-Trotter mapping of the d-dimensional
quantum Ising systems to (d + 1)-dimensional classical Ising systems and presented
various classical Monte Carlo results for the pure transverse Ising systems in 2 and 3
dimensions. We also discussed there various approximate analytical tricks to study
the behaviour of the transverse Ising and other generalised models, employing scal-
ing theory and both real space and field theoretic renormalisation group techniques.
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In Chap. 4, we discussed the behaviour of regularly frustrated transverse Ising
systems; more specifically for the ANNNI models in transverse fields, both in one
and higher dimensions, using approximate Fermionic representation (in one dimen-
sion), field theoretic real space renormalisations, Monte Carlo etc. techniques. Some
recent results for intriguing behaviour of the phase diagram for one dimensional
ANNNI chains in transverse fields, using the Bosonisation and a renormalisation
group analysis has also been given here. In the next chapter, we discussed the be-
haviour of randomly dilute Ising systems in transverse fields, in particular near the
percolation point, as well as random ferromagnetic Ising system in random trans-
verse fields. Detailed analytical and numerical results revealing the nature of the
possible disordered Griffiths phase and its singularities are presented here.

Chapter 6 presents in some details the behaviour of randomly frustrated trans-
verse Ising spin glasses (in particular for both Edwards-Anderson and Sherrington-
Kirkpatrick models in transverse fields) and also of random field transverse Ising
models, employing both approximate analytic and extensive Monte Carlo etc. tech-
niques. The intriguing nature of the quantum glass phases and the dynamics of such
systems are now of extreme importance, both epistemologically as well as in the
context of designing important applications. In particular, the indications of a pos-
sible restoration of replica symmetry in such quantum spin glasses have been dis-
cussed extensively in this chapter. The significance comes from the fact that if these
indications are true, it can have very important consequences in the search for solu-
tions (ground states) of computationally hard problems and therefore for designing
analog quantum computers, employing quantum annealing techniques (discussed
in details in Chap. 8). The next chapter discusses the dynamics of quantum trans-
verse Ising models (without disorder or frustration) and in particular for quenching
(tuning the transverse field) through the critical point. Detailed analytical (and also
numerical) analyses of slow and sudden quantum quenches were also discussed. The
dynamic hysteresis in such transverse Ising models when the external (longitudinal)
field is periodically driven has been investigated and some exact results in the cases
of pulsed fields were presented.

In Chap. 8, we presented in great details the quantum annealing techniques and
results. Like the simulated annealing technique, where the classical noise helps the
glassy system (of the equivalent computationally hard problem) to come out of lo-
cal minima in energy or cost function as the “temperature” is tuned, the quantum
annealing technique helps the system to come out of the local minima, utilising the
quantum fluctuations. The difficulties of the classical annealing procedures for ex-
tremely high barriers (energy or cost function depending on the macroscopic size of
the system or problem) can indeed be avoided by quantum tunnelling if the effec-
tive width of the barrier is small. These advantages of quantum fluctuations can be
appointed efficiently in the searches for energy or cost function minima in computa-
tionally hard and challenging problems. Several analytical results for the bounds on
search times and numerical techniques and results for annealing were presented here
in details. The next chapter discusses some applications of tuning quantum fluctua-
tions in some memory models (like the Hopfield model) or in retrieving the patterns
with randomly lost information. Statistical analysis of Information has been pre-
sented in this context. The last chapter (Chap. 10) discusses how various techniques
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presented earlier in the book can be easily translated for studying the behaviour of
other quantum mechanical many-body systems (including how the BCS theory cor-
responds to the mean field theory for transverse Ising model discussed earlier). It
also discusses the connections of transverse Ising or XY models with several other
well known old and new models (for example the Harper model, Kitaev Model,
etc.), developed and studied in other contexts.

The advantage of the separability of the cooperative interactions and quantum
non-commutability in the transverse field Ising models help designing appropriate
models and developing several analytical techniques to explore their properties. The
very recent studies of dynamical properties of quantum glasses, quantum annealing
studies in transverse Ising models in particular, have been helping enormously in
recent times in making advances towards the development of analog quantum com-
puters (see for example discussions in Chap. 8). All these exciting possibilities make
the studies on this intriguing class of transverse Ising models a truly inspiring one
of our time.
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