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Abstract (Deutsch)

Im Hauptteil dieser Dissertation betrachten wir einen periodisch realisierten mikro-
skopischen Supraleiter, der durch die BCS-Theorie beschrieben wird und externen
elektromagnetischen Feldern ausgesetzt ist. Wir zeigen, dass der Supraleiter im Limes
makroskopischer und schwacher Magnetfelder korrekt durch die Ginzburg-Landau-
Theorie beschrieben wird. Die wichtigste Neuerung unserer Ergebnisse besteht darin,
dass wir einen nicht verschwindenden magnetischen Fluss durch die Einheitszelle des
Periodengitters zulassen. Diese Hauptresultate werden durch verschiedene unverdf-
fentlichte Arbeiten auf dem Gebiet der BCS-Theorie erganzt. Auflerdem stellen wir
der Prasentation dieser Ergebnisse eine umfassende Einfithrung in die BCS-Theorie
voran, die sich fiir Masterstudent*innen und Doktorand*innen eignet. Damit hoffen
wir, einen Beitrag zur Schlieflung der Liicke der fehlenden Einfithrungsliteratur auf
diesem Gebiet zu leisten.

Die Dissertation umfasst ein zweites Thema, in dem wir Ideen fir den Aufbau von
Quantengittersystemen liefern, um exponentielle Abschitzungen fiir den Adiabaten-
satz zu beweisen. Diese Notizen sind das Ergebnis eines Forschungsaufenthalts an der
University of British Columbia (UBC) in Vancouver, Kanada.

Abstract (English)

In the main part of this PhD thesis, we consider a periodically realized microscopic
superconductor described by BCS theory, which is subject to external electromagnetic
fields. We show that the superconductor is properly described by Ginzburg—Landau
theory in the macroscopic and weak magnetic field limit. The main novelty of our
results is to allow for a non-vanishing magnetic flux through the unit cell of the lattice
of periodicity. These main results are supplemented by various unpublished notes in
the field of BCS theory. Furthermore, we preface the presentation of these results
with a comprehensive introduction suitable for master’s or PhD students. Thereby,
we hope to contribute to filling the gap of missing introductory literature in the field.

The thesis comprises a second topic, in which we provide ideas for setting up
quantum lattice systems in order to prove exponential estimates for the adiabatic
theorem. These notes are the result of studies in this field, which have been conducted
during a research stay at the University of British Columbia (UBC) in Vancouver,
Canada.

June 17, 2022 5 Marcel Maier






Contents

Contents

List of Figures

Acknowledgements

Zusammenfassung

Summary

Preface

Personal Contribution . . . . . . . . . .

I Main Results on BCS Theory

1 Introduction to BCS Theory
1.1 Historical Development . . . . . . . . . .. ... ... ... ...

1.1.1
1.1.2
1.1.3
1.1.4

Preliminary remark . . . .. .. .. . oL
Phenomenological description of superconductivity . . . . . . . . ..
BCS theory in the early days of many-body quantum systems . . . .
Origin of the BCS functional . . . ... ... ... .. ........

1.2 The BCS Functional of Superconductivity . . . . .. ... ... ... .. ..
1.3 Translational Invariance . . . . . . . . . . . ... oo,

1.3.1
1.3.2
1.3.3
1.3.4

Normal state . . . . . . . .. . Lo
Superconductivity . . .. ... L
The spectrum of Ko — V' . . . . . . ..o
The critical temperature and attractive potentials . . . . .. . . ..

1.4 External Fields . . . . . . . . . . .

1.4.1
1.4.2

1.4.3
1.4.4
1.4.5
1.4.6
1.4.7
1.4.8

The Meifiner Effect . . . . . . . .. ... ... ... .. .. ... ...
Gauge-periodic systems . . . . .. ...
1.4.2.1  The magnetic flux . . . . . . ... ... ... ...
1.4.2.2  Our choice of lattice . . . . . .. ... ... ... ......
1.4.2.3 The Meifiner effect revisited . . . .. ... ... ... ...
Gauge-periodic operators and the Bloch—Floquet decomposition . . .
The trace per unit volume . . . . . . . .. .. ... ... ... ....
Admissible BCS states . . . . . ... ... ... o
The scaling of weak external fields . . . . ... ... ... ......
Rigorous definition of the BCS functional . . . . . . ... ... ...
Boundedness from below . . . . . . ... ... oL

13

15

17

19

21
22

23

45



CONTENTS

1.4.9 Normalstate . . . . .. .. .. ... 57
1.4.10 Superconductivity and minimization problem . . . . . . ... .. .. 58
1.4.11 The critical temperatures . . . . . . . . .. .. ... ... 58

1.5 The Limiting Ginzburg-Landau Theory . . . ... ... ... ... ..... 59
1.5.1 Gauge-periodic Sobolev spaces upon the center of mass . . . .. .. 59
1.5.2 The Ginzburg-Landau scaling . . . . . ... ... ... ... ..... 60
1.5.3 The Ginzburg-Landau functional . . . . . . . ... ... ... .... 61
1.5.4 Gingburg-Landau with magnetic field term . . . . . ... ... ... 62

1.6 Main Results of this Thesis . . . . . . . .. .. ... ... ... ... 62
1.6.1 The BCSenergy . ... ... .. . . ... 62
1.6.2 The critical temperature and phase diagram . . . . . . . ... .. .. 64
1.6.3 The structure of low-energy states . . . . . .. .. ... ... .... 65
1.6.4 Ontheproof . . .. . . .. . . . . . 66

1.7 State of the Project and Outlook . . . . . . .. .. .. ... ... .. .... 67
1.7.1 The degenerate case . . . . . . . . . . . ... 67
1.7.1.1  The Ginzburg-Landau functional in the degenerate case . . 68

1.7.1.2 The main obstacle . . . . . .. .. ... ... .. ... 69

1.7.2 Towards the treatment of the Meifiner effect . . . . . . . .. ... .. 69
1.7.2.1 Regularity issueson A . . . . . ... 70

1.7.2.2  Decoupling of lattice and flux . . . . . ... ... ... ... 70

1.7.2.3 Magnetic field estimates . . . . . .. ... ... 70
Bibliography of Chapter 1 71

2 Microscopic Derivation of Ginzburg—Landau Theory and the BCS
Critical Temperature Shift in a Weak Homogeneous Magnetic Field 75

2.1 Imtroduction and Main Results . . . . . .. ... ... ... ... ...... 75
2.1.1 Imtroduction . . . . . . . ... ... 75
2.1.2  Gauge-periodic samples . . . . . ..o 77
2.1.3 The BCS functional . . . . . ... ... ... .. ... 78
2.1.4 The translation-invariant BCS functional . . . . ... ... ... .. 80
2.1.5 The Ginzburg-Landau functional . . . . . . . ... ... ... .... 81
216 Mainresults. . . . . . ..o 82
2.1.7 Organization of the paper and strategy of proof . . . . . . .. .. .. 84

2.2 Preliminaries . . . . . . . . . . .. 85
2.2.1 Schattenclasses. . . . . . . . ... 85
2.2.2 Gauge-periodic Sobolev spaces . . . . . . ... 86

2.3 Trial States and their BCS Energy . . . . . . .. . ... ... .. ... .. 87
2.3.1 The Gibbs states 'a . . . . . . . . . . ... 88
2.3.2 The BCS energy of the states I'a . . . . . . . . . ... ... ... .. 90
2.3.3 The upper bound on (2.1.21) and proof of Theorem 2.2 (a) . . . . . 93

2.4 Proofs of the Results in Section 2.3 . . . . . . . . .. ... ... ... .... 94
2.4.1 Schatten norm estimates for operators given by product kernels . . . 94
2.4.2  Proof of Proposition 2.3.4 . . . . . . . ... ... ... .. 96
2.4.3 Proof of Theorem 2.3.5 . . . . . . . . ... .. ... ... ...... 101

2.4.3.1 Magnetic resolvent estimates . . . . . .. ... ... L. 101

2.4.3.2 A representation formula for Lt p and an outlook on the
quadratic terms . . . .. ... oo 104

2.4.3.3 Approximationof Ly p . . . ... ... 105

2.4.3.4 Analysis of Mr g and calculation of the quadratic terms . . 110

8 PhD Thesis



CONTENTS

2.4.3.5 Summary: The quadratic terms . . . . ... ... .. ... 115
2.4.3.6 A representation formula for the operator Nrp. . . . . . . 116
2.4.3.7 Approximationof Ny p . . . .. ... ... 118

2.4.3.8 Calculation of the quartic term in the Ginzburg—Landau
functional . . . . . ... 123
2.4.3.9 Summary: The quartic terms and proof of Theorem 2.3.5 . 124
2.4.4  Proof of Lemma 2.3.1 and Proposition 2.3.2 . . . . . .. ... .. .. 125
2.4.5 Proof of Proposition 2.3.6 . . . . . . .. ... L. 127
2.5 The Structure of Low-Energy States . . . . . ... ... ... ... ..... 127
2.5.1 A lower bound for the BCS functional . . . . . ... ... ... ... 129
2.5.2  The first decomposition result . . . . . . . ... Lo 132
2.5.2.1 Step one — lower bound on the range of A* . . .. ... .. 134
2.5.2.2  Step two — estimating the cross terms . . . . . .. ... .. 141
2.5.2.3 Proof of Proposition 2.5.7 . . . . .. ... ... 143
2.5.3  Uniform estimate on ||[¥|2 . . . . . .. ... 144
2.5.4 Proof of Theorem 2.5.1 . . . . . ... ... ... .. ... ...... 146
2.6 The Lower Bound on (2.1.21) and Proof of Theorem 2.2 (b) . . . . . .. .. 147
2.6.1 The BCS energy of low-energy states . . . . . .. .. ... ... ... 147
2.6.2 Estimate on the relative entropy . . . . . ... ... ... ... ... 148
2.6.3 Conclusion . . . . . . . . . . e 151
2.6.4 Proof of Lemma 2.6.2 . . . ... .. .. ... .. .. .. 151
2.7 Estimates on Eigenvalues and Eigenfunctions of K7, p —V . . .. ... .. 155
2.7.1 Phase approximation . . . . . . . .. ... Lo 156
2.7.2 Asymptotics . . . . ... 157
2.8 Addendum to the paper [DHM21]. . . . . . ... ... ... ... ...... 160
2.8.1 An addendum to the proof of Proposition 2.4.13 . . . . . .. .. .. 160
2.8.2  An alternative proof of Lemma 2.5.4 . . . . .. ... ... ... ... 162
2.8.3 An alternative proof of Lemma 2.6.4 . . . . . ... ... ... .... 164
Bibliography of Chapter 2 167

3 Microscopic Derivation of Ginzburg—Landau Theory and the BCS
Critical Temperature Shift in the Presence of Weak Macroscopic Ex-

ternal Fields 171
3.1 Introduction and Main Results . . . . . .. ... ... ... .. ....... 171
3.1.1 Introduction . . . . . . . . . ... ... 171
3.1.2 Gauge-periodic samples . . . . . ... oL 173
3.1.3 The BCS functional . . . . . .. .. ... ... ... ... 173
3.1.4 The translation-invariant BCS functional . . .. ... ... ... .. 175
3.1.5 The Ginzburg-Landau functional . . . . . . . ... ... .. .. ... 176
3.1.6 Mainresults. . . . . . . . .. 177
3.1.7 Organization of the paper and strategy of proof . . . . . . . . .. .. 179
3.2 Preliminaries . . . . . . . . ... 180
3.2.1 Schattenclasses. . . . . . . . . . ... ... ... 180
3.2.2 Gauge-periodic Sobolev spaces . . . . . .. ... .. L 181
3.2.3 Periodic Sobolev spaces . . . .. .. .. Lo s 183
3.3 Trial States and their BCS Energy . . . . ... ... ... ... ....... 183
3.3.1 The Gibbs states I'a . . . . . . . . . . . .. 184
3.3.2 The BCS energy of the states I'a . . . . . . . . ... ... ... ... 185
3.3.3 The upper bound on (3.1.24) and proof of Theorem 3.2 (a) . . . . . 187

June 17, 2022 9 Marcel Maier



CONTENTS

3.4 Proofs of the Results in Section 3.3 . . . . . .. .. ... ... ... ..... 188
3.4.1 Schatten norm estimates for operators given by product kernels . . . 188
3.4.2 Proof of Theorem 3.3.5 . . . . . .. .. .. ... ... ..., 188
3.4.2.1 Technical preparation — the phase approximation method 188
3.4.2.2 Decomposition of Ly o w — separationof W . . . . . . .. 194

3.4.2.3 A representation formula for L7 o and an outlook on the
quadratic terms . . . .. ... Lo o 195
3.4.24 Approximation of Ly A . . . . .. ..o 196
3.4.2.5 Analysis of Mt a and calculation of two quadratic terms . 208
3.4.2.6 A representation formula for the operator LIVEf Ao 212
3.4.2.7 Approximation of the operator LIVI’/A ............. 213
3.4.2.8  Analysis of M}¥ and calculation of the quadratic W-term . 217
3.4.2.9 Summary: The quadratic terms . . . .. ... ... .... 218
3.4.2.10 Decomposition of N7 A w — perturbation of W . . . . .. 219
3.4.2.11 A representation formula for the operator Ny o . . . . . . 220
3.4.2.12 Approximation of Ny o . . . ... ... ... 221

3.4.2.13 Calculation of the quartic term in the Ginzburg—Landau
functional . . . . . ... oo 224
3.4.2.14 Summary: The quartic terms and proof of Theorem 3.3.5 . 224
3.4.3 Proof of Lemma 3.3.1 and Proposition 3.3.2 . . . . .. .. ... ... 225
3.4.4 Proof of Proposition 3.3.6 . . . . .. ... ... oL 230
3.5 The Structure of Low-Energy States . . . . . ... ... ... ... ..... 230
3.5.1 A lower bound for the BCS functional . . . ... .. .. ... .. ... 232
3.5.2 Proof of Theorem 3.5.1 . . . . . .. .. ... ... ... .. .... 234
3.6 The Lower Bound on (3.1.24) and Proof of Theorem 3.2 (b) . . . . . .. .. 234
3.6.1 The BCS energy of low-energy states . . . . . ... ... ... .... 234
3.6.2 Estimate on the relative entropy . . . . .. .. ... ... ... .. 234
3.6.3 Conclusion . . .. .. .. . 235
3.6.4 Proof of the equivalent of [DHM21, Lemma 6.2] in our setting . . . . 235
3.7 Gauge-Invariant Perturbation Theory for Koo —V . . . . . ... ... .. 235
3.7.1 Preparatory lemmas . . . . . .. .. ... . 236
3.7.2  Proof of Proposition 3.7.1 . . . . .. .. ... . L. 239
Bibliography of Chapter 3 243
II Further Results on BCS Theory 247
4 The Abrikosov Gauge for Periodic Magnetic Fields 249
4.1 Introduction . . . . . . . . . . . . e e e 249
4.2  Admissible families of gauge transformations . . . . ... ... ... .. .. 250
4.3 Magnetic fields and admissible families . . . . . . ... ... ... ... ... 254
4.4 Functional align. . . . . . .. .. L oo 255
Bibliography of Chapter 4 261
5 The Eigenvalues of the Periodic Landau Hamiltonian 263
Bibliography of Chapter 5 267

10 PhD Thesis



CONTENTS

6 The Low Lying Spectrum of K7 o — V via a Combes—Thomas Estimate 269

6.1 Introduction . . . . . . . . . . . . . e 269
6.2 Combes—Thomas Estimate . . . . . . .. ... ... ... ... .. ...... 273
6.2.1 Explicit resolvent estimates for K0 —V . . . .. ... ... ... .. 273
6.2.2 Analytic extension . . . . . . .. ... L 274
6.2.2.1 Explicit resolvent estimate for (p+Xa)? —p . . . . .. .. 274
6.2.2.2 Defining K2 for nonreal A . . . . . ... ... ... .... 275
6.2.2.3 Integral representation for K%“ ................ 276
6.2.2.4 Kp —V extends to an analytic family . . . . . . .. .. .. 279
6.2.2.5 Explicit resolvent estimates for K%“ -V oo 281
6.2.3 Exponential estimate for Kr —V . . . ... ... ... 0L 282
6.3 Exponential Localization of Non-Embedded Eigenfunctions . . . .. .. .. 284
6.4 The Phase Approximation Method for Kp o =V . . . . ... ... ... .. 285
6.4.1 Preliminary estimates . . . . . . .. .. .. ... 285
6.4.2 The comprehensive phase approximation method for K7 o —V . . . 287
6.5 Asymptotics of Spectral Projections and Eigenvalues of Kp o —V . . . .. 290
Bibliography of Chapter 6 297
IIT On the Adiabatic Theorem in Extended Quantum Systems 299
7 Preparation of Exponential Estimates on the Adiabatic Theorem in
Extended Quantum Lattice Systems 301
7.1 Introduction . . . . . . . . . . .. 301
7.1.1 How it came to this chapter . . . . . . .. .. ... ... ... ..., 301
7.1.2 Exponential estimates via optimal truncation . . . . ... ... ... 301
7.1.3 Basics of quantum spin systems . . . . . . ... .. 303
7.1.3.1 Lattice systems and their shape . . . .. ... ... .. .. 303
7.1.3.2 The quantum setup . . . . . . .. ... ... 304
7.1.3.3 Norms. . . . . . . . . e 305
7.1.3.4 Preliminary note on the adiabatic theorem and optimal
truncation . . . . .. ..o 306
7.1.4 The setup of locality for this chapter . . . . . . ... ... ... ... 307
7.1.4.1 Interactions and the new norm . . . ... ... ... .... 307
7.2 Technical Preparations — growth conditions . . . . . . . .. ... ... ... 309
7.2.1 Abstract growth conditions . . . . . . ... ... ... 309
7.2.2  The decay functions xsp . . . . . . . ..o 310
7.2.3 Concrete growth condition . . . . . . . ... ... .. ... ... ... 311
7.3 Lieb-Robinson bound . . . . .. ... ... o oL 312
7.3.1 Time-independent setting . . . . . . . .. .. ... ... ... 312
7.3.2 Time-dependent setting . . . . . . .. .. ... ... ... 315
74 ThemapZ . . . . . . e 319
741 Definition of Zg, . . . . .. ..o oo 319
7.4.2 Inverse property of Z, , . . . . ... 319
7.4.3 Construction of the function Wy, . .. ... ... .. ... ... .. 320
7.5 Continuity estimates for several operations. . . . . . .. ... ... ... .. 323
7.5.1 Commutators . . . . . . . . . ... 323
7.5.2 Anestimatefor Z,, . ... ... ... oL 325
7.5.2.1 The map Z,, on local observables . . . ... ... ..... 325

June 17, 2022 11 Marcel Maier



CONTENTS

7.5.2.2 The map Z,, on local Hamiltonians . . . . ... ... ... 327

7.5.3 Outlook on the first derivativeof Z,, . . . . . ... ... ... ... 328

7.5.4 The derivatives of Zg, . . . . . .. ... o 328

7.5.4.1 Occurring terms in higher derivatives . . . . . . . ... .. 329

7.5.4.2 Estimating Ig,y on local observables . . . . . ... ... .. 332

7.5.4.3 Estimating Ifﬁ on local Hamiltonians . . . . ... ... .. 334

7.5.4.4 Estimate on the derivativesof Zs, . . . . . .. .. ... .. 337

7.6 Analytic interactions . . . . . . . .. ... 339
7.6.1 Derivatives of analytic Hamiltonians . . . . . . .. ... .. ... .. 339

7.7 Expansion Concept . . . . . . . . .. L 341
771 Frometod . .. .. . . . . . e 341

7.7.2 A new Ansatz for the expansion . . .. ... ... ... ....... 342

7.7.3 Inductive estimate on A, pretending that Q, =0. . . . . . ... .. 345

7.8 An Estimate on Z with the Old Norm . . . . ... ... ... ... .... 349
Bibliography of Chapter 7 355
IV Appendix 357
A Local Trace Theory 359
A1 Standard Traces . . . . . . . . . . 359
A.1.1 Holder’s inequality . . . . . . . . ... 359

A.1.2 Peierl’s and Klein’s inequality . . . . . .. ... ... 361

A.2 Periodic Operators and Bloch—Floquet Direct Integrals . . . . . . . ... .. 363
A.2.1 Hilbert space valued functions . . . .. ... ... ... ....... 363

A.2.2 Different notions of measurability . . . . . . .. ... ... ... ... 365

A.2.3 Decomposable operators . . . . . . . ... 366

A.2.4 Direct integral decomposition of L2 (R?) . . . ... ... ... .... 374

A.2.4.1 Direct integral decomposition of bounded periodic operators377

A3 Local Traces. . . . . . . o o o i i 379
A.3.1 Application to periodic operators . . . . . . .. ... ... ... 380
Bibliography of Appendix A 383
B Differential Calculus for W2>°-Functions 385
B.1 Lebesgue’s Differentiation Theorem . . . . . . .. ... ... ... ... ... 385
B.2 Taylor Expansion . . . . . . . .. .. Lo 388
B.3 Weak Differential Calculus in R . . . . . .. ... ... ... ... ..... 390
Bibliography of Appendix B 393
Eidesstattliche Versicherung 395

12 PhD Thesis



List of Figures

1.1 Displacement of the magnetic field lines due to the Meifiner effect. . . . . . . .
1.2 System of fermionic particles (green balls) in a metallic box with lattice ions
(red balls) subject to a constant external magnetic field B (orange arrow)
pointing in the eg-direction. . . . . . . . . . ... ... oL o
1.3 A periodic system with a unit cell spanned by the vectors by, bo,b3 € R3. . . . .
1.4 Fermions interact via an attractive two-body potential — Cooper pair formation
indicated by the colored clouds. . . . . . . . .. ... oo oL
1.5 Mexican hat shape of the operator K. . . . . . .. . ... ... ... .....
1.6 The essential spectrum of Kp — V' (red) and the isolated eigenvalues (green)
below it. The crossing point of the lowest eigenvalue with zero marks the
critical temperature T.. . . . . . . . L. L
1.7 System with nonzero flux through the unit cell. The system is exposed to a
constant magnetic field, B(z) =B. . . . ... ..o
1.8 The lattice with magnetic flux 27 in the case B=Bes. . .. .. ... ... ..
1.9 Fermionic system with a constant nonzero magnetic flux through the unit cell.
The flux is independent of the field strength B=h2. . . . . ... .. ... ...
1.10 Fermions interact via an attractive two-body potential — Cooper pair formation
indicated by the colored clouds. . . . . . . . .. ... oL oL
1.11 Upper and lower critical temperature in the case of the constant magnetic field,
where B =h2. . . . ..
1.12 Phase diagram of the BCS model for an external field only consisting of the
constant magnetic field with strength B=|B|. . . ... ... ... ... ...
1.13 Separation of scales . . . . . . . . . ...

6.1 The shape of the differential symbol Kr(p). . . . . . ... ... ... ... ...
6.2 The spectrum of K —V as a functionof T. . . . . . .. .. .. ... ... ..

7.1 The differently chosen b,’s. . . . . . . . ..o

13






Acknowledgements

First and foremost, I would like to express my special thanks to my advisor Christian
Hainzl, who took a great leap of faith in me when he posed me this challenging problem.
I thank him for the opportunity to write this thesis and for his constant and ongoing
support. I also thank him for the opportunity to work as the CRC coordinator, which
allowed me to gain deep insights into the process of submitting a comprehensive proposal.
I would like to thank Stefan Teufel for his commitment in creating and maintaining such a
warm working environment and work group in Tiibingen. I believe that this is something
very speciall 1 express my gratitude to Marius Lemm for proofreading this thesis and
providing me with valuable and enlightening comments.

I am indebted to Sven Bachmann for giving me the opportunity to spend four months
at the University of British Columbia in Vancouver, Canada, in 2019. I thank him for the
pleasant working atmosphere we had at UBC and the continuing collaboration afterwards.
For this research stay, financial support from the University of T{ibingen and the German
Academic Exchange Service (DAAD) is appreciated.

Further financial support from the LMU Mentoring Program for travelling to the In-
ternational Congress of Mathematical Physics (ICMP) 2021 and for extensive equipment
for my home office is gratefully acknowledged.

I would like to extend a thank you to the mathematical physics groups in Tiibingen
and Munich. It was a pleasure to be part of the numerous hilarious lunch and coffee
(chocolate, rather) breaks! Special thanks go to Tim Tzaneteas, who taught me a lot
about BCS theory in the early stages of my PhD and who inspired the small project on
magnetic field decomposition that has found its way into this thesis (Chapter 4). Special
thanks also go to Ruth Schulte whom I already met during our Master’s studies, who
continued to be a welcomed teaching partner, and who taught me the tricks of the trade
when dealing with the LMU administration. Finally, I would like to thank my “Italian
office” and the people frequently showing up there: Giovanni Antinucci, Marco Falconi,
Luca Fresta, Emanuela Giacomelli, Giovanna Marcelli, and Marco Olivieri. This was great
fun, which I have always missed since I moved to Munich! Cheers, everybody!

I can’t express how grateful I am to my predecessor, colleague, and collaborator An-
dreas Deuchert. I owe almost everything I know about the physics behind the mathematics
of BCS theory to him. He spent countless hours with me in discussions during my PhD,
and he was the one with whom I was able to form the core team (in Oberwolfach 2019) that
finally solved the problem. I would also like to thank him for allowing me to incorporate
ideas from his unpublished notes into this work. Thanks for everything, Andi!

Finally, and most importantly, I would like to thank my family, my mother Jutta and
my father Reiner, for their outstanding efforts to provide me with a thorough and good
education, and for their invaluable and continuing support, my brother Philipp (my deep
appreciation for your endurance to read Chapter 1!), who continues to be a source of
inspiration and a best friend, and my wife Eva for her endless support and love.

15






Zusammenfassung

Diese Arbeit ist auf dem Gebiet der Vielteilchen-Quantensysteme angesiedelt und umfasst
zwei Themen:

(i) BCS-Theorie der Supraleitung im Regime der schwachen magnetischen Felder,
(ii) Adiabatische Theorie im Kontext von Quantengittersystemen.

Das Thema (i) bildet den Hauptteil dieser Arbeit. In diesem Teil untersuchen wir
periodisch ausgedehnte Supraleiter, die schwachen und makroskopischen externen elek-
trischen und magnetischen Feldern ausgesetzt sind. Diese Felder sind so beschaffen, dass
sie einen nicht verschwindenden magnetischen Fluss durch die Einheitszelle induzieren, was
die hauptséachliche Herausforderung an der Aufgabenstellung dieser Arbeit darstellt. Der
Supraleiter wird mathematisch im Rahmen der BCS-Theorie der Supraleitung beschrieben.
Diese Theorie ist eine effektive Zweiteilchentheorie mit einem Paarungsmechanismus, die
nach den drei Physikern John Bardeen, Leon Neil Cooper und John Robert Schrieffer be-
nannt ist, die 1957 eine mit dem Nobelpreis ausgezeichnete attraktive Wechselwirkung im
Supraleiter postulierten. Ihr beriithmter Ansatz ist Inspiration fiir unzihlige Arbeiten und
seine rigorose Verifikation aus der Perspektive der Vielteilchenquantenmechanik fordert
die Mathematische Physik bis heute heraus.

Unser Modell wird variationell in Form eines freien Energiefunktionals, des sogenan-
nten BCS-Funktionals, beschrieben und wir untersuchen die Fluktuation dessen Mini-
mums, der sogenannten BCS-Energie, sowie die Verschiebung der kritischen Temperatur
des Systems, die durch die makroskopischen externen Felder im Grenzbereich schwacher
Feldstéarken verursacht werden. Wir zeigen, dass diese Verschiebungen in diesem Regime
durch die Ginzburg-Landau-Theorie beschrieben wird und leiten geeignete asymptotische
Beschreibungen her.

Unser Hauptbeitrag sind signifikante konzeptionelle Vereinfachungen in der Analy-
sis des Funktionals auf Testzustdnden im Vergleich zu den Arbeiten von Frank, Hainzl,
Seiringer und Solovej aus dem Jahr 2012 bzw. 2016 sowie ein neues Zerlegungsresultat
fir die Cooper-Paar-Wellenfunktion, das den konstanten Anteil des Magnetfeldes ein-
bezieht. Dieses Zerlegungsresultat ermoglicht es uns, die genannten Resultate fiir Systeme
mit einem solchen konstanten Feldanteil zu beweisen. Letzterer ist fiir den nicht ver-
schwindenden magnetischen Fluss verantwortlich und stellt die mathematische Behand-
lung des Problems vor erhebliche Schwierigkeiten. Der wichtigste mathematische Grund
ist, dass die Komponenten des magnetischen Impulsoperators nicht kommutieren, was die
Anwendung von Fourieranalysis unmoglich macht. Die Préasentation der Resultate ist in
zwei Veroffentlichungen aufgeteilt, die in dieser Arbeit enthalten sind.

Dartber hinaus liefern wir mehrere Ergebnisse, die helfen konnen, das Projekt in
Zukunft voranzubringen. Das erste Ergebnis ist ein Zerlegungsresultat fiir magnetische
Potentiale, die im Zusammenhang mit periodischen Magnetfeldern auftreten. Diese Ergeb-
nisse werden verwendet, um zu argumentieren, dass die magnetischen Potentiale, die in den
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Arbeiten in den Kapiteln 2 und 3 behandelt werden, erschopfend sind. Wir liefern auch
eine spektrale Zerlegung des periodischen Landau-Hamiltonians. Unser letztes Ergebnis
ist eine Storungstheorie des tiefliegenden Spektrums des Operators K7 o — V, der in der
BCS-Theorie eine wichtige Rolle spielt. Dies geschieht mit Hilfe einer Combes—Thomas-
Abschétzung fiir den Resolventenkern von K1 — V', die von unabhéngigem Interesse sein
konnte.

Ein Problem in der BCS-Theorie war schon immer das Fehlen von Einsteigerliteratur.
Wir versuchen, diese Liicke zu schliefen, indem wir mit einer umfassenden Einfiihrung
in das Thema beginnen, die fiir Leser*innen geschrieben ist, die zum ersten Mal mit der
BCS-Theorie in Kontakt kommen.

Im Rahmen von Punkt (ii) skizzieren wir den Beweis von exponentellen Abschétzun-
gen fir den Adiabatensatz in Quantengittersystemen. Zwar ist die Arbeit noch nicht
abgeschlossen, dennoch préasentieren wir hier den aktuellen Zustand des Projekts und die
Grundlagen, die wir entwickeln mussten, um dieses Problem in Zukunft 16sen zu kénnen.
Diese Arbeit wurde wihrend meines Forschungsaufenthalts an der University of British
Columbia in Vancouver, Kanada, im Jahr 2019 begonnen.
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Summary

This thesis is located in the field of many-body quantum systems and covers two topics:
(i) BCS theory in the weak magnetic field regime,
(ii) Adiabatic theory for quantum lattice systems.

The topic (i) constitutes the major part of this thesis. In this part, we investigate
periodically extended superconductors that are subject to weak and macroscopic external
electric and magnetic fields. These fields are such that the magnetic flux through the
unit cell is non-vanishing, which opens up the main challenge for the contributions of this
thesis. The superconductor is mathematically described in the framework of BCS theory of
superconductivity. This theory is an effective two-particle pairing theory, which is named
after the three physicists John Bardeen, Leon Neil Cooper, and John Robert Schrieffer,
who postulated a Nobel prize awarded attractive interaction inside the superconductor
in 1957. Their famous ansatz is inspiration for countless works and its verification from
first principle quantum mechanics continues to challenge mathematical physics until the
present day.

Our model is described in a variational manner in terms of a free energy functional, the
so-called BCS functional, and we investigate the fluctuation of its minimum, the so-called
BCS energy, and the critical temperature shift of the system, which are caused by the
external fields in the weak-field limit. We show that in this regime the superconductor is
described by Ginzburg—Landau theory and derive appropriate asymptotic descriptions.

We mainly contribute with significant conceptual simplifications in the trial state analy-
sis compared to the works of Frank, Hainzl, Seiringer, and Solovej from 2012 and 2016 as
well as a new decomposition result for the Cooper pair wave function which encompasses
the constant magnetic field contribution. This decomposition result enables us to prove
the aforementioned results for systems with such a constant magnetic field contribution.
The latter is responsible for the non-vanishing magnetic flux and imposes significant diffi-
culties to the mathematical treatment of the problem. The main mathematical reason is
that the components of the magnetic momentum operator do not commute, which makes
it impossible to use Fourier analysis. The work is splitted into two papers, which are
included in this thesis.

In addition, we provide several results that may be helpful in continuing the project
in the future. The first result is a decomposition result for magnetic potentials that
arise in the context of periodic magnetic fields. These results are used to argue that the
magnetic potentials covered in the works of Chapters 2 and 3 are exhaustive. We also
provide a spectral decomposition of the periodic Landau Hamiltonian. Our last result is
an asymptotic analysis of the low-lying spectrum of the operator K7 o — V', which plays a
prominent role in BCS theory. This is done with the help of a Combes—Thomas estimate
for the resolvent kernel of K7 — V', which might be of independent interest.
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A problem in BCS theory has always been the lack of introductory literature. We
attempt to fill this gap by beginning with a comprehensive introduction to the subject,
written for readers coming into contact with BCS theory for the first time.

In point (ii), we outline the proof of exponential estimates for the adiabatic theorem
in extended quantum lattice systems. While the work is not yet complete, we present here
the current state of the project and the new locality setup we needed to develop for such
systems in order to solve this problem in the future. This work was started during my
research stay at the University of British Columbia in Vancouver, Canada, in 2019.
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Preface

This thesis consists of three parts. In the first part, the main part, I present the results
pertaining to BCS theory that have been obtained in collaboration with my advisor Chris-
tian Hainzl and my collaborator and predecessor Andreas Deuchert (University of Zurich).
These results comprise two papers, which constitute the main project of my PhD studies:

(i) Microscopic Derivation of Ginzburg-Landau Theory and the BCS Critical Temper-
ature Shift in a Weak Homogeneous Magnetic Field, Andreas Deuchert, Christian
Hainzl, Marcel Maier (born Schaub), submitted to Probability and Mathematical
Physics, ArXiv:2105.05623. This work will be referred to as [DHM21] in this thesis
and it is contained in Chapter 2. The content of Chapter 2 differs from that in
[DHM21] insofar as we add Section 2.8, which contains slightly alternative proofs to
some results, comprising more detailed descriptions than in [DHM21].

(ii) Microscopic Derivation of Ginzburg-Landau Theory and the BCS Critical Tempera-
ture Shift in the Presence of Weak Macroscopic External Fields, about to be uploaded
to the ArXiv. This work is the content of Chapter 3.

In Chapters 2 and 3, we have replaced references to “M. Maier’s PhD thesis” that
appear in the original works by explicit references to the corresponding passages in this
document. In the affiliation list at the end of the respective chapter, the mailing address
of myself has been removed since it becomes invalid in due time.

Chapters 2 and 3 are preceded by a comprehensive introduction to BCS theory from
my own perspective, as far as it is needed to understand the material covered in this thesis.
I have included this introduction in Chapter 1, which is written for readers, who make
their first contact with BCS theory.

Chapter 1 is used to carefully introduce all the relevant components that are needed to
study the BCS model as a mathematical model of superconductivity. We briefly explain
the historic development and give an overview over all the techniques that are fundamental
for contributing to the field. Chapter 1 also features several figures that have been designed
for a talk at the International Congress of Mathematical Physics (ICMP) 2021 in Geneva.
These aim at supporting the understanding transported by the mathematical formulas and
explanations. The end of the chapter contains an overview of the status of this project and
an outlook on possible follow-up projects. Chapter 1 is further supplemented by Chapters
A and B in the appendix, which are included for the reader’s convenience. The material
covered there is not new: all the material is contained in the references pointed out there.
However, occasionally, some additional details are found in the appendix compared to the
original references, which has been a motivation to gather the content in one source and
include it into the thesis.

Part II contains several results that did not have the place to be published within
the above mentioned works (Chapter 2 and 3) but might be useful for anybody who is
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involved in this project in the future. In Chapter 4 we introduce a useful gauge for periodic
magnetic fields, Chapter 5 consists of an analysis of the spectrum of the periodic Landau
Hamiltonian. Finally, Chapter 6 provides the weak magnetic field asymptotics for the low-
lying spectrum of the operator K7 o — V for a wide class of magnetic fields. Our method
of proof is a Combes—Thomas estimate for the resolvent kernel of Kp — V', which to the
best of my knowledge does not exist in the literature. This analysis had been announced
in [DHM21] and in Chapter 3.

We remark that this thesis is, as far as BCS theory is concerned, a three-dimensional
thesis. We do not cover two dimensions, although many results are valid with similar
proofs also in this case.

Part III finally consists of the unpublished and unfinished results that have been ob-
tained in Vancouver, Canada, in collaboration with Sven Bachmann on the adiabatic
theorem for extended quantum systems. The original goal was to provide exponential
estimates for the results in the work [BDF18]. As this project did not come to a successful
conclusion to the present date, and since several people kindly asked me to write this down
somewhere, I'm happy to comply with their request and provide the corresponding results
in Chapter 7. This chapter also contains a brief introduction to the field of quantum
lattice systems.

The thesis does not contain a global introduction into its content. It is rather intended
that the introduction consists of the Chapters 1 and the introductory Section 7.1. We
note that there is no global reference list at the end of this thesis. Rather, each chapter is
followed by its own reference list.

Personal Contribution

The results of Chapter 2, 3, and 5 were obtained under the supervision of my advisor
Christian Hainzl in collaboration with Andreas Deuchert. I was responsible for central
ideas, for working out the proofs, as well as composing and formulating the manuscripts.
The elaboration on the manuscripts was shared by Andreas Deuchert and me in equal
parts.

The result of Chapter 4 is a collaboration with Tim Tzaneteas. Tzaneteas was respon-
sible for the first version of the manuscript, I contributed with the proof of Proposition
4.4.1 and a thorough revision of the manuscript.

The ideas for the results of Chapter 6 originate from an unpublished note by Andreas
Deuchert. I contributed by the elaboration on these, further ideas, and by composing and
writing the manuscript.

The content of Chapter 7 was obtained under the supervision of and collaboration with
Sven Bachmann. I was resposible for conceptualization, central ideas, as well as for the
manuscript.
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Part 1

Main Results on BCS Theory

23






Chapter 1

Introduction to BCS Theory

Welcome to the introduction to BCS Theory. Both in content and writing, this introduc-
tion is intended for readers, who make their first contact with BCS theory, and who are in
their advanced master’s studies or beginning PhD studies — not the experienced scientist.
The style of writing in this chapter is rather informal and has the character of an overview.
This means that the content is somewhat less dense and easier to read. However, it does
not meet the scientific requirements of a paper. In this chapter, I occasionally switch
from the common academic “we” to the personal form “I” when I want a message to be
understood as a somewhat more “personal advice” and when I want to break the distance
between the author and the reader.

The chapter contains the necessary fundamentals that are needed to understand the
content of Parts I and II. When further specialized knowledge is needed, I include a
reference, where the reader can aquire this knowledge, if necessary. However, references
are rather rare and there are only a few of them. If the reader expects further literature,
they are kindly asked to consult the introductions and reference lists of Chapters 2 and 3,
where my collaborators and I have put a vast amount of literature. I also recommend a
look at the introduction of Andreas Deuchert’s PhD thesis [D16] for an introduction from
a slightly more physical point of view.

1.1 Historical Development

1.1.1 Preliminary remark

In this historical synopsis, I recommmend to be somewhat familiar with the lecture notes
[S14] by Jan Philip Solovej. In these notes, I have learned about many-body quantum
Hamiltonians, the Friedrichs’ extension, the Fock space, creation and annihilation opera-
tors, the formalism of second quantization, quadratic Hamiltonians, one- and two-particle
density matrices, generalized one-particle density matrices, quasi-free states and their uni-
tary implementation, and Bogolubov’s method of approximation.

I stress the word “somewhat” in the preceding paragraph because for the reader to
work with BCS theory only, it is strictly speaking not necessary to know all these notions.
The short explanation for this is that BCS theory is an effective two-particle theory, in
which techniques like second quantization play no role anymore. A little more elaborate
explanation is provided by the following example, which I would like to present because I
myself found this very confusing at the beginning of my PhD studies: The mathematician
working in the field of BCS theory calls a BCS state a “one-particle density matrix”, which
is a self-adjoint operator valued 2 x 2 matrix with additional properties. We will follow
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1.1. HISTORICAL DEVELOPMENT

this tradition below when we introduce the framework of BCS theory. However, as of
today, this nomenclature can be confusing: There is a precisely defined notion of “one-
particle density matrix” introduced for example in [S14], which suggests that we need to
know everything about concepts like the Fock space, second quantization, and quasi-free
states. However, to the best of my knowledge, there is no rigorously established connection
that declares the former notion as a certain limit of the latter. In this sense, the naming
“one-particle density matrix” in BCS theory is purely artificial.

This has the following advantage for the inclined reader, should they be not familiar
with the aforementioned notions. It opens up the possibility of reading this historical
section without following the mathematical aspects I introduce and refer to (I put these
mathematical terms nevertheless to make déja vu moments possible for the reader and to
make the section somewhat more vivid). If applicable, the reader may therefore confidently
ignore their missing mathematical understanding of this section and step into the business
when I introduce the BCS functional below in Section 1.2. In this way, nothing will be
missed. Moreover, since it is pretty time consuming to work through the notes [S14] (in
particular, the problems, although thinking about these is enlightening!), it is certainly
worth the consideration. Nevertheless, I could imagine that a little more understanding
on the motivation is available if the reader has spent some time on the concepts above.

1.1.2 Phenomenological description of superconductivity

In 1911, the first experimental observation of superconductivity was achieved by Heike
Kamerlingh Onnes at Leiden University, Netherlands, who was awarded the Nobel Prize
in Physics for his discovery in 1913. He made experiments with a pure sample of mercury,
which he obtained through repeated distillation, in liquid helium at temperatures of about
3-5 Kelvin. He had developed the apparatus to produce significant amounts of liquid he-
lium himself the years before. The temperature is certainly a good above absolute zero,
even for the state of the art at the time — temperatures of as low as 0.00001 Kelvin had
been reached and it was experimentally evident that absolute zero could not be realized.
Onnes observed that the electric resistance of the mercury wire had disappeared com-
pletely. At the time, this effect had not been predictable. In fact, renowned scientists like
William Thomson, 1. Baron (Lord) Kelvin had debated beforehand whether the electric
resistance should decrease linearly as the temperature decreases to zero (which had been a
known behavior for higher temperatures), or if, as people including Onnes had envisioned,
suddenly all motion of electrons comes to a stop, the resistance being infinitely high. In
repeated experiments, Onnes’ team observed and confirmed a transition from the normal
conducting state of mercury to a state of zero electrical resistance at 4.2 Kelvin. Onnes
himself introduced the term “superconducting” for this state. Later, the team found more
sorts of metals which show similar transitions. The history of his experiments can be read
in [B97; DK10], where the content of this paragraph is taken from.

In a short notice of one page, Walther Meifiner and Robert Ochsenfeld reported on a
new effect on superconductivity in 1933 [MO33]. Their experiments with the supercon-
ductors tin and lead in a weak external magnetic field induced by a coil showed that the
distribution of the magnetic field lines in the exterior of the superconductor changed in
such a way that is expected from a perfect diamagnet that has permeability zero. Mean-
while, in the center of the interior, the magnetic field remains almost unchanged, see Figure
1.1. Likewise, if the exterior field was switched off in the superconducting phase, the in-
terior field remained unchanged, while the exterior field did not vanish completely. An
important parameter in this effect is the so-called penetration depth of the exterior mag-
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CHAPTER 1. INTRODUCTION TO BCS THEORY

netic field into the superconductor. It describes the extent to which the interior “reaction
field” is able to repell the penetrating exterior field.

G

Figure 1.1: Displacement of the magnetic field lines due to the Meifiner effect.

The effect is nowadays known as the Meiffner—Ochsenfeld effect (often just Meifsner
effect) and it had not been explainable with the classical physics known at the time. The
authors further report on distiguished critical temperaturs (“jumping points” as they call
it) depending on whether the temperature passes the critical temperature increasingly or
decreasingly. This is a phenomenon we will have to deal with also mathematically, when
exterior fields are present. The rigorous microscopic justification of the Meifiner effect
remains a challenge for mathematicians until the present day.

The Meifiner effect can be visualized by a hovering piece of superconducting material
over a large electromagnet, as shown, e.g., in the video [15]. The physical picture is that
the electromagnet exposes the superconductor to a weak external magnetic field which
the superconductor is able to repel from its interior by a response field that is directed
opposite to the exterior field. It should be said that the Meifiner effect persists in the
presence of a weak external magnetic field, which makes us be interested in the weak
magnetic field regime. After all, it is plausible that the penetration depth increases with
the field strength of the exterior magnetic field so that superconducting effects will be
“destroyed” when the field strength becomes too large. Below, we will define precisely
what we mean mathematically by “weak” in this context.

It took almost 40 years from the first discovery by Onnes until Vitali Ginzburg and
Lev Landau presented the first theoretical, phenomenological, and macroscopic quantum
description of superconductivity in 1950 [GL50]. The theory is based on a system of
two partial differential equations for a single complex-valued function 1, the so-called
order parameter, and the response field, whose domains in R® cover the dimensions of
the material. The function ¢ has the property that [¢)(z)| ranges between 0 (absence
of superconductivity) and 1 (presence of superconductivity) at the respective point z.
Ginzburg-Landau theory has been highly influencial throughout the physics community
and is capable of describing various macroscopic effects of superconductors. It continues to
be a very active field of research until the present day, covering more and more complicated
effects and domains. For us, Ginzburg-Landau theory arises as a limiting macroscopic
counterpart to the microscopic BCS theory of superconductivity, which we shall discuss
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1.1. HISTORICAL DEVELOPMENT

now.

1.1.3 BCS theory in the early days of many-body quantum systems

BCS theory is a microscopic theory of superconductivity that is named after the three
physicists John Bardeen, Leon Neil Cooper, and John Robert Schrieffer. The theory was
presented in their famous 1957 paper [BCS57], which fits into a period marked by scientists
devoting themselves to the systematic analysis of many-body quantum Hamiltonians, the
latter being agreed to provide an appropriate description of microscopic physical systems.

The objective is to describe a system of N > 1 particles in a three-dimensional metallic
box Qr, = [0, L]? of sidelength L > 0. The system is subject to external fields, where the
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Figure 1.2: System of fermionic particles (green balls) in a metallic box with lattice ions
(red balls) subject to a constant external magnetic field B (orange arrow) pointing in the
eg-direction.

most relevant contribution is given by the constant magnetic field. It is modeled by a
vector B € R3 having strength B := |B| > 0. Such a system is displayed in Figure 1.2. In
fact, we will cover more general fields in our mathematical description later.

A Hamiltonian operator which describes this situation reads, in suitable units,

N
Hy = Z(—ivi + A(ZL‘Z))Q — U — Z V(ZCZ - .%'j). (1.1.1)

i=1 1<i<j<N

Here, A: R? — R is a magnetic potential corresponding to the magnetic field curl A = B
and V: R3 — R is a two-particle interaction potential. This Hamiltonian is usually realized
self-adjointly in the Hilbert space L?(Qr)®", the N-fold tensor product of L?(Qr) with
itself. Depending on the particle statistics, the domain may be restricted to the subspace
L?(Qr)®N of N-body wave functions that are symmetric with respect to exchange of
any of their coordinates (bosonic), or to the subspace L2(Qr)"V of anti-symmetric wave
functions (fermionic). For simplicity, we are neglecting spin throughout Parts I and II
of this thesis. If suitable boundary conditions are phrased, the self-adjoint realization
is obtained from the corresponding differential expression on smooth functions by the
Friedrichs’ extension method.

We are then interested in the ground state energy, the ground state, and equilibrium
properties of this Hamiltonian. Of course, these properties are given by the stationary or
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CHAPTER 1. INTRODUCTION TO BCS THEORY

dynamic Schrédinger equation, so, for example, we are interested in the lowest eigenvalue
of the operator Hy. However, it is now well known that it is extremely difficult to extract
from the full Hamiltonian Hpy the information needed to calculate the aforementioned
quantities. Undoubtedly, we are thus in need of powerful approximation methods, which
allow us to consider simplified models and to carry out the computations on these, while we
are able to control the errors. Unavoidably, we are then forced to restrict our predictions
to limiting regimes. The most prominent examples are the thermodynamic limit N — oo,
L — oo in such a way that the particle density p := N/L3? is kept fixed, or the mean-
field and Gross—Pitaevskii limit N — oo, where the interaction strength is coupled to the
interparticle distance through suitable scaling factors in the potential V. Even after this
limit has been taken, we are then forced to further restrict our statements to limiting
regimes like the “dilute”/“low-density” regime p < 1, the “high-density” regime p > 1,
or the “adiabatic” regime of a “slow” dependence on time of the underlying Hamiltonian,
if such a dependence is present.

In the late 1940’s, physicists were able to develop the first successful and influencial
ideas to systematically approximate these Hamiltonians. This endeavor had begun with
the 1947 seminal paper by Nikolay Nikolayevich Bogolubov [B47], which continues to
influence papers in modern mathematical quantum many-body descriptions up to the
present day. In this paper, Bogolubov introduced a method to systematically approximate
many-body Hamiltonians that are second-quantized with periodic boundary conditions,
i.e., (1.1.1) rewritten as

* 1 > * *
Hy= 37 bpayay =55 > V() apa; agap, (1.1.2)

pe 2%23 k,p,q€ 2%23

with b, = (up, Tup), T := (—iV 4+ A)? — u, and u,(z) = (2rL)~¥?e~ P2 the plane wave
basis.
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Figure 1.3: A periodic system with a unit cell spanned by the vectors by, by, bg € R>.

Then, it is argued that this Hamiltonian is well-approximated by what we nowadays call
a “quadratic Hamiltonian”, namely a quadratic expression in the creation and annihilation
operators ay and a,. Note that, as of (1.1.2), the interaction term is quartic in these
operators. The quadratic Hamiltonian has the feature of being explicitly diagonalizable
so its spectrum is computable as a closed formula, see [S14, Problem 11.9]. The idea

that paved the way for his procedure, the famous c-number substitution, came from the
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1.1. HISTORICAL DEVELOPMENT

bosonic case. It had been known from the Albert Einstein 1925 paper [E25] that the free
(i.e., non-interacting, V' = 0) bosonic gas undergoes complete Bose-Einstein condensation
in the ground state. This means that every of the IV particles is in its one-particle ground
state (the zero momentum, i.e., constant mode) and the many-body ground state is a
pure tensor product of these one-particle states. Of course, this assertion does not persist
when interactions are present. However, the idea was used as an assumption for the
interacting case by Bogolubov to replace the creation and annihilation operator af and ag
by the number of particles v/ N (c-number substitution), since the occupation afjag of the
ground state has an expectation that is almost equal to N (i.e., almost all particles are
condensed). Furthermore, he argued that every a; and a, with p # 0 is “small” compared
to the large fraction of condensed particles. This enabled him to view the Hamiltonian as
a “power series”, in which he could “neglect” the remaining terms of “higher order” in the
“excitation” operators a,, and a, for p # 0. Nowadays, we know that this procedure is not
always correct to the claimed precision (that, actually, had been pointed out by Landau
soon after the publication). However, the method that modern proofs use for proving
what actually holds is, in its core, inspired by [B47].

Bogolubov’s method as he developed it was used by several people to compute the
ground state energy of bosonic as well as fermionic systems by just computing the ground
state energy densities of the respective resulting quadratic Hamiltonians. These formulas
are the very well-known Lee-Huang—Yang formula in the bosonic case, see [FS20],

128 1
=4 1+ —— /2 /2 1 1.1.3
ep(p) = 4map [ +15\F( a’) }+0(pa) p <1, (1.1.3)
where a denotes the scattering length of the interaction potential V', and the somewhat
less-known Huang—Yang formula in the fermionic case (for spin 1/2 fermions)

5

3 2 5 5
er(pt,py) = 5(67r2)3 (,0? + pf) + 8mapyp; + o(p?), pi=pr+p L1, (1.1.4)

see [FGHP21]. Here, p; and p; denote the densities of spin-up and spin-down particles,
respectively. Meanwhile, these formulas have been proven in the vaccuum at temperature
absolute zero. However, at the time there was no knowledge how far these quantities
actually deviate from the true ground state energy in the respective regimes.

So far, we had a look on the ground state, that is, a zero temperature property. The
1957 paper [BCS57] analyzes what happens to fermionic systems at positive temperature
T > 0, which amounts to studying the free energy (or, pressure) functional

Fr((:)) = (Hn) =T S(())

of the system. Here (-) is a state given by (A) = >, oy An(¥n, Aty,) for all observables
A, where 0 < A\, < 1, Y cnAn = 1, {¥n}nen is an orthonormal basis of the underlying
Hilbert space, and S((-)) := —> ,exyAn In A, is the von Neumann entropy. The first
observation is that the normal state of the system at positive temperature is now the
Gibbs state at temperature 1" induced by the Hamiltonian Hy and given by

Tr[Ae AHN]

<A> = W?

(1.1.5)
where 3 := T~! is the inverse temperature, see [S14].

Since the authors wanted to describe superconductors or superfluids they must have
thought of appropriate substitutes to Bogolubov’s assertion at zero temperature, which

30 PhD Thesis



CHAPTER 1. INTRODUCTION TO BCS THEORY

had to be combined with a suitable mechanism that allows for a notion of “condensa-
tion” for fermions (by the Pauli exclusion principle, a condensation of fermions is a priori
impossible). Their main physical assumption, which drives the theory, is the attractive
interaction potential —V which is postulated to be present due to the phonon vibrations
caused by attraction of the lattice ions with the electrons. In this way, a scattering elec-
tron causes a slight displacement of the lattice ion which in turn drags the other electrons
in the same direction. This induces an effective attractive interaction between electrons.
With these ideas, BCS constructed a trial state for the problem that features the particles
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Figure 1.4: Fermions interact via an attractive two-body potential — Cooper pair formation
indicated by the colored clouds.

to undergo a pairing mechanism which would then cause the pairs of fermions to behave
like bosons that could condense again in the sense of Bogolubov. The pairs of electrons
are called Cooper pairs nowadays due to an earlier publication [C56] by Leon Neil Cooper.
The BCS trial state could be shown to introduce a superconducting phase to the system,
which means that it has strictly lower energy than the normal state. Their publication led
to the significant and ongoing interest and influence that the paper is known for. BCS did
not only compute energies but also made predictions concerning the penetration depth,
the Meifiner effect and further quantities. These predictions hold on a physical level of
rigor, which means that a mathematical proof for significant parts of the theory is still
missing. In particular, we lack necessity arguments for the assumed form of the trial state.

1.1.4 Origin of the BCS functional

Nowadays, we recognize the state used by BCS as a quasi-free state. Since this class of
states is important for BCS theory, let us give a brief review of the basic ingredients. From
now on, we fix the particle statistics to be fermionic.
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A fermionic quasi-free (pure) state W, which is a vector in the fermionic Fock space
F(H) == Do HA™ built upon a one-particle Hilbert space H, can be characterized by its
generalized one-particle density matrix, the operator I'y: H ® H* — H ® H* defined as

(A+JgTulfa+Tg)), = (¥, (a"(f2) + alg2) (alfr) +a*(91)) ¥)

HoH* FH)'

Here, J: H — H* is the anti-linear Riesz’ isomorphism given by Jg(f) = (g, f), i.e.,
Jg is the linear functional “taking the scalar product with g € H”. Moreover, a*(f) is
the creation operator corresponding to the state f and a(f) is the annihilation operator
corresponding to the state f. Their definition shall not be of importance here, it is given
in [S14]. We only note that a*(g) is linear in g whereas a(f) is anti-linear in f and the
canonical anti-commutation relations

{a(f),al9)} = {a*(f),a*(9)} = 0, {a(f),a*(9)} = {f,9)n 1, (1.1.6)

hold. In terms of the one-particle density matrixz vy : H — H and the offdiagonal operator
(sometimes also called the two-particle density matriz) ag: H* — H, defined by

(ivwg)wn = (Y, a"(9)a(f)V) r),  (frawdg)n = (V,a(g)a(f)¥)ri),  (1.1.7)

the generalized one-particle density matrix takes the form of a 2 x 2 operator valued matrix
of the form

[ oy
Ty = (afp . —JwJ*>’ (1.1.8)

where it can be shown that aj, = —JagJ due to (1.1.6) and (1.1.7). We further note that
~vg is self-adjoint and 0 < vg < 1. Likewise, 'y is self-adjoint as well and 0 < I'g < 1.
Since

1—vg) — agal Ty —
Py(1-Tg) = (WU ~ow) —avay avTu —awar ) )
Yoty — 0 Yo Yol —Fg) — agay

the latter implies I'g(1 — I'y) > 0, whence vy and 7y are related through the operator
inequality

agoy < Yo(l —yg). (1.1.10)

Moreover, if W has finite particle expectation, that is, ¥ = @J_g UV with
oo
(TNT) = > N2,y < oo, (1.1.11)
N=0

then vy is trace class and Tryg = (U, N'U). Consequently, agal,: H — H is a trace class
operator by (1.1.10). For all these facts, see [S14].

With these notions at hand, it is possible to follow the somewhat lengthy calculation
given in [HS16, Sect. 2.1], which we will not repeat here and which leads in a mathe-
matically non-rigorous fashion to the BCS functional. Non-rigorous means that certain
simplifications pertaining to SU(2)-symmetry (neglection of spin) have to be made and
certain infinite-volume limits have to be taken which replace sums by integrals. To the
present day it is unclear how to rigorously do this. Furthermore, the so-called direct and
exchange terms have to be neglected, which show up due to the properties of quasi-free
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states. See [BHS14] for a detailed discussion. It is sometimes argued that this neglec-
tion actually produces more accurate experimental results, which opens up the question
if quasi-free states are the right type of state in the end.

A proper derivation of the functional would also have to clarify the correct type of state
which allows for the desired pairing mechanism in the many-body model. In particular,
we would have to understand if (and, if yes, why) quasi-free states are the appropriate
class on which the superconductivity properties of the many-body quantum system are
correctly displayed. This is very much related to the question why pairs are the appropriate
size of clusters that are formed by electrons and why there do not exist multituples of
quantum mechanically correlated particles in a significant share. In other words, a rigorous
procedure that justifies BCS theory from the perspective of first principle many-body
model as the correct effective microscopic theory has to understand the mechanism of
suppressing multituples compared to pairs. All this is not part of this thesis and to the best
of my knowledge unknown. Therefore, we will take the BCS theory of superconductivity
as a given model and analyze it — given the evidence of it arising from the many-body
setting by the procedure sketched above.

To conclude this historical upshot, I once more emphasize that the “generalized one-
particle density matrix” above is mathematically independent of what we are going to
define in the next section but the roles they play are similar, hence the naming.

1.2 The BCS Functional of Superconductivity

For the purpose of this thesis, BCS theory is given in a variational manner by an energy
functional and the physical properties of this functional are captured in the lowest energy
over all admissible states and the minimizer of this problem. As usual, the minimizer
will satisfy an Euler—Lagrange equation, which in this case is known as the Bogolubov—de-
Gennes equation. This equation, however, will not play a prominent role in this thesis,
since we will be mostly dealing with so-called low-energy states of the functional, which
are not necessarily minimizers. In order to define the functional, we first write down a
formal expression for the functional and then make sense of all quantities appearing in
there step by step in the rest of this chapter. For a state I' of the form

= (Z . f’y) , (1.2.1)

the formal expression reads

Tro [ (< + A@)? + W — )] - TS(T) - ]idx [ ve)laxnR 122
We refer to the first term as the kinetic energy, which is in analogy to the many-body
Hamiltonian. The second term will be the entropy term and the last term is the interaction
term or pairing term. The superconductivity of the system will be indicated by a non-
vanishing Cooper pair wave function «, as we will see more precisely below. In the context
of energy functionals, whose states have a matrix structure as in (1.2.1), the non-vaninshing
off-diagonal entry « is sometimes also referred to as the present off-diagonal long range
order (ODLRO) of the system in the literature. This wording results from the operator
a, discussed in (1.1.7), which models two-particle correlations in the system.

We should think of the functional in the following way. The kinetic term is the domi-
nating contribution to the energy, i.e., the BCS functional is bounded from below because
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the entropy and the interaction can by bounded by a portion of the kinetic energy. If it
was only for the kinetic energy, the state minimizing this functional would obviously be the
characteristic function v = 1(_og oj((—iV + A)? + W — p), which is known to be smeared
out if the entropy is taken into account and I' is a diagonal matrix. The minimizer is
then (1+e” (*iVJFA)Q*W*“))*l. The interaction term competes against these two terms in
that it “wants to choose” « as big as possible. This however, is limited by the constraint
(1.1.10) (actually rather by the requirement 0 < I' < 1). Hence, v and « depend on each
other in a subtle way.

Let us start with the quantities in (1.2.2) that are easily explained. First of all, u € R
is the chemical potential (or Fermi energy) that plays the role of fixing the number of
particles in a grand canonical quantum system. The region {p € R? : p? < u} is often
referred to as the Fermi sea. Secondly, T' > 0 is the temperature of the system. We also
have built in the attractive character of the interaction potential V: R®> — R from the
beginning by writing —V. We may think of a nonnegative potential V' > 0 so that —V is
indeed a negative function but for the results in this thesis to hold, this is not necessary.
The mean integral fodX f(X) is defined as ﬁ JodX f(X) for some function f.

We further have to make sense of the following expressions that appear in (1.2.2):

e We want to set up the BCS model in a so-called gauge-periodic fashion, where
the domain Q C R? will be the unit cell of the lattice of periodicity. As we will
see, our notion of periodicity depends on the magnetic potential A: R3 — R3, the
gauge of the magnetic field. We will therefore call the system gauge-periodic and
the size of € has to be linked to certain properties of A. In particular, we need
to understand different periodicity properties of the fields: The periodic function
W: R3 — R modeling the potential corresponding to an external electric field will
be truly periodic (not gauge-periodic). The same holds for parts of the magnetic
potential A and we shall clarify why.

o The gauge-periodic state I' in (1.2.1), which consists of the two components v and
a (7 and @ denotes complex conjugation).

e Trq is the trace per unit volume of the periodic operator which stands inside the
argument.

o S(T') should be the usual von Neumann entropy per unit volume of the state I" defined
as S(I') := — Trq[I'InT], once Trq is properly defined.

o The function a(X,r) equals, per slight abuse of notation, a(z,y), which, in turn,
is the kernel of a. This kernel exists because o will be a Hilbert—Schmidt operator
per unit volume on the natural domain of the formal expression (1.2.2). The center-
of-mass coordinate X = % and the relative coordinate » = x — y play a very
important role in the regime of weak external fields. This is the regime that we are
interested in since this is the regime in which the Meifiner effect takes place.

The construction of the main items above requires substantial mathematical effort and
will occupy us for the rest of this chapter. We will approach these quantities while we
discuss the BCS functional in increasingly difficult settings. This discussion helps us to
come across all the further relevant objects that are necessary to be known when we want
to work with BCS theory. We start with the simplest situation.
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1.3 Translational Invariance

Let us first take a look at the BCS functional in the simplest situation: We look at non-
interacting particles and assume that A = 0 and W = 0. In this case, we assume that the
system is translation invariant, that is, v and « are operators given by translation-invariant
kernels v(z — y) and a(x — y), respectively.

This assumption is justified since the translation-invariant BCS functional defined
below in (1.3.1) does not break translational invariance in the sense that the minimizer
over all states indeed is translation invariant provided the temperature lies in a sufficiently
small interval below T,. This result has been provided in the work [DGHL18].

Then, the trace is simply given by evaluating the kernel of the operator in question
on the diagonal z = y and integrating. We can apply the Fourier transform and express
everything in terms of two functions v € L'(R3, (1 + p?)dp) and o € H'(R?,dx) with
la(p)| < v(p)(1 —~v(p)). A short calculation shows that, in this case, the BCS functional
is given by the simpler expression (up to factors of 2r depending on the convention on the
Fourier transform, see [HS16, Eq. (3.1)-(3.6)] or [HHSSO08])

FBOS(y, ).:/R dp (0 — 1) 4(p) — TS(v,a) — /dex V(z) ()2, (1.3.1)
where
S(ra) == [ dp [s10) 05, (0) + - () - (7)) (1.3.2)

and s (p) are the eigenvalues of the matrix

oy () alp)
F(p)<a(p) 1—7(19))

that are determined by s(1 — s) = (1 — ~) — |@|?, which means

- i \/| (1 - 2v(p))2, (1.3.3)

whence, with s(p) := s4(p), we conclude
S(0) = = [ | dp [sto) (o) + (1 = () (1 = ()] (1.3.4)

1.3.1 Normal state

The normal state is the minimizer of FB®S

this case, the functional reads

in the absence of interactions, i.e., V =0. In

FES(a) = [ dp (67~ 3l0) - T5(r.) (1:3.5)
R3

and the first question to answer is whether the minimizer satisfies & = 0. To see that this
is indeed the case, we define

o(x) =zln(zx) + (1 —2z)In(l — z), 0

N
8

N
—_

(1.3.6)
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Note that the function is defined at the endpoints via continuous extension and it is strictly
convex. Then, we need to employ the relative entropy inequality

[ @ etsm) = o5 0) > [ o) (50) = ) (13.7)
where 0 < s'(p) < 1 is arbitrary. Equality holds if and only if s = s’. This inequality
is known as Klein’s inequality and it can be proven similarly to Theorem A.1.7. We will
discuss the general case of this trace inequality when it comes to the trace per unit volume
below so we will not be detailed here.

We apply this to

s'(p) := % - % 11— 2v(p)| < s(p).

Since ¢'(z) = In(7%), we have

N, . 1+’1_27(p)’
) = () 2 0

so that
5(770‘) - S(’%O) 2 0

and the inequality is strict unless a = 0.
This shows that it is energetically favorable for the minimizer to satisfy « = 0. An
explicit minimization of the functional

Fo(y) == /RS dp (p* — p)y(p) — T'S(v,0)

proves that the well-known Fermi—Dirac distribution

1

= e (1.3.8)

Y0(p) :
minimizes (1.3.5). To see this, we differentiate with respect to v and obtain the critical
equation

T Tln(%) —0, (1.3.9)

whose solution is (1.3.8). By the strictness of the inequality (1.3.7), we have proven that
(1.3.8) is also the unique minimizer. This is the stable minimizer of the BCS functional
when no external fields and no interaction are present in the model. We use the critical
equation (1.3.9) to see that its BCS energy is given by

FBCS(~0,0) :T/ dp In(1 —y(p)) = T/ dp In(1 4 e P@ =1y, (1.3.10)
R3 R

3

1.3.2 Superconductivity

The interesting features of the model become visible if we allow for an interaction potential
V' # 0. We used suggestive notation in the interaction term and write the interaction with
a minus sign as —V.
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We shall think of this as an attractive interaction potential as was postulated by
Bardeen—Cooper—Schrieffer in their work. It is important to understand that this at-
tractiveness is our main physical assumption on the model. This assumption is certainly
satisfied if our potential is a nonnegative function V' > 0, whence —V is negative. This is
a good picture to keep in mind but mathematically not necessary. We will phrase later
what we actually mean by an attractive interaction.

Mathematically, the BCS model now becomes interesting because it gives rise to tem-
perature regimes in which there are states with energies that are strictly lower than the
energy of the normal state. This goes back to a nontrivial competition between the
interaction term and the kinetic and entropic term in the BCS functional (1.3.1). A care-
ful analysis of these effects has been provided in the work [HHSS08] by Hainzl, Hamza,
Seiringer and Solovej in 2008. Since the results obtained there are very important for this
thesis, we are going to phrase and briefly discuss them here.

Theorem 1.3.1 [HHSS08, Theorem 1]. Let V € L¥*(R?) and T > 0. Then the following
statements are equivalent:

(a) The normal state (9, 0) is instable under pair formation, i.e., there is a pair (v, «)
with v € L'(R?, (14 p?)dp), a € H'(R?,dx), and |a(p)|* < v(p)(1 —v(p)) such that

Fi P (v, ) < FEP (70, 0).

(b) The linear operator Kp — V' has at least one negative eigenvalue. Here, K is the
pseudodifferential operator given by the symbol

2
Krlp) = —L—F (1.3.11)
tanh (=)

In [HHSSO08], there is a third statement about nontrivial solutions to the so-called BCS
gap equation, which we leave out here because the gap equation as such does not play a
prominent role in this thesis. Nevertheless, this is the object that had been first studied
by physicists when they investigated the BCS model.

To briefly sketch the proof of Theorem 1.3.1, this result is proven by the second vari-
ational test at the normal state in direction «, where the first derivative vanishes because
of the minimality of the normal state. The operator K7 — V is the Hessian matrix, which
makes it plausible that its sign determines the stability of the normal state as a minimum
of the BCS functional. The remarkable fact is that with the interaction turned on, there is
always a direction in which we can lower the energy by perturbing with «, i.e., the normal
state becomes a saddle point. The reader should keep in mind that this is not at all an
expectable situation. It could very well happen that we have to first increase the energy,
climb over a “mountain range” around the “local minimum” (-, 0) to be able to enter the
“valley” in which superconductivity takes place.

The first statement (a) of Theorem 1.3.1 is our definition for superconductivity as this is
the intuitive behavior of the system lowering the energy beyond the normal state. Theorem
1.3.1 is of great significance for us since it rephrases the question of superconductivity in
terms of a spectral question, which makes it relatively comfortable to handle, since a whole
zoo of methods is available to treat these problems. Consequently, the spectrum of the
operator Kr plays a central role in the mathematical description of BCS theory and in
our thesis.
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1.3.3 The spectrum of Ky —V

On the one hand, the operator K7 —V is a Schrédinger-type operator and as such shares a
lot of properties that are known from —A — V. On the other hand, the peculiar dispersion
relation it has encodes both the kinetic energy of the BCS model and its entropy. Not
only for this reason is it relatively clumsy and challenging to work with K7 since it
largely escapes explicit calculations due to the hyperbolic tangent. Figure 1.5 illustrates

P’ —p

tanh(Z Z}“ )

Kr(p) =

Figure 1.5: Mexican hat shape of the operator K.

qualitatively the shape of the function Kp(p) defined in (1.3.11) in the case u > 0. First
of all, K7 behaves like p?> — 11 as p — oo. We also see that the minimum of the function
K7(p) is attained on the so-called Fermi surface {p € R®: p?> = u} and a short argument
shows that it equals 27". If u < 0, however, the minimum is attained at p = 0 and hence
equals |u|/ tanh(|p|/(27)). It follows that the spectrum of the operator Kp equals

oK) = {2100 w0,
) {[|M|/tanh(|u|/(2T))7oo)7 1 <0, (1.3.12)

When the interaction V' is present, in principle, anything may change in o(K7). How-
ever, in practice, assumptions are made so that the essential spectrum is unchanged, e.g.,
if Ve L2(R3) (also if V € L¥?(R®) but the proof is more complicated). For, in this
case the operator VK,' is Hilbert-Schmidt since K7(p)~' is an L?(R?)-function of p.
Therefore, due to Weyl’s criterion, the essential spectrum oegs(K7p — V') is preserved under
the perturbation —V and thus equals (1.3.12). In this situation, V' “only” adds isolated
eigenvalues of finite multiplicity to the spectrum, which might, in fact, be embedded in
the essential spectrum. Our interest lies in isolated eigenvalues below the bottom of the
essential spectrum, i.e., below 27". Note that in the case y < 0 the bottom is lower than 27T
since tanh(|z|) < |z|. Since K7 is strictly monotone in T, as discussed above, we have the
following picture of the spectrum as a function of 7. In this picture, we assume for sim-
plicity that all these eigenvalues are simple, which in practice might not hold. Therefore,
we are in a situation similar to the following Figure 1.6.

This allows for the following definition of a critical temperature.

1.3.4 The critical temperature and attractive potentials

To find a criterion for superconductivity, we use the next important notice. The function
T + Krp(p) is a strictly increasing function for every p € R3. This implies that the
eigenvalues below 27T are increasing functions of T as well (there might, however, be
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(T(KT*V) \

Oess 2T

e
7 T,

Figure 1.6: The essential spectrum of K7 — V (red) and the isolated eigenvalues (green)
below it. The crossing point of the lowest eigenvalue with zero marks the critical temper-
ature 7T¢.

crossings in general as opposed to the impression of Figure 1.6). This allows for the next
important result.

Theorem 1.3.2 [HHSS08, Theorem 2]. For any V € LY*(R?) there is a critical temper-
ature 0 < T, < oo such that info(Kr — V) <0 if T <T. and Kp =V 20 if T > Tt..

This result is important since it provides the first criterion for superconductivity and
it clarifies the common definition

T.:=f{T>0: Kr -V >0}, (1.3.13)

which is widely used in the literature. Furthermore, [HHSS08] shows several sufficient
conditions under which this temperature is indeed positive. As an example, we mention
the following result.

Theorem 1.3.3 [HHSS08, Theorem 3 (i)]. Let V € L**(R3) be not identically zero and
let pw>0.IfV >0 then T, > 0.

For us, this result determines the notion “attractive” for the interaction potential V.
Namely, we understand V' to be attractive if T, > 0. This is a central assumption in
the works we present in Chapters 2 and 3. The preceding theorem provides a sufficient
condition for this to be true but it is by far not necessary.

In particular, we have a critical temperature 7, > 0 at which the lowest eigenvalue
of K7, — V is given by zero. Throughout this thesis, we are going to assume that this
eigenvalue is simple! and call the corresponding eigenfunction ay. This function is a very
central object in BCS theory and we note its eigenvalue equation

Kr.0n — Va, = 0. (1.3.14)

'We will include a note on degeneracy later in Section 1.7.1, when we discuss the results of this thesis
and the state of the project.
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This function is well-behaved in the sense that it is a smooth function with rapid decay.
For the particular case of a, this has been proven in [FHSS12] but will also be proven in
this thesis in Chapter 6 for all eigenfunctions of K7 that belong to isolated eigenvalues
below 27 for any temperature.

To get a feeling for the critical temperature, we should mention the result of [FHNS07,
Theorem 1], which implies that the critical temperature is exponentially small in V. More
precisely, if V' is replaced by AV, then

1
To(AV) ~ pe el A= 0,

where a, (V') > 0 is a certain parameter that is not of interest here. Physically, this means
that the critical temperature is pretty close to absolute zero since we explained above that
the attractive interaction between the electrons is fairly weak, i.e., 0 < A < 1.

1.4 External Fields

1.4.1 The Meiflner Effect

With these notions at hand, we can turn our attention towards the BCS functional in the
presence of weak external fields. The reason why we want to understand this BCS model
lies in the Meifner effect that we made contact with in Section 1.1. Mathematically, this
is modeled by a BCS functional having the formal expression

Tro[((<iV + A@)? = )] - TS(T) ]édX [ V) la(x )P

+/de eurl A(z) — Hox (@) (1.4.1)

Here, Hqyt models the externally applied magnetic field from the magnet and A is the
magnetic potential of the response field of the superconductor.

This functional is hard to define rigorously — we shall comment on this below, when
more insight is available — and there are a lot of questions to study before we would be
able to analyze this functional in the superconducting phase. Unfortunately, this thesis
will not be able to treat the functional in (1.4.1) at all. However, this is one of the
ultimate goals to understand — namely, minimize this functional both in the state I' and
the response field A of the superconductor. This would prove the Meifiner effect on the
level of BCS theory and it is one of the main motivations to study the BCS functional
with an external magnetic field.

In this thesis, we will address the minimization of the BCS functional while we are
fixing the response field and dropping the magnetic field term, i.e., the functional in
(1.2.2). We will analyze the minimization problem for the BCS functional in terms of
the state I' only, which will be a necessary preparation for the problem described in the
preceding paragraph. Therefore, we need to understand the minimization problem with
fixed external fields in great detail and generality.

We now turn our attention to the rigorous definition of the BCS functional with ex-
ternal fields as given in (1.2.2). The first step towards this is an understanding of periodic
magnetic fields and how to model a fermionic system in the presence of these.

1.4.2 Gauge-periodic systems

We want to model a periodic system which involves periodic states and an energy func-
tional that is compatible with this periodicity. In order to set this up, we need a notion of
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translations that is compatible with the magnetic field so that the BCS functional becomes
invariant under these translations. It will become clear what we mean by this in due time.

We remark that it is not known whether the minimizer of the BCS model (over all
admissible states) is indeed periodic as opposed to the situation described in Section 1.3.
Hence, this is a considerably simplifying assumption as of today.

When we want to describe a magnetic model, the physically relevant quantity is actu-
ally the magnetic field B: R?> — R3 and not the magnetic potential A: R? — R3, which
has the property that B = curl A. In other words, although it is the magnetic potential
that arises in the magnetic Laplacian and thus in the BCS functional, the “physical prop-
erties” of the system remain unchanged as long as A is chosen such that curl A = B holds.
This leaves us the “freedom of gauge”, which we should use when we choose the magnetic
potential.

Since we want to describe a periodic system, we should first fix a lattice of periodicity
A C R3. Our ansatz for this lattice is the Z-span of three linearly independent vectors
b1, bo, b3 € R? called the basis, i.e.,

3
A= {Znibi eER®:n; €Z,i= 1,2,3}.
=1

The unit (or, fundamental) cell of the lattice A is the domain

3
0= {Zaibi€R310<ai<la i:17273}~
i=1

We are given a A-periodic magnetic field B: R? — R3 and have the task to choose
a magnetic potential A such that curl A = B. Now the question is: What is the best
(i.e., most convenient for us) choice of A? There are several gauges to choose from in the
literature (Coulomb or transversal gauge, Landau gauge, ...) but it has turned out that
there is one particular choice of gauge that is most suitable for our purposes. For two
space dimensions, this gauge is widely known and has appeared in the literature. In three
dimensions, a derivation of this gauge in the “pedestrian way” (as presented in Chapter 4)
is less known so we shall explain it here in some detail. This gauge is called the Abrikosov
gauge and the claim is that there is a bounded periodic magnetic potential A: R3 — R3
with A(0) = 0 such that the potential

A=Agp+A (1.4.2)

satisfies B = curl A, where Ag(z) := %B A x is the constant magnetic field potential and
the vector B € R3 is the average magnetic field

1
B:= M/de B(x). (1.4.3)

We remark that the condition A(0) = 0 can be replaced by f,dz A(z) = 0 or any other
constant shift by a simple gauge transformation.

In two dimensions, this result has been established in [TS13] and the three dimensional
case is proven in Chapter 4.

This result is important in that it limits the situations that we need to take care
of to a very explicit, yet difficult, magnetic potential and a somewhat easier (bounded)
but general magnetic potential. However, the potential A looks very incompatible with
periodic structures (like a torus) since it grows linearly from the origin. We will see in the
following how to fix this problem.
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1.4.2.1 The magnetic flux

There are several reasons why this gauge is useful to choose. The first advantage is that
the constant magnetic field potential is a very explicit potential for which many algebraic
identities are known. The second advantage is that the periodic magnetic potential is
bounded and, more importantly, it does not contribute to the average magnetic flux &g
through the unit cell 2. The reason lies in Green’s theorem:

Op = / dS(z) B(z) - v(z) = yg dy A(y) - {(y). (1.4.4)
Jéie} 0(99)
Here, v is a unit normal to the surface 0€ that is determined by three perpendicularly
oriented faces of €2, while ¢ is a unit line element along the line 9(92). Since A is periodic,
it will have the same value on two opposite edges of the cube while £ will point in differ-
ent directions on opposite edges. Hence, A does not contribute to ®g, i.e., the average
magnetic flux is solely determined by the constant magnetic field part.

In 2012, the work [FHSS12] investigated the BCS functional for the periodic magnetic
potential only and obtained a description of the physical behavior in the weak magnetic
field regime, when the perturbation of the magnetic field is given on the macroscopic scale
of the system. The result of our works (Chapters 2 and 3) extends this to the general
situation of periodic magnetic fields. In this case the magnetic field has a nonzero flux
through the unit cell and this is responsible for many additional complications in the
treatment of the model.

Figure 1.7 illustrates a system with a constant magnetic field pointing in the es-
direction. The system features a nonzero average magnetic flux through the unit cell.
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Figure 1.7: System with nonzero flux through the unit cell. The system is exposed to a
constant magnetic field, B(z) = B.

1.4.2.2 Our choice of lattice

Now, we want to set up the BCS model in a periodic manner, which requires a notion of
translation that is compatible with the operators that appear in (1.2.2). In particular, the
translation we choose must commute with the magnetic momentum operator

A = —iV + A(x). (1.4.5)
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To achieve this, we have to use the magnetic translations, which are given by
Te(v)f(z) := @ ABO) £z 4 v), veR3 el (1.4.6)
With this definition, we claim that for every A € A, we have
Te(A)* maTB(N\) = 7A. (1.4.7)

We call this property the gauge-periodicity of wa and this notion extends in an obvious
way to any operator in place of mao. The term “gauge” refers to the fact that we use the
magnetic translations instead of regular ones. Equation (1.4.7) is true, since the periodicity
of A implies

TaTB(N) f(z) = (—iV + A(z) + A(x))eix'AB(A)f(x + )
= A8 (Y 4 Ag(x) + A(x + ) + Ap(V)) f(z + V)

T(\) A f(z).

In fact, this calculation even shows that
Te(v)" map TB(v) = TAg

for all v € R3.

At this point, we see why the magnetic potential A and the electric potential W are
indeed periodic in the “classical” sense. The reason is that, as a multiplication operator,
these functions commute with the lattice translations Tg(\).

However, the translations in (1.4.6) do not form an abelian group! Hence, it makes a
difference if we translate first by a vector v and then by a vector w or in the opposite order,
which does not allow for a sensible interpretation as lattice translations. More precisely,

Te(v) Ta(w) = ¢ B ) Ty (w) T (v), v,w € R3, (1.4.8)

which yields an abelian translation group on a lattice A only if B (MAX2) — 1 for all
A1, A2 € A. Formally, we also have the “group law”

Ta(v + w) = ¢'2 (") T (v) T (w), (1.4.9)

which is of course ill-defined since the left side is symmetric in v and w, whereas the right
side is not. In order to cure the theory from this problem as well, we must even have
i3 M) — 1 At this point, we opt for a lattice that is spanned by multiples of the
standard basis e; in R3. Then, this imposes conditions on the basis vector b;, i = 1,2, 3 of

A, namely for each i, j,k = 1,2, 3, we must have
B; - (bj Aby) € AT (1.4.10)

Let us assume for simplicity that all B; # 0, otherwise there are certain simplifications
in what follows. We choose the vectors b; to be mutually orthogonal and to satisfy the
conditions B; |b;| |by| = 47, which we do by setting
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Here, e; denotes the i*" standard basis vector in R3. These basis vectors span a B-
dependent lattice, which we denote by

3
AB = {Z nibi(B):n; €Z, i = 1,2,3} (1.4.12)
i=1

and the unit (or, fundamental) cell of Ap is

QB = {i a;bi(B):0<a; <1,i= 1,2,3}. (1.4.13)
i=1
As a consequence of these definitions, the group {IB(A)}xeag is an abelian group of
translations and a short computation shows that we have the expected group law
Te(A1 4+ A2) = Te(A2) TB(N2), A1, A2 € AB. (1.4.14)
Finally, by our choice of basis b;, i = 1,2, 3, we have
B (A1 A X2) € 47Z, A1, A2 € AB. (1.4.15)

This concludes our construction of the lattice, which we build the BCS model on.
Figure 1.8 illustrates the construction in the case B = Bes where the basis vectors are
given by b; = V2rB~1e; and the box g equals per definition Qg.
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Figure 1.8: The lattice with magnetic flux 27 in the case B = Bes.

The next steps are to define what we mean by a periodic BCS state and to introduce
the admissibility condition. In order to do this, we need to define the trace per unit
volume, which is our next goal.

1.4.2.3 The Meiflner effect revisited

At this point, we can look a bit closer on the difficulties that arise in connection with the
MeiBner effect. First of all, one problem is to even define the BCS functional in (1.4.1) in
a rigorous fashion because the unit cell of the lattice of periodicity depends — as we have
seen — on the average magnetic flux of the response field through it. One could think
of fixing a magnetic flux & > 0 and looking at the family of BCS functionals indexed by
® and so that the response field has the average flux ® through the unit cell. Then, the
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unit cell of the lattice has to be sized according to ® and one is inclined to carry out the
minimization problem flux-wise. However, this already spoils the reality of the model to
a large extent since the superconductor should be allowed to have a “fixed” (independent
of the flux) macroscopic size. Hence, we would have to first find a way to decouple the
magnetic flux and the size of the unit cell in a sensible manner. One way that could be
thought of would be to prove that the magnetic flux of the external and the response field
coincide a priori. However, the possibility of this is pure speculation as of now.

Moreover, even in the situation of the non-interacting functional and without external
magnetic field, we first need to prove that the normal state is the one that we already
know. However, this requires proving that the response field in this case equals zero. To
the best of our knowledge, this result is unknown to the present day. The reason for this is
the lack of suitable magnetic field estimates for the last term in (1.4.1) and leading experts
in the field hope to make progress in this direction within the next ten years. Therefore,
there is quite some work to do before the Meifiner effect can be tackled.

1.4.3 Gauge-periodic operators and the Bloch—Floquet decomposition

When we say that our system be modeled periodically with respect to the lattice Ap
defined in (1.4.12), we mean that all the operators and observables of the system are Ap-
gauge-periodic (or simply gauge-periodic) operators with respect to the magnetic lattice
translations 7g () defined in (1.4.6). Per definition, this means that an operator S satisfies

TB()\)* STB()\) =5, A€ AB. (1.4.16)

The most prominent example of a gauge-periodic operator is the magnetic momentum
operator ma, see (1.4.7).

Gauge-periodic operators have the problem that the Hilbert space L?(IR?) is somewhat
inappropriate to investigate their spectral properties and to evaluate the common energy
functionals on them. These functionals are mostly given by trace functionals, including
the BCS functional. Also, the spectrum of an operator depends heavily on the domain
on which this operator is investigated. We only need to think of the Laplacian, which
commutes with all (regular) translations, i.e., is periodic with respect to any lattice, defined
on L?(R3) versus periodic functions in L?([0,1]®). The former has a purely continuous
spectrum while the latter has the plane waves e>™*% as an eigenbasis.

However, a periodic operator can never be trace class in the usual sense since, loosely
speaking, its trace would equal the sum of the traces on one of the unit cells of the lattice.
This, in turn, is an infinite sum of equal terms. This makes us prefer the domain of
periodic functions over the space L?(R3). In order to describe this properly, we need a
notion of “decomposing” the operator into a family of operators. Each member of this
family, the so-called fiber, acts on a translate of the unit cell of the lattice while “storing
the information” where the translate was located in R3. A similar goal is pursued when we
develop the theory of Fourier series for periodic functions and we should keep this analogy
in mind. Here, the function f is Z3-periodic, say, and the “fiber” is the frequency (or,
momentum) p € Z* such that f(z) =3z eQWiP’pr holds. As we know, we must define

1
fr= /0 dz e 2P f () (1.4.17)

in order to achieve this. The analogue in operator theory is the so-called Bloch—Floquet
decomposition, which we discuss now.

June 17, 2022 45 Marcel Maier



1.4. EXTERNAL FIELDS

I recommend that the reader takes a look at the Appendix A or any other source that
provides insight into the theory of local traces. There, I review the proof of standard
inequalities like Holder’s, Peierls’, and Klein’s inequality. Subsequently, following [RS78]
to a large extent, I introduce the theory of operator valued functions and the theory of
local traces. Finally, I provide local versions of the aforementioned inequalities. Nothing
of this is new but might be new to the reader.

To make the long story short, we follow the publication [FT16, Section 2.1] and recall
the construction of a magnetic Bloch-Floquet decomposition. To start with, we define the
space of gauge-periodic L?-functions as

Hp = {f e L2 (RY) :Tg(\)f=f A€ AB} (1.4.18)

and we equip it with the scalar product

(. 9o = /Q dz T(2) g(x), (1.4.19)

which makes it a Hilbert space. We first note that Hp is unitarily equivalent to the space

Lz(QB)a
Hp = L*(QB). (1.4.20)

For, each z € R3 has a unique decomposition z = Z + v, where Z € QB and v € Ap.
Therefore, for f € L?(QB) and = € R3, we set

Emag f () := e_ix'AB(”)f(f), r=T+v, T€@B, vEAB, (1.4.21)

which defines a gauge-periodic extension Eyagf € Hp of f. To see this, let A € Ag and
compute

Ta(A) (Emagf)(x) = €7 A8 (Enag f) (x + A) = 7 ABN IV ABWAN ()

_ eix-AB()\) efi:r-AB(u) efix-AB()\) e*i/\'AB(V*F)\) f(f)

— efi)\-AB(u) e*ix'AB(l’)f(%)'

By (1.4.15), we conclude that e *AB() —= 1 whence the right side equals Emag f ().
This proves that Emagf € Hp. The inverse is given by En:;g [ = xoqgf, where xgg is

the characteristic function of the box @g. Unitarity of the map Enag: L*(QB) — Hp is
obvious.

Remark 1.4.1. The gauge-periodic function Enagf is of course far from smooth even if
f is smooth. In fact, I do not know any “easy to give” nontrivial gauge-periodic function,
which is smooth.

We define the gauge-periodic Sobolev space
HE = {f € Hp : (~iV + Ag)"f € Mg, |v| <m} (1.4.22)

for m € Ny. Here, we used multi-index notation for v € Ng. It is equipped with the scalar
product

(F 9y = > ((-iV+ AB)"f, (~iV + AB)”g>H . (1.4.23)

lv|<m B
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In this way, H} is a Hilbert space for each m € Ny with the convention that HY := Hgp

and the magnetic momentum operator ma in (1.4.5) is self-adjoint on Hj.

By Aj we denote the dual lattice of A, which is the lattice spanned by the basis vectors
b7(B),b5(B), and b5(B), uniquely determined by the condition b}(B) - b;(B) = 27d;;. By
(1.4.11), this implies that

\/ﬂ'Bl B2 Bg

b; (B) = €5 i=1,2,3. (1.4.24)
B;
In particular, we thus have
v-\e2nZ, A€ AB, v € AR. (1.4.25)

We also let Q) denote the unit cell of Ag, the so-called dual unit cell. On Hp, the lattice
Ag possesses the unitary representation

7: Ag — B(HB),

v 1), (T(V)(p> () =" (). (1.4.26)

Here, B(Hp) stands for the Banach space of bounded operators Hg — Hp. Finally, we
define the space of T-equivariant Hp-valued functions by

Kg(r) == {(,0 € LA(R%HB) : (¥ —v) = (t()p)(¥), v € A*B}. (1.4.27)

It follows from the definition that functions in Kg(7) are fully determined by their values
on Q5. If f € Kg(7) and ¥ € R3, then the Ap-periodic function () € Hp is called the
9™ fiber of f (sometimes also ¥ itself is called the fiber). Since the target Hilbert space
Hp is independent of ¥, we also write Kg(7) suggestively as a so-called constant fiber
direct integral over ‘Hp:

®

Kg(r) =: / dv Hgs. (1.4.28)
@B

This notation really has the interpretation of a Hilbert space H being decomposed into a

direct sum H = U; @ U; of two subspaces Uy, Uy C H. The only difference is that (1.4.28)

is a “continuous” version of this decomposition. In order to actually make it a Hilbert

space, we equip Kp(7) with the scalar product

(0, )kg(r) = dd (p(0), (V) g - (1.4.29)

1
@Bl /oy
where |Qf| denotes the Lebesgue measure of Q.

Now, we are in position to define the Bloch—Floquet transformation of a smooth and
compactly supported function f € C2°(R3) C L?(R3) by

Usr/)@D)(@) = 3 O (Ta(N)f) (@). (1.4.30)

AEAB

This means that Ugp takes an L?(R3)-function f and sorts it according to its gauge-
periodic fibers. The periodicity is accomplished by the sum over A € Ag. If v € Ag,
then

(UBFf)(ﬂ o l/) (33‘) _ eiu~a: Z e—iﬂ'(l‘—)\)e—iu-)\ <TB()\)f) (ﬂj‘)

AEAB
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By (1.4.25), we have v - XA € 27Z so that, indeed, Upr f € Kg(7).
A straightforward computation shows that

- 1 o
e gy = D / dz T\ f(z) Te(N) f(2) T 49 ePA-N)
ANeAg @B B! JQp
and the fact that
1 : /
— [ A9 PO =5, M\ N € Ag,
QBl Joy
shows that [[Uprfllxg(r) = Ifllz2mrs). Hence, Upp extends uniquely to a unitary map
Upr: L*(R3?) — Kg(7) with inverse Uy : K (1) — L%(R3) given by
1 .
(Unpp)(z) == = [ dd e p(d)(x). (1.4.31)
@Bl Jay

Before we go on, we should invest a moment to understand how we should view the
Bloch—Floquet transformation Ugp. This transformation accomplishes the domain switch
from L?(R?) to the space Kg(7) of “families” of Ag-gauge-periodic functions, which we
mentioned in the beginninig of this subsection. The members (fibers) of these families are
connected according to certain rules when we pass from one translate of the unit cell to
another (7-equivariance) and each fiber can be viewed as a function on QB as we saw in
(1.4.21). To illustrate this further, let us investigate what Upp implies for the magnetic
momentum operator 74 in (1.4.5). We employ (1.4.31) and (1.4.7) to obtain

Upr A Uspp(¥) = ma (9) (D), ¥ € R3, (1.4.32)
where, actionwise,
A (V) :=7maA + 0. (1.4.33)

Since the equation (1.4.32) holds fiberwise without mixing, the magnetic momentum op-
erator ma is an example of an operator which we say to fiber in the direct integral decom-
position or be decomposable (we can also view this as a certain sense of block diagonality
if we have invariant subspaces in mind) and we express this in the suggestive notation

@
Upr A Upp =: d¥ 7a (9). (1.4.34)
@s
Furthermore, (1.4.32) holds in an equivariant fashion in the sense that
TA(0—v)=1)TA () T(V)", v e Ag. (1.4.35)

Here, 7(v)* is the adjoint in Hp. The important point is that the operator ma (J) acts in
the Hilbert space Hp for every ¥ € Qg, i.e., a space of periodic functions, whereas ma
acts in L2(R3). Moreover, (1.4.35) shows that the operator 7 () is uniquely determined
by the action on functions in L?(Qg). Therefore, the fiber ma () may be viewed as an
operator on the fundamental box (B.

We will not comment further on the actual domains of the respective operators but
they come out naturally, see [FT16]. Using the T-equivariance (1.4.35), we also easily see
that eigenvalues of the self-adjoint operators

S5} D
| a0 @) [0 ran ()2
Q% @B

are Ap-gauge-periodic functions. In fact, we show in Chapter 5 that the eigenvalues of
the latter are constant.
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1.4.4 The trace per unit volume

The objective of this section is to define the local trace of a Ag-gauge-periodic operator
S in the sense of (1.4.16). With the knowledge of the preceding section, this is easy now.
First of all, we assume that the operator S is decomposed in the direct integral, i.e., there
are operators Sy, ¥ € Qp such that

3]
Upr SUpER = / dd Sy. (1.4.36)
@B

In this case, we define the local trace Trgg,(S) as the number

1
TrQB (S) :

=@l o do tr(S(9)), (1.4.37)

where tr(S) is the usual trace on the space L*(QB), see (1.4.20).

Remark 1.4.2. Some sources (including the paper in Section 2) define the trace per unit
volume of S simply as the “usual trace” of xggS. There are two possible ways to interpret
this. The first way is to utilize the unitary equivalence (1.4.20) and to identify the fiber
Sy with the restriction of xgg9 to the space L?(QB) as we discussed above in (1.4.21).
The second way is to consult [PST09, Lemma 3|, where the authors explicitly show that,
with our definition (1.4.37), we indeed obtain Trgg (S) = tr(xggS). We elaborate on this
result in Appendix A. It is important to understand, however, that the Bloch—Floquet
transformation is not so much a transformation of the operator but rather of the space on
which the operator acts, see the beginning of this section.

With this at hand, we define the trace per unit volume of S as

1 dd
Tr(S) := @TrQB(S) = /Q* CE

tr(S(9)). (1.4.38)

When we denote the kernel of S by S(z,y), then Remark 1.4.2 implies

1

Tr(S) = Ol o

dz S(z,x). (1.4.39)

Furthermore, for 1 < p < oo, we may define the p** von Neumann Schatten class per
unit volume (or local von Neumann—Schatten class) SP as the space of bounded operators
S that obey (1.4.36) and for which ||S[|} := Tr(|S|?) is finite. The space S> consists of
all bounded periodic operators and is equipped with the usual operator norm || - ||s. In
Appendix A, we prove several results on || - ||,. From these, it follows that S are Banach
spaces and among these are the general Holder inequality

STl < 1511 Tllq, (1.4.40)

which holds for S € SP and T' € §? and all 1 < p,q,r < oo as long as % = % + é. We also
have the inequality

| Tr S| < [|S])s- (1.4.41)
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1.4.5 Admissible BCS states
Let T' be a bounded self-adjoint matrix-valued operator on L?(R?) & L%(R3) of the form

r= (7 O‘) , (1.4.42)

a 1-—7%

where 0 < T' < 1. Here, we set @ := Ja.J where the operator J: L%(R3) — L?(R3) is the
antilinear Riesz’ identification, whose role is played by the complex conjugation. In the
framework of BCS theory, we call an operator I' of the form (1.4.42) a generalized fermionic
one-particle density matriz. The notion is inspired by (1.1.8) but the two operators do
not share any common background as explained in the beginning of Section 1.2.

Since I' is self-adjoint, I' = I'*, we infer that v = 4* and o = @. The latter implies
that the kernel a(z,y), satisfies

a(z,y) = aly, z). (1.4.43)

In this way, the fermionicity of « is deleted in comparison to the generalized one-particle
density matrix introduced in (1.1.8). Physically, this corresponds to the assumption that
our system is spinless (or, in a spin singlet state), which is a simplifying assumption. The
full Cooper pair wave function is then « times an appropriate spin operator.

Furthermore, since 0 < I' < 1, we have 0 < v < 1 and since I'(1 — T") > 0, we deduce
from (1.1.9) that o and ~ are related through the operator inequality

aa” < (1 —7). (1.4.44)

The next step is to generalize the notion of gauge-periodicity in the obvious fashion to
operator valued 2 x 2 matrices. To do this, we define the magnetic translation

Tg(v) := (TB )

where Tg(v) is the magnetic translation in (1.4.6), and we call an operator S on the space
L?(R3) @ L?(R3) Ag-gauge-periodic (or just gauge-periodic) if

TB(U)> , veR?, (1.4.45)

Te(A)STs(N)" =S, A € Ap. (1.4.46)
If ' is a gauge-periodic operator, then v and « satisfy
Te(\) 7T\ =7, Te(\) aTs(\) = . (1.4.47)
A straightforward computation shows that the kernels v(z,y) and a(z,y) then obey
Ya,y) =TT a4 Ay +0),
a(z,y) = el 3 (M (@+y) alz+ A y+ ). (1.4.48)

Definition 1.4.3 (BCS states). A BCS state is a gauge-periodic generalized one-particle
density matrix I" of the form (1.4.42). A BCS state is called admissible if -y and W%Bq/
belong to S!.

Remark 1.4.4. In many publications (including the ones in Chapter 2 and 3), the ad-
missibility condition is phrased as

Tr ['y + ﬂiny} < 0. (1.4.49)
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Now, obviously, this does not make sense because WiBV need not be a nonnegative oper-
ator, whence the condition (1.4.49) does not help much. One way to understand it is to
request v and 73 to be of trace class, as we did above. The advantage to phrase it like
in (1.4.49) is that it requires substantially less notation to be introduced (and the trace
per unit volume is expectable to be familiar to the readership of a paper). The second
way to understand (1.4.49) is the actually weaker condition

Ty + map Y Tag| < o0. (1.4.50)

This condition does make sense as v is a nonnegative operator. Moreover, it is a natural
condition in the sense that Tr[|S|] + Tr[|7ay S TAg|] defines a norm on the space H!(S!)
of operators for which this expression is finite, which makes ! (S!) a Banach space and
a closed subspace of S'. However, in order to use this definition in place of our admissi-
bility condition, we would have to adjust the BCS functional (1.2.2) and replace wiB'y by
TAgYTAp Which makes the work a bit clumsy and spoils the obvious interpretation of a
“kinetic energy” operator. It is, indeed, a matter of taste.

We investigate a bit what the admissibility of I' implies for v and a. First of all, we
note that 7 is trace class as well. For, we know that v = fée* d¥ v(¥9) with nonnegative
B

trace class operators v(19) on L?(Qg). Therefore, for some orthonormal basis {¢, }nen €
L*(QB), we have tr(v(9)) = 3 ,en, (@n: 7(P)en). Since J = fg* dd J(¥) with the (V-
B

independent) complex conjugation operator J(9) on L?(QB), we conclude tr(J(9)) =

Z?’LEN <@7 ’Y(’ﬁ)@> .
This has the following consequences for «. First, we note that v > 0 and (1.4.44)

imply
aa” < 7. (1.4.51)

Therefore, admissibility of I' implies that « is a local Hilbert—Schmidt operator with a
kernel a(x,y). Since the kernel of aa* equals

aa*(x,y) :/ dz a(z, z)a(y, 2), (1.4.52)
R3
we conclude from (1.4.39) that the Hilbert—Schmidt norm per unit volume equals
1
ol = i [[ dody fae )P (1.4.53)
|@B| J/ Qg xrs
Likewise, admissibility and (1.4.51) yield
[(—iV + Ag)a||3 = // dzdy |(—=iV, + Ap(z))a(z,y)|* < co. (1.4.54)
QBxR3
Finally, we often additionally require that
|(~iV + Ag)a3 = //Q dudy (19, + An()olzy)P <co. (145
BXR

Equations (1.4.53), (1.4.54), and (1.4.55) imply that « belongs to the Sobolev space
of Hilbert—Schmidt operators, for which the norm given by

I3 + 1(=1V + A)all3 + | (—iV + Ap)al3 (1.4.56)
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is finite.

We close this section by the introduction of center-of-mass and relative coordinates
since these play a major role in the analysis of the BCS functional in the weak magnetic
field regime. This can already be seen from the periodicity relation of the kernel a(z,y)
in (1.4.48). When we introduce the center of mass of x and y by

X = x;y (1.4.57)
and the relative coordinate by
ri=x—vy, (1.4.58)
then (1.4.43) and (1.4.48) become
a(X,r) =B (X 4+ A7), e Ag; a(X,r) = alX, —7). (1.4.59)

Here, we abused notation slightly by writing «(X,r) = a(x,y). Therefore, let us introduce
the space L2(QB x R?) of functions a(z,y) obeying (1.4.59), whose norm

1
ol =g ] dedylatey)P (1.4.60)
|QB’ QBXR?’

is finite.
A straightforward computation then shows that

1 1
g = 51_[ + 7, Ty = 51‘[ -, (1.4.61)

where II and 7 are the center-of-mass magnetic and relative momentum operators given

by
1
Il := —iV + 2Ag, 7= —iV + ;Ap. (1.4.62)
Therefore, we can also let H'(Qp x R3) be the space of functions for which the norm

o1l (pxme) = llell3 + [Tl + |73 (1.4.63)

is finite.

The conclusion is that if I is an admissible BCS state, then the kernel of « belongs to
the Sobolev space H'(Qp x R3).

At this point, we can understand the expression (1.2.2) in a rigorous fashion. Before
we define the BCS functional that we will work with, we need to introduce the scaling of
the external fields and the weak field regime.

1.4.6 The scaling of weak external fields

We recall that we consider a system of fermions that is subject to external fields. The most
relevant contribution, which also causes the most severe mathematical difficulties, stems
from the constant magnetic field. It is given by a vector B € R?, which in this figure and
the work presented in Chapter 2, is pointing in the es-direction and has strength B > 0.
In this case, the box @Qp that we constructed in (1.4.13) is solely dependent on B and is
a cube of sidelength V27 B!, as Figure 1.9 shows. This models a system with a constant
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Figure 1.9: Fermionic system with a constant nonzero magnetic flux through the unit cell.
The flux is independent of the field strength B = h2.

(that is, independent of B) but nonzero magnetic flux through the unit cell of the lattice
Ap of periodicity.
Now, we define the magnetic field strength

B := |B|
and the unit vector pointing in the direction of the magnetic field
ep := (b1, by, b3) := B~! B. (1.4.64)

To introduce the scaling of the problem, we assume that the fixed external potentials A
and W are periodic with respect to the lattice A.y. We emphasize that we say periodic,
not gauge-periodic. This means that we have

Az +)) = A(z), W(z+\) = W(z), A€ Aey. (1.4.65)

We introduce a parameter h > 0, which we think of as Planck’s constant and which
shall model the ratio between the microscopic — order 1 — and macroscopic — order h~!
— scale of the system. We assume h to be small, 0 < h < 1, and it will enable us to
model the external fields to be weak and of macroscopic nature. First of all, we explain the
macroscopic nature of the fields. We set the magnetic field B to be of strength B := h?.
This extends the box B to be very large and the sidelength

| 4m 2 -1

to be of the macroscopic order h=1, see (1.4.11). Since the constant magnetic field potential
Ag(z) = %B A z is linear, we cannot see the difference between the macroscopic scaling
and the weakness of the field, they come hand in hand. This is different, however, when it
comes to the periodic external fields. Here, we do see a difference. Namely, the potentials

that we will insert into the functional are given by

Ap(z) :== h A(hz), Wh(z) == h? W (hz), (1.4.67)
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AT 13

Figure 1.10: Fermions interact via an attractive two-body potential — Cooper pair forma-
tion indicated by the colored clouds.

where A and W are the periodic fields from (1.4.65). Here, the macroscopic nature of
the fields results from the argument hx, which makes the fields “live” (as we say) on the
large macroscopic box () instead of Q5. In contrast, the factors of h and h? in front
of A and W, respectively, indicate the weakness of the field. The macroscopic scale is
complemented by the microscopic scale of order 1 on which the interaction of the particles
caused by V takes place.

Since we have to deal with a separation of scales (microscopic and macroscopic), we
also say that our problem is a two-scale problem.

The following assumptions on the external fields will guide us through the entire thesis.
In order to phrase them, we introduce the Sobolev spaces W™ (Qeg ) and W™ (Qey; R?)
as the spaces of (vector-valued) functions f such that D” f belongs to the space L3¢, (Qep)
or Lgﬁr(QeB;R?’) of bounded periodic (vector-valued) functions, respectively, v € N3, |v| <
m. We remark that such functions are Lipschitz continuous up to the (m — 1)%* derivative
and they possess a Taylor expansion in the classical sense. This can be seen from Sobolev
space theory above the critical Sobolev exponent, which is maybe less common to be taught
in lecture courses, but which is well explained for example in [E10]. It needs knowledge on
Lebesgue’s Differentiation theorem, which is only stated but not proved in [E10]. A proof
using maximal functions can be found in [S13]|. For the reader’s convenience, we gather

the relevant content in Appendix B.

Assumption 1.4.5. The magnetic potential A satisfies 4 € WX (Qes;R?) and the

per

electric potential satisfies W € W3:2°(Qep ). Additionally, we have A(0) = 0.

1.4.7 Rigorous definition of the BCS functional

We can now rigorously define the BCS functional as the expression which we informally
introduced in (1.2.2). For any admissible BCS state I' and any h > 0, we define the BCS
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free energy functional at temperature T° > 0 by

FRED) = Te[((—iV + Ap)? + Wy — p)y| = T S(IT) — ][ dX [ dr V() ja(x, ).

(1.4.68)

Here, S(I') := — Tr[I"'In(T")] is the von Neumann entropy per unit volume and Ay, and W,
are as in (1.4.67).

1.4.8 Boundedness from below

The first thing that we have to convince ourselves of is the fact that the BCS functional
is bounded from below. Obviously, this is necessary to be able to properly set up the
minimization problem, which we mentioned several times by now. The proof I present
here has been conducted by Andreas Deuchert, who wrote it down in unpublished notes
on the BCS functional. For the allowance to present it here, I express my gratitude to
him.

Before we start we should mention that we use the following convention in the field
of analysis: C' denotes a generic positive constant that is allowed to change from line to
line. We allow it to depend on the various fixed quantities in the theory, namely the
external fields A and W, as well as the critical temperature T, the chemical potential
i, the interaction V', the ground state o, of K7, —V, and so on. Of course, it does not
depend on h, T, 7, etc.

The main idea is that the kinetic energy dominates both the entropy and the interac-
tion. First of all, we bound away the periodic potentials A;, and W},. Since W is bounded,
we obviously have Tr[W;,y] > —Ch? Trv. Furthermore,

(—iV+Ap)? =7ma, + An - Tag + Tag - A+ |An]%

Since, for any self-adjoint operators T and S and € > 0, we have (/e T + \@_15’)2 >0,
whence

TS+ ST > —eT? — 152,
we conclude that
(—iV+AL)? > (1—e)ma, + (1 - 571>|Ah|2 > (1—¢)ma, —C(1+e hh2

With the choice € = %, this implies that

[ (- + A + Wi — )] > %ﬁ[(wgB O+ n))). (1.4.69)

To arrive at this inequality, we made use of the fact that v = v/24"/2 and that we are
allowed to symmetrize the operators inside the trace by cyclicity.
The next step is to bound the entropy by a portion of the kinetic energy. We define

~ 1 ~ 2
1—‘ = 7B~, H = (TrAB —92 ) 5
1+est ~TAg
and let 7 be the upper left entry of I. With this, a short computation shows that
1 1 5 - T _ (BH - -
g rlrapn] = TS(0) = S Trlrz ;7] — TS(0) + 5 Tr| == (0 =) + (L) — (D).
(1.4.70)
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where the function ¢ is defined in (1.3.6). Since ¢/(T') = —%fl, we are in position to
employ the trace version of Klein’s inequality. We already came across a simplified version
of this in Section 1.3. The inequality tells us that whenever ¢: [0,1] — R is strictly convex
and differentiable so that ¢(T), ¢(S), and ¢'(S) are locally trace class, then

Tr[p(T) = o(8) = ()T = $)] >0 (1.4.71)

and equality holds if and only if T' = S, see Theorem A.3.4. This inequality is the most
basic trace inequality and usually the first, which one comes about. It also plays an
important role in the study of the so-called relative entropy, as we shall sketch in the next
section.

Klein’s inequality tells us that (1.4.70) is bounded from below by

1 1 _ ~
3 Tr[ra,] — TS(T) > 3 Tr[ra 7] — TS(T), (1.4.72)
B,
To calculate this term, we have 1 — 7 = (1+4e 8 iB)_l, so that

Tr[T In(T)] = Tr[FIn(3) + (1 — 7) In(1 — 7)].

Therefore, the right side of (1.4.72) equals

7T2 )
TTT[B ;B F+7WmH) + (1 -79)In(1 - ?)} = TTr[ln(l + e‘g”AB)] (1.4.73)

In Chapter 5, we investigate the spectrum of the periodic Landau Hamiltonian. This
shows that the right hand side of (1.4.73) is finite.

Next, we bound the interaction by a portion of the kinetic energy. This is true even
if V € L*®(R3) does not hold. For, the inequality (1.4.44) implies aa* < 7, whence
Tr[rx 7] > Tr[ragaa*mag] = Trlarj o*]. The last inequality follows from the fact
that ma g« is Hilbert—Schmidt, which we saw in Section 1.4.5. Hence, we conclude that

1
§ Bl ~ £ X [ veatnP > £y e (he - Ve an,
B B
(1.4.74)

where ﬂiB — V,, acts on the first coordinate of a(z,y) and Vj, is the operator acting as
(Vy¥)(z) = V(x — y)y(xz). With modest assumptions on V, we have that wiB -V, is
bounded from below. In our case, with bounded V, this is trivial, since V;, > —||V||« and

TI'iB > 0. The latter holds by the diamagnetic inequality

[(=1V + A)(a)] = [Vl (2)], (1.4.75)

which holds pointwise for almost all € R? as long as A € L2 (R?), see [LLO1, Theorem

loc

7.21] or [LS10, Eq. (4.4.3)]. Hence, (1.4.74) is bounded from below by —C Tr[aa*], which
by the inequality aa® < v shows that

1
=~ Tr[ra 7] — ][ dX [ dr V(r)|a(X,r)* = —CTry.
8 B R3
To sum up, we have shown that

FRED) > S Tr[(7h, — CA+ 1N - C.

>~ =

56 PhD Thesis



CHAPTER 1. INTRODUCTION TO BCS THEORY

Thus, it remains to show that the first term is bounded from below. Set D := C(1 + h?).
We claim that

Tr|(thy, — D)7] = Tr|(thy, — D)1—e,p)(Tap)] - (1.4.76)

It is clear that the right side of this is finite since the operator ﬂ'iB has finitely many
eigenvalues below the threshold D, see Chapter 5. To see that (1.4.76) holds, we write

Tr|(7h, — D)
= Tr[(Map, = D)L o0,0)(Tap) V| + Tr[(Thg = D)L(poo)(Tap)]-  (1:4.77)
The second term is nonnegative since v > 0 and
Tr|(Thp = D)L(D.oo)(Thg) 7]
= Tr[ /(74 — D)Ly (Thg) 7V (Thy — D)D) (Thy) |-

Likewise, the first term on the right side of (1.4.77) is bounded from below by

Tr[(thp = D)1—e.0)(Thp) 7]
= = Tr[{/(D = 74 )00 (Thy) 7 /(D = 7)1 o0 (Thy,) ]
> Tr[(7h, — D)L (coe.) (Thp)]-

This proves the claim.

1.4.9 Normal state

As in the case of the translation invariant functional, the first question that needs to be
answered is the question of the normal state and its BCS energy, i.e., the minimizer of
Fii BCS in the absense of interactions, V = 0. The normal state is defined as the Fermi-Dirac
dlstrlbution with external fields, that is,

_ (0 ._ 1 (L 2
Ty := ( ) —’Yo>’ V0= T AR baw == (—iV+Ap)"+ W, (1.4.78)

A short calculation shows that its BCS energy is given by

]:BCS( 0) =T Tr [ln(l + 6—5((—1V+Ai)+Wh—ﬂ)>} (1.4.79)

and the trace edition of Klein’s inequality (1.4.71), applied to ¢ as defined in (1.3.6), helps
us to prove that

FRE3(T) = FRF(To) (1.4.80)

with equality if and only if I' = I'g. This proves that I'g is the unique minimizer of Fur BCS
in the absence of interactions.

To see that (1.4.80) is true, we write the BCS functional as

]_—BCS( ) — ]_-BCS( 0) = gTr[ﬁHo(F —Tg) + o(T) + 90(1“0)}, (1.4.81)
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where ¢ is the function in (1.3.6) and

_ (baw
e ()

We further make use of the identity
BHO = ln(l - FO) - ln(Fo) = (p/<F0). (1482)

From this, the claim is provided by Klein’s inequality applied to A =TI and B = I'g.
Klein’s inequality falls into the category of inequalities that we also refer to as relative
entropy inequalities. This is due to the fact that it implies the relative entropy of the state

I' and a state I'g of the form I'g = ﬁ for a Hamiltonian H given by
H(T, To) := Tr[T(In(I") = In(T)) + (1 = T)(In(1 — T) = In(1 — Tp))] (1.4.83)

to be nonnegative and equal to zero if and only if I' = I'g. This follows from (1.4.81) since

(if V =0)

FRE (D) — FRPP(To) = H(T,To).

1.4.10 Superconductivity and minimization problem

When interactions are present, i.e., V # 0, we are interested in the question whether the
normal state is stable or instable in the sense that the minimization problem for the BCS
energy

FBCS(h,T) = inf{fﬁgs(f‘) - ,E%S(Fo) : I admissible BCS state} (1.4.84)
has a minimizer which is different from the normal state Iy in (1.4.78) or not. We call the
system superconducting if this is the case, i.e., if

FBS(h,T) < 0. (1.4.85)

Otherwise, the system is said to be in the normal state. Note that a state I', which
lowers the BCS energy below that of the normal state necessarily has a Z 0 because I’y
is the unique minimizer among diagonal states. This is proven with the help of Klein’s
inequality by a similar argument to the fact that I'y is the unique minimizer in the absence
of interactions.

1.4.11 The critical temperatures
We next define two critical temperatures, namely the upper critical temperature

To(h) == inf{T > 0: FPET) > FEGH(To) for all admissible T # T and T’ > T}
(1.4.86)

and the lower critical temperature

To(h) = sup{T > 0: FES(h, T) < 0 for all 0 < T" < T}. (1.4.87)
The upper critical temperature T.(h) is the lowest temperature above which the nor-
mal state is always stable, whereas the lower critical temperature T.(h) is the largest
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Figure 1.11: Upper and lower critical temperature in the case of the constant magnetic
field, where B = h?.

temperature below which the normal state is always instable. This situation is illustrated
for the constant magnetic field strength B = h? in Figure 1.11, which is a hypothetic
phase diagram for the BCS model.

We saw earlier in Section 1.3 that the BCS model has a unique critical temperature
T. in the absence of external fields. However, if fields are present then it might indeed
be the case that the superconducting phase appears and vanishes alternatingly while we
increase the temperature in between the two critical temperatures (1.4.86) and (1.4.87).
One mathematical reason for this is that the appropriate substitute for Ky — V' (the
operator L7 g, which will be introduced in (2.3.15) and analyzed thorougly in Chapter 2)
is not monotone in 7" anymore. In connection to this, recall that Meiiner and Ochsenfeld
already observed such a behavior, as we discussed in Section 1.1. The question whether
these temperatures coincide is not answered in this thesis. What we do investigate is how
close these critical temperatures lie together and, via the definitions (1.4.86) and (1.4.87),
this is closely related to an analysis of the BCS functional at low energies.

1.5 The Limiting Ginzburg—Landau Theory

1.5.1 Gauge-periodic Sobolev spaces upon the center of mass

As a preparation, we need to define the function spaces which will accompany us through-
out the thesis. The functions we are interested in are Ag-gauge-periodic with respect to
the magnetic translations 7Tg(\) := Tag(A), A € A, i.e.,

Ta(v)f(X) = BN r(X 40), veR3 (1.5.1)

Due to our choice of lattice, the family {78(\)}xeap is an abelian group of translations.

The reason for the factor of 2 in comparison to the magnetic translations Tg(\) in
(1.4.6) lies in the fact that the center of mass describes Cooper pairs which carry twice
the charge of a single electron. We should note that the term representing the magnetic
potential in the Hamiltonian is actually ¢A(X), where ¢ is the charge. If our units were
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made so that ¢ would be present, then we would have seen that ¢ = 2e for the center of
mass.
For 1 < p < 0o, we denote the LP-space of Ag-periodic functions by

Lhug(@B) = {W € L] (R) : To(\)¥ = ¥, A € A (1.5.2)

and we equip it with the norm

1
Mol i= | dx e -
QB

dX [U(X)]P 1.5.3
0] . X 190X (153

if 1 < p < oo and with the usual sup-norm if p = co. For m € Ny, we further define the
gauge-periodic Sobolev space by

Hig(Qn) = { W € L2,,(Qn) : (-iV + 2A8)" € L2,,(QB), [ <m}  (1.5.4)

and we endow it with the scalar product

(@, ) i (om) = O WD (<Y 4 248)"®, (—iV + 248)" W) 12 (@p)- (1.5.5)

mag
lv|<m

Note that if ¥ is a gauge-periodic function, then (—iV+2A)W is gauge-periodic, too, since
the magnetic momentum operator IIa, commutes with the magnetic translations 7g(v),
where

I := —iV + 2A. (1.5.6)
This follows from a similar computation to (1.4.7). Moreover, the components of II5 are
self-adjoint in mag(QB)
1.5.2 The Ginzburg-Landau scaling

We now want to comment on the peculiar scaling that we chose for the scalar product
on the space Hy,,(QB), which we defined in (1.5.5). To explain this, let a function
(NS Lmag(QeB) be given and let us define

U(X) := hip(hX), X eR3. (1.5.7)

We will see in a moment, when we define the Ginzburg-Landau functional, that it is
invariant under this scaling, which is the reason for us to work with it. Moreover, we have

1]l = P (|21, 1<p< oo, (1.5.8)
as can be verified by a short calculation. If ¢ € HJ . (QB), then ¥ € H% (QB) and we
have

H‘I’HH;Qag Q) — ”¢”Hmag(Q€B) (1.5.9)

This motivates the following suggestive notation that we use throughout the thesis: ¥
is a gauge-periodic function on the unscaled box Qg (the macroscopic “outside-world”
perspective of the sample), whereas ¥ is gauge-periodic on the large box QB (macroscopic
box from the microscopic perspective). The advantage of the incorporation of the scaling
factors in the norm is that all norms can be thought of as “order one” with respect to
h. Therefore, we can phrase statements in terms of ¥ without saying anything about its
scaling properties. However, as soon as ¥ arises as a scaled version of v, we know that the
norm does not contain any “hidden” factors of h. Furthermore, we never see any factors
of h that appear for dimensional reasons, which is an advantage since these often are a
source of confusion.
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1.5.3 The Ginzburg-Landau functional

When we investigate the BCS functional in the weak magnetic field limit, we need a
limiting theory that describes it. Per definition, this theory is independent of h.

Our limiting theory is given by an energy functional, the Ginzburg—Landau functional,
too. It determines the subleading behavior of BCS theory in the weak external field
limit. As explained earlier, this macroscopic theory of superconductivity is older than BCS
theory. The endeavor of deriving GL theory from BCS theory has been initiated by Gor’kov
[G59], which then has been continued in the works [FHSS12], [FHSS16], among others, and
in this thesis. Ginzburg—Landau theory is defined in terms of a single order parameter, a
gauge-periodic wave function v with respect to the lattice A.5. This wave function belongs
to the magnetic Sobolev space Hrlnag(QeB). For positive coefficients Ag, Ao, A3 > 0, a real
coefficient A; € R, and a real parameter D € R the (sometimes called microscopically
derived) Ginzburg—Landau functional is defined as

ESL () = /Q 4X { Ao |(—iV + 2A)0(X) [ + Ay W () ()2

B

= DA [P + A3 [e(X)[}. (15.00)

We can define the so-called Ginzburg—Landau energy for this functional which is simply
given by

ECH(D) = inf{ €5 (1) : ¥ € HYoy(Qe) }- (1.5.11)

Let us mention that Ginzburg-Landau theory has a phase transition which can be
demonstrated quite easily. Namely, depending on the parameter D the functional given
above can have a trivial minimizer ¢ = 0, in which case the energy is zero, or the energy
is strictly negative with a nontrivial minimizer. The critical parameter for this transition
is

1
D. := ™ inf spec{Ao (—iV+A)? + Ay W} (1.5.12)
2

To see that this holds, let us assume first that D < D.. By (1.5.12), this implies that
the operator Lp := Ag(—iV + A)? + A;W — D is nonnegative. Therefore, we may drop
the positive quartic term for a lower bound and obtain

ESV(¥) = Ay (1, Lpt) > 0.

This proves that ES“(D) > 0 and the test-function v = 0 proves ES¥(D) < 0. If, on
the other hand, D > D, then let 1 be a ground state of the problem (1.5.12). Here, we
have to use the fact that the quartic term vanishes faster than the quadratic part of the
functional as |i| becomes small. Therefore, for § € R, we compute

E(0%) = Ay (De — D) 0 [0]13 + As 0% | 4. (1.5.13)
We minimize this function over 8. The critical point is

_ A (D - Do) |[13
2 Az (|3

0. :

and its value is
A3 (D = De)*|I¥ll3
4A3 0l

ESE (0.0 = (1.5.14)
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which is clearly negative. This proves that the Ginzburg-Landau functional has a phase
transition at D = D..

As Ginzburg—Landau theory is our limiting theory, it is h-independent. However,
it is sometimes more convenient to have a scaling invariant version of the Ginzburg-
Landau functional defined on the box Qg (in the microscopic perspective). Hence, for

v e Hélag(QB), we set

ERH(0) = };]2 dx {AO [(—1V + 2A)U(X)? + Ay Wi (X) |[¥(X)]?

— DR Ao [W(X)2 + Ag [U(X)[*}. (1.5.15)
As promised, if ¢ and ¥ are related through (1.5.7), then a short calculation shows that
Eph(T) = EGL (), (1.5.16)

whence

EH(D) = inf{€5},(¥) : ¥ € H},,,(Q)}. (1.5.17)

1.5.4 Ginzburg-Landau with magnetic field term

We also note that the Ginzburg-Landau functional usually comes with an additional term
which lets it describe the Meifiner effect. In terms of an external magnetic field Heyt, this
functional then reads

EGH A i= [ dX {Aol(-T + 280000 P+ A WOX) (0P

Qe

— DA [p(X)2 + Ag [y (X)[*}

_|_/Q dX )curlA(X) — Hext (X)

‘B

‘ 2

This functional has been investigated in the literature in great detail and it describes
additional features of the superconductor like the penetration depth. In our case however,
since we do not have the corresponding term in the BCS functional, the functional we
obtain as a limiting functional is the one given in (1.5.15).

1.6 Main Results of this Thesis

1.6.1 The BCS energy

The results that are presented in this work address two questions. The first question is
the behavior of the BCS energy FBCS(h,T) in (1.4.84) for small h and here we want to
derive a formula that describes the energy in the weak magnetic field regime. In practice,
this formula will be an asymptotic expansion in powers of h as h — 0. Here, we want to
determine the coefficients. The first coefficient we expect is already incorporated in the
definition of the BCS energy, namely the energy of the normal state.

Of course this is the external-field edition of the normal state energy since we have
defined it so. However, it will not surprise the reader that the energy of the normal state
with external fields converges to the energy of the free normal state. The proof of this fact
is not contained in this thesis but may be given with the help of Chapter 5, which allows
for an evaluation of traces of a large class of functions of the Landau Hamiltonian.
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The second order requires a precise temperature scaling in which we address the prob-
lem, namely

T = T.(1 — Dh?) (1.6.1)

for some constant D € R. In terms of the Ginzburg-Landau energy that we introduced
above, we will show that the BCS energy in (1.4.84) has the asymptotic expansion

FEOS(h, T (1 — Dh?)) = h* (ESH(D) + o(1)), h— 0. (1.6.2)

Here, the coefficients A;, i =0, ..., 3 for the Ginzburg-Landau functional are determined
by the translation-invariant BCS theory. More precisely, in terms of the functions

__ tanh(z/2) 1 1 1 tanh(z/2)
g1(@) = x2 a %coshQ(m/Q)’ gal) = %cosh2(x/2)’ (16.3)
we have
2 —
ho =2 /. (;f)g (Va0 (980~ 1) + 2ep? 920507 — ), (16.4)
2 —
M= [ s (Va0 (3”1 (1.6.5)
e b (DTam)P
A2 = S /R3 (271‘)3 COSh2(%(p2 o M))’ (166)
2 o 2 _
M=o [ ol -2Vt 2O, (16.7)

Here, a is the unique normalized ground state of K7, —V and we use the Fourier transform
of the “gap function” Vo, € L?(R3), which is defined by

Va.(p) := /R da e PTV (2) o, (). (1.6.8)

Note that we choose a non-unitary Fourier transform here.

I announced earlier that the BCS gap equation will not play a major role in this
thesis. This is wrong insofar as the eigenvalue equation K7, o, = Va, can be viewed as
one manifestation of this gap equation and especially physicists consider the so-called gap
function —2V a, as the “solution” to the gap equation. Here, the minus sign stands for the
negative charge of the particles and the factor of 2 again models the Cooper pair charge.
The function Vo, is then the microscopic wave function which models the details inside
the Cooper pair.

The coefficients Ao and As are easily seen to be positive just because of the signs of
the functions g;(x)/x and go, whereas A; can have either sign and the sign depends on the
sign of the derivative T, with respect to u, see the corresponding remark below [FHSS12,
Eq. (1.21)]. The kinetic coefficient Ag is also positive but the argument is somewhat
more complicated. It is given in (2.3.25) and involves calculations with the commutator of
Kr,. In the work [FHSS12], this coefficient is actually a positive definite matrix, since the
authors were able to dispense with the radiality of V' in the context of the fluxless model.

The result (1.6.2) should be read in the following way. If it was not for the error o(1),
then we would have a criterion for superconductivity the BCS model with external fields.
Indeed, in this case, the phase transition would be inherited from the Ginzburg-Landau
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functional, i.e., if the temperature approaches 7. in a linear fashion with a slope D that is
above D¢, D > D., then the BCS model would be superconducting, otherwise it would be
in the normal state. Since we do have the error in (1.6.2), this interpretation is not quite
possible and we need an additional result on the phase diagram of the BCS model.

It is noteworthy, however, that the first term that appears on the right side is of the
order h*, whereas, as we explained above, the changes in the BCS functional caused by the
external fields are of the order h2. The reason for this is difficult to explain without the
knowledge of the proof. In some sense, however, it lies in the fact that the temperature
regime we consider ranges about the critical temperature of the translation invariant model
and the state which minimizes (1.4.84) is given by the gap function Vo, = K1, . of that
model. Therefore, the contribution that appears on the order h? cancels out.

1.6.2 The critical temperature and phase diagram

The second question we want to address is the shape of the phase diagram of BCS theory
in the weak magnetic field regime, 0 < h < 1. More precisely, we want to argue for small
magnetic fields that, up to small errors, the upper and lower critical temperature T¢(h)
and T,(h) in (1.4.86) and (1.4.87) actually coincide, namely

Te(h) —Te _ To(h) T,

D. —o(1) < < < D, 1), . 1.6.
o) S =77 T +o(1) h—0 (1.6.9)

This means that they are confined in a small cone around a linear asymptotic expansion.
The linear expansion is given by

Te(h) == Te(1 — Dch?), (1.6.10)

where D, is the critical parameter of the Ginzburg-Landau functional, defined in (1.5.12).
For the case of a constant magnetic field, this is illustrated in the following Figure 1.12.
As expected, the first order of the expansion (1.6.9) is the critical temperature Tt of the

T /
normal
e

superconducting

Figure 1.12: Phase diagram of the BCS model for an external field only consisting of the
constant magnetic field with strength B = |B|.

model without external fields. As we see, the next order in the expansion is the linear
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term given by the slope D.. This confirms the heuristics that we sketched in the previous
section, namely that the phase transition of the BCS model is located at the temperature
regime (1.6.10), i.e., it is inherited from the Ginzburg-Landau model, although, strictly
speaking, we have two phase transitions that we cannot exclude to be distinct.

Figure 1.12 suggests that the critical temperature of the model decreases with increas-
ing strength of the external fields. This is indeed true for a purely magnetic field. When
the electric field W is present, however, the critical temperature might actually increase,
depending on the lowest eigenvalue of the problem (1.5.12).

The important point here is that the critical temperature of the BCS model only
depends on the linear part of Ginzburg—Landau theory. The quartic term only plays a
role in the energy expansion but is not present here.

The attentive reader will have noticed that our results Theorem 2.2 and 3.2 do not show
(1.6.9). The reason for this is that we are not able to deal with a small temperature regime
close to absolute zero because our expansions deteriorate as the temperature approaches
zero. I suspect that these problems are of technical nature and can be fixed in the future.

1.6.3 The structure of low-energy states

In order to understand the BCS model up to the second order, we need to understand
the structure of superconducting states. Consequently, the results (1.6.2) and (1.6.9) are
based on the following structural result that we are going to prove.

We assume that the temperature is not too far below the critical temperature T¢, i.e.

T — T, > Dyh? (1.6.11)

for some constant Dy > 0. Furthermore, we assume that I" is an almost minimizer (or,
approximate minimizer) of the BCS model, that is,

FRES(T) — FPES(To) < 0. (1.6.12)

We can actually allow for an energy up to Dih* for some D; > 0, which is the order of
the Ginzburg-Landau functional but for the sake of simplicity, we assume that D; = 0 for
now.

If (1.6.11) and (1.6.12) are true, then for h > 0 small enough there are ¥ € H} . (QB)
and ¢ € H'(Qp x R?) such that the Cooper pair wave function o = I'jo satisfies the
decomposition

a(X,r) =V (X)a.(r) +&(X,r), (1.6.13)
where
121 qm) < C. €13 @uy < CHA I 31 gy (1.6.14)
and
EGL(Y) < EYM(D) + o(1). (1.6.15)

The important message of (1.6.13) is that the superconducting behavior of the BCS
model is decoupling in center of mass and relative coordinate to leading order. The
microscopic behavior is displayed by the translation invariant BCS theory in the relative
coordinate whereas the macroscopic behavior is displayed by the wave function ¥, which
only depends on the center of mass coordinate.

June 17, 2022 65 Marcel Maier



1.6. MAIN RESULTS OF THIS THESIS

Mathematically, this is expressed in the fact that the Cooper pair wave function admits
a product structure to leading order, where the center of mass part ¥ is a macroscopic
quantity, i.e. its Hrlnag(QB)—norm is uniformly bounded in h. The interpretation is that
¥ is flat throughout the sample, i.e., the Cooper pairs have a uniform distribution ap-
proximately. If U showed oscillations, the gradient would be large. On top of that, since
las]|l2 = 1, the modulus |¥|? of this function ¥ has the interpretation of the density
of Cooper pairs in the system and (1.6.15) shows that it is an almost minimizer of the
Ginzburg-Landau model.

Furthermore, the relative coordinate is occupied by the ground state wave function of
the operator K1, — V, which represents the translation invariant BCS theory. We should

note that the L?(Qp x R2)-norm of the leading term equals
2
][B ax [ dr [T ()] = B2 121 o) (1.6.16)

Therefore, it is much larger than the H'(Qp x R?)-norm of the remainder function .
All this can be seen as a separation of scales, which is displayed in Figure 1.13. Again,
this picture is for the constant magnetic field only.

Figure 1.13: Separation of scales

1.6.4 On the proof

With this remark, we conclude our introduction into the mathematics of BCS theory
of superconductivity. The proofs of the results that appeared in this introduction are
provided in the papers that are presented in Chapters 2 and 3, as well as the additional
Chapters 4-6. With the content of this introduction at hand, the reader should be well
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prepared for the reading of this content. We close this introduction by outlining the
prospected future of this project.

1.7 State of the Project and Outlook

As we have discussed in detail above, the results of this thesis enable us to derive Ginzburg—
Landau theory in the weak magnetic field limit for any periodic magnetic field of sufficient
regularity that is applied to the BCS model. In this outlook, we want to sketch a few
possibilities for the project to be continued in the future. In this section, we assume the
reader to be familiar with the content and techniques used in Chapters 2 and 3, as opposed
to the previous sections.

1.7.1 The degenerate case

The situation we describe in this thesis is s-wave superconductivity, that is, the ground
state a, of the operator Kp —V is unique. Since the interaction potential V' is assumed to
be radial, it follows that . is radial, too. The reason for this lies in the fact that K is a
radial symbol in Fourier space, making K7 — V' compatible with the angular momentum
decomposition of L?(R?), which reads

L*(R3) = @m, (1.7.1)
=0
where
9= LRy, r2dr) ® span{Ynl; m=—/,... ,E} (1.7.2)

and Y,ﬁ are the spherical harmonics. If the ground state ay is simple, then this implies
that it lies in the angular momentum sector ¢ = 0 and is thus a radial function.

It would be interesting to generalize the results of this thesis to the case of Ky — V
having a degenerate ground state — let n := dim (K7, — V') denote the degeneracy of the
ground state. In this case we expect that the gap function A(X,r) is of the form

A(X,r) == —2Vay(r) - U(X) = —2 zn: Vol (r) U;(X), (1.7.3)
=1

where
ay = (@, ... al™) (1.7.4)
is an orthonormal basis of ker(Kr7, — V') and
U= (0q,...,0,). (1.7.5)

is a vector of gauge-periodic functions. Further literature on this is provided in the works
[FL16] and [DGHL18].

In the degenerate case, we have to change the point of view on Ginzburg—Landau theory
a bit, since the gap function does not decouple into a.(r) and ¥(X) so well anymore.
Hence, the expected Ginzburg—Landau functional reads as follows.
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1.7.1.1 The Ginzburg—Landau functional in the degenerate case

Let E: R? — R3*3 and Eyw, Fs, Es: R? — R be bounded continuous functions where
Es(p), E4(p) > 0 for all p € R3. For Z € C" and Z € C" ® C3, the coefficients for the
Ginzburg-Landau functional are defined by the quadratic terms

A%2) = [ ap (V.00 2) B0)- ((2Vau)' ). (176)
Nip(2) = [ apl=2Vau o) 2P B lo) (177
152 = [ |2V ) 2 Ealp), (179

as well as the quartic term
NF(2) = [ a2V ) 21 Balp). (1.7.9)

Let ¥: R3 — C" be a gauge-periodic function. For h > 0 and D € R, the Ginzburg-
Landau functional is defined by

]. o . [
£ (0, 1) = ]14]{9 X {A (19 + 280 (X)) + Wi (X) A (9(X)
h
— DR A (W(X)) + Ag (w(X)) } (1.7.10)
Furthermore, the Ginzburg-Landau energy is defined as

ECH(D) := inf{ €5 (0n, ¥) : s € kex(Kp, — V)", W € Hoy(Qn)"}

and the critical parameter of the Ginzburg-Landau functional is given as follows. We
define the matrix Eq(a,) € C"*" by

Eo(a) := /3dp Ea(p) Venu(p) Vo (p)! (1.7.11)
R
and the C™*™ matrix-valued operator

L(ay) == /Rg dp Vau(p) [(—iV +2A)" -E(p) - (-iV +2A) + WEw(p)} Va.(p)'.

(1.7.12)
With these, we may define the critical parameter
D, := sup{DC(oz*) o € ker(Kp, — V)} (1.7.13)
where
De(ax) == Ea(as) tinf SPECL2  (QegiC") L) (1.7.14)

where the infimum is taken over gauge-periodic, square integrable functions. As an ex-
ample, in the case n = 2, it is easy to see that Eg(c) is indeed a positive definite matrix
whenever its upper right entry E!?(a,) # 0. For general n, we leave it to the reader to
provide conditions under which Eo(a) is positive definite. We shall assume this in the
following.
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The definition of D, is motivated by the fact that we again have ES%(D) < 0 if
D > D. and ES*(D) = 0 if D < D.. To see this, we fix h = 1 and let first D > D,
so that D > Dc(ay) for any a, € ker(K7, — V). Let ¢ be a ground state of L(ww), i.e.,
L(c)) = D¢y )tp. This implies that

Ep (s, 1) = (De(as) = D)(9), Ea(cu)) + Ea(as, 9),

where

Ey(cv, ¥ i= ]é dX Ag” (¢(X)).

By a similar argument to the one in (1.5.13)-(1.5.14), we then see that

2 (8, Ea(a)u)?

EBh (1) = —(De(aw) — D) AE4(cv, )

In particular, this implies that EG(D) is negative. If, on the other hand, D < D, then
for any € > 0 let o, € ker(K7, — V') be such that D.(a,) > D, — €. Thus, the operator

Lp(ay) := L(ay) — DEg(aw)
satisfies the bound
Lp(ax) = —eEa(ax)

By omitting the nonnegative quartic term of the Ginzburg-Landau functional, we thus
obtain the lower bound

ESY (e, ¥) = —e (¥, Ea(au)¥)).

Since this is true for all € > 0, it follows that EG“(D) > 0. The inequality ES*(D) < 0
follows by testing with ¢ = 0.

1.7.1.2 The main obstacle

The degeneracy in the ground state essentially amounts to an increased difficulty in the
structural result on the low-energy states, namely Theorems 2.5.1 and 3.5.1. The point
is that we have to prove a bound on the L?(Q} x R2)-norm of the leading term and its
derivative

][dX dr o (r) U (X)?, ][dX dr |a, (r) TIT (X))]2.
B R3 B R3

This cannot be decoupled as an Hrlnag(QB)—norm bound on ¥ anymore. For this to be
proven, we presumably have to put more assumptions on the structure of the ground
state space ker(Kr, — V). It is also advisable to start with a fluxless BCS model so that
the external fields have been removed when it comes to the delicate analysis. The main

obstacle is to find a substitute for Lemma 2.5.8.

1.7.2 Towards the treatment of the Meifiner effect

When we want to set up a BCS model for the response field of a superconductor to an
external field Heyt, we have to solve the following problems.
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1.7.2.1 Regularity issues on A

The derivation of Ginzburg—Landau theory has to be carried out under sufficiently low
regularity conditions, which are not satisfied in the model we consider in Chapters 2 and 3.
In order to do this, we need to introduce an energy cut-off, similar to the one we introduce
for ¥ in Corollary 2.5.2 in order to regularize it. Then, we need to perform the derivation
with the regularized part and control the errors obtained in this way. This is a project
which should be able to be solved with modest effort.

1.7.2.2 Decoupling of lattice and flux

Since the superconductor is located in a fixed spatial region (which for us is the unit cell
of the lattice of periodicity) and the magnetic response field has a magnetic flux through
the unit cell which might not be rational, we need to find a way to decouple the size of
the unit cell and the constant magnetic field part that we choose in our gauge. This is
necessary to obtain a fluxwise definition of the BCS functional. It is, however, not even
clear that this is the way to go. There might be more elegant ways to define the model.

1.7.2.3 Magnetic field estimates

We have to find a way to provide sufficiently good a priori estimates for the response fields.
In particular, we have to prove that the response field is of macroscopic nature if Hqyy is.
This puts up a major challenge to the business, which we do not know how to solve at the
present day.
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Chapter 2

Microscopic Derivation of
Ginzburg—Landau Theory and the
BCS Critical Temperature Shift in

a Weak Homogeneous Magnetic
Field

The content of this chapter has been published in [DHM21] and is co-authored by Andreas
Deuchert and Christian Hainzl.

Abstract

Starting from the Bardeen—Cooper—Schrieffer (BCS) free energy functional, we derive
the Ginzburg—Landau functional for the case of a weak homogeneous magnetic field.
We also provide an asymptotic formula for the BCS critical temperature as a function
of the magnetic field. This extends the previous works [FHSS12; FHSS16] of Frank,
Hainzl, Seiringer and Solovej to the case of external magnetic fields with non-vanishing
magnetic flux through the unit cell.

2.1 Introduction and Main Results

2.1.1 Introduction

In 1950 Ginzburg and Landau (GL) introduced a phenomenological theory of supercon-
ductivity that is based on a system of nonlinear partial differential equations for a complex-
valued wave function (the order parameter) and an effective magnetic field [GL50]. Their
theory is macroscopic in nature and contains no reference to a microscopic mechanism
behind the phenomenon of superconductivity. The GL equations show a rich mathemati-
cal structure, which has been investigated in great detail, see, e.g., [CSS18; CERS20; S14;
SS07; CR14; CG17; CG21b; CG21a] and references therein. They also inspired interesting
new concepts beyond the realm of their original application.

The first generally accepted microscopic theory of superconductivity was discovered
seven years later by Bardeen, Cooper and Schrieffer (BCS) in [BCS57]. In a major break-
through they realized that a pairing mechanism between the conduction electrons (forma-
tion of Cooper pairs) causes the resistance in certain materials to drop down to absolute
zero if their temperature is sufficiently low. This pairing phenomenon at low temperatures
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is induced by an effective attraction between the electrons mediated by phonons, that is,
by the quantized lattice vibrations of the crystal formed by the ion cores. In recognition
of this contribution BCS were awarded the Nobel prize in physics in 1972.

In the physics literature BCS theory is often formulated in terms of the gap equation,
which, in the absence of external fields, is a nonlinear integral equation for a complex-
valued function called the gap function (the order parameter of BCS theory). The name
of the equation is related to the fact that its solution allows to determine the spectral
gap of an effective quadratic Hamiltonian that is open only in the superconducting phase.
BCS theory also has a variational interpretation, where the gap equation arises as the
Euler-Lagrange equation of the BCS free energy functional. This free energy functional
can be obtained from a full quantum mechanical description of the system by restricting
attention to quasi-free states, a point of view that was emphasized by Leggett in [L80], see
also [G99]. In this formulation, the system is described in terms of a one-particle density
matrix and a Cooper pair wave function.

Although it was originally introduced to describe the phase transition from the normal
to the superconducting state in metals and alloys, BCS theory can also be applied to de-
scribe the phase transition to the superfluid state in cold fermionic gases. In this case, the
usual non-local phonon-induced interaction in the gap equation needs to be replaced by a
local pair potential. From a mathematical point of view, the gap equation has been stud-
ied for interaction kernels suitable to describe the physics of conduction electrons in solids
in [064; BF68; V85; Y91; MY00; Y05]. We refer to [HHSS08; FHNS07; HS08a; HS08b;
FHS12; BHS14; FL16; DGHL18] for works that investigate the translation-invariant BCS
functional with a local pair interaction. BCS theory in the presence of external fields has
been studied in [HS12; BHS16; FLS17; D17; CS21].

A relation between the macroscopic GL theory and the microscopic BCS theory was
established by Gor’kov in 1959 [G59]. He showed that, close to the critical temperature,
where the order parameters of both models are expected to be small, GL theory arises
from BCS theory when the free energy is expanded in powers of the gap function. The
first mathematically rigorous proof of this relation was given by Frank, Hainzl, Seiringer
and Solovej in 2012 [FHSS12]. They showed that in the presence of weak and macroscopic
external fields, the macroscopic variations of the Cooper pair wave function of the system
are correctly described by GL theory if the temperature is close to the critical temperature
of the sample in an appropriate sense. The precise parameter regime is as follows: The
external electric field W and the vector potential A of the external magnetic field are
given by h?W (x) and hA(hx), respectively. Here 0 < h < 1 denotes the ratio between
the microscopic and the macroscopic length scale of the system. Such external fields
change the energy by an amount of the order h? and it is therefore natural to consider
temperatures T = T.(1 — Dh?) with D > 0, where T, denotes the critical temperature
of the sample in the absence of external fields. Within this setup it has been shown in
[FHSS12] that the correction to the BCS free energy on the order h* is correctly described
by GL theory. Moreover, the Cooper pair wave function of the system is, to leading order
in h, given by

(2.1.1)

az,y) = hou(z - y) ¥ (’W) |

2

Here, 1) denotes the order parameter of GL theory and o (x — y) is related to the Cooper
pair wave function in the absence of external fields.

External electric and magnetic fields may change the critical temperature of a super-
conductor and this shift is expected to be described by GL theory. A justification of this
claim has been provided in [FHSS16]. More precisely, it has been shown that, within
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the setup of [FHSS12| described above, the critical temperature of the sample obeys the
asymptotic expansion
T.(h) = Te(1 — Dch?) + o(h?), (2.1.2)

where the constant D, can be computed using linearized GL theory.

One crucial assumption in [FHSS12] and [FHSS16] is that the vector potential related
to the external magnetic field is periodic. In this case the magnetic flux through the unit
cell equals zero. An important step towards an extension of the results in [FHSS16] to
the case of a magnetic field with non-vanishing magnetic flux through the unit cell has
been provided by Frank, Hainzl and Langmann in [FHL19]. In this article the authors
consider the problem of computing the BCS critical temperature shift in the presence
of a weak homogeneous magnetic field within linearized BCS theory. Heuristically, this
approximation is justified by the fact that linearized GL theory is sufficient to predict the
critical temperature shift, see the discussion in the previous paragraph. In the physics
literature this approximation appears in [HW66; WHH66; 1.90; 1.91], for instance.

The aim of the present article is to extend the results in [FHSS12] and [FHSS16]
to a setting with an external magnetic field having non-zero flux through the unit cell.
More precisely, we consider a large periodic sample of fermionic particles subject to a
weak homogeneous magnetic field B € R3. The temperatures 7 is chosen such that
(T. — T)/T. = D|B| with D € R. We show that the correction of the BCS free energy
of the sample at the order |B|? is given by GL theory. Moreover, to leading order in |B|
the Cooper pair wave function of the system is given by (2.1.1) with h replaced by |B|"2.
We also show that the BCS critical temperature shift caused by the external magnetic
field is given by (2.1.2) with D, determined by linearized GL theory. Our analysis yields
the same formula that was computed within the framework of linearized BCS theory in
[FHL19]. This can be interpreted as a justification of the approximation to use linearized
BCS theory to compute the BCS critical temperature shift. The main new ingredient of
our proof are a priori bounds for certain low-energy states of the BCS functional that
include the magnetic field.

2.1.2 Gauge-periodic samples

We consider a 3-dimensional sample of fermionic particles described by BCS theory that
is subject to an external magnetic field B := Bes with strength B > 0, pointing in the
es-direction. We choose the magnetic vector potential A(z) := %B Ax so that curl A = B,
where B A 2 € R? denotes the cross product of two vectors. The corresponding magnetic
momentum operator 7 := —iV+ A commutes with the magnetic translations 7'(v), defined

by
T(v)f(z) := 2 M) f(a +0), v € R3. (2.1.3)
The family {T'(v)},crs obeys the relation T'(v + w) = el (v/w) T(v)T (w), that is, it is a

unitary representation of the Heisenberg group. We assume that our system is periodic
with respect to the Bravais lattice Agp = v2rB~1Z3 with fundamental cell

3
Qp = [0,V2rBTT|" C R (2.1.4)
The magnetic flux through the unit cell Qg equals B-(b; Aby) = 27, where b; = V27 B~le;

are the basis vectors spanning Ap. This assures that the abelian subgroup {T'(\)}xea,, is
a unitary representation of the lattice group.
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2.1.3 The BCS functional

In BCS theory a state is described by a generalized fermionic one-particle density matrix,
that is, by a self-adjoint operator I' on L?(R?) @ L?(R3) which satisfies 0 < T' < 1 and is

of the form
[ «
r— (a . v)' (2.1.5)

Here, @ = JaJ with the Riesz identification operator J: L?(R%) — L?(R3), f — f,
realized by complex conjugation. The condition I' = I'* implies that the one-particle
density matrix v is a self-adjoint operator. It also implies that the Cooper pair wave
function a(z,y), the kernel of a, is symmetric under the exchange of its coordinates. The
symmetry of « is due to the fact that we exclude spin variables from our description and
assume that Cooper pairs are in a spin singlet state. The condition 0 < I" < 1 implies
0 < v <1 as well as that v and « are related through the operator inequality

aa” < y(1—7). (2.1.6)

A BCS state I' is called gauge-periodic if T(A\)T T(A\)* = T holds for every A € Ap,
with the magnetic translations T(\) on L?(R3?) @ L?(R?) defined by

T(v) = <Tg’) T?@) , v ERS.

— %

For v and «, this implies T(A\)yT'(\)* = v and T(A\) aT(\) = « or, in terms of their
kernels,

Y(x,y) = TN (g4 Xy + ),
a(w,y) = 2 D) oz 4 Ay + ), A e Ag. (2.1.7)

Remark 2.1.1. Since we are interested in the situation of a constant magnetic field it
seems natural to consider magnetically translation-invariant BCS states, that is, states
obeying T(v) T T(v)* = T for every v € R?. However, in this case one obtains a trivial
model because the Cooper pair wave function « of a magnetically translation-invariant
state necessarily vanishes. To see this, we note that « satisfies T(v) aT(v) = a for all v €

R3. Using this and the relation T'(v+w) aT(v 4+ w) = B @) T()T(w) a T(w) T(v),
we conclude that a = 0.

A gauge-periodic BCS state I' is said to be admissible if
Tr[y + (—iV + A)?y] < oo (2.1.8)

holds. Here Tr[A] denotes the trace per unit volume of A, i.e.,

1
Tr[A] := 05l Trre@g)XAX], (2.1.9)

with the characteristic function x of the cube Qp in (2.1.4). By Trz2(g,)[A] we denote
the usual trace of an operator A on L?(Qg). The condition in (2.1.8) is meant to say that
v and (—iV 4 A)2~y are locally trace class, that is, they are trace class with respect to the
trace in (2.1.9). Eq. (2.1.8), the same inequality with ~ replaced by 7, and the inequality
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in (2.1.6) imply that «, (—=iV + A)a, and (—iV + A)@ are locally Hilbert—Schmidt. In
Section 2.2 below we will express this property in terms of H'-regularity of the kernel of
.

For any admissible BCS state I', we define the Bardeen—Cooper—Schrieffer free energy
functional (in the following: BCS functional) at temperature 7" > 0 by

1
FEPM) = Te[(-iV+ AP = p)y| = TSM) = —— [ dX [ dr V(r)|a(X, 1),
’ |QB’ QB R3
(2.1.10)
with the von Neumann entropy per unit volume S(I') = — Tr[['In(T")] and the chemical

potential 1 € R. The particles interact via a two-body potential V € L¥?(R?) + L2(R3).
Furthermore, we introduced center-of-mass and relative coordinates X = %ﬂ’ and r =
x —y. Here and in the following, we abuse notation slightly by writing a(X,r) = a(z, y).

Remark 2.1.2. We opt for the above set-up because the solution of the problem for the
constant magnetic field already contains the main difficulties of the case of a general mag-
netic field. This is related to the fact that the vector potential of any magnetic field with
non-zero flux through the unit cell can be written as a sum of a vector potential of a ho-
mogeneous magnetic field and a periodic vector potential, see e.g. [TS13, Proposition 4.1].
The latter can be treated in some sense as a perturbation, see [FHSS12; FHSS16]. How-
ever, this is not true for the constant magnetic field, see Remark 2.1.6 (a) below. To solve
the general case it is therefore crucial to understand the case of a homogeneous magnetic
field. To keep the presentation to a reasonable length and to be able to convey the main
ideas more clearly, we therefore decided to present this case first. We plan to extend our
treatment to the case of a general magnetic field in a second paper. One motivation to
treat general periodic magnetic fields with non-zero flux through the unit cell stems from
the fact that it is an interesting and highly relevant problem to consider magnetic fields
that are chosen self-consistently.

The BCS functional is bounded from below and coercive on the set of admissible states.
More precisely, it can be shown that the kinetic energy dominates the entropy and the
interaction energy, i.e., there is a constant C' > 0 such that for all admissible I', we have

1
FEPID) > S Te[y + (-iV + A - C. (2.1.11)

The unique minimizer of the BCS functional among admissible states with @ = 0 is
given by

— (w0 0 ._ 1
PO = <0 1— 70) N Yo ‘= 1t e((—iV—l—A)z—u)/T' (2.1.12)

Since I'y is also the unique minimizer of the BCS functional for sufficiently large temper-
atures T, it is called the normal state. We define the BCS free energy by

FBOS(B, T) = int{ FEGF (') — FEF (Do) : T admissible | (2.1.13)

and say that our system is superconducting if F BCS(B,T) < 0, that is, if the minimal
energy is strictly smaller than that of the normal state. In this work we are interested
in the regime of weak magnetic fields 0 < B < 1. Our goal is to obtain an asymptotic
expansion of FBYS(B, T) in powers of B that allows us to derive Ginzburg-Landau theory,
and to show how the BCS critical temperature depends on the magnetic field B. For our
main results to hold, we need the following assumptions concerning the regularity of the
interaction potential V.
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Assumption 2.1.3. We assume that the interaction potential V' is a nonnegative, radial
function such that (1 + |- [?)V € L>®(R3).

Remark 2.1.4. Our main results Theorem 2.1 and Theorem 2.2 still hold if the assump-
tion V' > 0 is dropped. We only use it in Appendix 2.7 when we investigate the spectral
properties of a certain linear operator involving V. These statements still hold in the case
of potentials without a definite sign but their proof is longer. A proof of these statements
in the general setting can be found in Chapter 6. We expect our results to be true also
if V' has moderate local singularities. Furthermore, it may be possible to slightly weaken
the decay assumptions of V. We choose to work with the assumptions above to keep the
presentation at a reasonable length.

2.1.4 The translation-invariant BCS functional

If no external fields are present, i.e. if B = 0, we describe the system by translation-
invariant states, that is, we assume that the kernels of v and « are of the form ~(z — y)
and a(z —y). To define the trace per unit volume we choose a cube of side length 1. The
resulting translation-invariant BCS functional and its infimum minus the free energy of
the normal state are denoted by F5$5 and FECS(T), respectively. This functional has
been studied in detail in [HHSS08], see also [HS16] and the references therein, where it
has been shown that there is a unique critical temperature T, > 0 such that F£$° has a
minimizer with a # 0 if ' < T,.. For T' > Tt the normal state in (2.1.12) with B =0is
the unique minimizer. In terms of the energy, we have FFC(T) < 0 for T < T, while
FEOS(T)=0if T > T..

It has also been shown in [HHSS08] that the critical temperature T¢. can be character-
ized via a linear criterion. More precisely, the critical temperature is determined by the
unique value of T" such that the operator

Kr—-V

acting on Lgym (R3), the space of reflection-symmetric square-integrable functions, has zero

as its lowest eigenvalue. Here, K7 = K7 (—iV) with the symbol

2
p JE—
Kr(p) = K

= P -r (2.1.14)
tanh %

It should be noted that the function T'+— Kp(p) is strictly monotone increasing for fixed
p € R3 and that Kp(p) > 27T if u > 0 and K7(p) > |u|/tanh(|u|/(2T)) if u < 0. Our
assumptions on V guarantee that the essential spectrum of the operator K — V equals
[2T,00) if p > 0 and [|p|/ tanh(|u|/(27)), 00) if 4 < 0. Accordingly, an eigenvalue at zero
is necessarily isolated and of finite multiplicity.

The results in [HHSS08] have been obtained in the case where the Cooper pair wave
function «(x) is not necessarily an even function (as opposed to our setup), which means
that K7, (—iV) — V has to be understood to act on L*(R3). The results in [HHSS08],
however, equally hold if the symmetry of « is enforced.

We are interested in the situation where (a) T > 0 and (b) the translation-invariant
BCS functional has a unique minimizer with a radial Cooper pair wave function (s-wave
Cooper pairs) for T close to T.. This is implied by the following assumption. Part (b)
should be compared to [DGHL18, Theorem 2.8].

Assumption 2.1.5. (a) We assume that 7, > 0. If V' > 0 and it does not vanish
identically this is automatically implied, see [HHSS08, Theorem 3]. In the case of an
interaction potential without a definite sign it is a separate assumption.
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(b) We assume that the lowest eigenvalue of K7, — V is simple.
In the following we denote by a. the unique ground state of the operator K1, —V, i.e.,
Ky o = V. (2.1.15)

We choose the normalization of c.. such that it is real-valued and | ||f2rsy = 1. Since
V is a radial function and «, is the unique solution of (2.1.15) it follows that a is radial,
too.

2.1.5 The Ginzburg—Landau functional

We call a function ¥ on Q) g gauge-periodic if it is left invariant by the magnetic translations
of the form

Tp(\)¥(X) = B M) g(x 4 )), AeAg. (2.1.16)

The operator T'(\) in (2.1.3) coincides with T5(A) when B is replaced by 2B.
Let Ag,As, A3 > 0 and D € R be given. For B > 0 and a gauge-periodic function ¥,
the Ginzburg-Landau functional is defined by

11 .
ESL (W) = 505 Jy, X {80 |(=iV + 28)W(X)[2 = DB A, [¥(X)[? + Ag [U(X)[*}.
B

(2.1.17)

We highlight the factor of 2 in front of the magnetic potential in (2.1.17) and that the
definition of the magnetic translation in (2.1.16) differs from that in (2.1.3) by a factor
2. These two factors reflect the fact that ¥ describes Cooper pairs, which carry twice the
charge of a single particle. The Ginzburg-Landau energy

ESH(D) = inf{E515(W) : ¥ € H}oy(Q) }
is independent of B by scaling. More precisely, for given 1 the function
¥(X) = VB y(VBX), X € R3, (2.1.18)
satisfies
ERp(Y) = EBL (V). (2.1.19)

We also define the critical parameter

AO . . 2
D. := A—21nfspecL%ag(Ql)((—1V+eg N X) ), (2.1.20)

where the infimum is taken over gauge-periodic square-integrable functions. Its definition
is motivated by the fact that ES*(D) < 0 if D > D, and ES“(D) = 0 if D < D.. This
should be compared to [FHSS16, Lemma 2.5]. In our situation with a constant magnetic
field the lowest eigenvalue of the Hamiltonian in (2.1.20) equals 2, see [TS13, Eq. (6.2)],
and D, is explicit. In the situation of [FHSS16], where general external fields excluding
the constant magnetic field are present, the parameter D, is not explicit.
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2.1.6 Main results

Our first main result concerns the asymptotics of the BCS free energy in (2.1.13) in the

regime B < 1. It also contains a statement about the asymptotics of the Cooper pair

wave function of states I', whose energy fgijS(F) has the same asymptotic behavior as

the BCS free energy (approximate minimizers). The precise statement is captured in the
following theorem.

Theorem 2.1. Let Assumptions 2.1.3 and 2.1.5 hold, let D € R, and let the coefficients
Ao, A2, Az > 0 be given by (2.3.22)-(2.3.24) below. Then there are constants C > 0 and
By > 0 such that for all 0 < B < By, we have

FPOS(B, T.(1 - DB)) = B (ES(D) + R), (2.1.21)
with R satisfying the estimate
CB>R>—-R:=—-CB'/*" (2.1.22)
Moreover, for any approximate minimizer I' of fg%s at T = T.(1— DB) in the sense that
FEF () = FEF(To) < B2 (EH(D) + p) (2.1.23)
holds for some p = 0, we have the decomposition
a(X,r) =U(X)a.(r)+o(X,r) (2.1.24)

for the Cooper pair wave function o = I'19. Here, o satisfies

1
—— [ dX [ drlo(X,r)|? < CBYS, (2.1.25)
’QB‘ QB R3

o 18 the normalized zero energy eigenstate of K1, — V', and the function ¥ obeys
ESB(V) < ESM(D) + p+ R. (2.1.26)

Our second main result concerns the shift of the BCS critical temperature that is
caused by the external magnetic field.

Theorem 2.2. Let Assumptions 2.1.3 and 2.1.5 hold. Then there are constants C' > 0
and By > 0 such that for all 0 < B < By the following holds:

(a) Let 0 < Ty < T.. If the temperature T satisfies
To <T <T.(1—B(D.+CB")) (2.1.27)
with D¢ in (2.1.20), then we have

FBOS(B,T) < 0.

(b) If the temperature T' satisfies
T>T.(1-B(D.—R)) (2.1.28)
with D¢ in (2.1.20) and R in (2.1.22), then we have
Fii (D) = Fa°(To) > 0

unless I' =T.
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Remarks 2.1.6. (a) Theorem 2.1 and Theorem 2.2 extend similar results in [FHSS12,

(c)

(d)

()

(f)

Theorem 1] and [FHSS16, Theorem 2.4] to the case of a homogeneous magnetic field.
Such a magnetic field has a non-periodic vector potential and a non-zero magnetic
flux through the unit cell ). The main reason why the problem with a homogeneous
magnetic field is more complicated is that it cannot be treated as a perturbation of the
Laplacian. More precisely, it was possible in [FHSS12; FHSS16] to work with a priori
bounds for low-energy states that only involve the Laplacian and not the external
fields. As noticed in [FHL19], see the discussion below Remark 6, this is not possible
in the case of a homogeneous magnetic field. In the proof of comparable a priori
estimates involving the homogeneous magnetic field, see Theorem 2.5.1 below, we
have to deal with the fact that the components of the magnetic momentum operator
do not commute, which leads to significant technical difficulties.

If we compare Theorem 2.1 to [FHSS12, Theorem 1] or Theorem 2.2 to [FHSS16, The-
orem 2.4] we note the following technical differences: (1) The parameter h in [FHSS12;
FHSS16] equals B2 in our work. (2) We use microscopic coordinates while macro-
scopic coordinates are used in [FHSS12; FHSS16]. (3) Our free energy is normalized
by a volume factor, see (2.1.9) and (2.1.10). This is not the case in [FHSS12; FHSS16].
(4) The leading order of the Cooper pair wave function in [FHSS12, Theorem 1] is of

the form ]
gax(z = y)(¥(2) + U (y)). (2.1.29)

This should be compared to (2.1.24), where relative and center-of-mass coordinates
are used. Using the a priori bound for the L*-norm of V¥ below (5.61) in [FHSS12],
one can see that (2.1.29) equals the first term in (2.1.24) to leading order in h. The
analogue in our setup does not seem to be correct.

The Ginzburg-Landau energy appears at the order B2. This should be compared to
the free energy of the normal state, which is of order 1.

To appreciate the bound in (2.1.25), we note that the first term in the decomposition
of @ in (2.1.24) obeys

T [T (X)ax(r)|> = O(B).
|QB| QB R3

We stated Theorem 2.1 with fixed D € R. Our explicit error bounds show that D is
allowed to vary with B as long as there is a B-independent constant Dy > 0 such that
|D| < Dg holds.

Theorem 2.2 gives bounds on the range of temperatures where superconductivity is
present, see (2.1.27), or absent, see (2.1.28). The interpretation of this theorem is that
for small magnetic fields B the critical temperature obeys the asymptotic expansion

To(B) = T.(1 — D.B) + o(B). (2.1.30)

We highlight that T, is determined by the translation-invariant problem, and that
D, is given by the macroscopic (linearized) GL theory. The same result has been
obtained in [FHL19, Theorem 4] in the case of linearized BCS theory. Theorem 2.2
can therefore be interpreted as a justification of this approximation. Eq. (2.1.30)
allows us to compute the upper critical field B.s. That is, the magnetic field, above
which, for a given temperature T', superconductivity is absent. In particular, it allows
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us to compute the derivative of B.s with respect to T" at the critical temperature from
the BCS functional. For more details we refer to [FHL19, Appendix A].

(g) We expect that the assumption 0 < Ty < T for some arbitrary but B-independent
constant Ty in Theorem 2.2 (a) is of technical nature. We need this assumption,
which similarly appears in [FHL19, Theorem 4], because our trial state analysis in
Section 2.3 breaks down when the temperature 1" approaches zero. This is related
to the fact that the Fermi distribution function fr(z) = (e*/7 + 1)~! cannot be
represented by a Cauchy-integral uniformly in the temperature. We note that there is
no such restriction in Theorem 2.2 (b). It is also not needed in [FHSS16, Theorem 2.4].

2.1.7 Organization of the paper and strategy of proof

In Section 2.2 we complete the introduction of our mathematical setup. We recall several
properties of the trace per unit volume and introduce the relevant spaces of gauge-periodic
functions.

Section 2.3 is dedicated to a trial state analysis. We start by introducing a class of
Gibbs states, whose Cooper pair wave function is given by a product of the form o (r) ¥ (X)
to leading order in B with «, in (2.1.15) and with a gauge-periodic function ¥ on Qp.
We state and motivate several results concerning these Gibbs states and their BCS free
energy, whose proofs are deferred to Section 2.4. Afterwards, these statements are used to
prove the upper bound on (2.1.21) as well as Theorem 2.2 (a). As will be explained below,
they are also relevant for the proofs of the lower bound in (2.1.21) and of Theorem 2.2 (b)
in Section 2.6.

Section 2.4 contains the proof of the results concerning the Gibbs states and their BCS
free energy that have been stated without proof in Section 2.3. Our analysis is based on an
extension of the phase approximation method, which has been pioneered in the framework
of linearized BCS theory in [FHL19], to our nonlinear setting. The phase approximation is
a well-known tool in the physics literature, see, e.g., [HW66], and has also been used in the
mathematical literature to study spectral properties of Schrédinger operators involving a
magnetic field, for instance in [CN98; N02]. Our approach should be compared to the trial
state analysis in [FHSS12; FHSS16], where a semi-classical expansion is used. The main
novelty of our trial state analysis is Lemma 2.4.2, where we provide an alternative way to
compute a certain trace function involving the trial state. It should be compared to the
related part in the proof of [FHSS12, Theorem 2]. While the analysis in [FHSS12] uses a
Cauchy integral representation of the function z — In(1 + e™%), our approach is based on
a product expansion of the hyperbolic cosine in terms of Matsubara frequencies. In this
way we obtain better decay properties in the subsequent resolvent expansion, which, in
our opinion, simplifies the analysis considerably.

Section 2.5 contains the proof of a priori estimates for BCS states, whose BCS free
energy is smaller than or equal to that of the normal state I'g in (2.1.12) plus a correction
of the order B? (low-energy states). The result is captured in Theorem 2.5.1, which is
the main novelty of the present article. It states that the Cooper pair wave function of
any low-energy state in the above sense has a Cooper pair wave function, which is, to
leading order in B, given by a product of the form o, (r)¥(X) with a.(r) in (2.1.15)
and with a gauge-periodic function ¥(X) on @ p. Furthermore, the function ¥(X) obeys
certain bounds, which show that it is slowly varying and small in an appropriate sense. As
explained in Remark 2.1.6 (a), the main difficulty to overcome is that our a priori bounds
involve the magnetic field. Therefore, we have to deal with the non-commutativity of the
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components of the magnetic momentum operator. The step where this problem appears
most prominently is in the proof of Proposition 2.5.7.

The proof of the lower bound on (2.1.21) and of Theorem 2.2 (b) is provided in Sec-
tion 2.6, which mostly follows the strategy in [FHSS12, Section 6] and [FHSS16, Sec-
tion 4.2]. Two main ingredients for the analysis in this section are the trial state analysis
in Section 2.3 and Section 2.4, and the a priori bounds for low-energy states in Section 2.5.
From Theorem 2.5.1 we know that the Cooper pair wave function of any low-energy state
has a product structure to leading order in B. The main idea of the proof of the lower
bound in (2.1.21) is to construct a Gibbs state, whose Cooper pair wave function has the
same asymptotics to leading order in B. The precise characterization of the Cooper pair
wave function of the Gibbs state in Section 2.3 and the a priori bounds in Theorem 2.5.1
then allow us to bound the BCS free energy of the original state from below in terms
of that of the Gibbs state. The latter has been computed with sufficient precision in
Section 2.3 and Section 2.4.

Throughout the paper, ¢ and C' denote generic positive constants that change from
line to line. We allow them to depend on the various fixed quantities like By, u, T, V,
a, etc. Further dependencies are indexed.

2.2 Preliminaries

2.2.1 Schatten classes

In our proofs we frequently use Schatten norms of periodic operators, which are defined
with respect to the trace per unit volume in (2.1.9). In this section we recall some basic
facts about these norms.

A gauge-periodic operator A belongs to the p'* local von-Neumann-Schatten class SP
with 1 < p < oo if it has finite p-norm, that is, if [|A[|} := Tr(JA|?) < co. By &% we
denote the set of bounded gauge-periodic operators and || - || is the usual operator norm.
For the above norms the triangle inequality

1A+ Bllp < [[Allp + Bl

holds for 1 < p < oco. Moreover, for 1 < p,q,r < oo with % = % + % we have the general
Hoélder inequality

IAB» < [|Allpl[Bllg- (2.2.1)

It is important to note that the above norms are not monotone decreasing in the index p.
This should be compared to the usual Schatten norms, where such a property holds. The
familiar inequality

| Tr Al < [[Allx

is true also in the case of local Schatten norms.

The above inequalities can be reduced to the case of the usual Schatten norms, see,
e.g., [S05], using the magnetic Bloch-Floquet decomposition. We refer to [RS78, Section
XIII.16] for an introduction to the Bloch-Floquet transformation and to [FT16] for a
particular treatment of the magnetic case. More specifically, for a gauge-periodic operator
A we use the unitary equivalence

®

A= dk Ay
[0,v/27B]3
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to write the trace per unit volume as

TrA= dk Trpo Ap, 2.2.2
[0,v/27B]3 L3(@s) ©k ( )

where Trz2(g,) denotes the usual trace over L*(Qp). The inequalities for the trace per
unit volume from above follow from the usual ones when we use that (AB); = Ay By holds
for two gauge-periodic operators A and B.

2.2.2 Gauge-periodic Sobolev spaces

In this section we introduce several spaces of gauge-periodic functions, which will be used
to describe the center-of-mass part of Cooper pair wave functions.
For 1 < p < oo, the space L%, (@p) consists of all Lj, (R3)-functions ¥, which satisfy

loc

Tp(A\)V =V for all A € Ap with Tg(\) in (2.1.16). The space is equipped with the usual
p-norm per unit volume

(319

mag

1
= dX |[P(X)|P == —— dX [P (X)|P, 2.2.3
an =, X WO = o [ ax o) (22,3

and we use the conventional abbreviation ||¥||, when this does not lead to confusion.
For m € Ny, the corresponding gauge-periodic Sobolev space is defined by

ng}ag(QB) = {\I] € L?nag(QB) : (_iv + 2A)V\IJ € L?nag(QB) Vv e N?)a |V|1 <my,
(2.2.4)

where |v|; = Z?:l v; for v € N§. Equipped with the scalar product

(@, W)y @m = O, BT MI{(AV 4+ 24)70, (-iV +2A)"T) 12 0y (2:25)

[v]1<m

it is a Hilbert space. We note that (—iV + 2A)"V is a gauge-periodic function if ¥ is
gauge-periodic because the magnetic momentum operator

II:=-iV+2A

commutes with the magnetic translations T5(A) in (2.1.16). We also note that II is a
self-adjoint operator on H&lag(Q B)-

At this point, we shall briefly explain the scaling behavior in B of the norms introduced
in (2.2.3) and (2.2.5) in terms of the Ginzburg-Landau scaling in (2.1.18). First, we note
that if ¢» € LP . (Q1) and VU is as in (2.1.18), then

mag

1022, @m) = B 19112, 00 (2.2.6)

for every 1 < p < oco. In contrast, the scaling of the norm in (2.2.5) is chosen such that
1l g (@) = 19 a0

This follows from (2.2.6) and the fact that ||(—iV + 2A)"¥||3 scales as B+l for v € N3.
We also mention the following magnetic Sobolev inequality because it will be used
frequently in the course of the paper. For any B > 0 and any ¥ € H&lag(Q B), we have

H\I/H%gmg(QB) <CB | (-iV + 2A)\I/||%3nag(QB). (2.2.7)
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Proof of (2.2.7). Since @)1 satisfies the cone property, [LLO1, Theorem 8.8] implies

19125, @u < C (10122, @u + IV 132, 01))-

ag

From [TS13, Eq. (6.2)] we know that the bottom of the spectrum of (—iV + ez A X)?
equals 2. For the first term on the right side, this implies 2|[1]|3 < ||(=1V + e3 A X)2]|3.
To bound the second term, we apply the diamagnetic inequality |V[y(X)|| < |(—=iV +
es A X)(X)|, see [LLO1, Theorem 7.21]. This proves (2.2.7) for B = 1 and the scaling in
(2.1.18) yields (2.2.7) for B > 0. 0

As indicated below (2.1.9), the Cooper pair wave function « related to an admissible
state T belongs to S?, the Hilbert-Schmidt class introduced in Section 2.2.1. In terms
of the center-of-mass and relative coordinates, the gauge-periodicity and the symmetry of
the kernel of av in (2.1.7) read

Oé(X, 7’) — eiB-()\/\X) a(X 4 )\’7,)7 = AB; O[(X, r) = a(X7 —’r‘). (228)

That is, a(X,r) is a gauge-periodic function of the center-of-mass coordinate X and a
reflection-symmetric function of the relative coordinate r € R3. We make use of the
isometric identification of S? with the space

LX(Qp x RY) := L2, (QB) ® L (R?),

the square-integrable functions obeying (2.2.8), for which the norm

2 . 2 _ 2
2 sy = ]23 ax [Lariacxnf= g [ ax [ arjacxn)
is finite. By (2.2.8), the identity [|all2 = [|a|/z2(,xrs) holds. Therefore, we do not
distinguish between the scalar products (-, -) on L?(Qp x R?) and S? and identify operators
in S? with their kernels whenever this appears convenient.
Finally, the Sobolev space H'(Qp x R2) consists of all functions o € L?(Qp x R2) with
finite H'-norm given by

lF (@uxez) = llodl3 + [Txall3 + | 7all3. (2.2.9)

Here, we used the magnetic momentum operators
~ . 1
IIx = —iVx + 2A(X), T = —iV, + iA(T‘), (2.2.10)

where A(z) = $B A z. We note that the norm in (2.2.9) is equivalent to the norm given
by Tr[aa*] + Tr[(=iV + A)aa® (—iV + A)] + Tr[(—=iV + A)a*a(—iV + A)], which, in turn,
is given by ||a||3 +[|(=iV + A)a||3 +||a(—iV + A)]|]3. See also the discussion below (2.1.9).

2.3 Trial States and their BCS Energy

The goal of this section is to provide the upper bound on (2.1.21) and the proof of The-
orem 2.2 (a). Both bounds are proved with a trial state argument using Gibbs states I'a
that are defined via a gap function A in the effective Hamiltonian. In Proposition 2.3.2 we
show that the Cooper pair wave function ap of I'a is a product function with respect to
relative and center-of-mass coordinates to leading order provided A is a product function
that is small in a suitable sense. A representation formula for the BCS energy in terms of
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the energy of these states is provided in Proposition 2.3.4. Finally, in Theorem 2.3.5, we
show that certain parts of the BCS energy of the trial states I'a equal the terms in the
Ginzburg-Landau functional in (2.1.17) with sufficient precision provided T' = T.(1 - DB)
for some fixed D € R. These results, whose proofs are deferred to Section 2.4, are com-
bined in Section 2.3.3 to give the proof of the results mentioned in the beginning of this
paragraph.

2.3.1 The Gibbs states I'a
For any V¥ € L?nag(QB), let us introduce the gap function A € L?(Qp x R3), given by

A(X,r) = Ag(X,r) = =2 Va,(r) V(X). (2.3.1)

In our trial state analysis, ¥ is going to be a minimizer of the Ginzburg-Landau functional
in (2.1.17). It therefore obeys the scaling in (2.1.18), which implies that the local Hilbert-
Schmidt norm ||A||3 is of the order B. We highlight that the L?(R3)-norm of Ve is of the
order 1, that is, the size of ||A||2 is determined by W. In the proof of the lower bound we
have less information on W. The related difficulties are discussed in Remark 2.3.3 below.
With

bp = (—iV+A)2 —p, (2.3.2)
we define the Hamiltonian
Hp = Hy+6 = (h(f _EB> + <2 ﬁ) = (hAB _?B) (2.3.3)
and the corresponding Gibbs state at inverse temperature 3 = T~ > 0 as
<M aA) Taim (2.3.4)
an 1 —7a 1+ efHa

We note that the normal state I'g in (2.1.12) corresponds to setting A = 0 in (2.3.4).

Lemma 2.3.1 (Admissibility of I'a). Let Assumptions 2.1.3 and 2.1.5 hold. Then, for
any B > 0, any T > 0, and any ¥ € H,,..(Qp), the state T'n in (2.3.4) is admissible,
where A = Ay as in (2.3.1).

The states I'o are inspired by the following observation. Via variational arguments

it is straightforward to see that any minimizer of ]:g?TS in (2.1.10) solves the nonlinear
Bogolubov—de Gennes equation

_ 1 . br —2Va
F — m, HVO[ — <—2‘/O[ —biB > . (235)

Here, Va is the operator given by the kernel V(r)a(X,r). As we look for approximate
minimizers of fg%s, we choose T'a in order to approximately solve (2.3.5). As far as the
leading term of aa is concerned this is indeed the case, as the following result shows. It

should be compared to (2.1.24).

Proposition 2.3.2 (Structure of aa). Let Assumption 2.1.3 and 2.1.5 (a) be satisfied and
let Ty > 0 be given. Then, there is a constant By > 0 such that for any 0 < B < By, any
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T > Ty, and any ¥V € Hﬁlag(QB) the function an in (2.3.4) with A = Ay as in (2.3.1)
has the decomposition

an(X,r) = ¥(X)a(r) —no(A)(X,r) = ni(A)(X, ). (2.3.6)
The remainder functions no(A) and 1y (A) have the following properties:

(a) The function ng satisfies the bound

Imoll31(@pwisy < C (B + BIT = Tl?) (1905, @m + 1913 @) (237)

¢ 3
(b) The function n, satisfies the bound
17 @pxrz) + IIFInLlZ2pxrs) < C B 1¥NE2, @) (2.3.8)
(¢) The function n, has the explicit form
n(X,r) = /RB 4z /Rg ds kr(Z,7 = ) Vau(s) [eos(Z - Tix) — 1] ¥(X)

with kr(Z,r) defined in Section 2.4 below (2.4.69). For any radial f,g € L*(R3) the
operator

// dZdrds f(r) kr(Z,7 — s) g(s) {cos(Z 1I) — 1}
RO

commutes with 112, and, in particular, if P and Q are two spectral projections of 112
with PQ = 0, then n, satisfies the orthogonality property

<f(7") (P¥)(X), UL(AQ\IJ)> = 0. (2.3.9)

Remark 2.3.3. The statement of Proposition 2.3.2 should be read in two different ways,
depending on whether we are interested in proving the upper or the lower bound for
the BCS free energy. When we prove the upper bound using trial states I'a, part (c) is
irrelevant. In this case the gap function A = Ay is defined with a minimizer ¥ of the GL
functional, whose Hﬁlag(Q p)-norm is uniformly bounded, and all remainder terms can be
estimated using (2.3.7) and (2.3.8).

In the proof of the lower bound for the BCS free energy in Section 2.6 we are forced
to work with a trial state I'a, whose gap function is defined via a function ¥ that is
related to a low-energy state of the BCS functional, see Theorem 2.5.1 below. For such
functions we only have a bound on the H&lag(Q p)-norm at our disposal. To obtain a
function in H2,.(Qp), we introduce a regularized version of ¥ as in [FHSS12, Section 6],
[FHSS16, Section 6], and [FHL19, Section 7] by W< := 1 4(II*)¥ for some B < & < 1,
see Corollary 2.5.2. The Hglag(QB)—norm of W< is not uniformly bounded in B, see (2.5.5)
below. This causes a certain error term, namely the left side of (2.6.12) below, to be large,
a priori.

To overcome this problem we use part (c) of Proposition 2.5.1. It exploits the fact
that the first term on the right side of (2.6.12) has an explicit form that satisfies the
orthogonality property in (2.3.9), which implies that the left side of (2.6.12) is indeed
small. This is the reason why we need to distinguish between 79 and 7, .
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2.3.2 The BCS energy of the states I'a

This section pertains to the BCS energy of the states I'a, which is given by the Ginzburg—
Landau functional to leading order. We will see in Section 2.4.2 that the BCS energy of
I'A can be calculated in terms of

Tro [m(cosh(gHA)) - ln(cosh(gHo))] . (2.3.10)

Here, Trj is a weaker form of trace which will be introduced later in (2.4.5). The operator
inside the trace is closely related to the relative entropy of Ha and Hy but also incorporates
the interaction energy of an. We refer to (2.4.6) for more details. In the following, we
explain how the terms of the Ginzburg-Landau functional, which appear in the energy
expansion in (2.1.21), are obtained from the operator in (2.3.10).

As pointed out in Remark 2.1.6, we should think of A as being small. In order to
expand the term in (2.3.10) in powers of A, we use the fundamental theorem to formally
write (2.3.10) as

gTro [/Oldt tanh(gHm) (g ﬁ)} (2.3.11)

This identity is not rigorous because it ignores the subtlety that H;a, t € [0,1], are
unbounded operators which do not commute for distinct values of ¢t. We present a rigorous
version of (2.3.11) in Lemma 2.4.2 below. For the sake of the following discussion it is
legitimate to assume that equality between (2.3.10) and (2.3.11) holds.

We use the Mittag-Leffler series expansion, see e.g. [FHL19, Eq. (7)], to write the
hyperbolic tangent in (2.3.11) as

BN 2 1
tanh(gz) =3 %:Z S (2.3.12)

with the Matsubara frequencies
wp = m(2n + 1)T, n € Z. (2.3.13)

The convergence of (2.3.12) becomes manifest by combining the +n and —n terms. Thus,

tanh(ﬁ Ha) = - Z (2.3.14)

1wn

We use this representation to expand the operator in (2.3.11) in powers of A using the
resolvent equation. The first term obtained in this way is (A, Ly pA) with the linear
operator L p: L?(Qp x R?) — L?(Qp x R?), given by

Ly A = _2 > (iwn = bp) " A (iwn + )7 (2.3.15)
ne”Z

In the temperature regime we are interested in, we will obtain the quadratic terms in the
Ginzburg-Landau functional from (A, Ly gpA).

The next term in the expansion of (2.3.14) is the quartic term (A, N7 g(A)) with the
nonlinear map NT7B: HY (Qp x R3) — L?(Qp x R?) defined as

Nrp(A): Z iwy, — LA (iwn, + []Tg) (1wn hB) A (iwy, + @)_1. (2.3.16)
nEZ
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The expression (A, N7 p(A)) will determine the quartic term in the Ginzburg-Landau
functional. All higher order terms in the expansion of (2.3.11) in A will be summarized
in a trace-class operator called Rr g(A), whose local trace norm is small.

With the operators Ly g and N7 p at hand, we are in position to state a representation
formula for the BCS functional. It serves as the fundamental equation, on which the proofs
of Theorems 2.1 and 2.2 are based. In particular, it will be applied in the proofs of upper
and lower bounds, and we therefore formulate the statement for a general state I' and not
only for Gibbs states.

Proposition 2.3.4 (Representation formula for the BCS functional). Let ' be an admis-
sible state. For any B > 0, let ¥ € Hl'lna,g(QB) and let A = Ay be as in (2.3.1). ForT >0

and if Vo, € LP(R3) N L2(R3), there is an operator Ry p(A) € S' such that

Fir (T) = Fgq(To)

= (A Drp) + LA, Npp(A) + W13y g, {0 Vo) ey
+ Tr[Rrp(d)]
+ %”HO(F,FA) - ][QB dX [ drv(r) ’a(X,r) U, (2317)
where
Ho(T', Ta) = Tro[[(InT — InTa) + (1= I)(In(1 = T) — In(1 — Ta))] (2.3.18)

denotes the relative entropy of I with respect to I'n. Moreover, R g(A) obeys the estimate
-5 13 6
IRrp(A) < CT B [|W|5, s

The relative entropy defined in (2.3.18) is based on the weaker form of trace Trg, whose
introduction we postpone until (2.4.5).

The right side of (2.3.17) should be read as follows. The first line yields the Ginzburg—
Landau functional, see Theorem 2.3.5 below. The second and third line consist of re-
mainder terms. The second line is small in absolute value whereas the techniques used
to bound the third line differ for upper and lower bounds. This is responsible for the
different qualities of the upper and lower bounds in Theorems 2.1 and 2.2, see (2.1.22).
For an upper bound, when choosing I' := 'y as a trial state, the relative entropy term
Ho(I'a,T'A) = 0 drops out and the last term in (2.3.17) can be estimated with the help
of Proposition 2.3.2. The last term in (2.3.17) is actually nonpositive by our assumptions
on V but we do not use this. For a lower bound, the third line needs to be bounded from
below using a relative entropy estimate that we provide in Section 2.6.

It remains to show that the first line of the right side of (2.3.17) is indeed given by the
Ginzburg—-Landau functional. In order to state the result, we need the function

Vo (p) == /R da e TPV (1) (z), (2.3.19)

which fixes our convention on the Fourier transform in this paper.

Theorem 2.3.5 (Calculation of the GL energy). Let Assumptions 2.1.3 and 2.1.5 (a) hold
and let D € R be given. Then, there is a constant By > 0 such that for any 0 < B < By,
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any ¥ € Hﬁlag(QB), A=Ay asin (2.3.1), and T =T,(1 — DB), we have
1 1 )
_Z<A’ LrpA) + §<A, Nrp(A)) + H‘I’”Lgnag(QB) (s, Vi) r2(rs)
= B? £5'5(¥) + R(B). (2.3.20)
Here,
R(B)| < CB* [ W3a op [T+ 19150, (0n)

and with the functions

_ tanh(z/2) 1 1 1 tanh(x/2)

z? 27 cosh?(z/2) 92()

= S aot®(2)2)’ (2.3.21)

g1(z) :

the coefficients Ay, Ao, and As in 88’11‘3 are given by

2 —
Ag = % /RS (;;3_9)3 \(—2)Va*(p)|2 (91(50(1?2 - H)) + %ﬁcp2 gQ(ﬁc(pQ - :U’)))’ (2'3'22)

B dp  |(=2)Vau(p)?

A2 = 3 /R?’ (27‘()3 COShZ(%(pQ . M))’ (2323)
B dp — 91(B(p* — )

Ay = /R o |2V ()t ST, (2.3.24)

Let us comment on the positivity of the coefficients (2.3.22)-(2.3.24). First, Ay is
trivially positive. Since gi(z)/z > 0 for all x € R, the coefficient As is positive as well.
It cannot be immediately seen that Ag is positive, however. In order to prove this, we
introduce the positive function

3 1 B 1 1 1
22 cosh?(z/2)  x tanh(z/2) cosh?(z/2)

g3(z) :==

and compute

2Re(a, 7i (K, — V)wion) = (27) (Vo K1, (p) " [=i0p,, [K1.(p), —i0p, )| K, (p) ' Var.)
dp |, —
=880 - 25 [ LS 1Va.0) a5l — ). (2325)
r3 (27)
Since the left side is nonnegative, this proves that Ag > 0. The idea for this proof is
borrowed from [FHSS12, Eq. (1.22)].

Let us comment on the connection between (2.3.20) and [FHL19]. The two-particle
Birman-Schwinger operator 1 — V'/ *L. V"2 has been intensively studied in [FHL19] to
identify temperature regimes, where the bottom of its spectrum is positive or negative.
This operator also appears in (2.3.20) because

&(A, Lr,pA) + [ ¥]3 (e, Vau) = (Ve W, (1= V2Lp gV )V 20, 0). (2.3.26)

That is, the question whether the bottom of the spectrum of 1 — V' *Lt. V2 is positive
or negative is intimately related to the sign of (2.3.20), and thus of (2.3.17) and (2.1.13).
Accordingly, it is related to the question whether the systems displays superconductivity
or not. We highlight that the operator on the right side of (2.3.26) acts on functions in
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L?(R%) in [FHL19], while it acts on L?(Qp x R3) in our case. Since the lowest eigenvalue
of the operator (—iV+42A)? equals 2B when understood to act on L?(R3) or on L?nag(QB),
we obtain the same asymptotic behavior of Tc(B) as in [FHL19, Theorem 4].

Theorem 2.3.5 is valid for the precise temperature scaling T'= T.(1 — DB). In order
to prove Theorem 2.2 (a), we also need to show that the system is superconducting for
temperatures that are small compared to T, (1 — DB). This is guaranteed by the following
proposition.

Proposition 2.3.6 (A priori bound on Theorem 2.2 (a)). Let Assumptions 2.1.3 and 2.1.5
(a) hold. Then, for every Ty > 0 there are constants By > 0 and Do > 0 such that for all
0 < B < By and all temperatures T obeying

Ty <T< Tc(l — D()B),
there is an admissible BCS state I' with

FEF (L) = FBF (Tg) < 0. (2.3.27)

2.3.3 The upper bound on (2.1.21) and proof of Theorem 2.2 (a)

Using the results in the previous section, we provide the proofs of the upper bound on
(2.1.21) and of Theorem 2.2 (a). The statements in the previous section, that is, Propo-
sitions 2.3.2 and 2.3.4, as well as Theorem 2.3.5 are proven in Section 2.4.

Proof of the upper bound on (2.1.21). Let D € R be given, let Dy := 1+|D|, and let ¥ be
a minimizer of the Ginzburg-Landau functional, i.e., ESFB(\D) = ESY(D). We note that
¥ belongs to Hglag(QB) and has uniformly bounded Hglag(QB)—norm. Let A = Ay be as
in (2.3.1) and let T'= T,(1 — DB). We apply Proposition 2.3.4 with the choice I = T'a
and find

1 1
FET(Ta) = FEF (T0) < =7 (A, Lr.pA) + o (A, N p(A)) + [ W[5 (0, Vo)
2
- / dX [ dr v(r) ‘ozA(X, r) — oz*(r)\If(X)‘ +CB3. (2.3.28)
B R3
The first term in the last line is bounded by ||V ||so|/7]|3 and a bound for the L2-norm of

n :=no + nL is provided by (2.3.7) and (2.3.8). In fact, by Assumption 2.1.3, this term is
nonpositive but we do not need to use this here. By Theorem 2.3.5, this implies

FBYS(T.(1 - DB), B) < B ECY(D) + CB?,
which concludes the proof of the upper bound on (2.1.21). O

Proof of Theorem 2.2 (a). Let Dy > 0 be given and let us recall the definition of D. in
(2.1.20). We show that there is a constant D; > 0 and appropriate trial states such that
(2.3.27) holds for all temperatures T' obeying

T.(1 — DyB) < T < Te(1 — D, B — Dy B"?), (2.3.29)

provided B > 0 is small enough. Since Proposition 2.3.6 covers the remaining range of T',
this proves Theorem 2.2 (a).
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We define D := L& and note that (2.3.29) yields D—D. > D1 B"2. Let ¢ € H2,,(Q1)
be a ground state of the linear operator in (2.1.20) and let ¥ be as in (2.1.18). Accordingly,
we have (Ag/A2)[12¥ = BD.V¥ and

_A3(D = D)l 13
Ahs|llE

where the optimal 6. satisfies Ay(D — D¢)||v||3 = 2As]j1[|36.2. We combine Proposi-
tion 2.3.4 and Theorem 2.3.5 applied to I' = 'y with A = Ay_y, to see that (2.3.28) holds
in this case as well. Let us note that (2.3.29) implies |T' — T,| < CB. Proposition 2.3.2
and (2.3.28) therefore allow us to conclude that

_ Mgl
473|115

The right side is negative provided D; > 0 is chosen large enough since D — D, > D; B"2.
This shows (2.3.27) for temperatures 7" satisfying (2.3.29) and completes the proof of
Theorem 2.2 (a). O

: GL _
égﬂg Epp(dv) =

FEFTa) = FpF (To) < (D — D.)? B+ CB®. (2.3.30)

2.4 Proofs of the Results in Section 2.3

2.4.1 Schatten norm estimates for operators given by product kernels

In this subsection we provide estimates for several norms of gauge-periodic operators with
integral kernels given by product functions of the form 7(x — y)U((x + y)/2), which will
be used frequently in our proofs.

Lemma 2.4.1. Let B > 0, let ¥ be a gauge-periodic function on Qp and let T be an even
and real-valued function on R3. Moreover, let the operator o be defined via its integral
kernel a(X,r) := 7(r)¥(X), i.e., a acts as

T+
af@) = [ dyrta-nu(* 1Y), f e IR,
R3
(a) Letp € {2,4,6}. If ¥ € L}, (@p) and T € LP%(R?’), then o € SP and
lallp < C Il e (191,

(b) For any v > 3, there is a C,, > 0, independent of B, such that if (1+|-])V7 € LY/*(R?)
and W € LS (Qp), then a € S and

mag

lalloe < Gy B™Y* max{1, B7*} (1 + |- )75 [ ¥]5-

Proof. The case p = 2 of part (a) holds trivially with equality and C = 1. Since 7 is even
and real-valued, the kernel of a*« is given by

afa(z,y) = /R3 dz 7(x — z)\I/(x ;— Z)T(Z — y)\IJ(Z;y)

Using |||} = ||a*@||3 and the change of variables z — x — z and y + = — y, we see that

ol

4

ally = —— dxdy
Il QB JJgpxrs

y+ 2\

43dzr(z)7(y—z)@(x—§)\1/(:c 5 )
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By Hélder’s inequality, Young’s inequality and the fact that || is periodic, we see that

2
ot < 1wl [ av| [ azr@rto =2 <l 1

holds. This proves part (a) for p = 4. If p = 6 we use ||a]|f = [|[aa*a|3 and a similar
change of variables to write

1
loa’alf = [l dody|ff | ande () e -2 v - )
QB JJQpxrs R3 xR3
21 xr1 + 29 22 +y 2
< (o= F)u(o - P 2w (e 220

We thus obtain ||a||8 < ||¥||8 ||7 % 7 * 7|3, which, in combination with Young’s inequality,
proves the claimed bound.

In case of part (b), we follow closely the strategy of the proof of [FHSS12, Eq. (5.51)].
Let f,g € L?(R?) and let X; denote the characteristic function of the cube with side length
V2nB~! centered at j € Ag. We estimate

sl 3 I, dstn @@y ()@ -] ean

Let | - |0 and | - | denote the maximum norm and the euclidean norm on R3, respectively.
We observe that the estimates |z — jloo < 3V27B~1 and |y — k| < 3V27B~1 imply
| £ty — ﬂ]oo < 3vV2rB~1. Accordingly, if x;(2)xx(y) equals 1, so does Xj+k( £3Y) and

we may replace ¥ on the right side of (2.4.1) by xj+x ¥ without changing the term. The
2

above bounds for |z — j|o and |y — k| also imply |j — k| < |z — y| + V6xB~1, which
yields the lower bound

o=yl > [lj -k - \/67rB—1L. (2.4.2)

We choose v > 3, insert the factor (V27B~! + |z — y|)” and its inverse in (2.4.1), use
(2.4.2) to estimate the inverse, apply Cauchy—Schwarz in the z-coordinate, and obtain

(frag)l < > (VerB 4 [l =kl = VerBT] ) Ixiflla

j,k€EAB
) </de$ /Rgdy’(xj;k‘lf)(ﬁy)(mﬂxyl) (= y)xx(¥)9(y) 2>1/2-

An application of Holder’s inequality in the y-coordinate shows that the second line is
bounded by

|lov2mBT |- s

!/5

* | Xkg <H(V27TB T ]-0)r H%waHz

times |Qp|"/*||¥|| L8,,(Qp)- We highlight that the Lmag(Q p)-norm is defined via a normal-

ized integral, Whence we needed to insert the factor of |Qp|~7¢. Hence,
v
(f.00) < B Ws | (VarBT 4] 1) o),
. -V
x> (VarB T+ (1 — bl = VorB ] ) sl sl

j,k€EAB
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For A > 0 we estimate ||x; fll2[|xkgll2 < 51X, f113 + ox|Ixxgl3. In each term, we carry out
one of the sums and optimize the resulting expression over \. We find A = ||g|l2 || f|l5* as
well as

|(V2r B~ + |- [)"Tles
(2nB-1)"2

[(fag)l < CBT| fllz llgllz [[W]g S (1[5 - Valy)

jez’

The fraction involving 7 is bounded by C, max{1, B/*}||(1 + | - [)*7]lss. This proves the
claim. 0

2.4.2 Proof of Proposition 2.3.4

We recall the definitions of A(X,r) = =2 Vau(r) ¥(X) in (2.3.1), the Hamiltonian Hx in
(2.3.3) and T'p = (1 + e#2)~1 in (2.3.4). Throughout this section we assume that the
function W in the definition of A is in H&mg(Q B). From Lemma 2.3.1, which is proved in

Section 2.4.4 below, we know that I'a is an admissible BCS state in this case. We define
the anti-unitary operator
0o J

with J defined below (2.1.5). The operator Ha obeys the relation JHaJ* = —Ha, which
implies JT'aJ* =1 — I'a. Using this and the cyclicity of the trace, we write the entropy
of 'n as

S(Ta) = 5 Trlp(Ta)] (243)

where p(z) := —[zln(z) + (1 —z)In(1 — )] for 0 <z < 1.
In order to rewrite the BCS functional, it is useful to introduce a weaker notion of

trace per unit volume. More precisely, we call a gauge-periodic operator A acting on
L*(R3) @ L*(R?) weakly locally trace class if PyAPy and QyAQo are locally trace class,

where
1 0
Py = (0 O) (2.4.4)

and Qg = 1 — Py, and we define its weak trace per unit volume by
Tro(A) := Tr( PyAPy + QoAQo). (2.4.5)

If an operator is locally trace class then it is also weakly locally trace class but the converse
need not be true. It is true, however, in case of nonnegative operators. If an operator is
locally trace class then its weak trace per unit volume and its usual trace per unit volume
coincide.

Before their appearance in the context of BCS theory in [FHSS12; FHSS16], weak
traces of the above kind appeared in [HLS05; FLLS11]. In [HLS05, Lemma 1] it has been
shown that if two weak traces Trp and Trps are defined via projections P and P’ then
Trp(A) = Trpr(A) holds for appropriate A if P — P’ is a Hilbert—Schmidt operator.
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Let I be an admissible BCS state and recall the normal state I'g in (2.1.12). In terms
of the weak trace per unit volume, the BCS functional can be written as

Fii (D) = FE5 (To)

- % Tr[(HOF — Hol'g) — T(T) + Tgo(ro)} - ][ dX [ dr V(r)|a(X,r)|?
B R3
= & Txo[(HaTa — HoTo) ~ T(Ta) + To(T) (2.4.6)
+ %Tro (HAT = HaTA) = T(I) + Tp(T'a) | (2.4.7)
- %Tro (2 ﬁ) I — ][B dXx g dr V(r) Ja(X, 7). (2.4.8)

Note that we added and subtracted the first term in (2.4.6) and that we added and
subtracted the first term in (2.4.8) to replace the Hamiltonian Hy in (2.4.7) by Ha. The
operators inside the traces in (2.4.6) and (2.4.7) are not necessarily locally trace class,
which is the reason we introduce the weak local trace. We also note that (2.4.7) equals %
times the relative entropy Ho(I',I'a) of I' with respect to I'a, defined in (2.3.18).

The first term in (2.4.8) can be written as

_% Trg <2 ﬁ) = 2Re][B AX [ dr (Vau) (e a(x.r). (2.4.9)

The integrands in (2.4.8) and (2.4.9) are equal to

~Ja(X, 1) +2Re . (N T(X) &(X.7) = ~|a(X,r) — au(r)WE)| + |an(r)w(0)|

To rewrite (2.4.6) we need the following identities, whose proofs are straightforward com-
putations:

Tp = % - %tanh(gHA), In(Ta) = —%HA - 1n(2 cosh(gHA)),
1-Tp = % + %tanh(gﬂA), In(1 —Tp) = §HA - 1n(2 cosh(gﬂA)). (2.4.10)

Eq. (2.4.10) implies
Al _ T = B B B
Aln(Ca) + (1 —Ta)ln(l —Tp) = 1n(2cosh(2HA)) + S Ha tanh(zHAD, (2.4.11)
as well as
_B B
ﬁHAFA — (p(FA) = §HA — ln(2 COSh(EHA>).

This allows us to rewrite (2.4.6) as

215 Tro|(BHAT A — BHolo) — ¢(T'a) + ()]

— oo Ha = o] — 51 Tro[In (cost (5 #)) — In(cosh ([ ) )] (2.412)
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We note that Ha — Hy is weakly locally trace class and that its weak trace equals 0. This,
in particular, implies that the second term on the right side of (2.4.12) is weakly locally
trace class. To summarize, our intermediate result reads

Fir (T) = F5 (To)

= v o (2118)) ~ n o (21c))]

I, (@n) (0 Vo) r2es)

+ %’HO(P,FA) —][ dx [ dr v(r) ’oz(X, r) — oz*(r)\IJ(X)‘Q. (2.4.13)
QB R3

In order to compute the first term on the right side of (2.4.13), we need Lemma 2.4.2
below. It is the main technical novelty of our trial state analysis and should be compared
to the related part in the proof of [FHSS12, Theorem 2|. The main difference between
our proof of Lemma 2.4.2 and the relevant parts of the proof of [FHSS12, Theorem 2] is
that we use the product representation of the hyperbolic cosine in (2.4.15) below instead
of a Cauchy integral representation of the function z — In(1 4+ e~%). In this way we
obtain better decay properties in the subsequent resolvent expansion, which simplifies the
analysis considerably.

As already noted above, the admissibility of I'n implies that the difference between
the two operators in the first term on the right side of (2.4.13) is weakly locally trace
class. We highlight that this is a nontrivial statement because each of the two operators
separately does not share this property. We also highlight that our proof of Lemma 2.4.2
does not require this as an assumption, it implies the statement independently.

In combination with (2.4.13), Lemma 2.4.2 below proves Proposition 2.3.4. Before we
state the lemma, we recall the definitions of the operators Ly g and Nr g in (2.3.15) and
(2.3.16), respectively.

Lemma 2.4.2. Let Va, € LY*(R%) N L*(R3). For any B > 0, any ¥ € H&lag(QB), and
any T > 0, the operator

in(cosh (5 1)) ~ n(cosh (5 ;)

1s weakly locally trace class and its weak local trace equals

1 B 5
25 Tr {ln (cosh(gHA» —In (COSh(gHO))}
(A, L7 gA) + !

8<A7NT,B(A)> + TI'RT7B(A). (2414)

_ 1
4

The operator Ry g(A) is locally trace class and its trace norm satisfies the bound

~5 13 (14116
Rrp(A)h <CT™ B ¥, (@p):

Proof of Lemma 2.4.2. We recall the Matsubara frequencies in (2.3.13) and write the hy-
perbolic cosine in terms of the following product expansion, see [AS64, Eq. (4.5.69)],

cosh(gx) = ﬁ (1 + i) (2.4.15)

k=0 “E
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We have

Oggln(l—i—z%) :1n<cosh(§:p>> < g ||, x € R,

and accordingly
in(cosh (& Ha ) = i i1+ 23)

holds in a strong sense on the domain of |[Ha|. Since A is a bounded operator by Lemma
2.4.1, the domains of |Ha| and |Hy| coincide. The identity

(e 9]

tn(cosh(5 1)) ~ n(cosh (D)) = S [n( + 1) ~m(u? + 23)]  (24.16)
k=0

therefore holds in a strong sense on the domain of |Hy|. Elementary arguments show that
R

ln(w2 + Hi) — ln(w2 + Hg) = — lim du {

R—c0 /,

2u 2u } (2.4.17)

u2—|—Hi _u2—|—Hg

holds for w > 0 in a strong sense on the domain of In(1 + |Hy|). Therefore, by (2.4.16)
and (2.4.17), we have

B B
In (cosh(iHA)) —1In (cosh(ng))
00 00 1 1 1 1
=l d - - 2.4.18
1;;)/% u[iU—HA iU—Ho+iu+HA iu+ Hy ( )
in a strong sense on the domain of |Hy|. By a slight abuse of notation, we have incorporated

the limit in (2.4.17) into the integral.
In the next step we use the resolvent expansion

(z—Hp) ' = (2= Ho) ™' + (2 — Hy) ™! (Ha — Hp) (z — Hp) ! (2.4.19)
to see that the right side of (2.4.18) equals
O1+ D3+ O3+ Dy + O5 — 28 Rr,5(4A),

with two diagonal operators Dy and Dy, three offdiagonal operators O1, O3 and Os and
a remainder term R g(A). The index of the operators reflects the number of § matrices
appearing in their definition. The diagonal operators Do and D, are given by

PSRN T O W S S S S
=1 U
2 —~ /. iw— Hy iu—Hy iu—Hy  iu+ Hy iu+ Hy iu+ Hy)’

k

k=0
= [ 1 1 1 1 1
Dy = —i d ) 6 ) )
! llg)/wk ULU—HO iu—Ho i’U,—H() iu—HO iu—Ho
1 1 1
T T TR Ty et
iwu+ Hy iwu+ Hy iu+ Hy iu+ Hy iu+ Hy
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and the offdiagonal operators read

1 1 1 1
O = —i d 0 0
1 lgl;uLw4%m—m+m+mnme
= [ 1 1 1 1
O3 = —i d 0 ) 1)
’ lkz:o/wk u[iu_HO iu— Hy iu— Hpy iu— Hp
L 1 5 1 5 1 5 1 }
iu+ Hy iu+ Hy iu+ Hy iu+ Hy
— [ 1 1 1 1 1
O5 = —i d 0 ) 1)
i IkZ:O/Wk u[lu—Ho iu—Hy iu— Hy iu— Hy iu— Hy iu— Hy
n 1 1 1 1 1 1

) 1) 1) ) 1)
iv+ Hy in+ Hy ivu+ Hy v+ Hy iu+ Hy v+ Hyl’

Since the operators 01, O3, and Oy are offdiagonal, they are weakly locally trace class
and their weak local trace equals 0. We also note that the operator O; is not necessarily
locally trace class, which is why we need to work with the weak local trace. The operator
Rr,B(A) is defined by

Rr.B(A)

S 1 1 1 1 1 1 1
= d 5 5 5 5 5 5
25];0/% uLqu w— Ho iu— Ho iu— Ha iu— Ho iu— Hy' iu — Hy
N Y N S NN S S S SN S R
iu+ Hy iu+ Hy iu+ Hy iu+ Hp iu+ Hy iu+ Hy iu+ Hy

It remains to compute the traces of Dy and Dy, and to estimate the trace norm of
Rr.p(A). We first consider Dy and use Holder’s inequality in (2.2.1) to estimate

1 1 1 I

J o
iu:tHo iu:l:Ho iu:l:Hg 1

||5H2 = HAH2 (2.4.20)

~X

Therefore, Lemma 2.4.1 shows that the combination of the series and the integral defining
Dy converges absolutely in local trace norm. In particular, D; is locally trace class and
we may arbitrarily interchange the trace, the sum, and the integral to compute its trace.
We do this, use the cyclicity of the trace, and obtain

TrDy = - T . (2.4.21
o lkz:%/w du r[(lu—Ho) 5iu—H05+(iu+Ho> 5iu—|—H05} ( )

Integration by parts shows

o 1 21 , 1 1
du | - J- 0= —i- J- 0
wi iu+ Hy iu+ Hy iwp £ Hy iwp £ Hyp

—/md ! 5( ! )%
Mt Hy =t Hy )

k

and another application of the cyclicity of the trace yields

o0 1 2 1 i 1 1
T&"/ du ( ) 5 §=— Tr- 5 5. (2.4.22)
Wi

iu + Hy iu + Hy 2 iw,p + Hy iwp =+ Hy
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Note that

1 1 A
. 1 5 ‘ 1 §— iwpthp Aiwk:FhiB A 1 —~ . (2423)
iwg, = Hy  iwg £ Hy iwpgFhp  WwWkEhs A

We combine this with (2.4.21) and (2.4.22) and summarize the cases & into a single sum
over n € Z. This yields

1 1 1 1 1
—% TI'DQ = 257;Z<A, N A > - _1<A)LT,BA>7

iw, — bp iwn, + bif_?

where L7 p is the operator defined in (2.3.15).

We argue as above to see that the integrand in the definition of D, is bounded by
C||A||3u=5. Moreover, we have ||A[|} < C’BQ\|V04*H§/3H‘I/|I%EM @) Y (2.2.7) and Lemma
2.4.1. Therefore, the integral and the sum in Dy are absolutgely convergent with respect
to the local trace norm. The trace of Dy is computed similar to that of Dy. With Np g

defined in (2.3.16), the result reads

_;B T D, = é(A, Nr.p(A)). (2.4.24)

In case of Ry p(A), we bound the trace norm of the operator inside the integral by

u~T||A|&. Using (2.2.7) and Lemma 2.4.1, we estimate the second factor by a constant

times ||Va*||§/5B*3||H\I/||g < OB ||v8, (Qp)- Finally, integration over u yields the term
mag

67T ~5(2k + 1)~°, which is summable in k. This proves the claimed bound for the trace
norm of Ry p(A). O

2.4.3 Proof of Theorem 2.3.5
2.4.3.1 Magnetic resolvent estimates

In this preparatory subsection, we provide estimates for the magnetic resolvent kernel

1
Gplx,y) == (z,9), z,y € R
z—bp
We also introduce the function
95 () = G5(x,0), x € R3. (2.4.25)

The proof of the following statement can be found in [FHL19, Lemma 8§].

Lemma 2.4.3. For all B> 0, 2 € C\ [B,0) and z,y € R? we have
(a) gp(—2) = gj(2),
(b) Gila,y) = '3 M) giy(a —y).

We start our analysis by providing a decay estimate for the L'-norm of the resolvent
kernel g§ in (2.4.25) and its gradient in the case B = 0. For g§ such an estimate has been
provided in [FHL19, Lemma 9]. Since we additionally need an estimate for Vg, we repeat
some of the arguments here.

June 17, 2022 101 Marcel Maier



2.4. PROOFS OF THE RESULTS IN SECTION 2.3

Lemma 2.4.4. Let a > —2. There is a constant C, > 0 such that for t,w € R, we have

|1 120 < Ca fit, )4, (2.4.26)
where
jw| + [t + 4l
flt,w) = (2.4.27)
(lwl + ( + p)-)?
and x_ := —min{x,0}. Furthermore, for any a > —1, there is a constant Cq > 0 with
l,a + ’t + M’
gt < Cy ftw)it [14 DR RL 2.4.28
[1-17wai ], < Copwyirt |14 R (2.4.28)
Proof. The resolvent kernel g§ is given by
gé(z) = e VGt lal, (2.4.29)

47r\3;|

where /- denotes the standard branch of the square root. As long as a > —2 we have

s I'(a+2)
|%géll, = dz |z]® |——e V=G| = . 2.4.30
I1-Faill = [ do ot | eV A (240
Moreover,
1 1_|mz> p >0
(Rev=2)* = 5 (j2] — Rez) > { 1Resilmzl ¢
2 512 Rez <0,
and hence
: L (jw| + (t+p)-)?
Rey/—(t+p+iw -
(Rey = n )2 T
This proves (2.4.26). To prove (2.4.28), we use (2.4.29) and estimate
Vg5 ()] < |2+l g5 ()] + |=| g5 (2)].
This shows the second estimate for a > —1. O

In the next step we prove estimates for the L!-norms of g% and g% —g§ and the gradient
of these functions if B # 0. Once more, some of the arguments in [FHL19, Lemma 10]
reappear in our proof below, ensuring self-consistency.

Lemma 2.4.5. For any a > 0, there are constants d,,Cq > 0 such that for all t,w € R
and for all B > 0 with f(t,w)? B2 < 64, we have

112957+, < Ca f(tw) 5,

1 t+
ot < O, f(t,w)Et [1 Al ) ] 2.4.31
117997 < Cottpr 214 (2.4.31)
and
|11l - “”)H < CaB? f(t,w)*HE,
5.a + |t +
Vgstt — Vgt <0, B? f(t,w)st [1 M] 2.4.32
117V )|, < W | (2.4.32)

with the function f(t,w) in (2.4.27).
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Proof. During the proof we use the notation z = iw + t. We define the function
1
h*(x) := 1 les A z]? & (2) (2.4.33)
and choose 0, such that 20,D,C2 = 1. Here Cy denotes the constant in (2.4.26) and

D,:=1if0<a<1land D, :=2%if a > 1. Lemma 2.4.4 and the bound ||h*||; < ||| |*¢¢|Ix
imply

—_

B2D,||h? |1 < (2.4.34)

2
for all w, t, and B that are allowed by our assumptions. We define the operator éZB by
the kernel
Gi(a,y) =2 W gi(x — y)

and note that

(z—bp)G% =1-T%, (2.4.35)
where T is the operator given by the kernel

Ti(x,y) = e 2B A (z - y)(-iVa)gi (@ — y) + B2 h(z —y)].

The first term in square brackets equals 0 because g is a radial function, which implies
that the vector Vg§(z —y) is perpendicular to B A (z —y). Multiplication of (2.4.35) with
(z —hp)~! from the left yields

Gh(z.9) = Gilay) = [ v Gl )5 (0.9).

We set y = 0, change variables v — = — v, and find

95 (x) — g5(x) = B? / dv €2 (M) g3 (0) h* (2 —v). (2.4.36)
R3
This implies
gt — g5l < B2llgkl * [1°[llh < B llgi — g5llu 1R*]1x + B* g llx [R7]h. (2.4.37)

A straightforward calculation involving (2.4.35) and the Neumann series shows that g7 —g§
belongs to L!(R3). Therefore, (2.4.34) and (2.4.37) imply

lg — g6l < llg5llx (2.4.38)

for all £,w, and B that are allowed by our assumptions.
We use this estimate as a basis to prove the bounds claimed in the lemma and start
with the first bound in (2.4.32). By (2.4.36), we have

111095 — g)ll < DaB2[II1- g6l 1511 + 11 - (g — 8) 11 1A=

+ g% = gl - 1R= 1+ gl 111 - 1A%
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A similar argument to the one above (2.4.38) shows that |- |%(g% — ¢§) belongs to L*(R3).
In combination with (2.4.38), we therefore obtain

11+ 1%(9% = g)l < 2DaB? [II| - [*gG 11 1511 + 2 lg5 1 11 - 1= (2.4.39)

With the help of Lemma 2.4.4 and (2.4.34), we read off the first bound in (2.4.32). More-
over, the triangle inequality, Lemma 2.4.4, the first bound in (2.4.32) and the bound
f(t,w)? B? < §, imply the first bound in (2.4.31).

Next, we consider the bounds in (2.4.31) and (2.4.32) involving the gradient. As a
preparation, the bound |Vh*(z)| < |z||g&(z)| + |z|> |Vgé(x)| and Lemma 2.4.4 show

jw[ + [t + pl }

N S Py F R

1+ (2.4.40)

We use \Vei%‘(””)\ < B|v| and (2.4.36) to see that

Voi(a) = Vai(@) < B [ v [Blollgis (o) 11z = )] +1gb ()] VA (o =)
as well as
- 1“(Vgp = Vgg)lh < D BQ[BIH Bl 1Rl + B gl ] - 1Rl
+ - 195l VAl + gkl 1 I“thlll}- (2.4.41)

When we combine (2.4.41), the first estimates in (2.4.31) and (2.4.32), the bound in
(2.4.40) and Lemma 2.4.4, we see that

[ 1%(Vgi = Vi)l < Co B2 f(t,w)3*3 14 Bf(t,w)].

An application of the assumption B?f(t,w)? < J, proves the second bound in (2.4.32).
Finally, the triangle inequality, the second bound in (2.4.32), and Lemma 2.4.4 show

1y w| + [t + pf } 2 2
Vgl < Co flt,w)2 T2 |14 ——— 1|1+ B2f(t,w)?].
I1-1°Vghlh < Ca f(t,w) T LB
Another application of B2f(t,w)? < 6, on the right side proves the second bound in
(2.4.31). O

2.4.3.2 A representation formula for L7 p and an outlook on the quadratic
terms

In this subsection we compute the terms in (2.3.20) involving the linear operator Lz p
defined in (2.3.15). Our starting point is the representation formula for Ly g in [FHL19,
Lemma 11], which expresses the operator explicitly in terms of the relative and the center-
of-mass coordinate.

Lemma 2.4.6. The operator Lt p: L*(Qp x R3) — L*(Qp x R2) in (2.3.15) acts as

(Lt pa)(X,r) = //RS><R3 dZds krg(Z,r,s) (cos(Z -l x)a) (X, s)

with
krp(Z,r,s) = Z K p(Z ) e1B(r9) (2.4.42)
nGZ
and
n NS A R N r
ki p(Z,r) = g (2 2) 95" (2 + 2). (2.4.43)

104 PhD Thesis
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We analyze the operator Ly p in three steps. In the first two steps we introduce two
operators of increasing simplicity in their dependence on B:

Lrp = (Lrp — L1 ) + (L1, — Mr,B) + M8, (2.4.44)
where ET, p and My p are defined below in (2.4.45) and (2.4.69), respectively. To obtain
ET,B we replace the functions g7 in the definition of Ly g by g5. Moreover, Mt p is
obtained from ET7 B when we replace k7 g by krp, i.e., when we additionally replace the
magnetic phase e1B (1) by 1. In Section 2.4.3.3 we prove that the terms in the brackets
in (2.4.44) are small in a suitable sense. The third step consists of a careful analysis of
the operator Mt g, which takes place in Section 2.4.3.4. There, we expand the operator
cos(Z - Illx) in powers of Z - Ilx up to second order and extract the quadratic terms of
the Ginzburg-Landau functional in (2.1.17) as well as a term that cancels the last term
on the left side of (2.3.20). In Section 2.4.3.5 we summarize our findings.

We remark that the operator fq; B is called M7 g in [FHL19] and that My p is called
Nr . The reason why we did not follow the notation in [FHL19] is that N p is reserved
for the nonlinear term in the present paper. We note that our decomposition of Lt p in
(2.4.44) already appeared in [FHL19]. Parts of our analysis follow the analysis of Ly p in
Section 4 and Section 5 in that reference. However, we additionally need H'(Qp x R3)-
norm bounds that are not provided in [FHL19]. It should also be noted that Ly p acts on
L?(R%) in [FHL19], while it acts on L?(Qp x R?) in our case.

2.4.3.3 Approximation of Lt g

The operator ET, B. The operator ET, B is defined by

Lrpa(X,r) = // dZds kr.p(Z,r,s) (cos(Z - Tx)a)(X, s) (2.4.45)
R3xR3
with
krp(Z,r s) == Z ki o(Z,r —s) iB'(MS) (2.4.46)
nEZ

and k7 in (2.4.43). In the following proposition we provide an estimate that allows us to

replace L1 g by I}T7 B in our computations.

Proposition 2.4.7. For any Ty > 0 there is By > 0 such that for any 0 < B < By, any
T > Ty and whenever | - ¥V a, € L2(R3) for k € {0,1}, ¥ € Hpog(@QB), and A = Ay as
n (2.3.1), we have

127,88 = LAl @pxzs < C B (IVaul3+ 111 [Vadl3) 1213, on)-

Remark 2.4.8. For the proof of Theorem 2.3.5 we only need a bound for (A, (Lr g —
L7 .p)A), which is easier to obtain. This bound follows directly from Proposition 2.4.7,
Lemma 2.4.1 and an application of the Cauchy—Schwarz inequality. The more general
bound in Proposition 2.4.7 is needed in the proof of Proposition 2.3.2.

Before we start with the proof of Proposition 2.4.7 let ¢ > 0 and introduce the functions
2 B
ﬁﬁzgzowawlﬁw)m;ﬂﬂw“IW*OW%MD
n .
+ (1 1*1gin1) * 195" = g™ + g™ 1+ 1% 195" — g57"]) (2.4.47)
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and

2 . . y o y
Gr,p = 3 E Vg™ — Vo™ * g5 + lgg™ — 95™" | * Vg5
Z iwn —iwn —iwn, iwn, —iwnp —iwn,
" FVgn | # g5 — gon| + |gien |« [Vgzn — Vgg“n|  (2.4.48)

with the Matsubara frequencies wy, in (2.3.13) and the resolvent kernel g% in (2.4.25). We
claim that for any a > 0 there is a constant By > 0 such that for 0 < B < By we have

IFf gl + GBIl < CaBB?. (2.4.49)

To prove (2.4.49) we note that the function f(¢,w) in (2.4.27) satisfies

fO,w,) <C(TH+T72) 120+ 171 (2.4.50)
and that
lonl + 11l o g 4 71y, (2.4.51)
|wn| + p—

Since T' > T > 0, Lemmas 2.4.4 and 2.4.5 prove (2.4.49).

Proof of Proposition 2.4.7. We write

IL7 A — L1, 3Al31 0 xr3)

= |IL7.8A — L1, pA|l3 + |Ux (L1,5A — L1, gA)|[3 + |7 (L1,sA — L1,5A) |3
(2.4.52)

and claim that
IL7,5A = Lrp A3 < 4 1V[3 | FR 5 * Vo |13 (2.4.53)
If this is true, Young’s inequality, (2.2.5), and (2.4.49) prove
IL7,5A — Lr,pAl5 < OB [[Vaull3 1113 )

To see that (2.4.53) holds, we expand the squared modulus in the Hilbert—Schmidt norm
and obtain

LA — DrpAl2 <4 / dr // 4zdz' // dsds’ [Vau(s)| [Vas(s)
R3 R3 xR3 R3xR3

x |kr.p(Z,r,s) — kr.p(Z,r,s)|
X ’kT7B(Z/v T, 3/) - %T7B(Z/7 T, S,)‘

x][ dX |cos(Z - Tx)¥(X)| |cos(Z" - TIx)W(X)|. (2.4.54)
B
The operator cos(Z - IIx) is bounded by 1 and we have

][ dX | cos(Z - IDT(X)| | cos(Z' - IN)T(X)| < ||| 3. (2.4.55)

B

By (2.4.54), this implies
IL7,5A — Ly A3

<43 / ar
R3

~ 2
// dZds |krg(Z,r,s) — krg(Z,1,9)| [Vax(s)|| ,  (2.4.56)
R3xR3
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where the integrand is bounded by

’kT7B(Z, T, S) - %T,B(Zy T, S)‘ < ;% [!g}“f" - gg)”” (Z — g) |g§iwn‘<2+ g)

g5 1(2 = 5) o5 — g™ (2 + 5] (2457)

For a > 0, we have the estimate

ria ria
2z <|z+5|" +|z-5|" (2.4.58)
2 2
This, (2.4.57), and the fact that ggi“’" is an even function imply
/ dz ‘Z|a ‘kT,B(Zﬂ“a 8) _%T7B(Z77ﬂ7 8)| < F%,B(T_S)v (2459)
R3

where Ff  is the function in (2.4.47). We apply the case a = 0 to (2.4.56) and read off
(2.4.53).
We claim that the second term on the right side of (2.4.52) is bounded by

MLy (LA — LrpA) 3 < OB 13 ) |(Fhs + Fhp)* Vaul I3 (2.4.60)

If this is true, Young’s inequality and (2.4.49) show the claimed bound for this term. To
prove (2.4.60), we use (2.4.54) with cos(Z - IIx) replaced by IIx cos(Z - IIx), that is, we
need to replace (2.4.55) by

][ dX [Tcos(Z - ¥ (X)| [Mcos(Z' - MW(X)| < ||[TTcos(Z - )Wy ||[Tcos(Z" - )T |o.

B

In Lemma 2.5.12 in Section 2.5 we prove intertwining relations for cos(Z - IT) with various
magnetic momenta. The intertwining relation (2.5.40) therein and (2.2.5) show

IMeos(Z - I)¥[lo < [I¥||s +2B|Z] [ ]|y < CB [ W]y (qp (L+2),  (24.61)
which yields

Mx (Lr.5A — LrpA)|; < C B |V (o,
X / dr
R3

We apply the cases a = 0 and a = 1 of (2.4.59) to this and obtain (2.4.60).
Concerning the third term on the right side of (2.4.52) we claim that

2

// dZds (1+12)) [kr.5(Z,r,8) — kr.s(Z,1,8)] [Vau(s)|
R3xR3
(2.4.62)

~ ~ 2
|7 (LrsA = Lrpd)3 < CINIB | (Grp + Fip) « Vaul + F g x| - [[Vau | .

(2.4.63)

If this is true, Young’s inequality, (2.4.49), and (2.2.5) show the relevant bound for this
term. To prove (2.4.63), we estimate

|17 (Lr,sA — Ly sA)|[3

2
<tul [ ar
RS

// dZds |7k, (Z, 1, 5) — Trkr,p(Z,1,8)| |[Vas(s)|
R3 xR3
(2.4.64)
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Using |B Ar| < B(|r — s| +|s|) we see that the integrand on the right side is bounded by

7kt B(Z,1,5) — Fokr,p(Z, 7, 5) Z [’V ktp(Z,r —s) = Vikpo(Z, 1 — s)|
nGZ

+ Blr — s| [k1,5(Z, 1 — s) = k1,o(Z,7 = 5)|

+ Bls| K p(Zor — ) — Ko (Zor s)|]. (2.4.65)
We also have

|Vrkgl“,B(Za r)— ka%7O(Z7 r)| < |Vg1wn Vg“”” ( ) |gB1wn‘( _ g)
+ \g“"“ —a"1(2+ 7) Vg5 n|(Z - g)
T () i (2 )

g5 1(Z + 5) Va5 = Vay™1(Z - 5).

Since gjEl ™ is an even function this implies
/ dZ |Vky g(Z,r) = Vkyo(Z, )| < Grp(r). (2.4.66)
nEZ
Moreover, the estimate
I — 8| = |z + 22 (2.4.67)

shows that |r — s F%B(T —s) < FiB(r — s). We conclude the estimate

/ AZ |7 kr.5(Z,r,8) — Rokr,B(Z, 1, 5)]
3
. < Grp(r—s)+BFhy(r—s)+BFlp(r—s)|s|. (2.4.68)

From (2.4.68) we deduce (2.4.63), which proves the claim. O

The operator M7 p. The operator M7 g is defined by
Mrpa(X,r) = // dZds kp(Z,r —s) (cos(Z - 1IIx)a) (X, s), (2.4.69)
R3 xR3

where kr(Z,r) := kro(Z,r,0) with krgo in (2.4.42). The following proposition allows us
to replace L1 g by Mr g in our computations.

Proposition 2.4.9. For any Ty > 0 there is By > 0 such that for any 0 < B < By, any
T > Ty, and whenever | - [FVa, € L*(R3) for k € {0,1}, ¥ € Hpos(@QB), and A = Ay as
n (2.3.1), we have

1.8 = Mr sl o, can < € B (IVaul3+ 111~ Vaul) 1913, @y (2470
If instead | - >V o, € L*(R3) then

(A Lrpd = MrpA)| OB || PVauld 9l 0 (2471
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Remark 2.4.10. The H'(Qp x R3)-norm bound in (2.4.70) is needed for the proof of
Proposition 2.3.2 and the quadratic form bound in (2.4.71) is needed for the proof of
Theorem 2.3.5. We highlight that the bound in (2.4.70) is insufficient as far as the proof
of Theorem 2.3.5 is concerned. More precisely, if we apply Cauchy—Schwarz to the left
side of (2.4.71), and use (2.4.70) as well as the Lemma 2.4.1 to estimate ||Al]|2 we obtain
a bound of the order B? only. This is not good enough because B? is the order of the
Ginzburg-Landau energy.

To obtain the desired quality for the quadratic form bound (2.4.71), we exploit the fact
that Vo is real-valued, which allows us to replace the magnetic phase factor exp(iB(r/\s))
in ET, B in (2.4.46) by cos(3B(r A s)). This improves the error estimate by an additional
factor of B.

Before we start with the proof of Proposition 2.4.9, let ¢ € Ny and define the functions

ZZ( ) (I P1gsm1) = (117 lgo ™ 1) (2.4.72)

€Z b=0

and
= 2 (1 Vi) g™+ 195« (1 oo™ 1)
nEZ iwn iwn iwn, —iwn
(\ | 190 I) |Vgo “r + lgo™ | * (\ Vo \). (2.4.73)
For T > Ty > 0 and a € Ny, by Lemma 2.4.4, (2.4.50), and (2.4.51), we have
1F7[1 + Gl < Co. (2.4.74)

Proof of Proposition 2.4.9. We start with the proof of (2.4.70), which is similar to the
proof of Proposition 2.4.7. We claim that

IL7,5A — MrpA|3 < 4 B2 O[3 |Ff+ |- [[Vau] 3. (2.4.75)

If this is true Young’s inequality, (2.2.5), and (2.4.74) prove the claimed bound for this
term. To see that (2.4.75) holds, we argue as in (2.4.54)-(2.4.56) and find

ILr.A — My A3

<4||\If||%/ ar
RS

Since |r A s| < |r — s |s|, we have |ei

2

// Zds [k (Z,7 — 5) [e1B ) —1]| [Vau(s)|
R3xR3

B-(rAs) _ 1] < B|r — s||s| as well as

=) loa (2 4+ 75=) Ir = sl sl

In combination with the estimate for |r — s| in (2.4.67) and the bound for |Z|* in (2.4.58),
this proves

S| az izl oz =)

nGZ

[k70(Z;7 = 5)]|e

B(r/\s 1' < B ’glwn (

B(rns) _ 1‘<BFC‘+1( —s) |s| (2.4.76)

for a € Ng. The case a = 0 implies (2.4.75). A computation similar to the one leading to
(2.4.62) shows

IMx (Lr.pA = MrpA) |3 < OB |9l (qu I(FD + ) * |- | [Vl [I3.
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To obtain the result we also used (2.4.61) and (2.4.76). We apply Young’s inequality and
use (2.4.74) to prove the claimed bound for this term. Finally, a computation similar to
the one that leads to (2.4.64) shows

|7 (Lr,pA — Mz, pA)|I3
2 i
<4 ng/ dr // dZds 5 3 [Fokfo(Z, 7 — 5)[e3 BN — 1” IV (s)|
R3 R3 xR3 8= ’
We argue as in the proof of (2.4.68) to see that

;Z/dez

nez

2

%Tk%vo(Z, r—s) [eiB(”\S) — 1] ‘
<CB (GT(T —3s) |s|+ Fjlw(r —s)+ qu(r —3) |s])

With the help of Young’s inequality and (2.4.74), these considerations prove (2.4.70).
It remains to prove (2.4.71). The term we need to estimate reads

(A, Lt A — My gA) = 4// drds (eiB'(MS) - 1)Va*(T)Va*(S)
R3xR3

2 7 — 5 cos(Z -
xégdzﬁékm(z,r )][BdX U(X)cos(Z - TIx)¥(X).

Except for the factor eiB(”\s), the right side is symmetric under the exchange of the

coordinates r and s. The exponential factor acquires a minus sign in the exponent when
this transformation is applied. When we add the right side of (2.4.77) and the same term
with the roles of r and s interchanged, we get

(2.4.77)

~ 1
(A, L7 pA — M7y pA) = —8// drds Sin2<* B:-(rA s)) Va,(r)Va(s)
R3xR3 8

X /RS iz 2 > kfo(Zr - s)][Q dX U(X)cos(Z - TLx)¥(X).
nez B
(2.4.78)

To obtain (2.4.78) we also used cos(z) —1 = —2sin?(%). The operator norm of cos(Z - Ix)
is bounded by 1 and we have sin?(§B - (r A s)) < §B?|r|?|s|?. Therefore, (2.4.78) proves

(A, LrpA = MrpA) < B2 [ |- PV (I- PV = F2) (2.4.79)

Finally, we use Young’s inequality, (2.2.5), and (2.4.74) and obtain (2.4.71). This proves
Proposition 2.4.9. 0

2.4.3.4 Analysis of Mt p and calculation of the quadratic terms

We decompose M7 g = M:(pl) + Mz(?j)g + M:(Fgg, where

MP (X, r) = // dZds k(2,7 — s) a(X, s), (2.4.80)
R3 xR3
ML o(X,r) = // dZds kr(Z,r — s) (—3)(2 TIy)? a(X, s), (2.4.81)
’ R3 xR3 2
Mz(ﬂgfga(X, r) = // dZds kr(Z,r —s) R(Z -1Ix) a(X, s), (2.4.82)
' R3 xR3

and R(z) = cos(z) — 1 + 222,
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The operator M:(Fl). The expression (A, M:(Fl)A) contains a term that cancels the last
term on the left side of (2.3.20) as well as the quadratic term without magnetic gradient
in the Ginzburg-Landau functional in (2.1.17). The following result allows us to extract
these terms. We recall that A = Ay = -2V a, ¥

Proposition 2.4.11. Assume that Vo, € L*(R3) and let ¥ € L2

2 0s(@p) and A = Ay as
n (2.3.1).

(a) We have Mj(wi)A(X,r) = —2a.(r)V(X).
(b) For any Ty > 0 there is a constant ¢ > 0 such that for Ty < T < T. we have

T.—T
c

(A, MDA - MPA) > o

e 3.

(¢) Given D € R there is By > 0 such that for 0 < B < By, and T = T.(1 — DB) we have
(A, MPA ~ MPA) =4 DB A, |0)3+ R(A)
with the coefficient Ao in (2.3.23), and
[R(A)| < C B2 [[Vaul [|2]3-

(d) Assume additionally that | - [Va. € L*(R3). There is By > 0 such that for any
0<B < By, any ¥ € HY,.(Qp), and any T > Ty > 0 we have

1 1
1M = MP AR g msy < CBIT = T2 (IVaul3 + 111+ [Veaul) 1913y @)

Remark 2.4.12. The above bound for the remainder term implies
3 2 2
[R(A)| < C B [[Vaulz 191z (s

Part (b) in the Proposition is needed for the proof of Proposition 2.3.6. Part (d) is needed
in the proof of Proposition 2.3.2.

Before we give the proof of the above proposition, we introduce the function

s T 1T
Fry, := Z|2n+1|[\ga°“n|*|g VLo | g e oo ™ x Mg N]. (2483
nEZ

where we indicated the T-dependence of the Matusubara frequencies in (2.3.13) because
different temperatures appear in the formula. As long as T > Ty > 0, Lemma 2.4.4 and
(2.4.50) imply the bound

|Frr.lh <C. (2.4.84)

Proof of Proposition 2.4.11. We start with the proof of part (a). First of all, we recall
that kp(Z, r) = kro(Z,r,0) with kr p(Z,r, s) in (2.4.42). In Fourier space the convolution

operator g Flen (p — ) equals multiplication with (iw, + ¢ — k2)~!. This allows us to
write
. a¢ ik (Z2-3) el (Z2+3)

(2, neZ//RSXRS 2m)3 (27m)3 dw, + p — k2 —iw, + p — €2

= // dp dq 1Zq —ir-p 1 1
nEZ rR3xRr3 (2m)3 (2m)3 iwn, + 1 — (p+ 2w, —p+ (p— %)2’
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where we applied the change of variables ¢ = k 4+ ¢ and p = %. We use the partial

fraction expansion

1 ( 1 1 ) B 1 1
E+E\iw, —E  iw,+E)/) iw,— Eiw, +E
and the representation formula of the hyperbolic tangent in (2.3.12) to see that

dp dg iz, _i q q
kr(Z,r) = 19e™P [ - p—= 2.4.85
r(Z:7) //RR @3 23 © ° r(p+50=3) (2.4.85)

where

anh(Z(p?2 — anh(2 (a2 —
LT(p’q)::t h(2(pp2f)p)ci:12—h(i(q ") (2.4.86)

In particular,

dp —ir-p _ dp —ir-p -
/RS dZ kr(Z,r) = /R3 o) e "PLy(p,p) = /R3 ) e TP Kp(p)t (2.4.87)

with Kp(p) in (2.1.14). Therefore, we have

M{PA(X, 1) = K7'Vou(r) ¥(X),

which together with K7, . = Vv, proves part (a). To prove part (b), we use (2.4.87) to
write

<AWM—W%F%@%JM@14@@TW%WMWM§@M&

With the help of the first order Taylor expansion

1 [T 1 1
Kr(p)™' = Kr.(p) ' = / dr’ (2.4.89
) ( ) 9 T (T/)Z COShQ(p;;/u) )
we see that
17T.—T 1
Kr(p)™' = Kr,(p) ' > 5=
2 T2 cosh2(p;i)“)

holds for Ty < T < T¢. This and (2.4.88) prove part (b).
To prove part (c), we expand (2.4.89) to second order in 7' — T, and find

dp T.—T

@@w%miwmwmwQWLMQQ

with Ay in (2.3.23). By (2.4.88), this proves part (c).
It remains to prove part (d). We use the resolvent identity to see that

<CIT -T)* [V

+iwT Fiwle +iwl  Ljwle

90 — 9 = :Fi(wg — wgc) g " * 9 ) (2.4.90)
Using (2.4.90), it is straightforward to see that
IMPA = MP AR < CIT = T | Fror. |1 |V a3 | 23

holds with Frr 7, in (2.4.83). In combination with (2.4.84) this proves the claimed bound for
this term. The estimates for the terms H%T(M}I)A—M%)A) |2 and HHX(M;UA—M%)A) 113
are proved similarly. We omit the details. O
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The operator Mz(?))B- The term (A, M;%A} with M:(r2/)9 in (2.4.81) contains the kinetic
term in the Ginzburg-Landau functional in (2.1.17). The following proposition allows us
to compare the two.

Proposition 2.4.13. Assume that the function Vo is radial and belongs to L?(R3). For
any B> 0, ¥ ¢ mag(QB) and A = Ay as in (2.3.1), we have

(A, MEPpA) = —4 Ao |[T10[13 (2.4.91)
with Ao in (2.3.22). Moreover, for any T > Ty > 0 we have
2 2
(A, MEZRA = M A)| < © B2 T = T [Vaul3 193 () (2.4.92)

Before we give the proof of Proposition 2.4.13, let us introduce the function

Fop, = Z > \2n+1|[(\~|“1|géw5\) w (1102 10 ) 5 (1 1 g 1)

nEZ a1,a2,a3ENQ

S (1 g ) e (11 g ) () lg‘””{cl)]’
(2.4.93)

where a € Ny and where we indicated the T-dependence of the Matusubara frequencies
in (2.3.13) because different temperatures appear in the formula. As long as T > Ty > 0,
Lemma 2.4.4 and (2.4.50) imply the bound [|Ff 1. [[1 < Cq.

Proof of Proposition 2.4.13. We have
(A M A) = —2 // drds Ve (r)Vau(s) / AZ by (Z,7 — 5) (U, (Z - T )20)
R3 xR3 R3
(2.4.94)
and

(W, (Z Z Z:Z; (MOw, 110 w).
t,j=1

The integration over Z in (2.4.94) defines a 3 x 3 matrix with matrix elements

d d T —in
/ dZ kr(Z,r) // p q3/ 47 e"iZ4¢ P’“LTC(p+g,p—g)Zizj,
R3 R3><R3 ) R3

which we have written in terms of the Fourier representation of k7, (Z,r) in (2.4.85). We
use ZiZje_iZ'q = —8ql.8qje_iz'q, integrate by parts twice, and find

dg —iZq q q { 9 0 q }
1 — - = ZlZ: - a5 .
/Rs @ Jp. 32 T T (+ 9P 2> j 9 9q; TC(p+ 2P 2) o

A tedious but straightforward computation shows that the right side of the above equation
can be written in terms of the functions ¢g; and g9 in (2.3.21) as

Loartn(o+t0-9)] - O (Bl = )6 + 260 92(Be? — 1)) P,

and hence

502 dp —ipr
/RS AZ kr.(Zr) ZiZj = = /Rg ik p [91(5C(p2 — 1))8ij + 2Be ga(Be(p* — 1)) pipj}.
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Let us denote the term in the bracket on the right side by A;;j(p). When we insert the
above identity into (2.4.94) we find

2 3
c i j d o

(A, M pA) = _Be 3 )\II,H(J)\I/>/ D (2 V() Ay(p).  (24.95)
4 ig=1 R3 (27’()

We use that Va, is a radial function to see that the integral of the term proportional
to pip; equals zero unless ¢ = j. Since the angular average of pg equals %pQ this proves
(2.4.91).
It remains to prove (2.4.92). To this end, we estimate
2 2
(A, MR A — My A)|
< 2/// drdsdZ Vo (r)] Vau(s)| ke (Zr — s) — kr(Zyr — )
R3 xR3xR3
x (U, (Z-I)2T)|.  (2.4.96)
For general operators A, B, C, we have |A+ B+ C|? < 3(|A|> 4+ |B|? 4 |C|?). This implies
(z-m)? <3 (23 (M) + 23 (@)? 4 23 (M¥)?) <3 22 112, (2.4.97)
and, in particular,
(@, (Z - I)*)| < 3|ZP I3 <3B%|ZP 1V, (0n)- (2.4.98)
Moreover, (2.4.90) and the estimate for |Z|? in (2.4.58) show
/ dZ | ZP? |kr(Z,7) — kr.(Z,7)| < C|T = Te| Fp,(r) (2.4.99)
R3

with F%,Tc in (2.4.93). With the help of (2.4.96), (2.4.98), and (2.4.99), we deduce

(A, MERA = M A) < C BT =T |93 g [[[Vasl (IVaul « Fiyg,)

mag

‘1'

An application of Young’s inequality completes the proof. O

The operator Mr_(p?’j)g. The term (A, M:(F‘%A} with M:(F‘r% in (2.4.82) is the remainder of
our expansion of (A, M7 gA) in powers of B. In contrast to the previous estimates, we

need the Hr%lag(Q p)-norm of ¥ to control its size.

Proposition 2.4.14. For any Ty > 0 there is By > 0 such that for any 0 < B < By, any
T > Ty, and whenever Va, € L*(R3), ¥ € Hmag(QB), and A = Ay as in (2.3.1), we
have

(A, MPRA) < C B [Vl 3 19132 o,

mag

Before we give the proof of Proposition 2.4.14, let us introduce the function

Z( [Hlgin 1) + lgo ™| + lgien |+ (1 - [*lg ™). (2.4.100)

nEZ

Aslong as T' > Ty > 0, Lemma 2.4.4 and (2.4.50) imply ||Fr|:1 < C

114 PhD Thesis



CHAPTER 2. BCS-THEORY IN A HOMOGENEOUS MAGNETIC FIELD

Proof of Proposition 2.4.14. We have
(A, MPA) = 4 /// drdsdZ Ve (r)Vau(s) kr(Z,r — 5) (U, R(Z - TLx)0),
R3 xR3 xR3
(2.4.101)

where the function R(x) = cos(x) — 1 + %2 obeys the bound 0 < R(z) < 552*. We claim
that

|Z-10|* < 9z|)* (I* + 8B?), (2.4.102)
which implies
9
(WR(Z- W) < o |21 (P03 + 8B° | W]3) < © B |Z1* [ W]iga, gy (24.103)

To see that (2.4.102) is true, we note that [II(), TI?)] = —2iB implies

1112 = 112 11 + 4iB (-1, 1M 0)?, (2.4.104)

and hence
T2 11 = 11 + 8B (2.4.105)
We also have [Z - II,1I] = —2iB A Z, which implies (Z ) Xz 1) = II(Z - )11

We combine this with the operator inequality (2.4.97) for ( )2 d (2.4.105) and get
(Z - IHI%(Z - 1) < 3|Z>(I1* + 8B?). Finally, we write |Z - H\4 (Z-M)(Z -M)2(Z -10),
apply (2.4.97) again, and obtain (2.4.102).

Using the estimate (2.4.58) on |Z|* and (2.4.103), we argue as in the proof of (2.4.59)
to see that

/ a7 |Z|* |kr(Z,7)| < Fr(r) (2.4.106)
R3

with Fr in (2.4.100). The bound on the L!(R3)-norm of Fr below (2.4.100), (2.4.101),
(2.4.103), and (2.4.106) prove the claim. O

2.4.3.5 Summary: The quadratic terms

Let us summarize the results concerning the quadratic terms in A = Ay that are relevant
for the proof of Theorem 2.3.5 and provide an intermediate statement that is needed for
the proof of Proposition 2.3.6.

Proposition 2.4.15. Given Ty > 0 there is a constant By > 0 such that for any Ty < T <
Te, any 0 < B < By, and whenever | - [FVa, € L*(R®) for k € {0,1,2}, ¥ € HL,..(QB),
and A = Ay as in (2.3.1), we have

1 T —1T:
(A Lr.p ) + W3 (0, Vau) < === [WIF+ OB Wy g, (24107)

Proof. By Lemma 2.4.6, the decomposition (2.4.44) of Lt g, as well as Propositions 2.4.7
and 2.4.9, we have

1
(A LrpA) + 123 (s, Vo)

1 1
=14 MDA~ MY A) 1(A, My pA - MPA) + RBy(A), (2.4.108)
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where

[RU(A) < C B[] (o)

and, by Proposition 2.4.11,

1 1 1 T-1T.
—2 (A, MDA - M) < 3.
4 T.
We claim that
1
(A, My pA — MWYA) < C B? Vo2 1912 (@m): (2.4.109)

The proof of (2.4.109) goes along the same lines as that of Proposition 2.4.9 and uses the
operator inequality (2.4.97) on (Z - II)? to estimate

(0, [eos(Z - 11) — )| < € B2 |21 [[0]3y 0,

We omit the details. This proves (2.4.107). O

(2.4.110)

Let the assumptions of Theorem 2.3.5 hold. We combine (2.4.108) with the results of
Propositions 2.4.11, 2.4.13, and 2.4.14 to see that for T' = T.(1 — DB) with D € R we
have

1
(A L7 + |91 (o, V) = Ao (T3 = DB Ag B3+ Ry(A),  (24.111)
where

|[Re(8)| < C B[ W] F2, (-

This concludes our analysis of the operator Lt p.

2.4.3.6 A representation formula for the operator Nt p

Let us introduce the notation Z for the vector (Z1, Zs, Z3) with 71,75, Z3 € R3. We
also denote dZ = dZ1dZ>dZ3. Remarkably, the strategy of the analysis we used for L g
carries over to the nonlinear operator Ny p in (2.3.16). As in the case of Lt g, we start
with a representation formula for the operator N7 p and note the analogy to Lemma 2.4.6.

Lemma 2.4.16. The operator Ny p: H (Qp x R?) — L?(Qp x R?) in (2.3.16) acts as

Nrs(e)(X,r) = ///R Lz ///R s brp(Z,r9) A(X, Z.5)

with
A(X,Z,s) = %X (X 51) eZ2Tx (X, 59) 41X (X 53) (2.4.112)
and
2 .
trp(Z,r,8) = = 3 0 5 (Z,r,s) e P(Zrs), (2.4.113)
B neL
where
n — g@n I R Y L, S1t182
Urg(Z,r,8) :== gp (Zl 5 ) 9B (Z1 Zy 5 )
iwn, o, 52183\ _iw, r— s3
x gl (22 Zs . ) 95 (23 +— ) (2.4.114)
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with g5“ in (2.4.25) and

o= (= 5) s o 5

2 2
+(ZQ—ZB_82+83)/\(21—Z2—81;_82)
(2t YN (2 22— PR o (s 0= D) A (21— 2 - BE)
+(Z3+T_233>A(Z3_Z2+32_;83>+(53—g>/\(23—22+82;33). (2.4.115)

Remark 2.4.17. We highlight that the formula (2.4.115) for the phase function ® only
involves the coordinates that appear in (2.4.114) and the relative coordinates r and s.
This structure allows us to remove the magnetic phase factor in (2.4.113) with techniques
that are similar to the ones used in the analysis of Lt p.

Proof of Lemma 2.4.16. The integral kernel of Ny g reads
NT,B( ///9 du /// dv le” CX? ul) (ul, 1)1) GBM" (UQ, 1)1) (UQ, 2)2)
R
x G (v2, ug) o(us, v3) G5 ((x", vs),
where we used the short-hand notation (% := X + 5. We also used that

1

S = —GLwn 2.4.116
1Wn n hB (1‘ y) B (y7 .I'), ( )

which follows from A*(x,y) = A(y,z) and

z —1f)B N (Z —11‘)3)*'

We hereby correct a typo in the analogue of (2.4.116) in the proof of [FHL19, Lemma 11].
Let us define the coordinates Z and s by

u:X+Z+§, v=X+Zf§,

and note that we interpret them as relative and center-of-mass coordinates. For Nt g this
implies

NT7B(a)(X,r)_/// dz/// ds e~ 1B(XAZ1) 4iB-(XAZ2) o~iB:(XAZ3) A(X,Z,s)
R? R?

2 iwn (1 s —iwn [ S iwn S: iwn
X 3 DG (€K CH  x) GB (CR o x Cotx) G (C22 50 CF x) G (CxT5 G2 &)
nez

with A(X,Z,s) in (2.4.112). Here, we used B- (X ANZ) = Z-(BAX) and that Z- (BAX)
commutes with Z - (—iVx), which implies

(X + Z,5) = 2 TIVX) (X 5) = e BXND) (1 Z01x (X ).
A tedious but straightforward computation that uses Lemma 2.4.3 (b) shows

Giﬁ"“&v@hx) GBiwn(C§22+X7C§fiX> len<<Z2+X7CZ:;+X) G (X +CZatx)

— eiB-(X/\Z1)efiB-(X/\ZQ)elB-(X/\Zg) e 5 @(Z,T,S) £%7B(Z7T S). (24117)

This proves the claim. O
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As in the case of Lt p, we analyze the operator N7 p by introducing several steps of
simplification. Namely, we write

N5 = (Nr.p — Nrp) + (Nrp — Ny p) + (N4, — NY) + N, (2.4.118)

with Nz,p in (2.4.119), Ny} in (2.4.127), and Ni* in (2.4.133). To obtain Ny,p we

replace the functions g3 by g¢§ in N7 . When we replace {7 p by {1, we obtain Nj(%j)g,

and Ng) is obtained from Ni(rlj)B by replacing the magnetic translations e!%'11x by 1. Using
arguments that are comparaEle to the ones applied in the analysis of the operator Lt g,
we show in Section 2.4.3.7 below that the contributions from the terms in the parentheses
in (2.4.118) can be treated as remainders. In Section 2.4.3.8 we prove a proposition that
allows us to extract the quartic term in the Ginzburg-Landau functional from the term
(A, NY(?)(A». Finally, we summarize our findings in Section 2.4.3.9.

2.4.3.7 Approximation of Nt p

The operator NT’ 5. The operator Nrﬂ B is defined by

Nrp(a)(X,r) = ///R az /J/R ds lr5(Z,7,8) A(X,Z,s) (2.4.119)

ETB Z 'r' S Z£T0 Z 'r' S 'Q(Z’T’S),
neZ

with

Ain (2.4.112), &}, in (2.4.114) and @ in (2.4.115). The following proposition quantifies
the error that we make when we replace N7 g(A) by NT, B(A) in our computations.

Proposition 2.4.18. Assume that Va, € L3(R3). For every Ty > 0 there is By > 0
such that for any 0 < B < By, any T > Ty, any ¥ € mag(QB) and A = Ay as in
(2.3.1), we have

(A, Nz,p(A) = Nr,p(A))| < C B Vel 1905, (@)

Before we give the proof of Proposition 2.4.18, let us introduce the function

T.B = Zlg‘“’” 6”1 * 195" | * g™ | * 95"

VA Wn, n Wn Wn,
P e + 1967 * 195" — g "1 * 195" * lg5™"
+ 167 | * lgg | * g™ — 967 * 95"
+ 107 | * lag | * lag™ [ % 95" — 95" . (2.4.120)
By Lemmas 2.4.4 and 2.4.5 as well as (2.4.50) we have
|Fr.pl1 < C B? (2.4.121)

for T > 1Ty > 0.

Proof of Proposition 2.4.18. The function |¥| is periodic and (2.2.7) therefore implies

e MW = 1W[F < CBPl7, (n)- (2.4.122)
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Consequently, we have

][Q dX |U(X)| H|elZ Ty (X)) < |92 H||elZ My|l6 < CB2||\II||H1 Qp) (2:4.123)
B 1=1

as well as

(A, N7,5(A) — Nr,p(A))]
<CB Uy ou [ 4[| ds Vol Vas(sol Va (sl Vas(sa)
mag R3 RO

X /J/ AZ b7 p(Z,7,s) — I 5(Z,T,8)|.
RQ

(2.4.124)

We use the change of variables

Z 7= Ty — Zy — 31282, Zh— 7= Zy — Zy — 52‘583, Z _Zg+r_283

(2.4.125)

whence

7y — T_;l =7 — (r — s1— 82— s3). (2.4.126)
As in the proof of (2.4.59), we conclude
///R9 dZ |ty g(Z,r,s) — ZT,B(Z,T, s)| < Frp(r —s; — s2 — s3)
with Frr g in (2.4.120). We insert the above bound in (2.4.124) and use
HVa* (Vo Vaw x Va  Frp) Hl < C|Vauls, I Frslh
as well as (2.4.121), which proves the claim. O

The operator N:(FTJ)B. The operator NZ(FZ)B is defined by

N (0) (X, 7) = ///R Lz ///R ds r0(2Z,7,9) A(X. Z.5) (2.4.127)

with A in (2.4.112) and ¢7p in (2.4.113). The following proposition allows us to replace
(A, Nz.g(A)) by <A,N$3B(A)> in our computations.

Proposition 2.4.19. Assume that | - |*Va, € LY3(R3) for k € {0,1}. For every T >
To > 0, every B >0, every ¥ € Hy,.(Qp) and A = Ay as in (2.3.1), we have

~ 1
(A, Nrp(A) = NER(A)] < C B ([[Vauldy + - [Veulldy,) 1004, 0p)-
Before we start with the proof of Proposition 2.4.19, we introduce the functions
Z g6 1 (1 Tgo™n1) = (1 11g6™1) * lgg ™|
nEZ
+1as 1 (1 oo™ 1) #1as | = (1 g ™)

+lgin oo™ L (1 ol 1) =« (- Hgg™n1) - (2.4.128)
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and

By : BZ( g™ 1) Lo ™+ g™+ lao ™ + g™ (1- 1195 1) * g™ ] * 1gg ™"

"l g 1 (1119501 #1951+ gk lgg ™|+ gk« (1 - g™ 1)-

(2.4.129)
Aslong as T > Ty > 0, Lemma 2.4.4 and (2.4.50) imply the bound
IEP 1+ 1B < C. (2.4.130)

Proof of Proposition 2.4.19. We use (2.4.123) and estimate
N 1
(A Nr.5(A) = Np ()]

<OB Uy o) /}R S // ds |Va ()] [V (s1)] Ve (s2)] [Vau(s)

XZ/// AZ |0o(Z,r,5)|

nez

1B<I>(er) ‘

(2.4.131)

In terms of the coordinates in (2.4.125) and with (2.4.126), the phase function ¢ in
(2.4.115) can be written as

O(Z,r,8) = (Zy — Z3) N2y — Z3) + Z3 N2y — Z3) + Zy N (25 — Z3)
r / T ! !
+§/\ (Zl—(?”—81—82—83)) —1—(32—1—33—5) N(Z1 — Zs)
r r
+ (83 - 5) N(Z5— 23) + 5 N Z3, (2.4.132)

We use the estimate ]ei%'q’(z ™) — 1| < B|®(Z,r,s)|, (2.4.131), and argue as in the proof
of (2.4.76) to see that

Z/// dzZ |} o(Z,7,8)] |e $e(Zrs) _ 1‘
neZ

<CB [F})(r — 81 — S2 — S3) —|—F7(ﬂ2)(r — 81 — S92 — 83) (1 + |7+ |s1] + |s2| + ]33\)}

with Fq(ﬂl) in (2.4.128) and Fq(?) in (2.4.129). Young’s inequality then implies
(A, Nr.p(A) = NEL(A))]
<C Bt om (IVaslls + I Vaullly) (IF 1 + 17511).

Finally, an application of (2.4.130) proves the claim. O

The operator N}Q). The operator N:(FQ) is defined by

NP (a)(X,7) ///RQ 4z ///Rg ds l1,0(Z,r,s) A(X,0,s) (2.4.133)

with A in (2.4.112) and 47 in (2.4.113).
The following proposition allows us to replace (A, N}%(A» by (A, N:(F2)(A)> in our

computations. We highlight that the H, mag(Q p)-norm of ¥ is needed to bound the differ-
ence between the two terms.
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Proposition 2.4.20. Assume that |-|*Va, € LY3(R3) for k € {0,2}. For anyT > Ty > 0,
any B> 0, any ¥ € H:..(Qp), and A = Ay as in (2.3.1), we have

mag

1 2
(A, NER(A) = NP(A) < C B (Vs + 1|+ PVasldy,)

)

<l @ P02, @0

Before we prove the above proposition, let us introduce the functions

Z 19671 * lgo "1 * lag™ | = g "
nEZ

and

ZW (1 lgo ™ 1) * lgi" | * g ™|
nEZ
a6 19 ™ (1 2 Lgbn1) # lgg ™|

a6 1o | lghn L« (1 2 lgo ™).
For T > T > 0, an application of Lemma 2.4.4 and the estimate (2.4.50) on f(¢,w) show
IED 1+ PP < C. (2.4.134)
Proof. We have

(A, NYL(A) = NP (D))

= 16/ dr/// ds Va,(r)Vas(s1)Vax(s2)Vau(ss /// dZ l7o(Z,r,s)
R3 RO

x][ dX U(X) (4w (X) 2T g (X) e (X)) - B (X)T(X)T(X)).
“ (2.4.135)

Apart from the exponential factors, this expression is symmetric under the simultaneous
replacement of (21, Za, Z3) by (—Z1,—Z2,—Z3). When we expand the magnetic transla-
tions in cosine and sine functions of Z; - Il x, ¢ = 1,2, 3, the above symmetry implies that
all terms with an odd number of sine functions vanish. Accordingly, we may replace the
bracket in the last line of (2.4.135) by

(cos(Z1 - Tx)U(X) cos(Zs - Tx) (X)) cos(Zs - Tx)(X) — U(X)W(X)¥(X))
+cos(Z1 - x)¥(X) isin(Ze - Ux)¥(X) isin(Zs - [x) VU (X)
+isin(Z; - IIx)W(X) cos(Zy - IIx )W (X) isin(Zs - IIx)¥(X)
+isin(Zy - Tx)W(X) isin(Zs - x)W(X) cos(Zs - Tx)(X). (2.4.136)

Let us consider the first term in (2.4.136). We use |cos(z) — 1|? = 4/sin*(%)| < i|x!4 and
the operator inequality in (2.4.102) to see that |cos(Z-1I) — 1|> < C-|Z|* (II* 4 B?) holds.
In particular,

lleos(Z - 10) = 1|3 < C B |Z" 1¥][32, (0s)- (2.4.137)
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In combination with the estimate (2.4.122) on ||e/#1W||g, this implies

]é dx |\IJ(X)]’cos(Zl-H)\II(X) cos(Z - I (X) cos(Zs - I T(X) — T(X)T( )\IJ(X)‘

< @6 [I(cos(Z1 - IT) — 1) ¥z || cos(Zs - Tl || cos(Zs - TT) ¥
+ W2 [l (cos(Ze - TT) — 1)z || cos(Zs - D lg + [ W] [|(cos(Zs - IT) — 1)
< OB o 1Pz, @m (122 + 122 + | 232). (2.4.138)

To treat the other terms in (2.4.136) we use the operator inequality in (2.4.97) to see
that

[sin(Z - TW[E = (¥,sin?(Z - 1) W) < CB 21 [V g,
which yields
f X 0] o2 O] (2, TR sin(Ze - T BCX)
B
<CB (1212 +12) 194y, 0y (24.139)
We gather (2.4.135), (2.4.136), (2.4.138), and (2.4.139) and find

2
(A, NEL(A) = NP@A) < CB 930 (o) 1911200

X /RS dr///}Rg ds [V (r)] |[Vas(s1)| [Vas(s2)| [Vax(ss)]

x/// AZ |0r0(Z,7,9)| (1212 + |2 + | Z5).
RO

When we write the coordinates Z;, i = 1,2, 3, in terms of the coordinates in (2.4.125) and
(2.4.126) plus linear combinations of r and s;, i = 1,2, 3, we see that

21| < |21 = Zo| + |25 — Z3] + | Z3] + |r| + [s1] + |s2| + Iss),
|Z2] <125 — Z3] + | Zs| + |r| + | 2] + |ss,
|Z3] < |Z3] + || + Iss].

We use this and argue as in the proof of (2.4.76), which yields
[ 42 1tra@.rs)) (1227 + | 22F +12F)
R9
<C(F(r = 51— 2= s3) (I + |1 + [sof> + [s3”) + B (r = 51 = 52— 53)).
In particular,

(A NER(A) = NP (AN < C B W13 g 1912, 00

1 2
x (IVaullyy + 1 PVauly) (1E 1 + 1B )-

In combination with (2.4.134), this proves the claim. O
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2.4.3.8 Calculation of the quartic term in the Ginzburg—Landau functional

The following proposition allows us to extract the quartic term in the Ginzburg-Landau
functional in (2.1.17) from <A,N}2) (A)).

Proposition 2.4.21. Assume Vo, € L*(R3). For any B > 0, any ¥ € H}.e(@B), and
A=Ay asin (2.3.1), we have

(A, N5(8)) = 8 As ]
with As in (2.3.24). Moreover, for any T > Ty > 0, we have

(A NP(A) = NP(A)| < C BT — T [IVeullds 1912 0p-

mag

Before we prove the above proposition, let us introduce the function

n iw’z:c TL n TL
Fry, := Zmnﬂ\[\g [ 1as™ |+ lgo \*|go 199"
nEZ iwT T
g g 7| * g \*Igo " lgo |
+ Jgien’ \*Igo“"" [ lgi | * i !*Iga “r |
Tec
1G5 [ a7 L gl | g ™ | g ™ 1] (2.4.140)
where we have included the T-dependence of the Matsubara frequencies in our notation
once more because different temperatures appear in the formula. As long as T > Ty > 0,

Lemma 2.4.4 and (2.4.50) imply
IFrr ) < C. (2.4.141)

Proof of Proposition 2.4.21. Set

Z 96" (r = Z1) 90" (Z1 — Z2) g6 (Za — Z3) gy " (Z3).
neZ

Then, by the change of variables (2.4.125) and (2.4.126), we have

///dZETOer ///dZETZT—Sl—SQ—Sg)
RY RY

We use that (Fiw, 4+ g — p?)~" is the Fourier transform of gi7“" (z), which yields
elp1-(r—21) elp2(Z1-22)  oips-(Z2—23) elPa-Z3
nez iz (27) i iwn 4+ g — P —iwn + 1 — p3 iw, + g — p3 —iwn + p — pi

Integration over Z gives

///R9 A2 br(Z.1) T8 Z/ 1wn+u—p2)21(iwn —p+p?)?

In view of the partial fraction expansion

1 1 1 1 1 1 1
(iwp — B)2(iwp + E)2 ~ 4E2 [(iwn — E)2 + (iwn + E)2]  4F3 [iwn —F iw,+E
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and the identity

3 1 d 3 2 1
id — Ctann(L) =2y 9.4.142
2 Cosh2(§z) dz (2 ) p ng (iwp, — 2)? ( )
which follows from (2.3.12), we have
1 _ 8% 91(BE)

B%Z(iwn—E)%wnJrE)? 2 E

with the function g; in (2.3.21). We conclude that

[ azran =% [ 2o e 00 —20)

For the term we are interested in, this implies

(A, NP(A)) =16 9]} ﬁ2/ dr///w ds Vau (r)Vau(s1)Vau(s2)Va (s3)
/ AP ip = —sa=ss) 10clP” — 1))
g3 (27)? P2 —p

2 d _ . 2
—slulths [ ks lcavamt 2O s

(2.4.143)

with A3 in (2.3.24). This proves the first claim.
To prove the second claim, we note that

(A, NP(A) - NS (A)) =16 /R dr ///R ds Vau(r)Vau(s1)Vou(s2) Vo (sa)

x ///R dz (br0 — tr.0) (Z,7,9) ]é ) AX [T(X)[L (2.4.144)

Afterwards, we argue as in the proof of (2.4.92), that is, we use the resolvent equation
(2.4.90) as well as the change of variables in (2.4.125) and (2.4.126) and obtain

/ AZ |010(Z.7,8) — b1, 0(Z,7,8)| < C|T = Tol Frog(r —s1 — 52— s3)  (2.4.145)
RO
with the function Frr, in (2.4.140). Together with (2.4.144), this implies

(A, NP(@A) = NPA)] < CIT = Tl [ [Vae (Vou « Vo « Vau s Pry,)

‘1'

Finally, an application of (2.2.7), Young’s inequality, and (2.4.141) concludes the proof. [

2.4.3.9 Summary: The quartic terms and proof of Theorem 2.3.5

Let the assumptions of Theorem 2.3.5 hold. We collect the results of Lemma 2.4.16, as
well as Propositions 2.4.18, 2.4.19, 2.4.20, and 2.4.21, which yield

SO N p(A)) = Ag )4+ R(B) (2.4.146)

with
[R(B)| < C B |l (o) I1VIlaz

mag(@B)

Together with (2.4.111), this completes the proof of Theorem 2.3.5.
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2.4.4 Proof of Lemma 2.3.1 and Proposition 2.3.2

We start with the proof of Lemma 2.3.1 and recall the definition of T' in (2.3.4) and
that of the normal state I'g in (2.1.12). By definition, I is a gauge-periodic generalized
fermionic one-particle density matrix. Therefore, we only have to check the trace class
condition (2.1.8).

To this end, we use the expansion (2.3.14) of the hyperbolic tangent in terms of the
Matsubara frequencies, the first formula in (2.4.10), and the resolvent equation (2.4.19)
to write

1 1 3 1 1
'A==-——-tanh(=HA) ==+ — — =T A 2.4.14
aA=j5~ gtan (2 A) 2+5 Eziwn—HA 0o+ 0+ 97 p(A), ( 7)
where
1 1 1 1 1 1 1
0= . 0- , 9 A) = — - 0- -
ﬂélwn—ﬂo iw, — Hy 7.5(4) ﬁq;zlwn—ﬂg iw, — Hy iw, — Ha
(2.4.148)

with d in (2.3.3). Since O is offdiagonal, we have [0];; = 0 and the operator (1+ 72)[O]11
is locally trace class trivially. Using (2.4.23), we see that

1

— 1
[QTB } *len - 1wn+h73A

iwnp, —HA]H

An application of Holder’s inequality shows that (1+72)[Q7 5(A)]11 is locally trace class.
It remains to show that (1 + %)y is locally trace class. But this follows from the bound
(1+z)(exp(Blx —p)) +1)7L < C’/g’aefg( ~H) for > a, the diamagnetic inequality for the
magnetic heat kernel, see e.g. [LS10, Theorem 4.4], and the explicit formula for the heat
kernel of the Laplacian. This concludes the proof of Lemma 2.3.1.

Let us continue with the proof of Proposition 2.3.2. We use aa = [['a]12, the resolvent
equation (2.4.19) and (2.4.147) to see that

ap = [0Oh2 + [Qr.B(A)12 = [Ol12 + Rr,B(A),

with O in (2.4.148), and

1 1 1
R : 0 0 .
TB Z Lwn HO iwy, — Hy iwp — Hpo - iwy — HO:| 12

The definition of Ly g in (2.3.15) implies [O]i2 = —%LTBA, and we define
1 2 (1)
no(A) == 5 (LT BA — Mr BA) 5 ( A — My A) + Rr,B(A),

E(Mﬂ BA — M}DA), (2.4.149)

77J_(A) = 2

with M7 p in (2.4.69) and Mz(}) in (2.4.80). Proposition 2.4.11 implies that —%MJ(%)A =
Ua,, so these definitions allow us to write aa as in (2.3.6). It remains to prove the
properties of 19 and 7, that are listed in Proposition 2.3.2.

We start with the proof of (2.3.7), and note that

1
Rr,p(A Z

nGZ lwp — lw" + hB

1 1

Al } _
iwp, — Hal1n iwn, +bp
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Using Hélder’s inequality, we immediately see that |Rr g(A)|l2 < CB3||A||g. Furthermore,
we estimate

1 2

iwp, +hiB 0o

7R, 5(A)]2 < Z 1A]g:

neZ

N
bB H Lwn - HA 111loco
With the help of ||A|%, = ||[A*A|« for a general operator A, the first norm on the right
side is bounded by
1/2

< Clw,| 72

o0

1
2

H 1 1 1/2
= .
Wy — [)B

iwn = Bl —iwp — bB lleo

Hence,
I Re,p(A)]ls < C 872 Al (2.4.150)

With a similar argument, we see that ||Rz p(A)w||2 is bounded by the right side of
(2.4.150), too. An application of Lemma 2.4.1 and of (2.2.7) on the right side of (2.4.150)
finally shows

IRT, (M) (Quxrzy < C B2 195, (o)

The remaining terms in 7(A) can be estimated with the help of Propositions 2.4.7, 2.4.9,
and 2.4.11, which establishes (2.3.7).
It remains to prove (2.3.8) and (2.3.9). We start with the proof of (2.3.8) and write

nL(A)(X,r) = //]R3><]R3 dZds kp(Z,r — s) [cos(Z - IIx) — 1] A(X, s). (2.4.151)

Using (2.4.137) we see that

Insl3 <€ B IELIR [Vauld 1213, @) (2.4.152)

with the function F}Q) in (2.4.72). The L!'(R?)-norm of this function was estimated in
(2.4.130). We use this bound and conclude the claimed bound for the L?(Qp x R2)-norm
of n,. Bounds for |71, |2 and |||r|nL |2 can be proved similarly and we leave the details
to the reader.

To prove the claimed bound for ||[IIx7 ||2, we need to replace [cos(Z - IIx) — 1]¥(X)
by IIx[cos(Z - IIx) — 1]¥(X) in the proof of (2.4.152). Using the intertwining relation
(2.5.40) in Lemma 2.5.12 below, the operator inquality (2.4.97) for (Z - II)2, and the
equality (2.4.105) for TITI?TI, we see that

[Mcos(Z - T1) = 1¥|> < C B |Z]* |93 () (2.4.153)

mag

holds. The claimed bound for ||IIxmn, |2 follows from (2.4.151) and (2.4.153), which, in
combination with the previous considerations, proves (2.3.8).
To prove (2.3.9), we note that for any two radial functions f, g € L?(R3) the function

//RG drds f(r) kp(Z,r — s) g(s) (2.4.154)

is radial in Z. We claim that this implies that the operator

///R9 dZdsdr f(r)kr(Z,r — s)g(s)[cos(Z - II) — 1] (2.4.155)
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equals h(I12) for some function h: [0,00) — R. To prove this, let us denote by II the
same operator IT but understood to act on L?(R3) instead of L2 (Qp). From [FHL19,

mag »
Lemma 28] we know that the above statement is true when II is replaced by II. To reduce

our claim to this case, we use the unitary Bloch—Floquet transformation

UprP)(k, X) = Y e HEN (TN T)(X) (2.4.156)
AEAB

with Tp(A) in (2.1.16) and inverse

U ®) (X :/ dk e* X ®(k, X). 2.4.157
(Ugp®)(X) BT (k, X) ( )

The magnetic momentum operator Il obeys the identity

~ ® ~
Upr TTU, = / dk Ti(k) (2.4.158)
Br [0,v27B]3
with TI(k) = I+ k acting on L2,.,:(@B). The claim follows when we conjugate both sides
of the equation

///]Rg dZdsdr f(r)kr(Z,r — s)g(s)[cos(Z - T) — 1] = h(II?)

with the Bloch-Floquet transformation and use that II(0) = IL. Eq. (2.3.9) is a direct
consequence of the fact that the operator in (2.4.155) equals h(I1?). This proves Proposi-
tion 2.3.2.

2.4.5 Proof of Proposition 2.3.6

Let the assumptions of Proposition 2.3.6 hold. We show that there are constants Dy > 0
and By > 0 such that for 0 < B < By and temperatures T’ obeying

0<To<T < Te(l—DyB)

there is a function ¥ € Hr%lag(QB), such that the Gibbs state I'a in (2.3.4) built upon the
gap function A(X,r) = =2V a.(r)¥(X) obeys (2.3.27).

To prove this, we choose ¢ € anag(Ql) with ”/l/}”Hr%]ag(QB) =1land ¥ € HrQnag(QB)
as in (2.1.18). This, in particular, implies ”\I’HH?r.ag(QB) = 1. We collect the results of
Propositions 2.3.2, 2.3.4, 2.4.15, as well as (2.2.7) and (2.4.146), and conclude that

FEF(Ta) = FEP(To) < B (—eDy |93 + C)

holds as long as B is small enough. We remark that this argument can be carried out with-
out the assumption of H?nag(Ql)—reguIarity of 1 by instead using the sign of V. Compare
this to the discussion below (2.3.28). Choosing Dy = — - ends the proof of Proposi-

cllvllz
tion 2.3.6.

2.5 The Structure of Low-Energy States

In Section 2.3 we use a Gibbs state to show that the BCS free energy is bounded from
above by the Ginzburg-Landau energy plus corrections of lower order. The Gibbs state
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has a Cooper pair wavefunction which is given by a product of the form o (r)¥(X) to
leading order, where ¥ is a minimizer of the Ginzburg-Landau functional in (2.1.17) and
o, is the unique solution of the gap equation (2.1.15). Moreover, close to the critical
temperature the Cooper pair wave function is small in an appropriate sense, which allows
us to expand the BCS functional in powers of ¥ and to obtain the terms in the Ginzburg—
Landau functional.

Our proof of a matching lower bound for the BCS free energy in Section 2.6 is based
on the fact that certain low-energy states of the BCS functional have a Cooper pair wave
function with a similar structure. The precise statement is provided in Theorem 2.5.1
below, which is the main technical novelty of this paper. This section is devoted to its
proof.

We recall the definition of the generalized one-particle density matrix I' in (2.1.5), its
offdiagonal entry «, as well as the normal state 'y in (2.1.12).

Theorem 2.5.1 (Structure of low-energy states). Let Assumptions 2.1.3 and 2.1.5 hold.
For given Dy, D1 > 0, there is a constant By > 0 such that for all 0 < B < By the
following holds: If T > 0 obeys T — 1. > —DoB and if I' is a gauge-periodic state with
low energy, that is,

Fp (1) — Fp (L) < D1 B, (2.5.1)
then, there are ¥ € HJ,..(Qp) and £ € H(Qp x R2) such that

a(X,r) = U(X)a(r) + (X, r), (2.5.2)
where

s W 0 SO 1€ @uers < CB(1W3 0p + D1)-  (253)

0<B<By

Remarks. (a) Equation (2.5.3) proves that, despite ¥ being dependent on B, it is a
macroscopic quantity in the sense that its Hnlwg(Q p)-norm scales as that of the func-
tion in (2.1.18).

(b) We highlight that, in contrast to the Hnlmg(QB)—norm of ¥, the H(Qp x R3)-norm of
€ is not scaled with additional factors of B, see (2.2.9). The unscaled L?nag(Q B)-norm

of W is of the order B"?, whence it is much larger than that of &.
(c) Theorem 2.5.1 should be compared to [FHSS12, Eq. (5.1)] and [FHL19, Theorem 22].

Theorem 2.5.1 contains the natural a priori bounds for the Cooper pair wave function
a of a low-energy state I' in the sense of (2.5.1). However, in Section 2.6 we are going to
need more regularity of ¥ than is provided by Theorem 2.5.1. More precisely, we are going
to use the function ¥ from this decomposition to construct a Gibbs state I'a,, and apply
our trial state analysis provided by Propositions 2.3.2 and 2.3.4 as well as Theorem 2.3.5 to
extract the Ginzburg-Landau energy. In order to control the errors during this analysis, we
need the Hr%lag(Q p)-norm of W. The following corollary provides us with a decomposition
of o in terms of a center-of-mass Cooper pair wave function W< with H7 .. (Qp)-regularity.

Corollary 2.5.2. Let the assumptions of Theorem 2.5.1 hold and let € € [B, By]. Let ¥
be as in (2.5.2) and define

Ve =1 (1%, U = 1 0) (1T W (2.5.4)
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Then, we have

1<l @ < 19117, 0

1Pl igm) S CEB R 0, k22 (25.5)
as well as
a3 < C B Uy gp MU < CB Wy o, (256)
Furthermore,
oo(X,7) := U (X)a.(r) (2.5.7)
satisfies
loolFr @uxrs) < Ce ' B2 I3, (on) (2.5.8)
and, with £ in (2.5.2), the function
o:=€&+ 0y (2.5.9)
obeys
o (@ xrz) < OB (s 1W iy, @s) + D) (2:5.10)

In terms of these functions, the Cooper pair wave function a of the low-energy state I' in
(2.5.1) admits the decomposition

a(X,r) =V (X)au(r)+ o(X,r). (2.5.11)

Proof. The bounds for ¥¢ and ¥+ in (2.5.5) and (2.5.6) are a direct consequence of their
definition in (2.5.4). The bound (2.5.6) immediately implies (2.5.8). Moreover, o obeys
(2.5.10) by (2.5.3) and (2.5.8). Finally, (2.5.11) follows from (2.5.2). O

2.5.1 A lower bound for the BCS functional
We start the proof of Theorem 2.5.1 with the following lower bound on the BCS functional.

Lemma 2.5.3. Let I'y be the normal state in (2.1.12). We have the lower bound
4T
FEF (D) = FEF (Do) > Tr|(Krp — V)aa®| + = Tr[(a*a)?], (2.5.12)

where Kr g = Kp(m) and Va(z,y) = V(z —y)a(z,y).

Proof. The statement follows from Egs. (5.3)—-(5.12) in [FHSS12] with the evident replace-
ments. The argument uses the relative entropy inequality [FHSS12, Lemma 1], which is a
refinement of the bound [HLS08, Theorem 1]. O

In Proposition 2.7.1 in Appendix 2.7 we show that the magnetic field can lower the
lowest eigenvalue zero of K7, — V at most by a constant times B. This information is
used in the following lemma to bound K7 5 — V from below by a nonnegative operator,
up to a correction of the size C'B. The inequality (2.5.13) below is stated for K7 p —V as
a one-particle operator but it holds equally for the operator K7 p — V(z —y) in (2.5.12)
because V intertwines as T'(y)*V (x)T'(y) = V(x — y) with the magnetic translations T'(y)
in (2.1.3).
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Lemma 2.5.4. Let Assumptions 2.1.3 and 2.1.5 be true. For any Dy = 0, there are
constants By > 0 and Ty > 0 such that for 0 < B < By andT >0 with T — T, > —DyB,
the estimate

Krp—V>=c(l—P)(1+7%)(1—~P)+cmin{Tpy, (T -T.)+} -~ CB (2.5.13)
holds. Here, P = |a){aw] is the orthogonal projection onto the ground state a,. of K1, —V .

Proof. We prove two lower bounds on K1 g — V', which we add up to etablish (2.5.13).
Step 1. We claim that there are Ty, ¢, C > 0 such that

KT,B -V 2 C min{To, (T - TC)+} - CB (2.5.14)

To prove (2.5.14), we note that the derivative of the symbol K7 in (2.1.14) with respect
to T equals

2_
d (")’

dr r(p) sinhQ(pz;“)

(2.5.15)

and is bounded from above by 2. If T' < T, we infer K7 p — K7, p > —2D¢B as an
operator inequality, which, in combination with Proposition 2.7.1 in the appendix, proves
(2.5.14) in this case. To treat the case T' > T, we denote by eg’B and elT’B the lowest and

the second lowest eigenvalue of the operator K7 p — V, respectively. Also let Pr g be the
spectral projection corresponding to eOT’B and define Q7 = 1 — Pr g. We have

T,B T,.B
Krp—V >ey " Prp+e; QrB.

Since K7(p) — K7,(p) = 0 for all p € R3, which follows from (2.5.15), we know the
lower bound er{’ > e,”" = K for some xk > 0. Here, the second inequality follows from
Proposition 2.7.1. From Proposition 2.7.1 we also know that the lowest eigenvalue of
K7 p—V is simple. According to (2.5.15), the function 7' +— Kp(p) is increasing and has
a non-vanishing derivative for each p € R3. Analytic perturbation theory therefore implies
the lower bound eg’B P eOC’B +¢(T —1T¢) for some ¢ > 0 as long as |T'—T¢| is small enough.
Since Proposition 2.7.1 shows eOC’B
T>T..

Step 2. We claim there are ¢, C' > 0 such that

> —C'B these consideration prove (2.5.14) in the case

Krg—V>=c(l—-P)(1+7%(1—~P)-CB. (2.5.16)

From the arguments in Step 1 we know that we can replace T by 7. for a lower bound if
we allow for a remainder of the size —C'B. To prove (2.5.16), we choose 0 < n < 1 and
write

Kr,p—V =efPg+(1—Pp)[(1-n)Krp—VI(1—Pp)+n(l— Pp)Kr, 5(1— Pg),
(2.5.17)

where ef} denotes the ground state energy of K1, g —V and Pp = |aP)(a?| is the spectral
projection onto the corresponding unique ground state vector oZ. From Proposition 2.7.1
we know that the first term on the right side of (2.5.17) is bounded from below by —CB.
The lowest eigenvalue of K7, — V is simple and isolated from the rest of the spectrum.
Proposition 2.7.1 therefore implies that the second term in (2.5.17) is nonnegative as long
as 7 is, independently of B, chosen small enough, and can be dropped for a lower bound.
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To treat the third term, we note that the symbol Kr(p) in (2.1.14) satisfies the inequality
Kr,(p) > /(1 + p?) for some constant ¢/, and hence K1, p > ¢/(1 + 7?). In combination,
the above considerations prove

Kr.p—V > (1—-Pp)(1+7*)(1— Pg)—CB.
It remains to replace Pg by P = |ax)(ax|. To this end, we write

(1-Pg)1+7%)(1—-Pg)—(1—-P)1+7%)(1—-P)
= (P — Pg)+ (P — Pg)n*(1 — Pg) + (1 — P)m*(P — Pg). (2.5.18)

From Proposition 2.7.1 we know that |Pg — Pl|loc < CB and ||7%(Pg — P)||ec < CB.
Hence, the norm of the operator on the right side of (2.5.18) is bounded by a constant
times B. This shows (2.5.16) and concludes our proof. O

We deduce two corollaries from (2.5.12) and Lemma 2.5.4. The first statement is an a
priori bound that we use in the proof of Theorem 2.2 (b).

Corollary 2.5.5. Let Assumptions 2.1.3 and 2.1.5 be true. Then, there are constants
By > 0 and C > 0 such that for all 0 < B < By and all temperatures T > T.(1 + CB),
we have TE%S () — fg%S(FO) > 0 unless I' =Ty.

Proof. Let Dy > 0 and assume that 7' > T¢(1 + DoB). From (2.5.12) and Lemma 2.5.4
we know that

Fpp(T) — E%S(FO) > (¢ min{Ty, T.DyB} — CB) ||a|3. (2.5.19)

For the choice Dy = % and By = % the right side of (2.5.19) is strictly positive unless

a = 0. We conclude that Iy is the unique minimizer of ]:gcTs, which proves the claim. [J

The second corollary provides a bound for the Cooper pair wave functions of low-
energy BCS states in the sense of (2.5.1). It is based upon (2.5.12) and to state it we need
to introduce the operator

U :=eiallx, (2.5.20)

We highlight that it acts on both, the relative coordinate r = x — y and the center-of-mass
coordinate X = ¥ of a function a(z,y).

Corollary 2.5.6. Let Assumptions 2.1.3 and 2.1.5 be true. For any Do, D1 > 0, there is
a constant By > 0 such that if T' satisfies (2.5.1), if 0 < B < By, and if T is such that
T —1T.> —DyB, then a =T'15 obeys
(a,[UQ - P)A+ 731~ P)U* +U*(1 — P)(1 +72)(1 — P)U]a)
+Tr[(a"a)?] < CBlal}+DiB? (25.21)

where P = |a,){aw| and m, = =iV, + §B A1 both act on the relative coordinate.

In the statement of the corollary and in the following, we refrain from equipping the
projection P = |av) (| with an index r although it acts on the relative coordinate. This
should not lead to confusion and keeps the formulas readable.
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Proof. We recall that the operator V' acts by multiplication with V(z —y) and that Kr(p)
is defined in (2.1.14). Using a(x,y) = a(y, z) we write

* 1 N
Tr[(KT,B —V)aa ] = 2]{2 dx/3 dy a(z,y) {(KT(WZ») - V) + (Kp(my) — V)}a(x,y).
B R
(2.5.22)

We note that m, = $IIx + %, = Um,U* and m, = 3Ilx — 7, = —U*m, U, with 7, and IIx
in (2.2.10). Using the above identities we see that

Kr(mg) = V(r) = U(Kr(m) = V(r))U",

Krp(my) =V (r)=U"(Kp(m) — V(r))U. (2.5.23)
The result follows from a short computation or from Lemma 2.5.11 below. We combine
(2.5.1), (2.5.12), (2.5.22) and (2.5.23) to show the inequality

%(m [U(Kr(m,) = V(r)U* + U (Kn(m,) = V(r)Ula) + e Tr|(a*a)?] < DiB2.

Finally, we apply Lemma 2.5.4 to the first term on the left side and obtain (2.5.21). O

2.5.2 The first decomposition result

The proof of Theorem 2.5.1 is based on Corollary 2.5.6 and is given in two steps. In the first
step we drop the second term on the left side of (2.5.21) for a lower bound, and investigate
the implications of the resulting inequality for «e. The result of the corresponding analysis
is summarized in Proposition 2.5.7 below. The second term on the left side of (2.5.21) is
used later in Lemma 2.5.14.

Proposition 2.5.7. Given Dy, D1 > 0, there is By > 0 with the following properties. If,
for some 0 < B < By, the wave function o € L*(Qp x R3) satisfies

(0, [U*(1 = PY A+ 7)1 = P)U+U(1 = P)(1+ ) (1~ P)U*]a) < DoBla|3 + D1B?,

(2.5.24)
then there are ¥ € Hrlnag(QB) and & € HY(Qp x R?) such that
a(X,r) = a.(r) cos(g ~HX)\I/(X) + & (X, ) (2.5.25)
with
(0, T20) + [|&oll1 g xrs) < C(BIWI3 + D1B2). (2.5.26)

Before we give the proof of the a priori estimates in Proposition 2.5.7, we define
the decomposition of «, explain the idea behind it, and discuss relations to the existing
literature. For this purpose, let the operator A: L?(Qp x R?) — L2 .(Qp) be given by

mag

(Aa)(X) ::/ dr ax(r) cos(% -Hx)a(X, r). (2.5.27)

R3

A short computation shows that its adjoint A*: L2 (Qp) — L*(Qp x R3) is given by

mag

(A*D)(X,r) = as(r) cos(g Ty ) W(X). (2.5.28)
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We highlight that this is the form of the first term in (2.5.25). For a given Cooper pair
wave function «a, we use these operators to define the two functions ¥ and &y by

U= (AA*) 1 Aqa, £oi=a— A*U. (2.5.29)

Lemma 2.5.8 below guarantees that AA* is invertible, and we readily check that (2.5.25)
holds with these definitions. Moreover, this decomposition of « is orthogonal in the sense
that (A*WU, &) = 0 holds. The claimed orthogonality follows from

A& =0, (2.5.30)

which is a direct consequence of (2.5.29). In the following we motivate our choice for ¥
and £ and comment on its appearance in the literature.

The decomposition of « is motivated by the minimization problem for the low-energy
operator 2—UPU* —U*PU, that is, the operator in (2.5.24) with 72 replaced by zero. The
operators U PU* and U* PU act as A* A on the space L?(Qp x R2) of reflection symmetric
functions in the relative coordinate. If II is replaced by Px in the definition of U then

A*A can be written as
®

A*A = dPx |ap, Yap,|, 2.5.31
P lan o] (2531

with |ap, ){ap,| the orthogonal projection onto the function ap, (r) = cos(r/2 - Px)ax(r).
Here the variable Py is the dual of the center-of-mass coordinate X in the sense of Fourier
transformation and r denotes the relative coordinate. That is, the function ap, (r) min-
imizes 1 — A*A in each fiber, whence it is the eigenfunction with respect to the lowest
eigenvalue of 1 — A*A =1— (UPU* + U*PU)/2. This discussion should be compared to
[FHSS12, Eq. (5.47)] and the discussion before Lemma 20 in [FH18|.

If we replace Px by the magnetic momentum operator II again the above picture
changes because the components of IT cannot be diagonalized simultaneously (they do not
commute), and hence (2.5.31) has no obvious equivalent in this case. The decomposition
of o in terms of the operators A and A* above has been introduced in [FHL19] in order to
study the operator 1 — VI/QLT,BVI/2 with Ly p in (2.3.15), see also the discussion below
Theorem 2.3.5. The situation in this work is comparable to our case with 72 replaced by
zero in (2.5.24). Our analysis below shows that the ansatz (2.5.29) is useful even if the
full range of energies is considered, that is, if 72 is present in (2.5.24).

In the following lemma we collect useful properties of the operator AA*. It should be
compared to [FHL19, Lemma 27].

Lemma 2.5.8. The operators

r

* = 2 cos2(Z . _ * _ 2...2(7
AA —/dera*(r) cos (2 H), 1—-AA /Rgdra*(r) sin (2 H)

on Lfnag(QB) are both bounded nonnegative functions of II? and satisfy the following prop-
erties:

(a) 0 < AA* <1 and0<1— AA* < 1.
(b) There is a constant ¢ > 0 such that AA* > c and 1 — AA* > ¢ 112 (1 +11?)~ L.

In particular, AA* and 1 — AA* are boundedly invertible on L3,,.(QB).
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Proof. Part (a) is a direct consequence of the fact that ||ax|2 = 1. In the following we
reduce the proof of part (b) to known results in [FHL19]. To this end, we introduce the
operator

R ::/ dr o (r)? cos(r - T0) (2.5.32)
R3
and note that
AA 25(1+R), 1-AA 25(1—]%).

Let us also denote by R the operator in (2.5.32) but with II replaced by ﬁ, which is
the same operator but understood to act on L?(R3) instead of L?nag(Q B). In Lemma 28
in [FHL19] it has been shown that R is a function of TI2. Moreover, the statement of

Lemma 27 in [FHL19] is equivalent to

- 112

1-R’>c¢—= (2.5.33)
1+ 112
for some 0 < ¢ < 1, and Eq. (55) in the same reference implies

IR|<1-—c (2.5.34)

In combination, (2.5.33), (2.5.34), and R < 1 show

~ ~ _1-R? 12

1+R>ec, 1-R> > < (2.5.35)

2 T 214m2

It remains to argue that R is a function of 12 and that a version of (2.5.35) with R and
Il replaced by R and II holds.

The fact that R is a function of II? follows from the argument that we used to show that
the same statement is true for the operator in (2.4.155). To show that (2.5.35) with R and
II replaced by R and II holds, we conjugate both sides of the inequalities with the Bloch-
Floquet transformation in (2.4.156) and (2.4.157), and use (2.4.158). The inequalities in
(2.5.35) therefore hold equally in any fiber, that is, with IT on the left and on the right
sides replaced by II(k) = II + k acting on L2,,,(@p). Since I1(0) = II, this proves the
claim. O

The remainder of this subsection is devoted to the proof of Proposition 2.5.7. We start
with a lower bound on the operator in (2.5.24) when it acts on wave functions of the form
A*W, see Lemma 2.5.9 below.

2.5.2.1 Step one — lower bound on the range of A*

The main result of this subsection is the following lemma.

Lemma 2.5.9. For any ¥ € Lfnag(QB), with A and A* given by (2.5.27) and (2.5.28),
with U given by (2.5.20), and P = |au){a.| with oy from (2.1.15) acting on the relative
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coordinate, we have
%(A*\I/, [U*(1—P)(1+ 7r3)(1 —-PU+U(1-P)(1+ Wf)(l — P)U*]A* D)
= (U, AA*(1 — AA*)(1 + I1%) D)

+ ][ ) dX [ dr (U= A4 U(X) Vo (r) |2 0082<gﬂx) (1— AA*)T(X)

+][ dX [ dr AA*U(X) |V (r)]? sin2(fnx) AA*T(X)
Qn R3 2

+ % ][ dX [ dr (1= AA)T(X) B A7[2a.(r)? sin2(gﬂx) (1— AA")T(X)
B R3
1 -
+3 ][ dX [ dr AATU(X) |B Ara.(r)? cosQ<gHX> AAT(X). (2.5.36)
B R3

In particular, we have the lower bound

(AW, [U*(1 = P)(1 + 72)(1 = P)U + U(1 — P)(1 + 72)(1 — P)U*|A*¥) > ¢ (¥, TI?V).
(2.5.37)

1
2

Remark 2.5.10. Let us replace 72 on the left side of (2.5.36) by zero for the moment.
In this case, the substitute of (2.5.36) reads

%(A*\IJ, [U*(1—P)U+U(l—-P)UA"T) = (U, AA*(1 — AA")T). (2.5.38)
It follows from Lemma 2.5.8 that the operator AA*(1 — AA*) is bounded from below by
12 only for small values of II2, which is not enough for the proof of Proposition 2.5.7.
This justifies the term “low-energy operator” for 1 — A*A, which we used earlier in the
discussion below (2.5.28). The additional factor 1+ I1? in the first term on the right side
of (2.5.36) compensates for the problematic behavior of (2.5.38) for high energies. The
expression on the right side of (2.5.38) also appears in [FHL19].

Before we give the proof of Lemma 2.5.9, we prove two technical lemmas, which pro-
vide intertwining relations for various magnetic momentum operators with U and linear
combinations of U. A part of the relations in the first lemma can be found in [FHL19,
Lemma 24].

Lemma 2.5.11. Let p, := —iV,, 7 = p, + %B A1 and T, and I x be given by (2.2.10).
With U in (2.5.20), we have the following intertwining relations:

1 1

UllxU* =TIy — B A7, UmU" =7 + Sllx, URU* = p; + 31lx,
1 1

UTlxU =Ty + B A, U'mU =7, — 3llx, U7V = pr = 5 lLx.

Proof. Let us denote Px := —iVx. We use the fact that r - Px commutes with r- (B A X)
to see that

U* = ¢is (XA7) i5Px (2.5.39)

holds. To prove the first intertwining relation with Ilx, we compute
. 1 .
MxU* = (Px + BAX)U* = etz (XA {PX —5BAT+BAX]| e

1
= U* Px—QBAHBA(X—gﬂ = U*[llx — B A7)
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Here we used that f(X)elzPx = el3Px f(X — 5). The second intertwining relation with
IIx is obtained by replacing r by —r.
Next we consider the first intertwining relation with 7w, and compute

1 : 1 1 o
mU* = (pr +5B /\r)U* - eI?'(XN"){ r+ (-D)i;BAX + 0B /\7“]612PX
PX 1 r 1 ~ HX
=U%\p,+—=—+-BA (X — = “BAr| =U" |7 + —].
[p+2+2 (x-3)+3 T] {W+2}

The remaining relations can be proved similarly and we skip the details. O

Lemma 2.5.12. (a) We have the following intertwining relations for lx :
r r .. (T
IIx cos(iﬂx) = COS(§HX)HX - 1s1n(§HX)B AT, (2.5.40)

IIx sin(gHX) = sin(gHX)HX + icos(gHX)B AT. (2.5.41)

(b) The operators p,, T and m, intertwine according to

2 cos(gnx) - cos(gHX>pr + isin(gHX)HTX, (2.5.42)

7 cos(gHX> - Cos(gﬂx>7rr + iHTX sin(gﬂx), (2.5.43)
and

psin( DT ) = sin( L )py — icos( S ) 15X, (2.5.44)

0 sin(gnx) = sin(gﬂx)m - iHTX cos(gr[x) (2.5.45)

It will be useful in the proof of Lemma 2.5.9 to have displayed both, (2.5.42) and
(2.5.43) as well as (2.5.44) and (2.5.45), even though they follow trivially from each other
and (2.5.40) or (2.5.41).

Proof. The proof is a direct consequence of the representations

r 1. T 1,
COS(§H)() = §(U +0), 81n(§HX) = Z(U -U), (2.5.46)
and the intertwining relations in Lemma 2.5.12. We omit the details. O

Proof of Lemma 2.5.9. The proof is a tedious computation that is based on the intertwin-
ing relations in Lemma 2.5.12. We start by defining

1
Ti = U*n?U + Ur2U* =272 + 3 %, Tz := U*Pr2PU + UPr?PU*,
T3 := U*PnU + UPr2U*, Ti = U*n2PU + Ur?PU*. (2.5.47)
Then, (2.5.36) can be written as

(A0, [U*(1 = P)A +72)(1 — P)U + U1 — P)(1 + 72)(1 — P)U*]A* W) =
— 2(A*T, (1 — A*A)A*T)
F (AT, TLAMD) + (AT, TAMD) — (A", TA™T) — (A", T,A™D).  (2.5.48)
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The first term on the right side equals twice the term in (2.5.38), which is in its final form.
We start by computing the H§( term in 77, which reads

(AW, TI5 AT = ][B dX - dr U(X)a*(r) cos(%HX>H§( cos(%HX> s (r)¥(X).

Our goal is to move I1% to the right. To that end, we apply (2.5.40) twice and obtain
2 r o C 2 . f s . f
HXCOS<§H)(> —cos(2HX>HX 181n<2HX)HXB/\r IHXsIIl(2H)()B/\7’.

We multiply this from the left with cos(51lx), use (2.5.40) to commute IIx to the left in
the last term, and find

cos(%l‘[x)ﬂg( cos(gHX) = cos ( HX)HX + sin (gﬂx) IB A r|?
— i[HX cos(gHX) s1n<§HX) + COS(§HX) sin(gHX)HX}B Ar. (2.5.49)
The operator |B A r|? in the second term on the right side commutes with sin?(4ILx).

The operator in square brackets is self-adjoint and commutes with B A r. When we add
(2.5.49) and its own adjoint, we obtain

cos( HX>HXCOS( )
1
2«

(HX)HX+ HXCOSQ(gH)()+Sin2(gﬂx)|B/\T|2. (2.5.50)

We evaluate (2.5.50) in the inner product with a,® and a, ¥ on the left and right side,
respectively, use the fact that AA* commutes with II?, see Lemma 2.5.8, and obtain

(A*® T3 A*T) = (B, AA*TT?T)
+][ dX/ dr ©(X) [B Ar[2a(r)? sin2<gHX> U(X). (25.51)
QB
When we choose ® = ¥ we obtain the result for the term proportional to Hg( in 7.

Next, we investigate the term proportional to 72 in 7;. We use (2.5.43) to move the
operators 7, from the middle to the outer positions and find

=2 AR = r (T Iy
(AU, 7 A \Il>—][BdX der\ll( () lmcos<2ﬂx> 18111(2HX> 2]

x lcos(;HX>7rr+iH2X sin(éﬂx)] s (1) T(X). (2.5.52)

We multiply out the brackets and obtain four terms. The terms proportional to cos? and

sin? read

]é ax | dr T(X) |mre(r)|? COSQ(%HX) U(X)

][ / ax(r) sin(;ﬂﬂx)nfg sin(%ﬂx) a(r) ¥ (X). (2.5.53)
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For the moment the second line remains untouched. It is going to be canceled by a term
in (2.5.57) below. The term in the first line equals

][de @ T(X) [V (r)? COSQ(gHX) U(X)

1 .
+ ][ dX [ dr U(X) B Ar2a.(r)? cosQ<iHX> U(X). (2.5.54)
T R 2

To obtain this result, we used (Vo) (r) - B A7 = 0, which holds because « is radial. This
term is in its final form.

Now we have a closer look at the terms proportional to sin times cos in (2.5.52). The
operator inside the relevant quadratic form is given by

im, COS<2HX)7 31n(2HX> — isin(2HX)H7X cos(QH)()m. (2.5.55)

We intend to interchange sin(5I1x) and cos(5Ilx) in the first term. To do this, we use
(2.5.41) to move IIx out of the center so that the first term equals

iwrcos(%ﬂx) sin( HX)HTX—% T COS (gHX)B/\r.

In the first term we may now commute the sine and the cosine and use (2.5.40) and (2.5.45)
to bring 7, and IIx in the center again. We also move 7, into the center in the second
term in (2.5.55). As a result, (2.5.55) equals

cos(gﬂx> % cos(gﬂx) — sin(gﬂx) % sin(%l’[x)

4 4
+ icos(gHX> I{TX sin(gHX)B AT
— %m cos? (gHX)B AT — % sin(%l‘[x)?ﬁ sin(gHX)B Ar.  (2.5.56)

We use (2.5.45) to move 7, to the left in the last term in (2.5.56). One of the terms we
obtain in this way cancels the third term in (2.5.56). We also use cos(5ILx)?*+sin(5I1x)?* =
1 to rewrite the fourth term in (2.5.56). In combination, these considerations imply that
the terms in (2.5.56) equal
2 2
cos(gHX) r{TX cos(gHX> — sin(%l’[x) I{TX sin(gHX) - %mB AT. (2.5.57)
The expectation of the second term with respect to au (r)¥(X) cancels the second term in
(2.5.53). We multiply the last term from the left and from the right with . (r), integrate
over r and find
1 | 1 s
/ dr a(r)m B A raw(r) = / pro(r)B Arag(r) + / dr IB Ar|“a.(r)”.
2 R3 2 R3 4 R3
(2.5.58)

The first term on the right side vanishes because « is radial, see the remark below (2.5.53).
Let us summarize where we are. We combine (2.5.52)-(2.5.58) to see that

(A*\If,%fA*\I/>:][ ax | dr T(X) [V (r)? cosz(gHX> U(X)

+i][B dX g dr U(X) [B Ar|2a.(r)? (COSZ(gHX) - 1) ¥(X)

+ % ][ ax [ dr @ (r)¥(X) cos(FILx ) T cos S0y ) au(r)¥(X).  (2.5.59)
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The term in the last line equals (A*W, 1% A*¥) and we use (2.5.51) to rewrite it. This
yields

<A*\Il,7”rfA*\IJ>:i(\IJ,AA*HQ\II)+][ AX [ dr U [Vau () cos? (LTTx) w(X).
B R3

In combination with (2.5.47) and (2.5.51), this yields
(A* W T A*W) = (U, AA*TI?D)

+2][ dX dr
QB R3

+ % ][ ) dx | arv U(X) |BA7r[ag(r)? siHQ(gﬂx) v(X)  (2.5.60)

U(X) [Vau(r)] cos?(FTx) W(X)

and completes our computation of the term involving 7.
A short computation shows that

1
(A*U, TR A*W) = 2 (AA* T, AA*D) [Wa*ug + 4/ dr [B A rPa*(rﬂ. (2.5.61)
R3

It remains to compute the terms in (2.5.48) involving the operators 73 and 7y, where
i =T

In the following we compute the term with 73. A short computation, which uses the
fact that «, is radial, shows

(A", T A = (0, AA™U, 72(U* + U)A* D)

= 2][ dX [ dr AA*U(X) pras(r) pr cosz(gl'[x) s (r) ¥(X)
B R3

1 -

+ 27[ dX [ dr AA*U(X) B A7r|?a.(r)? cos? (%HX) U(X). (2.5.62)
B R3

The second term on the right side is in its final form and will be canceled by a term below.

We continue with the first term, use (2.5.42) twice to commute p, with the squared cosine,

as well as (2.5.40) and (2.5.41) to commute ITx to the center in the emerging terms, and
find

1
HX) —-BAT (2.5.63)

EHX) = COSz(gHX)pr + iSin(i 2

5 21'[)()1'1)(003(E

Py cos? ( 5

We note that the last term, when inserted back into (2.5.62), vanishes because «, is radial.
The first term is final and its quadratic form with p,a, AA*¥ and o,V reads

2 ][ ) AX | dr AAU(X) IV (r)2 COSQGHX) U(X). (2.5.64)

Let us continue with the second term on the right side of (2.5.63). We multiply it with
pr from the left and use (2.5.42) and (2.5.44) to commute p, to the right. In the two
emerging terms we bring IIx to the center and obtain

2

Dr sin(gHX)HX cos(%H)() = sin(%HX)HX cos(%ﬂx>pr + isin(%ﬂx) H7X sin(%HX>
— icos(gHX>H2‘2X cos(gl'[x).
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We plug the second term of (2.5.63), written in this form, back into (2.5.62) and obtain

% ][ ) AX | dr AAV(X) pro(r) sin(gHX)HX cos(gHX> . (1) T(X)
= 21][3 dX - dr AA*U(X) ax(r) sin(gHX)HX cos(gHX) pro(r) ¥(X)
—i—][ dX - dr AA*U(X) ax(r) cos(gHX)H%( cos(gﬂx> as(r) U(X)
- ][B AX [ dr AW o (0) sin(%HX)H?X sin(%l’[x) ax(r) T(X). (2.5.65)

Notice that the first term on the right side equals (—1) times the term on the left side.
Thus, the left side equals % times the third line plus the fourth line. To compute the third
line of (2.5.65) we use (2.5.51) with the choice ® = AA*W¥. A short computation shows
that (2.5.50) holds equally with cos and sin interchanged. Accordingly, (—1) times the
fourth line of (2.5.65) equals
(AA*T, (1 — AA"T2D) + ][ dX [ dr AA*T(X) [B Ar|Pas(r)? cos2(gnx) U(X).

B R3

In combination, these considerations imply that the left side of (2.5.65) is given by

(AA*T, AA*TI?T) — %(AA*\I/, (1 — AANTI*W)

1 -
+ ][ AX [ dr AAW(X) [B A rlPon(r)? sin? (ST ) (X)
2 B RS 2

1
2

1 -
- 2][ dX [ dr AATU(X) |B ArPa.(r)? cos2(gHX> U(X). (2.5.66)
B R3

We note that the third term in (2.5.66) cancels the second term in (2.5.62). Adding all
this to (2.5.64), we find

1 1
(A*W, T3A* W) = §<\IJ,AA*AA*H2‘I/> — (W, A4 (1 - AANIT2D)
+ 2][ dX [ dr AATU(X) |V (r)[? cos2(gﬂx> T(X)
B R3
1 .
+ 2][ dX [ dr AATU(X) B Ar[a.(r)? SmQ(gHX) U(X). (2.5.67)
B R3
The corresponding result for (A*W, T4 A*W¥) is obtained by taking the complex conjugate
of the right side of (2.5.67), which amounts to interchanging the roles of AA*¥ and ¥ in
the last two lines.

We are now prepared to collect our results and to provide the final formula for (2.5.48).
We need to collect the terms in (2.5.60), (2.5.61), (2.5.67) and the complex conjugate of
(2.5.67). The terms involving |Vax|? read

2][ dX [ dr U(X) |Vas(r)? COSQ(gHX) U(X) + 2{AA* T, AA D) | Va2
B R3
- 2][ dX [ dr AA*U(X) |[Vau(r))? cos?(gnx) U(X)
B R3

—9 ][ ) ax [ dr¥(x) IV, ()2 cosQ(gnx) AA T (X). (2.5.68)
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When we insert the factor 1 = cos?(5ILx) + sin?(5I1x) in the second term, we obtain the
final result for the terms proportional to |V |?.
The terms proportional to a? with magnetic fields read

1 _
][ AX [ dr U(X) B Arau(r)? sin?(S1Ix) W(X)
2 Jo,  Jes 2

+;<AA*\II,AA*\IJ)/ dr [B A 20, (r)2
R3
_} * 2 2 a2 f
dX [ dr AA*Y(X) B Ar|*as(r)” sin ( HX) U(X)
2J0, " Jes 2

- ][ dX [ dr U(X) [B Ara(r)? sinQ(fHX) AAT(X).
2o, Jwe 2

When we insert 1 = cos?(5I1x) + sin?(4IIx) in the second term we can bring these terms
in the claimed form.

Finally, we collect the terms proportional to a? but without magnetic field. Taking
into account the first term in (2.5.48), we find

2T, AA*(1 — AA*)T) + (U, AATI?W) + (U, AA*(1 — AAITPT) — (U, AA* AATT?D)
= 2(U, AA*(1 — AA*)(1 4+ 112)T).
To obtain the result, we used that the terms coming from 73 and 74 are actually the same

because AA* and 1 — AA* commute with 112, see Lemma 2.5.8. This proves (2.5.36) and
the lower bound (2.5.37) is implied by the operator bounds in Lemma 2.5.8. O

2.5.2.2 Step two — estimating the cross terms

In the second step of the proof of Proposition 2.5.7 we estimate the cross terms that we
obtain when the decomposition in (2.5.25) with ¥ and &y in (2.5.29) is inserted into the
left side of (2.5.24).

Lemma 2.5.13. Given Do, D1 > 0, there is By > 0 with the following properties. If, for
some 0 < B < By, the wave function o € L*(Qp x R?) satisfies

%m, (1 — PYU + U(1 — P)U*]a) < DoB |la||2 + D1 B,
then ¥ and & in (2.5.29) satisfy the estimates
lal3 < C(I1w]3 + D1B?) (2.5.69)
and
(W, AA*(1 = AA")®) + ||&|I3 < C(BI[w|3 + D1B?). (2.5.70)
Furthermore, for any n > 0 we have

(0, [U(1 = P)(1 4+ 77)(1 = P)U* + U*(1 = P)(1 +77)(1 — P)UJA* V)|
<3+ (1+97Y) (BIw3 + D1B?). (25.71)
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Proof. We start by noting that A&y = 0 implies ({p, A*¥) = 0, and hence
lall3 = A3 + [I€]15 < 1913 + [1€oll3. (2.5.72)

We use o € L?(Qp x R3) and A(1 — A*A)A* = AA*(1 — AA*) to see that

DoBlall3 + Di1B* > %(a, [U*(1 = P)U+U(1 - P)U*a) = (o, (1 — A*A)a)
= (A", (1 — A A)A*T) + (&, (1 — ATA)A™T) + (A*T, (1 — A" A)&)
+ (&0, (1 — A™A)&o)
= (T, AA*(1 — AA")T) + || %l5. (2.5.73)

From Lemma 2.5.8 we know that the first term on the right side is nonnegative and hence
50113 < DoBlla[l3 + D1 B>.

Together with (2.5.72), this also proves (1 — DoB)|||3 < || ¥||3 + D1 B2, that is, (2.5.69).
Finally, (2.5.69) and (2.5.73) prove (2.5.70).
Next we prove (2.5.71). Let us define

T:=U*1-P)(1+72)(1-PU+U1—-P)(1+x)(1—-P)U* (2.5.74)

and consider (§y, TA*¥). We note that Ay = 0 implies PU&y = 0 = PU*{p, where the
projection P is understood to act on the relative coordinate. In combination with (2.5.47)
this allows us to see that

H2
(€0, TA*T) — <go, {2%3 + ﬂ A*\If> (&0, (U + U2 an AA™ ) (2.5.75)

holds. We use (2.5.40) and (2.5.41) to commute I1% in the first term on the right side of
(2.5.75) to the right and find

1 ) 1 )
- i][ dX [ dr&(X,r) sin(fnx) B AT o (r) Ix¥(X)
B R3 2

1 -
+ 2][3 dX - dr & (X, r) cos(%HX) B A72a.(r) U(X). (2.5.76)

The first term on the right side vanishes because A&y = 0. Similarly, we apply (2.5.42)
and (2.5.44) to commute 72 in the first term in (2.5.75) to the right and find

2(&o, TEA*T) = 2][ dX

B R3

dr & (X, ) cos(gHX) pro.(r) U(X)
+21][ AX | dr&(Y, ) sin(%l’[x) pos(r) IxW(X).  (2.5.77)

When we combine m2c.(r) = p2a.(r) + 1B A r|?a.(r), which holds because o is radial,
(2.5.75), (2.5.76) and (2.5.77), we obtain

(€0, TA* ) = 2][ dx

B R3

+2i][ dX - dr & (X, r) sin(fﬂx) [p— %B/\r}a*(r) IIx¥(X).

dr &(X, 1) cos(%ﬂx> 20, (r) (1 — AA*)T(X)

2
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Using Cauchy-Schwarz, we bound the absolute value of this by

(€0, TA"W)| < 20l [lImaula (1~ AA)E o + ([ Vaulls + B | o]l [T1]l5]
(2.5.78)

and with the decay properties of a, in (2.7.1) we see that the norms of «, on the right
side are bounded uniformly in 0 < B < By. Moreover, Lemma 2.5.8 and (2.5.70) imply
that there is a constant ¢ > 0 such that

1
(1 — AA) W < (W, (1 = AA)W) < - (W, AA*(1 — AA)0) < O(B|[ w3+ D1 B?).
c
(2.5.79)
For n > 0 we thus obtain
(€0, TA" )| < C[n T3+ 07" |&o]13 + (BI|3 + D1B?)] (2.5.80)
and an application of (2.5.70) proves the claim. O

2.5.2.3 Proof of Proposition 2.5.7

We recall the decomposition o« = A*¥ + &, with ¥ and §p in (2.5.29) as well as T in
(2.5.74). From (2.5.24) and (2.5.69) we know that

C(BIIW[3 + D1B?) > (A"W, TA"W) + 2 Re(éo, TA" W) + (0, T&o)- (2.5.81)

With the help of Lemma 2.5.11, the identities PU&y = 0 = PU*&y imply

(€0, T€0) = <§o, (2+ r123< + 2%§)g0> > % T (2.5.82)
Lemma 2.5.8 guarantees the existence of a constant p > 0 such that
AA* (1 — AAY(1 +T1%) > p T2
Therefore, (2.5.37) implies
(AU, TAYD) > 2(T, AA*(1 — AA")(1 +T13)T) > 2p (U, TT°T). (2.5.83)

To estimate the second term on the right side of (2.5.81), we note that 7 is bounded
from below by U(1 — P)U* + U*(1 — P)U. Therefore, we may apply Lemma 2.5.13 with
n = 5 and find

2Re(éo, TA'W) > —2|(&, TA"W)| > —p [119[3 — C(B|[¥[3 + D1 B?).
In combination with (2.5.81), (2.5.82) and (2.5.83), we thus obtain
2 2 2 1 2
C(BIW|3 + DiB?) 2 p T3 + 5 00l (g pep)-

This proves (2.5.26).
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2.5.3 Uniform estimate on ||¥||,

Up to now we neglected the nonlinear term on the left side of (2.5.21). This term provides
the inequality

Tr[(a*)?] < C (Bllaf} + B?). (2.5.84)

In this section we will take this term and (2.5.84) into account and show that it can be
combined with Proposition 2.5.7 to obtain a bound for ||¥|. This will afterwards allow
us to prove Theorem 2.5.1.

Lemma 2.5.14. Given Dy > 0, there is By > 0 such that for all0 < B < By the following
holds. If the wave function a € L*(Qp x R2) obeys (2.5.21) then W in (2.5.29) satisfies

|3 < CB. (2.5.85)

Proof. We recall the decomposition a = A*W + &, with ¥ and &) in (2.5.29). Eq. (2.5.84)
and an application of the triangle inequality imply

1/4 N
C(BIw|3+B2) " > llafs > AT ]s — [l (2.5.86)

Thus, it suffices to prove an upper bound for [|{y]|4 and a lower bound for ||A*¥||4. Our
proof follows closely the proof of [FHSS12, Eq. (5.48)].
Step 1. Let us start with the upper bound on [|{y||4. We claim the estimate

[éolla < (B W]l + B + BY2). (2.5.87)

To see this, we first use Holder’s inequality to estimate |&ll < [l13 ||€0]|%,. From
Proposition 2.5.7 we know that [|&3 < C(B||¥||3 + B?), and it thus remains to prove a
bound for ||{p||sc. We claim that for any v > 3

éolloo < 1+ Co BT [[(1+ - ) cvellegs ¥l (2.5.88)

where the right side is finite by the decay properties of a, in (2.7.1). To prove (2.5.83),
we first note that (2.1.6) implies ||a||c < 1, and hence [|£p]|ooc < 1+ |[|A*V||s. We apply
Lemma 2.4.1 (b) to A*¥ and obtain (2.5.88). We also combine (2.2.7) with Proposition
2.5.7 and obtain ||¥|ls¢ < C(||¥|2 + BY?). In combination, these considerations imply
(2.5.87).

Step 2. We claim that

* . 4
|4 (§ > S @l I1e)f - o (B vl + B°) (2.5.89)

holds. To prove (2.5.89), we write ||A*U||} = tr((A*¥)*A*¥)2. The fact that . is real-

valued implies
/ dz a (x—z)[cos(x_zl'[ )\P(x+2)]
RS 2 2

Jawli=f ao [ ay
QB R3
z— z+
XO&*(Z_y) l:COS(2szJ2ry)‘I/( 2y):|

2

We use cos(z) = 1 — 2sin?(%) twice and find

1
1AW} > ST = C(Ti+ Ta), (2.5.90)
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where
— 2
7;::][ d:c/ dy dza*(:n—z)qf(x+z)a*(z—y)\ll(z+y>
5 R3 R3 2
and

2

’7'1::][ dac/ dy
B R3

/Rg dz au(o — 2w (225)

2

2

X ax(z —y) [Sin2(zj4ynzgy)q](z 'HJ)]

2
/}R3 dz o (z — 2) [SinQ(J; — ZHerz)\I!(x + Z)]

4 2 2

)

7'2::][ dx/ dy
B R3

z—=y z+y\] P
X ax(z —y) [Cos(zﬂz;y)\ll( 5 )] ‘ . (2.5.91)
In the following we derive a lower bound on 7, and an upper bound on 7; and 7.

Lower bound on T.. We change variables z — z + x and y — y + = and afterwards
replace x by X, which allows us to write

2

_ Z _ z+y
Tk—][BdX R3dy /RBdZ a*(z)\Il(X+2>a*(z y)\If(X+ 5 ) . (2.5.92)

Next, we combine U(X + %) = e 2PX P (X) and the identity /2% = ez (" X)ei3lx iy
(2.5.39) to write ¥(X + 5) = ei%(Z/\X)e%HX\II(X). We conclude that

w(X + %)\If(X + 2 ;r y) = el 3 W) [eiilx g (X)) {eizéyHX\II(X)} ,
as well as

7;:][ dX dy
B R3

This also implies

2

- dz ax(—2) [ei%HX\IJ(X)}a*(z —9) [eiZEyHX\IJ(X)}

1
Tz T - (7Y + 72
with

TS = ][ dX [ dy
QB R3
and

- ][ X [ dy
B R3

7;(2) . ][ dx dy
QB R3

(2.5.93)

o 2
/RS dz au(2)¥(X)a.(z — y)¥(X)

= 1913 [lovs * a3

/R3 dz a.(z) {ei%HX\II(X)] ax(z —y) Keiﬁyn

/RS dz a.(2) [(eignx _ 1)@(X)]a*(z — ) U(X)

(2.5.94)
Upper bound on 71(1) and 71(2). We start with 7;(1), expand the square and estimate

71 < /R3 dy /R3 dz /]RS Az’ |on(2) as(2) au(z — y) an(2' — )| (2.5.95)
X][ dX [eian\I/(X)} {ei%lnx\p(x)} [(eizﬂ

B 1) (0] [(¢ 50 - 1) () \
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2.5. THE STRUCTURE OF LOW-ENERGY STATES

When we use Holder’s inequality, (2.4.122), (2.4.97), and (2.2.7), we see that the integral
in the second line can be bounded by

z+y

[0 (e 5T = s |5~ e < € [F5E] B el (2:5.96)

Proposition 2.5.7 provides us with a bound for ||[I[I¥||s. In combination with (2.5.95),
(2.5.96), Young’s inequality, and the bound |z + y| < 2|z| 4+ |z — y|, this implies

2
7O <cB (Bl DY) [ dy| [ dz el oo - 2)
R3 R3

<C (BT + DiB”) llawllys ] - ol (2.5.97)

where the right side is finite by (2.7.1). Similarly, we see that 72 is bounded by the right
side of (2.5.97).

Upper bound on Ty and Tz in (2.5.91). Bounds for 7; and 7T can be obtain along the
same lines as the bound for 7;(1). We apply the same change of variables as above and use
estimates similar to the ones in (2.5.95). In case of 7T;, the bound in (2.5.96) needs to be
replaced by

193 [sin? (=52) || [Jsin? (S5 m) |, < © ‘Z;y’ B~ Ui (25.99)

Here, we used sin?(z) < |z| and the operator inequality in (2.4.97) to estimate the third
factor. For the first and the second factor, we used

sin? (%H) = —i (2 ety e*i%rg

and (2.2.7) or (2.4.122), respectively. A bound for 73 can be proved analogously. The final
estimate we obtain in this way reads

Ti+To<C(B|0|}+DiB"). (2.5.99)

In combination with (2.5.90), (2.5.93), and (2.5.97), this proves (2.5.89).
Step 3. We denote ¢ := 3||d ||, insert (2.5.87) and (2.5.89) into (2.5.86) and obtain

CB||Y? > ||y — CBE |9y — CB3, (2.5.100)

which holds for B sma}ll enough. Forn > 0 the left side is bounded from above by a constant
times n||¥|]2 + n~'B2 and Holder’s inequality implies ||¥||4 > ||¥||2. Accordingly,

C (nl@lz+n"'B2) > (c— CB3)|¥||; ~ CB-. (2.5.101)
When we choose 1 and B in (2.5.101) small enough, this proves the claim. O]

2.5.4 Proof of Theorem 2.5.1

The assumption (2.5.1) in Theorem 2.5.1, Corollary 2.5.6, Proposition 2.5.7, as well as
Lemma 2.5.14 imply the decomposition a = A*W + &, where ¥ and & in (2.5.29) obey

191, @m = B~ I3 + B2I¥|; < C (2.5.102)
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and
1601371 sy < CB (121 () + D1 )- (2.5.103)
Define
,
£:=% + (COS(§HX> - 1)a*(r)\If(X). (2.5.104)

Then, (2.5.2) holds and we claim that ¢ satisfies (2.5.3). To prove this, we estimate the
second term in (2.5.104). We use 1 — cos(z) < |z| and (2.4.97) to bound

Jfeos(1x) - )

where the right side is finite by the decay properties of o, in (2.7.1). Using additionally
(2.5.40), we also see that

2
, < C I lowll3 T3 < CB* |97, (@)

mag

HHX (cos(gﬂx> — 1)0@@”2 < H [cos(gHX) — 1}1‘[)(04*\1/“2 + Hsin(gHX)B A ra*lIle
< o(mw|3+ B2 9)3) < CB* ||}y o)

mag

holds. Finally, an application of (2.5.43) and (2.4.97) allows us to estimate

= [ [(cos(5rx) = 1) + 5 sin (11 )11 e |

<O(Inw)3+B*|9|3) < CB* |95, (op)-

e (cos(gﬂx) — 1) Vo,

This proves that £ obeys (2.5.3) and ends the proof of Theorem 2.5.1.

2.6 The Lower Bound on (2.1.21) and Proof of Theorem
2.2 (b)

2.6.1 The BCS energy of low-energy states

In this section, we provide the lower bound on (2.1.21) and the proof of Theorem 2.2 (b),
and thereby complete the proof of Theorems 2.1 and 2.2. Let D1 > 0 and D € R be given
and assume that I" is a gauge-periodic state at temperature 7' = T, (1 — DB) that satisfies
(2.5.1). Corollary 2.5.2 provides us with a decomposition of the Cooper pair wave function
a = [[12 in terms of U< in (2.5.4) and o in (2.5.9), where |¥<|1  (@p) < C and where
the bound

”‘k”%{%ag(%) < CeB™! H\IIH%{}Dag(QB) (2.6.1)
holds in terms of the function ¥ in Theorem 2.5.1. With the function W< we construct a

Gibbs state I'a with the gap function A = Ay _ as in (2.3.1). Using Proposition 2.3.4, we
write the BCS free energy of I' as

[

1
FEFI) = FEF (o) = = (A, LrpA) + (A, Nrp(A)) + [ W< |3 (o, Vo)

bﬂOO

+T[Res(a)] + 5 Ho@Ta) ~ f dX [ V@) o),
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where
IRTB(A)|h < C B [ ¥]5 (on):

We also apply Theorem 2.3.5 to compute the terms in the first line on the right side, and
find the lower bound

FEF () = FEF (Do) > B €515(W<) — C(B* + B2 1¥]3 ()

+§H0(F,FA)—][ dX [ drV(r)|e(X,r)>. (2.6.2)
B R3

The relative entropy is nonnegative and the last term on the right side is nonpositive. In
the next section we show that their sum is negligible.

2.6.2 Estimate on the relative entropy

In this section we prove a lower bound for the second line in (2.6.2), showing that it is
negligible. We start with the following lower bound for the relative entropy.

Lemma 2.6.1. For all admissible BCS states I', we have

Ha

THo(T,TA) > Tr|(T —Tp)— 2
oI, T'a) ( A)tanh(gHA)

(T =Ta)|. (2.6.3)
Proof. The proof is given in [FHSS12, Lemma 5] and uses the fact that T'a is admissible,
which follows from Lemma 2.3.1. O

To be able to combine the term on the right side of (2.6.3) and the last term on the right
side of (2.6.2), we first need to replace the operator Hx in the second factor on the right
side of (2.6.3) by Ho. To that end, we note that the estimate HX > (1—0)HZ — 5| A%
holds for 0 < § < 1 and we rewrite it as

Ho < (1- )7 (HX +57"|A|%). (2.6.4)

Furthermore, we note that the series expansion

x > 8k2m?
tanh(%) 2+ k21<2 T2 F 4/<;27T2)’

. N
see [FHSS12, Eq. (5.14)], shows that the function z — tann(2vE) is operator monotone.

We use this together with (2.6.4) and the monotonicity of the map = — tanh(z), which
yields

<KT,B 0 ) _ Mo (1-06)"7? \/Hi + Al
0  Krp)  tanh(ZH,) tanh(5,/H3 + 51 Al|Z)

When we apply a first order Taylor expansion on the right side, the above inequality can
be written as

KT,B 0 < (1 . 6)1/2|: HA +
0 Krp tanh(Z Ha)

B~

Al
/05 A dtg(gw/Hi‘f‘t)}
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with the nonnegative function

1 1 1 1

9(w) = ztanh(z) tanh?(z) cosh®(z)’

Using sup,~og(z) <1land 1< we conclude that

= tanh(m)

Krp 0 1 o—'p? 2 Ha
(0 }Q9<u I 'MMXWW@M

holds. We choose § := ||Al|s and note that Lemma 2.4.1 and (2.2.7) imply
1A oo < C B ||| 11, () (2.6.5)

In particular, § < 1 as long as B > 0 is sufficiently small, and we have

0
> B2 ). (2:6.6)
tanh(5HA) ~ 1+ %2 1A |0 0 Krp 0 KT,B)

In combination, (2.6.3) and (2.6.6) prove
1 Hp
5|0 =Ta)—= 3 (T -Ty)]
tanh(jHA)

2 (1= ClAllec){a = an, Kr,p(a — aa)) + (1 = Cl|Allo) Tr[(y = va) K7,8(7 — 7a)];
where we can drop the last term for a lower bound because it is nonnegative if B is
sufficiently small. This is the lower bound for the relative entropy of I' with respect to I'a
we were looking for.

It remains to combine the first term on the right side and the interaction term on the

right side of (2.6.2). Let us define the function 7 := a, V< — aa. By Corollary 2.5.2 we
have @ — ap = 0 +n as well as

T
—Ho(I',TA) f dX [ dr V(r)|o(X,r)?
2 5 R3

(1= CllAllec)(o + 1, K1,8(0 + 1)) = (0,V0)

>
> (1= CllAll){o, (K15 = V)o) = CllA|lVIiscllol3 = 2[(n, Krpo)|.  (2.6.7)

From (2.5.14) we know that the lowest eigenvalue of K7.p — V is bounded from below by
—CB. In combination with (2.5.10) and (2.6.5), this implies that the first two terms on
the right side of (2.6.7) are bounded from below by

_ 1/2
~Ce B Wm0 (190, (m + D1) - (2.6.8)

To estimate the last term on the right side of (2.6.7), we use (2.5.15) to replace K7 p by
K, B, which yields the estimate

1/2
(0. (K15 — K1,.5)0)| < 2D0B [lo]l2 [nll2 < C B 193, 0 (1¥030s. @) + 1)

To obtain this result we also used (2.5.10), Proposition 2.3.2 and (2.6.1). Next, we de-
compose 1 = 1y + 1, with n9(A) and 7, (A) as in Proposition 2.3.2 and write

(n, K1, o) = (no, K1..Bo) + (n1, K1, .B(0 — 00)) + (N1, KT, BOO)- (2.6.9)
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Using (2.3.7) and (2.5.10), we see that the first term on the right side of (2.6.9) is bounded

by
(10, K1,.,B0)| < H\/KTC,B TIOH H\/KTC,B UH

_ /2
<Ce B |0y, 0m (19030, @) + D1) - (2.6.10)

We note that o — 0p = ¢ and use (2.3.8), (2.5.3), and (2.6.1) to estimate

(s Kz 58] < ||/ Eros ||/ Kros e,

1/2
< CEB2 || o) (quui,rlﬂag(%) +Di) " (2.6.11)
It remains to estimate the last term on the right side of (2.6.9), which we write as

(n1, K1, Boo) = (nL, K,00) + (nL,[Kr, 5 — K1,Joo) + (1, (U — 1)K7, goo)

+ (L, UKy, g(U* = 1)00).
(2.6.12)

with the unitary operator U in (2.5.20). We recall that the operators K7, p and K7, act
on the relative coordinate r = x — y.

Since A(X,r) = —2V(r)a.(r)¥<(X) and o¢(X,7) = a.(r)¥=(X) we know from
Proposition 2.3.2 (c) that the first term on the right side of (2.6.12) vanishes. A bound
for the remaining terms is provided by the following lemma. Its proof will be given in
Section 2.6.4 below.

Lemma 2.6.2. We have the following estimates on the remainder terms of (2.6.12):

(a) |01, (K7, g — KfJoo)l < CB* [ ¥l3, (o,

(5) |01, (U = 1)K, goo)l < C2B2 W3 (g,
() (1L, UKy, 5(U* = D)oo)| < Ce*B> W3 (q,)-

Accordingly, we have

1/2
o, Kr.am) < € (=B 1 &B2) W) (19135 0m + D1) "
We combine this with (2.6.2), (2.6.7), and (2.6.8) to see that
Fiir (T) = Fg7 (To) > B E515(V<)
—1/2 p5/2 /2 p2 —1 194 /2
— OB 1+ B2 4 T B Wm0 (19 gy + D1) - (26.13)
The optimal choice ¢ = BY/® in (2.6.13) yields
JT_-BCS( ) ]:BCS( )
1/2
> B2 (ES,LB(\I’<) — OB (o) (||\p||H1 ©Om + D1> ) (2.6.14)

This proves the lower bound for the BCS free energy in Theorem 2.1.
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2.6.3 Conclusion

Using (2.6.14), we now finish the proofs of Theorem 2.1 and Theorem 2.2, and we start
with the former. Let I' be an approximate minimizer of the BCS functional, i.e., let (2.5.1)
hold with

Dy := ES*(D)+p (2.6.15)

and p > 0. Since ||\I'||H1 05) < C by (2.5.3), (2.6.14) implies
B2<EGL(D) ) ]:BCS( ) JT_-BCS( ) > BQ(gS}B(lpg) i CBI/12).

This proves the claimed bound for the Cooper pair wave function of an approximate
minimizer of the BCS functional in Theorem 2.1.
We turn to the proof of Theorem 2.2. Let the temperature 1" obey

T.(1 — B(D, — DyBY*?)) < T < T.(1 + CB) (2.6.16)

with D, in (2.1.20) and Dy > 0. We claim that the normal state I'y minimizes the BCS
functional for such temperatures 1" if Dg is chosen sufficiently large. Since Corollary 2.5.5
takes care of the remaining temperature range, this implies part (b) of Theorem 2.2 and
completes its proof.

To see that the above claim is true, we start with the lower bound in (2.6.14) and
assume that (2.5.1) holds with D; = 0. We drop the nonnegative quartic term in the
Ginzburg-Landau functional for a lower bound and obtain

E5p(V<) > B~(Ue, (A II? = DBA2) V<) > Az (D — D) B[ W< |3,

with Ag in (2.3.22), Ay in (2.3.23), and with D € R defined by T' = T,(1 — DB). We
combine (2.5.6) and (2.5.26) and estimate

[Tz = W]z — [ Ts ]2 > ¢ BY? W @) (1 — C B),
When we insert our findings in the lower bound for the BCS energy in (2.6.14), this gives
> FEF(T) = FES (To) = ¢ B | 9113 on) ((D. - D) = CB=), (2.6.17)
We note that the lower bound in (2.6.16) is equivalent to
D. — D > DyB"*. (2.6.18)

When we choose Dy > C with C' > 0 in (2.6.17) and use (2.6.18) to obtain a lower bound
for the right side of (2.6.17), we conclude that ¥ = 0. By (2.5.2) and (2.5.3), this implies
that o = 0 whence I' is a diagonal state. Therefore, I'g is the unique minimizer of Fg BCS
if T satisfies (2.6.16) with our choice of Dy. As explained below (2.6.16), this proves
Theorem 2.2.

2.6.4 Proof of Lemma 2.6.2

In this section we prove Lemma 2.6.2. Our proof of part (a) uses a Cauchy integral
representation for the operator K7, p — (7% — i), which is provided in Lemma 2.6.4 below.
Let us start by defining the contour for the Cauchy integral.
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Definition 2.6.3 (Speaker path). Let R > 0, assume that x4 < 1 and define the following
complex paths

c % +(1+i)R
i .
ui(t) := — 4+ (1 +1i)t te0,R], uw
20
(1) = X (1) te[0,1]
u = — -
2 2ﬁc M s Ly . 28, ‘
mi C-n R
t) = ——1t— 1 te|—1,1 : :
U3( ) 250 (lu’+ ) [ ) ]7 ‘}/171
i i
U4(t) = _ﬁ — (/,L+1)(1—t) te [0, 1], Uy 28,
() = — 0 (1 -yt t [0, R] “
us(t) ;= —— —i , R].
28c .
- % L (1-)R
The speaker path is defined as the union of paths u;, i = 1,...,5, with u; taken in reverse

direction, i.e.,
4 = —ur Fug Fuz +ug tus.
If 4 > 1 we choose the same path as in the case u = 1.

This path has the property that certain norms of the resolvent kernel of 72 are uni-
formly bounded for z € 4 and R > 0. More precisely, Lemma 2.4.5 implies

sup sup sup [H 1295l + 1] ]angHJ < o0. (2.6.19)
0<B<Bo R>0 wedp

We could also choose a path parallel to the real axis in Lemma 2.6.4 below. In this case
the above norms would depend on R. Although our analysis also works in this case, we

decided to use the path gy because of the more elegant bound in (2.6.19). With the above
definition at hand, we are prepared to state the following lemma.

Lemma 2.6.4. Let H: D(H) — H be a self-adjoint operator on a separable Hilbert
space H with H > —p and let B > 0. Then, we have

B gy tim dz ( : - z> ! (2.6.20)

tanh(gH) R—oo [y, 2ri tanh(gz z—H’

with the speaker path ¥ in Definition 2.6.3. The above integral including the limit is
understood as an improper Riemann integral with respect to the uniform operator topology.

Proof. We have that the function f(z) = tanhZ(Bz) —z = eb’%i 7 is analytic in the open
3

domain C \ 27T1Z. The construction of the Riemann integral over the path o, with
respect to the uniform operator topology is standard. The fact that the limit R — oo
exists in the same topology follows from the exponential decay of the function f(z) along
the speaker path. To check the equality in (2.6.20), we evaluate both sides in the inner
product with two vectors in ran1 K}(H ) for K > 0, use the functional calculus, the
Cauchy integral formula, and the fact that (Jy~oranl_ x(H) is a dense subset of H.
This proves the claim. O
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Henceforth, we use the symbol f‘ to denote the integral on the right side of (2.6.20)
including the limit and we denote ¥ = R>0 4.

Proof of Lemma 2.6.2. We apply Cauchy-Schwarz to estimate

|, (KT, 5 — K1,)00)| < |InLll2 (K7, 5 — KT,)ooll2 (2.6.21)
and claim that
KT, 5 — K7,]ooll2 < Ce™ /2B 11 3, (@) (2.6.22)

holds. To see this, we apply Lemma 2.6.4 and write

1

dw ! 2
w + p — p?

Ky~ Kj =% g+ / fw) — w2

2.6.23
¢ 27 w4 p— 72 2’ ( )

where 72 — p2 = iB A7 p, + 2B Ar[% Using (2.5.6) and (2.7.1), we estimate the first
term on the right side of (2.6.23) by

B[ [Vas|l2[@>l2 + B2 | - Pal2[| > 2
Ce B> |l g, @n)- (2.6.24)

[[72 — pZlooll2 <
<

To estimate the second term in (2.6.23), we use Holder’s inequality in (2.2.1) and find

|70 et il
. —pl]————0
27r1 w+u—7r " prw—i—,u,—p% 0

d|w 1
</2 ) |
< 27 Wt p— 72 |l

where djw| = dt |[w'(t)|. Eq. (2.6.19) implies that the operator norm of the magnetic
resolvent is uniformly bounded for w € ¥. Since the function f is exponentially decaying
along the speaker path it suffices to prove a bound on the last factor that is uniform for
w € 4. We have

2

1

2_ e —
H[ﬂ-r pr]w_i_'u p2 00

)

2

w2 = on(Xor) = [ s [ =l — ) (5) 0 (X),

which implies

1 2 2
2 2 2 2 21w
T —pil——=0 < ||w dr ds |[72 — r— S)a(s 2.6.25
|72 =t e <l [ ar| [ s =gl = )| 2625)
Moreover,
2 2 2
[oar| [ astim2 = igb = e o)
R3 R3
< CB2(|| |- IV 1 Nl + 1981 11~ lewl3 4+ 11 128 12 lue 3+ g1 11 - 2 3).

The right side is uniformly bounded for w € ¥ by (2.6.19) and (2.7.1). In combination
with (2.5.6) and (2.6.25), this implies

2

< OB W3 < Ce'BY W) o)
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Using this and (2.6.24), we read off (2.6.22). Finally, we apply Proposition 2.3.2 to estimate
InL]l2 in (2.6.21), which proves part (a).
To prove part (b), we start by noting that

(02, (U = DKE, goo)| < | Irlncllz | 1r|~H(U = 1)KF, poollz.

A bound for the left factor on the right side is provided by Proposition 2.3.2. To estimate
the right factor, we use (2.5.6), (2.7.1) and the operator inequality in (2.4.97), which
implies |U — 1|? < 3r?11%, and find

117U = DK, poolla < ClIKY, ol [T lo < CBIWy, 0p)-

This proves part (b).
For part (c), we estimate

(01, UK, 5(U* = 1)) H Kj, g U*MH H/ . H (2.6.26)

and note that K7. 5 < C(1+ 72) implies
|\/Kr s = 1) aOH (00, (U = 1)K}, 5(U* = 1)op)
< CU* = 1)ool3 + Cllwr (U — D)aolf5. (2.6.27)
Using the bound for |U — 1|2 in part (b), (2.5.6) and (2.7.1), we see that the first term is
bounded by C|||r|a, Iy ¥~||?> < CB% Lemma 2.5.11 allows us to write
* * ~ 1o 1
m(U*—=1)= (U —1)7Tr+§U IIx — EB/\T.

Accordingly, we have

(U = a3
< O(|rlpronTixWs 3 + B [rPonTlx @s |3 + anllx U3 + Bl r|a. s |3)
<C(B*+e7'BY) < OB ||| (@5)"

We conclude that the right side of (2.6.27) is bounded by C'B?||¥||%,, (@5)"
mag

With Kr(p) < C(1 + p?) we see that the first factor on the right side of (2.6.26) is
bounded by

| /&5 p U] = e UKE, pUnL) < Cllns | + Cllm U .

From Lemma 2.5.11 we know that =, U* = U*[7, + %HX], and hence

| /&5 s U] < C(InelB+ IFme )3+ ITxnL ) < C=B* 121y (qp)
This proves part (c¢) and ends the proof of the Lemma 2.6.2. O
— APPENDIX —
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2.7 Estimates on Eigenvalues and Eigenfunctions of
Kpnp—V

In this section, we investigate the low lying eigenvalues of K7, p —V and its ground state
wave function. Our analysis is carried out at T = T, and we omit 7, from the notation
throughout the appendix. The goal is to prove the following result.

Proposition 2.7.1. Let Assumptions 2.1.3 and 2.1.5 hold. There is a constant By > 0
such that for any 0 < B < By the following holds. Let eOB and P denote the lowest and
next to lowest eigenvalue of K1, p — V. Then:

(a) |ef'| < CB,
b) K. g —V has a uniform spectral gap above ef, i.e., ¥ —el >k > 0.
Cy O 1 0

(c) Let ay be the eigenfunction in (2.1.15) and let af be an eigenfunction corresponding
to 6(1)3 such that (af, V) is real and nonnegative for all 0 < B < By. Then,

lo? = a2 + |7 (o — )]z < OB.

(d) With Pg :=|aB)(aB] and P := |a,) (x| and with of and a, as in part (c), we have

IP5 — Plloo + [7*(Pp — P)llsc < CB.

Remark 2.7.2. We emphasize that this appendix is the only place in the paper where the
assumption V > 0 is used. It simplifies our analysis because it implies that the Birman—
Schwinger operator V'/?[Kr, g — ¢]"'V"? is self-adjoint. However, for the statement of
Proposition 2.7.1 to be true, it is not necessary that V has a sign. In fact, with the help
of a Combes—-Thomas estimate for the resolvent kernel of K7, — V' it is possible to show
that Proposition 2.7.1 also holds for potentials V' without a definite sign. This approach
requires more effort, and we therefore refrain from giving a general proof here. It can be
found in Chapter 6.

Let us recall the decay properties of the eigenfunction ay corresponding to the lowest
eigenvalue of the operator K, —V. Since a, = K, Wa, and V € L=(R3), we immediately
have o, € H%(R3). Furthermore, for any v € N3, by [FHSS12, Proposition 2],

/RS dz [|SL‘V04*({L‘)|2 + |:L‘”V0z*(x)|2] < 0. (2.7.1)

In fact, more regularity of a, is known, see [FHSS12, Appendix A] but (2.7.1) is all we
use in this paper. Before we give the proof of Proposition 2.7.1 in Section 2.7.2 below, we
prove two preparatory statements.

Let e € (—o0, 2T,) and denote the kernel of the resolvent (e — Kr7,)~! by G(z — y).

Lemma 2.7.3. For e € (—00,2T.) and k € Ny the functions |- [¥G® and | - ¥V G® belong
to L*(R3).

Proof. The function (e — Kr.(p))~! and its derivatives belong to L?(R3). Therefore, we
have

1-toh < ([ o [ ) s g <o 12
= \Ugs 1+ |z|k+2 ' o
This proves the first claim and the second follows from a similar argument. O
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2.7.1 Phase approximation for K7, p

Proposition 2.7.4. Let V and | - |?V belong to L°(R3). There is By > 0 such that for
0< B< Bjyande € (—x,2T,), we have

1 1
| ok

e—Krp e—Kr,
Proof. To prove this result, we apply a phase approximation to the operator K7, g. We
pursue the strategy that we used in the proof of Lemma 2.4.5 and define

VR

o

VH <C.B.  (2.7.3)

[ 1 1
e—Krp e—Kr,

S(x,y) = &2 W) Ge(z —y). (2.7.4)
Let S% be the operator defined by the kernel S§(x,y). We claim that
(e — K1, B)Sp =1-Tg (2.7.5)

with the operator 75 defined by the kernel

T5(z,y) == el (@A) [(KTC (72y) — K1) }(x, Y) (2.7.6)

e— Krp,
and 7, = —iV; + A(z —y). To prove (2.7.5), it is sufficient to note that
K. p 3@ = ol 3@ [ ().
Using Lemma 2.6.4 and Lemma 2.7.3, a straightforward computation shows that
[T5llec < Ce B (2.7.7)

holds for B small enough.
With the operator S in (2.7.4) we write

1 1 1 1
_ — — 8¢ 4+ 8¢ —
e—Knp e—Kr, e— K. B B+ OB e— Kr,

(2.7.8)

For the first term (2.7.5) implies

1 00
— 8¢ — S¢ TE"
e — KTC,B B B ngl( B)

and since 8§ is a bounded operator with norm bounded by ||G¢|1, (2.7.7) yields

1

7_5169
e_KTC,B

< CeB.

o0

To estimate the second term on the right side of (2.7.8), we use |ei%'(w\y) —1| < Blz—yl|y|
and bound the kernel of this term by

1
E—KTC

[s5 - [V, y)| < Ble = oll6°@ — w)] iV (w).

We further bound |y||[V72(y)| < ||| - |2VH<1><>2, which shows that

e 1 1/2
H {SB e _KTJV

<B|[-PVIZ - 16 < CeB.

[e.9]
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This completes the proof of the first estimate in (2.7.3).
To prove the second estimate, we note that

1 1 1 1
2 2
_ V=n Kr p— Kr
e — KTC,B e — KTC e — KTC,B[ © C]e — KTC

Ve,

™
Since 72(e — K7, p)~! is a bounded function of 72, we know that the operator norm of
the operator in the above equation is uniformly bounded in B. Thus, it suffices to show
that [K7, p — KTC]ﬁV satisfies the claimed operator norm bound. To this end, we use

(2.6.23) and obtain two terms. Since 72 —p?> = BAx-p+ %]B A x|% the estimate for the
first term reads

1

(7% = 1) V2| ) < [B IV — )+ B 216 (& = )l [V (y)]

The L'(R3)-norm in = — y of the right side is bounded by

CB (I [VGIl + 1 - PG )V lloo + VG -1V lloo + 1GEI 1]+ 2V [loo]

which is finite by Lemma 2.7.3. With the help of (2.6.19) the remaining term can bounded
similarly. This proves the claim. O

2.7.2 Asymptotics for eigenvalues and eigenfunctions

We are now prepared to give the proof of Proposition 2.7.1.

Proof of Proposition 2.7.1. We start with the upper bound of part (a). By the variational

principle for eég we have

e < (o, (K1, 8 — V)aw) = (o, (K1, = V)au) + (o, (K78 — Kr)ow),  (2.7.9)

where the first term on the right side equals 0 by the definition of «,. We use (2.6.19),
Lemma 2.6.4, and (2.7.1), and argue as in the proof of (2.6.24) to see that the second term
is bounded by CB.

In the next step, we show the lower bound of part (a) and part (b) at the same time.
Thus, for n = 0,1 we aim to show

el > —C,B (2.7.10)

for the lowest and next-to-lowest eigenvalue eOB and eP, respectively. For notational conve-
nience, we give the proof for general n € Ny and we order the eigenvalues e increasingly.
Let aB be the eigenfunction to €2 for n > 0 and note that af = of.

Now, we switch to the Birman—Schwinger picture: eZ being the (n + 1)-st to smallest
eigenvalue of K7, p — V is equivalent to 1 being the (n + 1)-st to largest eigenvalue of the
Birman-Schwinger operator V/*(Kr, p — e2)~1V"/2 corresponding to eZ. Accordingly,
the min-max principle, see, e.g., [LLO1, Theorem 12.1 (5)], implies

1
1= max min @,V1/2V1/2c1>>:<1>€s an{ug, ..., Unt, ||[® :1}.
uo,...,unGLQ(R3) {< KTC,B — eTB; p { 0 n} H H2
u;Luj, i#j
(2.7.11)
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We obtain a lower bound on (2.7.11) by choosing the functions w;, i = 0,...,n as the first
n + 1 orthonormal eigenfunctions ¢ satisfying

1
Vl/QmV1/2(pZB = 7']ZB ()DlB, = O, ey, (2712)
Cy n

where n > 1 denote the first n eigenvalues of the Birman—Schwinger operator in (2.7.12)
ordered decreasingly. In particular, we have n2 = 1, as well as the relations ¢Z = V2o
and of = (K7, p — e2)" V208,

Denote e, := €Y and apply the resolvent equations to write
1 1
|/ ——— v VE R v, v — B RB 2.7.13
KT(”B _ eﬁ KTC —e, ( en) Q + ( )
with
1 1 1 1
B . 1/2 1/2 B ._ 112 - 1/2
=V % R, =V V=
n Kr.p—en Kr,.p—eb ’ " Kr.p—en Krg, — en]

By Proposition 2.7.4, we have |R5| s < C,B. Furthermore, we may assume without loss
of generality that eZ < e, because otherwise there is nothing to prove. We combine this
with (2.7.11) for B = 0 and (2.7.13), which yields

1 L .
mv /2<I>> RONS Span{gpo,...,gon} @2 = 1}

— [ef — e,Jmin{(®, Q5®) : & € span{pf,..., oL}, [@]> =1} — C,B. (27.14)

1> min{<<I>, V2

We observe that the first term on the right side equals 1. To be able to conclude, we
therefore need to show that there is a constant ¢ > 0, independent of B, such that

min{(tb, 0B®) : & c span{ef, ..., oL }} (2.7.15)

Then, (2.7.14) implies —[eZ — e,,] < C,, B, which proves (2.7.10).
We will prove that (2.7.15) holds with ¢ = ||V||z!. To that end, we write

1 1 1
B Va2 - B 1/2
o) =(d,V K VY2 ),
(@, Qn'®) = < K7, B — 65( b en)KTC,B — e, K1, p—€B >
apply —eZ > —e,,, and infer
©,058) > | e
o Kr.p—ef} 2
Since ® € span{pf,...,p2}, there are coefficients c? € C, i = 0,...,n such that we
have ® = 37 (cBoB. We use the eigenvalue equation in (2.7.12) for p? as well as
(B, <p;3> = 0;; to see that
IVl Hl vig| > <1 Vo VV1/2<I>>
“l KB —eff 2~ \Kr.,p—eff '\ Krp—ep

n PR
=Y B nPnl (of,oF) ZICBI (n?)
i.j=0
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Here, we used that 7; > 1 and ||®||2 = 1. This shows (2.7.15) and completes the proof of
(2.7.10).

The case n = 0 in (2.7.10) yields the lower bound of part (a), since eg = 0. For n =1,
we have e; = k, showing part (b) with the help of part (a).

To prove part (c), we write g := 3. The chosen phase of ngB in the lemma is such that
(00, p¥) is real and nonnegative. We write o = appo + bp® with (®,¢g) =0, || @2 =1
and |ag|? + |bg|* = 1. By construction, ag = (o, Lp(]f>. Furthermore, by (2.7.13),

_ 1/2 /2 B /2 L 1/2
1= <(100 7V KT 5 GOBV ®o > <Q00 ,V KTC |4 > <(,00 ,TBQDO > (2716)

with 75 := ef QF + RE. Thus,
1 1
2 2 1/2 1/2 /2 + y,1/2
1< ah+ bsl*(@,V yrond ®) + 2ap Re bp (0, V yrond )] + 1 75loo-

By parts (a) and (b) and Proposition 2.7.4, we know that || 75|l < CB. Furthermore,
the term in square brackets vanishes, since V' QK;C Ly 209 = o and (pg, ) = 0. Using
the orthogonality of ® and (g once more as well as the fact that 1 is the largest eigenvalue
of VI/ZKQTCIVI/Q, we see that there is an n < 1 such that (P, Vl/QKT_:VWCI)) < n. It follows
that

1 < a% + |bp|*n + CB.
Since a% + |bg|?> = 1, this implies |bp|> < OB as well as a% > 1 — CB. Since ag > 0, we
infer 1 —ag < CB.

The next step is to improve the estimate on bp to |bp| < CB. To this end, we combine
the two eigenvalue equations of ¢F and ¢g. With Tz as in (2.7.16), we find

1
of — o= VI/QITVW( — o) + Teed.

c

Testing this against ¢, we obtain
1
br = (. o8 — — (Y

We apply Cauchy-Schwarz on the right side and use that |[V'/>K _1V1/ 2P|l < 1, which
follows from the orthogonality of ® and ¢y. We also use [¢f — g00||2 (I —ag)+ |bB|.
This implies

V1/2<I>7 @()B - 800> + <(I)77i5’(700>

lbg| <n(1—ap)+nlbs|+CB,

from which we conclude that |bg| < CB.

It remains to use these findings to prove the claimed bounds for oy — .. According
to the Birman-Schwinger correspondence, we have af = (Kr. 5 — e} ) WW'2p8. Thus,
since g = Vl/Qa*,

B

].
B ‘7/2 P ‘/'1/2
«a Ay = o) a QO +b

* KZC7B_60 |: BY0 B :| K

1
B —
KTC,B - 663 KT

c

c

1 1
Te,B — € Te
(2.7.17)

The proof of the norm estimates for a? — o and 72(a? — a,) is obtained from Lemma

2.7.3, Proposition 2.7.4, and the estimates of part (a) on ef.
Part (d) follows from part (c). This ends the proof of Proposition 2.7.1. O

June 17, 2022 159 Marcel Maier



2.8. ADDENDUM TO THE PAPER [DHM21]

ACKNOWLEDGEMENTS

A. D. gratefully acknowledges funding from the European Union’s Horizon 2020 re-
search and innovation programme under the Marie Sklodowska-Curie grant agreement No
836146 and from the Swiss National Science Foundation through the Ambizione grant
PZ00P2 185851. It is a pleasure for A. D. to thank Stefan Teufel and the Institute of
Mathematics at the University of Tiibingen for its warm hospitality.

(Andreas Deuchert) INSTITUT FUR MATHEMATIK, UNIVERSITAT ZURICH
WINTERTHURERSTRASSE 190, CH-8057 ZURICH
E-mail address: andreas.deuchert@math.uzh.ch

(Christian Hainzl) MATHEMATISCHES INSTITUT DER UNIVERSITAT MUNCHEN
THERESIENSTR. 39, D-80333 MUNCHEN
E-mail address: hainzl@math.lmu.de

(Marcel Maier, born Schaub) MATHEMATISCHES INSTITUT DER UNIVERSITAT MUNCHEN
THERESIENSTR. 39, D-80333 MUNCHEN

2.8 Addendum to the paper [DHMZ21]

2.8.1 An addendum to the proof of Proposition 2.4.13

The following lemma contains the computations that are necessary for the calculation of
the coefficient Ag in (2.3.22). These consist of representation formulas for the function Ly
and form an addendum to Proposition 2.4.13. The result is a tedious but straightforward
calculation, whence it is not contained in the paper [DHM21]. The content of Lemma
2.8.2 is to provide integrability of these functions in the sense needed for justifying the
integration by parts in the proof of Proposition 2.4.13. Since these functions are rapidly
decaying at infinity, only their singularities have to be investigated. We leave the proof of
the following result to the reader.

Lemma 2.8.1. Let p,q € R3. Recall Lt(p,q) from (2.4.86) and define:

_ tanh(5(]p +9/2* — ) + tanh(5(Ip — 9/2* — p))
(Ip +9/2[* = p) + (Ip — 9/2[* — w)

Li(p,q) = Le(p+ 5.~ 3)

Introduce the short-hand notations
Hr(a) = o (5 o+ 4 =), )=t (5 (o + 2 - ),

and
Upq) = ‘p+g‘2—u+ - gf—u,

and define Hp(p) := Hp(p,0), as well as Jp(p) := Jp(p,0). Then, the following statements
hold.

(a) Fori=1,2,3, we have

g

8‘ZzZT(p7 Q) = 2£u(p q)

rit%  p—% } _Jr(p.q) + JIr(p, —q) "
Hr(p,q) Hr(p,—q) (p,q)? '
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(b) Furthermore, fori,j =1,2,3, we have

= B q; [ pit+ % pi— % ]
oL - _
%9, 9 L1 (P, q) 20,(p,q)*> LHr(p,q) Hr(p,—q)
 Ba PjJF%_ Pj_qu}
20,(p,q)? LHr(p,q) Hr(p,—q)

B 6 { Lo, }
40, (p,q) LHr(p,q)  Hr(p, —q)
B {(pi +8)(p; +5)Ir(p.9) | pi = %) = 5)Ir(p, —Q)}
2¢,(p, q) Hr(p,q) Hr(p, —q)
2 qiq; dij }

+[Jr(p @) + Jr(p, —q)] [f(p, 0 Lp,q)?

(c) In particular,

~ B 1 Jr(p) s
0q;0q,LT(p, 0) = [4(1)2 — ) Hr(p) z(pQT_ ”)2} g
B I pip;
2(p — p) Hr(p) ™"

Lemma 2.8.2. Let p € R3 be Jized. Then, for every i,j = 1,2,3, both of the functions
q v+ 04, L1(p,q) and q +— 04,04, LT(p, q) are elements of L'(R3).

Proof. We start by considering 0, fT (p, q). It suffices to investigate the singularity at the
set

{qER?’:‘p+g‘2—u—‘p+g‘2}. (2.8.1)

In all other regimes, the decay properties are sufficiently good for integrability. Separate
the parts with p; and ¢; to obtain

- B 1 1 _ Jr(p.a) + Jr(p, —q)
OuLr(p.0) = 0 L%(p, q) {HT(p, 9 " Hep, —q)} ((p, q)? } (2.82)
Bp; 1 1
" 20,,(p, q) [HT(p, 9 HT(p,—q)} (283)

In the first line, we can consider the terms with (p,q) and with (p, —q) separately. Then,
we are left with investigating

(1) . 1 JT(p7 q)
D)= g g )
@, . 1 L !
&0 (pyq) = ((p,q) [HT(p, q) a Hr(p, —Q)]

Without loss, by interchanging the order if necessary, we can take one of the limits, e.g.
lp— /2> —pp— 0. As z:= |p+9/2|> — u — 0, we then have

B 1 tanh(g x) _1 [5 1 tanh(g :c)}
4z coshZ(g x) x? x

T rl4 coshQ(g x) - x
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The term in brackets is O(1) and 1 is integrable over the unit ball in dimensions d > 2.

Proceed analogously for the term with (p, —¢). Concerning é? ) (p,q), an application of
I’Hépital yields

& (2.8.4)

Hence, this term is even linear at the singularity. The decay makes it integrable as well.
Moving on to 0,0y, fr(p, q), we rewrite accordingly

T _ B (Piq]‘ +qui) 1 1
04,0, L1(p,q) = — 20,7, ) [HT(p, 3 T _q)} (2.8.5)
B 4iq; 1 1 24
st g Ep =) e =0 s (286)
B [+ S+ DIrpa) | =5 = I —a)
2¢,(p, q) [ Hr(p,q) + Hr(p, —q) (2.8.7)

N B 6ij { L 1
4,(p,q) LHr(p,q)  Hr(p,—q)

|~ Ura) + 0] 0y 259

As before, it is enough to investigate the singularity (2.8.1). The first thing to notice is
that the term in line (2.8.7) is bounded. Proceeding analogously to the above, the term
(2.8.5) is bounded by (2.8.4). The term in (2.8.6) is O(Z;) by the same investigation as

for fgpl ) above. This is still integrable over compacts in dimensions d > 3. The remaining
term is (2.8.8) is O(2) by the investigation of §(Tl) above. O

2.8.2 An alternative proof of Lemma 2.5.4

This is an alternative proof for Lemma 2.5.4, which takes the pedestrian way without any
reference to analytic perturbation theory.

Lemma 2.8.3. Let Assumptions 2.1.3 and 2.1.5 be true. For any Dy = 0, there are
constants By > 0 and Ty > 0 such that for 0 < B < By andT > 0 with T — T, > —DyB,
the estimate

Krp—-V>c(1—P)(1+7*)(1~P)+cmin{Ty,(T - T.),} - CB (2.8.9)
holds. Here, P = |c){au] is the orthogonal projection onto the ground state c, of Ky, —V .

Proof. We prove two lower bounds on K7 g — V, which we add up to etablish (2.8.9).
Step 1. We claim that there are Ty > 0 such that

Krp—V >cmin{Ty, (T —T.),} — CB. (2.8.10)

To prove (2.8.10), we note that the derivative of the symbol K7 in (2.1.14) with respect
to T equals

d 1
— Kr(p) =2 Kp(p)*——5—5—
7K (®) () =0

(2.8.11)

and is bounded from above by 2. If T' < T¢, we infer Ky p — K1, B > —2DgB as an
operator inequality, which proves (2.8.10).
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If on the other hand T' > T¢, then choose T := % Where k > 0 denotes the spectral gap
of the operator K7, g —V above its lowest elgenvalue eo For B small enough, Proposition
2.7.1 ensures that x is independent of B, whence eOB is simple. In order to prove (2.8.10),
we may henceforth assume that 7' < T¢ + 5 due to the monotonicity of K7 g in T', which
implies K7.p 2 Kuin{T,1.+%},B

We consider the minimization problem for the operator KT7 B — V, while we assume
T.<T <T.+%. Fora normalized ¢ € L2(R?), we split ¢ = aa +b¢ with |a|? + |b]? = 1
and (aP,¢) = 0 Here, o is the unique normalized ground state of K7, g — V. In fact,
a, b, and ¢ are dependent on B but these dependencies play no role in what follows. Note

that for T' > T¢, (2.8.11) implies the inequality of operators
Krp—Krp<2(T—T.). (2.8.12)

Therefore, an application of uv < u + 3, L 42 for u,v >0 and 0 < 5 < 1 yields

1
(o, (KT —V)p) > 3 lag|? (o, (K15 — K1.5)a?) + |bp|? (k — 2(T — T.)) — |f|.

(2.8.13)
In view of (2.8.11), it is easy to see that
(o, (Kr.p — K1.B)al) > <KTC,BOé*37 — = Kn.Ba, > (T - To).
cosh (—QTC“)
It remains to remove the magnetic field in every instance to show that
(Knpol,— K paf) > [ Va)f — o~ CB. (2819)
coshz(g—i“) R3 coshQ( )

The first term on the right side equals 27.Ay > 0 with Ay from (2.3.22).

To see that (2.8.14) is true, we start with the eigenvalue equation (Kr, g — V)aZ =
elal. By Proposmon 2.7.1, the estimates |ef’| < CB and ||af — a.||3 < CB hold. Since
V and cosh(~ 5T £)=2 are bounded operators, we may therefore replace o by o, and eo

by zero in every occurrence for an error of C'B, i.e.,

1 1

Kr. paf, ———  Kr paf) > (Va,,————>—Va,) - CB. (2.8.15)
< cosh2(u22T_c ) > < . coshQ(usT_c ) >

Furthermore, we use the identity (2.4.142), which expresses cosh(g )~2 in terms of the
Matsubara frequencies wy, in (2.3.13). The resolvent equation

1 1 1 . 1
(i, — 72)2 - (i, — p2)2 = (i, — 72)2 [IWn(ﬂ'Q —p2) - (774 — p4)} (Aiwn —p2)2

leads us to investigate
wt—pt = (7 + p) (7 = p*) + [7* =", P
1 1 1
= (27r2—ZIB/\x|2)<B/\x-p+Z\B/\x|2) —(B/\x~p)2—Z|B/\x\2(B/\9§'p)—|—B2.
Here, we used [72 — p?, p?] = i[\B/\x!z,pQ] =B?aswellasp? =12 —BAz-p— %\B/\m|2

and the fact that B A x - p commutes with 72 — p?. Since |- |*Va, € L?(R3) for k € N by
(2.7.1), a tedious investigation of the kernels with the techniques introduced in Section 2.4

June 17, 2022 163 Marcel Maier



2.8. ADDENDUM TO THE PAPER [DHM21]

shows that, in (2.8.15), 72 may be replaced by p? for an error of the size CB. This shows
(2.8.14).

We apply (2.8.14) to (2.8.13). Together with the estimates provided by Proposition
2.7.1 mentioned above and |a|? + |b|> = 1, we finally obtain

(o, (Krp — V)g) > mm{; /R dp Vo (p)f? (T—T.), k—2(T - zz)}

CoshQ(pL“)

2T,
- CB.
Since T' < Tt + § implies k — 2(T' — T¢) > T — T¢, this proves (2.8.10).
Step 2. We claim there are ¢, C' > 0 such that
Krp—-V>c(l—P)(1+7*)(1—-P)-CB. (2.8.16)

From the arguments in Step 1 we know that we can replace T by 7. for a lower bound if
we allow for a remainder of the size —C'B. To prove (2.8.16), we choose 0 < 7 < 1 and
write

Kr,p—V =efPg+(1—Pp)[(1 —n)Kr.5—V](1 - Pg)+n(l— Pg)Kr,p(l - Pp),
(2.8.17)

where e} denotes the ground state energy of Kr. g —V and Pp = |af)(a?| is the spectral
projection onto the corresponding unique ground state vector aZ. From Proposition 2.7.1
we know that the first term on the right side of (2.8.17) is bounded from below by —CB.
The lowest eigenvalue of K7, — V is simple and isolated from the rest of the spectrum.
Proposition 2.7.1 therefore implies that the second term in (2.8.17) is nonnegative as long
as 7 is, independently of B, chosen small enough, and can be dropped for a lower bound.
To treat the third term, we note that the symbol Krp(p) in (2.1.14) satisfies the inequality
Kr,(p) > (1 + p?) for some constant ¢/, and hence K7, g > /(1 + 7%). In combination,
the above considerations prove

Kr.g—V > (1-Pg)(1+n°)(1—Pg)—CB.
It remains to replace Pp by P = | )(ax|. To this end, we write

(1-Pg)1+7%)(1—-Pg)—(1—-P)1+7%)(1—-P)
= (P — Pg)+ (P — Pg)n*(1 — Pg) + (1 — P)m*(P — Pg). (2.8.18)

From Proposition 2.7.1 we know that |[Pg — Pl < CB and ||[7%(Pg — P)||sc < CB.

Hence, the norm of the operator on the right side of (2.8.18) is bounded by a constant
times B. This shows (2.8.16) and concludes our proof. O

2.8.3 An alternative proof of Lemma 2.6.4

This is an alternative proof of Lemma 2.6.4.
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Definition 2.8.4 (Speaker path). Let R > 0 and o > 0. Using the notation 8 := T~}
define the following complex paths

c %+(1+i)1{
i .
mn(t) = —+(1+1i)t t € [0, R], n
28
—— 7T1 1 1 2 i
n(0) 1= 55— @+ 1t el d |
) = = (1) te[-1,1] = -
Y3 % a ) ) ‘7\(171
i st
(1) = =L (1 =) te[0,R)
=—— —i :
75 2/@ ) -
72“713+(17i)R

The speaker path is defined as the union of paths ~;, ¢ = 1,...,5, with ; taken in reverse
direction, i.e.,

‘R = ;’71 +72+’Y3+’Y4+’Y5-

We also let 4, := Up-o %o r-

Lemma 2.8.5. Let a« > 0 and let H: D(H) — H be a self-adjoint operator in a separable
Hilbert space H with H > —a. Then, we have

H H+ 1 dz ( z > 1

— = im — —z )
tanh(%q) R—00 <. n 2mi tanh(%) z—H

where ‘OL’R 1s the speaker path from Definition 2.8.4. The limit exists in operator norm.

o . 2 o . .

Proof. Call fr(z) = tanhz( ) z = . Let us first prove that the limit exists and

defines a bounded operator on H. To do this, we investigate the tails of the paths v, and

~5. For example, we have to investigate the operator norm of

/ <t 2n() 1 /

R 277Tie571(t) -1 '71(t) . H7l(t)~

The estimates

()] < % +V2t < Ct, V(6] = V2, Revi(t) = t,

hold for R large enough, and imply

/R 2miefn() —1y(t) — H Y1 ()

and

1 1 1

ol <t gt
m(t) — Hlls ~ Im~yi(t) %4—75 t

© 1
gc/ L Ce PR,
R eﬁt—l

o
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The last inequality follows by taking R so large that 1 < %eﬁt for all ¢ > R. The contri-
bution of 75 is estimated in a similar fashion. This proves operator norm convergence of
the limit.

We let K > 0 and choose ¥ € ran(1(_ g—1)(H)). Then, we take R > K and close
the speaker path by the contour yg(t) := R+1(R+ 55)t where ¢ € [-1,1]. Then, for each
p € H, by Cauchy’s integral theorem, we have

(o, fr(H)G) = L L e — HYY).

R 27i

When we investigate the contribution from ~p, we have

P 1
/ d.fT<z><@,<z—H>1w>\< / dt_DROL o ) — HY 0] ).
i

L 2mi L7 |eBr®] —1
Since Revr(t) = R, we have that
Vr(t)— (K—=1)|>|R-K+1|>1.

It follows that sup,ci_q,1) [[(vr(t) — H) ' (_o,k—1](H)||oo < 1. Hence, we obtain

dz 1 R2 R—o0
sup | [ 5% frl2)e,(c— ) w)| < € v 0.
sw || S e~ B < O g
This proves that
dz 1
H)y = 1li — . 2.8.1
fr(H)y = lim = frz) —g¢ (2.8.19)

Now, since t — fr(t), t > —« is bounded with || fr||c = 1_(237‘35‘1, we get that fr(H) is a
bounded operator and hence, (2.8.19) extends by density to all 1 € H. Hence, the claim
holds for all v € D(H), since, then

H

szHerfT(H)w- 0
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Chapter 3

Microscopic Derivation of
Ginzburg—Landau Theory and the
BCS Critical Temperature Shift in
the Presence of Weak Macroscopic
External Fields

Abstract

We consider the Bardeen—Cooper—Schrieffer (BCS) free energy functional with weak
and macroscopic external electric and magnetic fields and derive the Ginzburg—Landau
functional. We also provide an asymptotic formula for the BCS critical temperature
as a function of the external fields. This extends our previous results in [DHM21] for
the constant magnetic field to general magnetic fields with a nonzero magnetic flux
through the unit cell.

3.1 Introduction and Main Results

3.1.1 Introduction

Ginzburg-Landau (GL) theory has been introduced as the first macroscopic and phe-
nomenlogical description of superconductivity in 1950 [GL50]. The theory comprises a
system of partial differential equations for a complex-valued function, the order parame-
ter, and an effective magnetic field. Ginzburg-Landau theory has been highly influencial
and investigated in numerous works, among which are [CSS18; CERS20; S14; SS07; CR14;
CG17; CG21b; CG21a; AG21] and references therein.

Bardeen—Cooper—Schrieffer (BCS) theory of superconductivity is the first commonly
accepted and Nobel prize awarded microscopic theory of superconductivity [BCS57]. As a
major breakthrough, the theory features a pairing mechanism between the electrons below
a certain critical temperature, which causes the electrical resistance in the system to drop
to zero in the superconducting phase. This effect is due to an effective attraction between
the electrons, which arises as a consequence of the phonon vibrations of the lattice ions in
the superconductor.

As Leggett pointed out [L80], BCS theory can be formulated variationally in terms
of an energy functional, see also [G99]. This free energy functonal can be obtained from
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3.1. INTRODUCTION AND MAIN RESULTS

the first principle quantum mechanical description via a restriction to quasi-free states.
Such states are determined by their one-particle density matrix and the Cooper pair wave
function. The BCS functional has be studied intensively from a mathematical point of
view in the absence of external fields [HHSS08; FHNS07; HS08a; HS08b; FHS12; BHS14;
FL16; DGHL18] and in the presence of external fields [HS12; BHS16; FLS17; D17; CS21].
The BCS gap equation arises as the Euler-Lagrange equation of the BCS functional and
its solution is used to compute the spectral gap of an effective Hamiltonian, which is open
in the superconducting phase. BCS theory from the point of view of its gap equation is
studied in [064; BF68; V85; Y91; MY00; Y05].

The present article continues a series of works, in which the macroscopic GL theory is
derived from the microscopic BCS theory in the weak external field regime. This endeavor
has been initiated by Gor’kov in 1959 [G59]. The first mathematically rigorous deriva-
tion of the GL functional from the BCS functional has been provided by Frank, Hainzl,
Seiringer, and Solovej for periodic external electric and fluxless magnetic fields in 2012
[FHSS12]. Recently, their work has been extended to systems exposed to a homogeneous
magnetic field by Deuchert, Hainzl, and Maier [DHM21]. This extends the derivation of
GL theory to the case of a system with a nonzero magnetic flux through the unit cell
of periodicity. The present work unites these results and provides the derivation of GL
theory for general external fields. GL theory arises from BCS theory when the tempera-
ture is sufficiently close to the critical temperature. More precisely, if 0 < h < 1 denotes
the ratio between the microscopic and the macroscopic length scale, then the external
electric field W and the magnetic vector potential A are given by h?W (hx) and hA (hx),
respectively. Furthermore, the temperature regime is such that T — 7T, = —T,Dh? for some
constant D > 0, where T is the critical temperature in absence of external fields. When
this scaling is in effect, it is shown in [FHSS12] and [DHM21]| that the Cooper pair wave
function a(x,y) is given by

az,y) :ha*(x—y)LZJ(h(w;y)) (3.1.1)
to leading order in h. Here, a, is the microscopic Cooper pair wave function in the absence
of external fields and v is the GL order parameter.

Moreover, the influence of the external fields causes a shift in the critical temperature
of the BCS model, which is described by linearized GL theory in the same scaling regime.
More precisely, it has been shown in [FHSS16] and [DHM21] that the critical temperature

shift in BCS theory is given by
T.(h) = Te(1 — Dch?) (3.1.2)

to leading order, where D. denotes a critical parameter that can be computed using
linearized GL theory.

The present work is an extension of the paper [DHM21], in which we proved the ex-
pansions (3.1.1) and (3.1.2) for systems exposed to a constant magnetic field. In this
article, we incorporate general periodic electric fields W and magnetic vector potentials
A that give rise to periodic magnetic fields. We show that within the scaling introduced
above, the Ginzburg-Landau energy arises as leading order correction on the order h*.
Furthermore, we show that the Cooper pair wave function admits the leading order term
(3.1.1) and that the critical temperature shift is given by (3.1.2) to leading order. The
proof of these results relies to a large extent on a priori bounds for certain low-energy BCS
states that include the magnetic field and have been proved in [DHM21]. The main tech-
nical novelty of this article is a further development of the phase approximation method,
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which has been pioneered in the framework of BCS theory for the case of the constant
magnetic field in [FHL19] and [DHM21], which allows us to extend the trial state analysis
in [DHM21] to the situation of general external fields.

3.1.2 Gauge-periodic samples

Our objective is to study a system of three-dimensional fermionic particles that is subject
to weak and slowly varying external electromagnetic fields within the framework of BCS
theory. Let us define the magnetic field B := h%e3. It can be written in terms of the vector
potential Ag(z) := %B/\(E, where z Ay denotes the cross product of two vectors z,y € R3,
as B = curl Ag. To the vector potential Ag we associate the magnetic translations

T() f(z) = 2 7D f(z 4 o), veR?, (3.1.3)
which commute with the magnetic momentum operator
m:=—iV + Ap. (3.1.4)

The family {T'(v)},ers satisfies T'(v + w) = ei%'(”/\w)T(v)T(w) and is therefore a unitary
representation of the Heisenberg group. We assume that our system is periodic with
respect to the Bravais lattice Aj, == v27 h~! Z3 with fundamental cell

Qp = [0, \/ﬂh—l]g C R3. (3.1.5)

Let b; = /2mh™' e; denote the basis vectors that span A,. The magnetic flux through
the face of the unit cell spanned spanned by b; and by equals 27, and hence the abelian
subgroup {T'(\)}xen, is a unitary representation of the lattice group.

Our system is subject to an external electric field Wj(x) = h*W (hz) with a fixed
function W: R? — R, as well as a magnetic field defined in terms of the vector potential
Ay (z) = hA(hz), which admits the form A = A, + A with A: R — R3 and A, as
defined above. We assume that A and W are periodic with respect to A;. The total
magnetic momentum operator of the system is ma,, where

A = —iV 4+ A. (3.1.6)

Since A is a periodic function we know that ma, commutes with 7'(\) as long as A € Ay,.

The flux of the magnetic field curl A; through all faces of the unit cell )}, vanishes
because Ay, is a periodic function. Accordingly, the magnetic field curl A, has the same
fluxes through the faces of the unit cell as B.

The above representation of Ay, is general in the sense that any periodic magnetic field
field B(x) that satisfies the Maxwell equation div B = 0 can be written as the curl of a
vector potential Ap of the form Ap(z) = %b/\x—i—Aper(x), where b denotes the vector with
components given by the average magnetic flux of B through the faces of @}, and Aper is
a periodic vector potential. For more information concerning this decomposition we refer

to Chapter 4. For a treatment of the two-dimensional case, see [TS13].

3.1.3 The BCS functional

In BCS theory a state is conveniently described by its generalized one-particle density
matrix, that is, by a self-adjoint operator I' on L?(R3) @ L?(R3), which obeys 0 < T' < 1

and is of the form
N o
I'= (a 1—’y> . (3.1.7)
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Here, @ denotes the operator o with the complex conjugate integral kernel in the position
space representation. Since I is self-adjoint we know that ~ is self-adjoint and that « is
symmetric in the sense that its integral kernel satisfies a(z,y) = a(y,x). This symmetry
is related to the fact that we exclude spin degrees of freedom from our description and
assume that all Cooper pair wave functions are in a spin singlet state. The condition
0 < T' <1 implies that the one-particle density matrix v satisfies 0 < v < 1 and that «
and v are related through the inequality

aa” < (1 —7). (3.1.8)
Let us define the magnetic translations T()\) on L?(R3) ® L%(R?) by

T(v) := (T(()v) T?v)) : v e RS

We say that a BCS state I' is gauge-periodic provided T(A)T'T(A)* = I holds for any

A € Ap. This implies the relations T(A)yT'(A)* = v and T(A\) aT(\) = «, or, in terms
of integral kernels,

Y(x,y) = e 2O (@ 4 Xy + N,
alz,y) = &2 N oz 4 Ay + N, A e A (3.1.9)
We further say that a gauge-periodic BCS state I' is admissible if
Tr[y + (—iV + Ap)*y| < (3.1.10)

holds. Here Tr[R] denotes the trace per unit volume of an operator R defined by

1
Tr[R] == o Trr2 g, [XRX], (3.1.11)

where x denotes the characteristic function of the cube @y in (3.1.5) and Trpz(q,)[] is
the usual trace over an operator on L?(Qy). By the condition in (3.1.10), we mean that
xvx and x(—iV + Ap)?yx are trace-class operators. Eq. (3.1.8), (3.1.10), and the same
inequality with 7 replaced by 7 imply that o, (—iV+ Ap)a, and (—iV + Ap)@ are locally
Hilbert-Schmidt. We will rephrase this property as a notion of H'-regularity for the kernel
of o in Section 3.2 below.

Let T" be an admissible BCS state. We define the Bardeen—Cooper—Schrieffer free
energy functional, or BCS functional for short, at temperature 7" > 0 by the formula

FRED) == Tr[((-iV + An)? = p+ Wi(@))y] - T S(D)

A V(r) a(X,r)|? (3.1.12)
1Qnl Jo, R3
where S(I') = — Tr[["In(T")] denotes the von Neumann entropy per unit volume and pu € R
is a chemical potential. The interaction energy is written in terms of the center-of-mass
and relative coordinates X = xQﬁ and r = x — y. Throughout this paper, we write, by
a slight abuse of notation, a(z,y) = a(X,r). That is, we use the same symbol for the
function depending on the original coordinates and for the one depending on X and 7.
The natural space for the interaction potential guaranteeing that the BCS functional
is bounded from below is V € L¥?(R3) + L2°(R?). Under these assumptions it can be
shown that the BCS functional satisfies the lower bound

1
FRP (@) > 5 Tr[v + (—1iV + AB)Z’Y] -C (3.1.13)
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for some constant C' > 0. In other words, the BCS functional is bounded from below and
coercive on the set of admissible BCS states.

The normal state I'g is the unique minimizer of the BCS functional when restricted to
admissible states with a = 0 and reads

— (v 0 o 1
0 (0 1= 70) ’ T (VAR W= T (3.1.14)

Its name is motivated by the fact that it is also the unique minimizer of the BCS functional
if the temperature T is chosen sufficiently large. We define the BCS free energy by

FBOS(h, T) = int{ FRGS(T) = FLES(To) : T admissible } (3.1.15)

and say that the system is superconducting at temperature 7" if FB®S(h, T) < 0. Although
it is not difficult to prove that the BCS functional has a minimizer, we refrain from giving
a proof here. If we assume that the BCS functional has a minimizer I" then the condition
FBCS(h,T) < 0 implies o = I'y5 # 0.

The goal of this paper is to derive an asymptotic formula for FBCS(h,T) for small
h > 0. This will allow us to derive Ginzburg—Landau theory and to show how the critical
temperature depends on the external electric and magnetic field and on h. For our main
results to hold, we need the following assumptions.

Assumption 3.1.1. We assume that the interaction potential V is a radial function that
satisfies (1+|-]?)V € L?(R3)NL>(R3). Moreover, the electric and the magnetic potentials
W € Wh(R3) and A € W3 (R3;R3) are Aj-periodic functions, i.e. W(x + \) = W(x)
and A(x + \) = W(x) for A € A and a.e. x € R3. We also assume that A(0) = 0.

3.1.4 The translation-invariant BCS functional

In the absence of external fields we describe the system by translation-invariant states,
that is, we assume that the integral kernels of v and « are of the form v(x—y) and a(x—y).
The trace per unit volume is in this case defined with respect to a cube with sidelength 1.
We denote the resulting translation-invariant BCS functional by ]-"gi%s and the difference
between its infimum and the energy of the normal state by F2“5(T). The translation-
invariant BCS functional is analyzed in detail in [HHSSO08], see also the review article
[HS16]. In [HHSSO08] it has been shown that there exists a unique critical temperature
Te > 0 such that ftli(%s has a minimizer with « # 0 for T' < T,. The normal state in
(3.1.14) with h = 0 is the unique minimizer if T' > T,. Moreover, the critical temperature
T. can be characterized by a linear criterion: It equals the unique temperature 7" such
that the linear operator

Kr-V

has zero as its lowest eigenvalue. Here K1 = Kr(—iV) with the symbol

2
p JE—
Kr(p) = K

=2k (3.1.16)
tanh %

The operator Kt — V is understood to act on the space Lgym(RS’) of reflection-symmetric

square-integrable functions on R3. To be precise, the results in [HHSS08] have been proven
without the assumption a(—x) = a(z) for a.e. z € R3. In this case, the operator K7, —V
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acts in the Hilbert space L?(R3) instead of L2 (R3). The results in [HHSS08], however,

Sym
equally hold in the case of symmetric Cooper i)air wave functions.

We note that the function Kr(p) satisfies the inequalities Kr(p) > 2T for p > 0,
as well as Kp(p) > |u|/tanh(|u|/(27)) for p < 0. Our assumptions on V guarantee
that the essential spectrum of K7 — V equals that of K7, and hence an eigenvalue below
2T for p > 0 or below |u|/tanh(|u|/(2T)) for g < 0 is necessarily isolated and of finite
multiplicity. This, in particular, applies to an eigenvalue of K7 — V at 0.

We are interested in the situation, where 7. > 0 and where the translation-invariant
BCS functional has a unique minimizer with a radial Cooper pair wave function (s-wave
Cooper pairs) for T' close to T.. The following assumptions guarantee that we are in such
a situation. Part (b) should be compared to [DGHL18, Theorem 2.8].

Assumption 3.1.2. We assume that the interaction potential V' is such that the following
holds:

(a) We have T, > 0.
(b) The lowest eigenvalue of K7, — V' is simple.

We refer to [HHSS08, Theorem 3] for a sufficient condition for V' that implies our first
assumption. Throughout this paper we denote by ., the unique solution to the equation

Kr.o, = Va,. (3.1.17)

We will assume that o is real-valued and satisfies ||c.|[z2gs) = 1. If we write the above
equation as a, = K:,T:Voz*, we see that V € L®(R?) implies o, € H?(R?). Moreover, we
know from [FHSS12, Proposition 2] that

/ dz [jo*a. (@) + 2" Va. (@)]?] < o0 (3.1.18)
R3
holds for v € Ng.

3.1.5 The Ginzburg—Landau functional
We say that a function ¥ on @y, is gauge-periodic if the magnetic translations of the form
TN U(X) := B (X 1)), A e Ay, (3.1.19)

leave W invariant. We highlight that T'(\) in (3.1.3) equals T,(\) provided we replace
B by 2B. Let Ag,As, A3 > 0, A;, D € R, and let ¥ be a gauge-periodic function. The
Ginzburg-Landau functional is defined by

£ (W) = fj‘*@il/@h 4 { Ao |(—iV + 288 (X + Ay Wi (X) [9()]?
— DR Ao [U(X)P + A [U(X)['}. (3.1.20)

We emphasize the factor 2 in front of the magnetic vector potential in (3.1.20). Its ap-
pearance is due to the fact that ¥ describes the center-of-mass motion of Cooper pairs
carrying twice the charge of a single fermion.

The Ginzburg—Landau energy is defined by

ECH(D) = inf{ 5L, (W) : ¥ € H},u(Qn) }-
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By scaling, it is independent of h. More precisely, for given ¢ the function
U(X):=hy(hX), X eR3, (3.1.21)
obeys
Epn () = ER% (). (3.1.22)

We also define the critical parameter

1. . 2
D, := A inf specrz (o) (AO (—iV+A)"+ Ay W) (3.1.23)

As has been shown in [FHSS16, Lemma 2.5], we have ESM(D) < 0 if D > D, and
ESY(D)=0if D < D..

3.1.6 Main results

Our first main result concerns an asymptotic expansion of the BCS free energy in the
small parameter h > 0. The precise statement is captured in the following theorem.

Theorem 3.1. Let Assumptions 3.1.1 and 3.1.2 hold, let D € R, and let the coefficients
Ao, A1, Ao, and Az be given by (3.3.20)-(3.3.23) below. Then there are constants C' > 0
and hg > 0 such that for all 0 < h < hg, we have

FEOS(h, T,(1 - Dh?)) = h* (ES(D) + R), (3.1.24)
with R satisfying the estimate
Ch>R>—R:=—Ch's. (3.1.25)
Moreover, for any approximate minimizer I' of ]—',]igs at T = T.(1— Dh?) in the sense that
FRET) - FRE3(To) < h* (ES(D) + p) (3.1.26)
holds for some p > 0, we have the decomposition
a(X,r) = a(r)¥(X)+o(X,r) (3.1.27)

for the Cooper pair wave function o = I'19. Here, o satisfies

1
—— [ dXx [ dr|o(X,r))? < Ch'3, (3.1.28)
1Qnl Jo, R3

o 15 the normalized zero energy eigenstate of K1, — V', and the function ¥ obeys
Epn (V) < ESM(D) +p+R. (3.1.29)

Our second main result is a statement about the dependence of the critical temperature
of the BCS functional on h > 0 and on the external fields.

Theorem 3.2. Let Assumptions 3.1.1 and 3.1.2 hold. Then there are constants C > 0
and hg > 0 such that for all 0 < h < hg the following holds:
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(a) Let 0 < Ty < T,. If the temperature T satisfies

To < T < T (1—h%(De + Ch'?)) (3.1.30)
with D¢ in (3.1.23), then we have

FBS(h,T) < 0.

(b) If the temperature T satisfies

T>T.(1-h?(D.—R)) (3.1.31)
with D¢ in (3.1.23) and R in (3.1.25), then we have
Fig (1) = F5°(To) > 0

unless I' =T.

Remarks 3.1.3. (a) Theorem 3.1 and Theorem 3.2 extend similar results in [FHSS12]

and [FHSS16] to the case of general external electric and magnetic fields. In these ref-
erences the main restriction is that the vector potential is assumed to be periodic, that
is, the corresponding magnetic field has vanishing flux through the faces of the unit
cell Qp, compare with the discussion in Section 3.1.2. Removing this restriction causes
major mathematical difficulties because the vector potential of a constant magnetic
field cannot be treated as a perturbation of the Laplacian. More precisely, it was pos-
sible in [FHSS12; FHSS16] to work with a priori bounds for low-energy states that do
not involve the externel magnetic field. As noticed in the discussion below Remark 6
in [FHL19], this is not possible if the magnetic field has nonzero flux through the faces
of the unit cell. To prove a priori bounds that involve a constant magnetic field one
has to deal with the fact that the components of the magnetic momentum operator do
not commute, which leads to significant technical difficulties. These difficulties have
been overcome in [DHM21], which allowed us to extend the results [FHSS12; FHSS16]
to the case of a system in a constant magnetic field. Our proof of Theorem 3.1 and
Theorem 3.2 uses these results, and should therefore be interpreted as an extension of
the methods in [DHM21] to the case of general external electric and magnetic fields.

When we compare our result in Theorem 3.1 to the main Theorem in [FHSS12], we
notice two differences. The first is that our BCS energy is normalized by a volume
factor while this is not the case in [FHSS12]. The second difference is that the Cooper
pair wave function of an approximate minimizer of the BCS functional is decomposed
in [FHSS12] as

al,9) = youle —y) (W) + V() +E(r.9)

for some function £, which should be compared to (3.1.27). When we use the a priori
bound for |[V¥||2 below Eq. (5.61) in [FHSS12], we see that this decomposition equals
that in (3.1.27) to leading order in h. The analogue in our setting does not seem to
be correct.

The Ginzburg-Landau energy appears at the order h*. This needs to be compared to
the energy of the normal state, which is of order 1 in h.
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(d) The size of the remainder in (3.1.28) should be compared to the L?mnorm per unit
volume of the leading order part of the Cooper pair wave function in (3.1.27), which
satisfies

L ax [ dr @ ux))? = o).
1Qnl Jq, R3

(e) Our bounds show that D in Theorem 3.1 can be chosen as a function of h as long as
|D| < Dy holds for some constant Dy > 0.

(f) The upper bound for the error in (3.1.25) is worse than the corresponding bound in
[DHM21] by the factor h=!. Tt is of the same size as the comparable error term in
[FHSS12, Theorem 1].

(g) Theorem 3.2 gives bounds on the temperature regions where superconductivity is
present or absent. The interpretation of the theorem is that the critical temperature
of the full model satisfies

To(h) = T. (1 = Deh?) + o(h?),

with the critical temperature T of the translation-invariant problem. The coefficient
D, is determined by linearized Ginzburg-Landau theory, see (3.1.19). The above equa-
tion allows us to compute the upper critical field B.o, above which superconductivity
is absent. It also allows to to compute the derivative of B.o with respect to T" at T,
see [FHL19, Appendix A].

(h) We expect that the assumption 0 < T < T, in part (a) of Theorem 3.2, which also
appeared in [FHL19], is only of technical nature. We need it because our trial state
analysis breaks down as T' approaches zero. We note that there is no such restriction
in part (b) of Theorem 3.2 or in Theorem 3.1.

3.1.7 Organization of the paper and strategy of proof

To a large extent, our proof relies on the same strategy as has been pursued in [DHM21]
and the numbering of the sections is identical in order to make comparison easy.

In Section 3.2, the introduction of our mathematical setup is completed. We collect
useful properties of the trace per unit volume and introduce the relevant spaces of gauge-
periodic functions.

Section 3.3 presents the extension of the trial state analysis in [DHM21]. We introduce
a class of Gibbs states having Cooper pair wave functions, which admit a product structure
of the form o (r)¥(X) to leading order in h. Here, a, is the ground state in (3.1.17) and
¥ is a gauge-periodic function. We state the results that pertain to the structure and the
BCS energy of these states. With the help of these results, we provide the proofs of the
upper bound on (3.1.24) as well as Theorem 3.2 (a). We will also need these results in
Section 3.6, where we give the proofs of the lower bound on (3.1.24) and of Theorem 3.2
(b).

Section 3.4 marks the main part of this paper, in which we present the proof of the
trial state analysis in Section 3.3. Our method of proof is based on an extensive use of
the phase approximation method for general magnetic fields. In the case of a constant
magnetic field, this method has been pioneered within the framework of BCS theory in
[FHL19; DHM21], whereas the case of magnetic fields with zero flux through the unit cell
is contained in the unpublished notes [FGHT]|. We extend these results to our setting
with general external fields and provide the relevant weak magnetic field estimates for the
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proof of the results in Section 3.3. Within this general framework, it should be noted that
these estimates require considerable additional effort in comparison to [DHM21], which is
also reflected in the length of the proofs. In contrast, the effect of the electric field can be
studied by straightforward perturbation theory. Some of the auxiliary results, which have
been proven in [DHM21], hold in this more general case as well and require only minimal
adjustments in the proof. Therefore, we refrain from giving these proofs a second time
and instead refer to [DHM21].

In Section 3.5, we prove a priori estimates for BCS states, whose BCS free energy is
low in the sense that it is less than or equal to that of the normal state I'g in (3.1.14) plus
a correction of the order h*. The proof of this result in the case of a constant magnetic
field has been the main novelty of the work [DHM21], and we adapt it to the more general
situation in this paper. Our method relies on the perturbative removal of the additional
external fields A and W and a subsequent use of the results in [DHM21]. In this way, we
obtain a decomposition result for the Cooper pair wave function of the same form as that
of the Gibbs states in Section 3.3.

The proof of the lower bound on (3.1.24) and of Theorem 3.2 (b) is provided in Sec-
tion 3.6 and follows the same lines as that presented in [DHM21]. This, in particular,
completes the proofs of Theorem 3.1 and 3.2. The a priori estimates in Section 3.5 allow
us to replace a low-energy state by a suitable Gibbs state and to compute the BCS energy
of the latter, since the leading behavior of the Cooper pair wave functions is the same.
The errors are controlled by our trial state analysis of Section 3.3. Because of the large
overlap in content with [DHM21], we will shorten the proofs to a minimal length here.

Throughout the paper, ¢ and C' denote generic positive constants that change from
line to line. We allow them to depend on the various fixed quantities like hg, Dq, u, Tc,
V, A, W, ay, etc. Further dependencies are indexed.

3.2 Preliminaries

3.2.1 Schatten classes

The trace per unit volume in (3.1.11) gives rise to periodic Schatten classes and the
Schatten norms of periodic operators play an important role during our proofs. In the
following lines, we recall several facts about these classes.

For 1 < p < oo, the p** local von-Neumann-Schatten class SP consists of all gauge-
periodic operators A having finite p-norm, that is, ||A[|) := Tr(]A[’) < co. The space of
bounded gauge-periodic operators S is equipped with the usual operator norm. We note
that the p-norm is not monotone decreasing in the index p. This should be compared to
the usual Schatten norms, where such a property holds, see the discussion below [FHSS12,
Eq. (3.9)].

We recall that the triangle inequality

A+ Bllp < [[All, + 1 Bllp
holds on SP for 1 < p < oo. We also have the generalized version of Holder’s inequality
[ABllr < [[Allpl| Bllg, (3.2.1)
which holds for 1 < p,q,r < oo with % = % + é. The familiar inequality

| Tr A < [| Al
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holds in the case of local Schatten norms as well.

The above inequalities can be deduced from their versions in the case of usual Schatten
norms, see, e.g., [S05], with the help of the magnetic Bloch—Floquet decomposition. We
refer to [RS78, Section XIII.16] for an introduction to the Bloch-Floquet transformation
and to [FT16] for a particular treatment of the magnetic case. To be more precise, a
gauge-periodic operator A satisfies the unitary equivalence

®
A dk Ag,
[0,v/27 h]3

which we use to write the trace per unit volume as

dk
. /[o Vo @mF TE@ Ap- (3:2.2)

Here, Trz2(q,) denotes the usual trace over L?(Qp). When we use that (AB), = ApB,
holds for operators A and B, the above mentioned inequalities for the trace per unit
volume are implied by their usual versions.

3.2.2 Gauge-periodic Sobolev spaces

The center-of-mass part of Cooper pair wave functions is described by gauge-periodic
functions. In the following we introduce the relevant spaces for these.
An LP (R3)-functions ¥ belongs to the space L8,,5(Qn), where 1 < p < oo, provided

loc

Ty(A\)¥ = U holds for all A € Ay (with Tj,(N) in (3.1.19)). We endow LP, (Qh) with the

mag
usual p-norm per unit volume

1
1| ][ dX |U(X)[P = dX |W(X)[P. (3.2.3)
Lfn'xg Qh) Qh ’Qh’ Qh

As usual, we use the abbreviation || ¥|],.
Analogously, for m € Ny, we define the Sobolev spaces of gauge-periodic functions
corresponding to the constant magnetic field part as

Hig(Qn) = {0 € L2,,(Qn) : (iV + 2AB)"W € L2,,(Qn) W € NG, [v[y <m},
(3.2.4)

where |v|1 := 32, v; for v € N3, Tt is a Hilbert space endowed with the scalar product

(@, W)y (@)= O W2V ((<1V + 2A)"®, (-iV + 2AB) V)2 (g,) (3.2.5)

lv[1<m

It is noteworthy that if ¥ is a gauge-periodic function then so is (—iV + 2A )"V, since
the magnetic momentum operator

Il := —iV + 2Ap (3.2.6)

commutes with the magnetic translations Tj,(\) in (3.1.19). Furthermore, II is a self-
adjoint operator on mag(Qh) The full magnetic momentum operator reads II5, with

IIp := —iV + 2A.
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The norms introduced in (3.2.3) and (3.2.5) feature a scaling behavior in h, which is
motivated by the Ginzburg-Landau scaling in (3.1.21). More precisely, if ¢ € L} . (Q1)
and U is as in (3.1.21), then

|’\Il|’Lglag(Qh) = h ”w”L?nag(Ql) (327)

for every 1 < p < oo. Meanwhile, the scaling of the norm in (3.2.5) is

H\IIHH:nnag(Qh) = HQ’DHHIZLag(Ql)

This follows from (3.2.7) and the fact that [|[(—iV +2Ag)"¥||3 scales as h>T2Vh for v € N3.

For the sake of completeness, let us record the following magnetic Sobolev inequality,
which we will make use of several times throughout the paper. For any h > 0 and any
U e HL . (Qn), we have

mag
H‘I’Iligag(gh) < Oh2||(—iV + 2AB)\I/||%?Mg(Qh). (3.2.8)

The proof can be found in [DHM21, Eq. (2.7)].

The Cooper pair wave function «, which is the offdiagonal entry of an admissible state
I', belongs to the Hilbert-Schmidt class S?, defined in Section 3.2.1, see the discussion
below (3.1.11). The symmetry and the gauge-periodicity of the kernel of « in (3.1.9) can
be reformlated as

a(X,r) = BN (X + A7), A€ Ay a(X,r) =a(X,—r) (3.2.9)

in terms of center-of-mass and relative coordinates. In other words, a(X, ) is a gauge-
periodic function of the center-of-mass coordinate X and a reflection-symmetric function
of the relative coordinate r € R3. We make use of the unitary equivalence of S? to the
space

L*(Qn x R]) 1= L35, (Qn) ® LEm(RY),

which consists of the square-integrable functions satisfying (3.2.9), with finite norm given
by

1
2 2 2
Q 3) = dX dr OZX,T = — dX dr OKX,T .
|| ||12((/)h>< RS) f(:?h RS | ( )| ’Qh’ on RS | ( )|

The identity [|all2 = [[allz2(g, xrs) follows from (3.2.9). Therefore, we identify the scalar
products (-,-) on L?(Qy x R?) and S? with each other and we do not distinguish operators
in S% and their kernels as this does not lead to confusion.

We define the Sobolev space H'(Q} x R?) of all functions o € L*(Q, x R3), which

have finite H'-norm defined as
el Frs (@, xme) == lll3 + [ITall3 + [|7al3. (3.2.10)
The magnetic momentum operators used in this definition are given by
Il := -iVx + 2AB(X), = —iV, + %AB(T). (3.2.11)
The full magnetic momentum operators are given by Ila, x and 7a, ,» with

1
IIp = —iVyx + 2A, A = —iV, + 5A(r). (3.2.12)
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We highlight that the norm in (3.2.10) is equivalent to the norm defined as
Trlaa®] 4+ Tr[(—iV + Ap)aa™ (—iV + Ag)| + Tr[(—iV 4+ Ap)a*a(—iV + Ag)]. (3.2.13)
The latter is further equivalent to the norm defined as
lall3 + iV + Ag)all} + [a(—iV + Ap)[3, (3.2.14)

compare also with the discussion below (3.1.11).

3.2.3 Periodic Sobolev spaces

For our external fields A and W, we define the spaces of periodic functions
L2 (Q1) ={f € L®(R%): f(z + A) = f(z) a.c. in R® X\ € Ay} (3.2.15)
and
LR (Qu;R?) == {f € L®(R*R?) : f(x+ ) = f(z) ae. in R} X € Ay}, (3.2.16)
Likewise, for m € N, we define the periodic Sobolev spaces

Woe(Q1) == {f € Lpe(Q1) : (-iV)"f € Lo, (Q1), Wv e N3, lvly <mm}  (3.2.17)

per

and

Wiee(QuR?) := {f € L33, (Qu; R?) : (—iV)"f € Lo, (Q1), Vv e N, |vh <m}.
(3.2.18)

These spaces are endowed with their usual sup-norms over Q.
For the external fields A and W, Assumption 3.1.1 is equivalent to A € W3:2°(Q1; R?),
while W € WL (Qy).

per

3.3 Trial States and their BCS Energy

In this section, we extend the trial state analysis presented in [DHM21] to the case of our
general external field setting. In order to do this, we state the extensions of the results
presented in [DHM21, Section 3], which are needed to prove the upper bound on (3.1.24)
and Theorem 3.2 (a). For these proofs, we refer to [DHM21, Section 3.3].

Our trial state analysis involves the Gibbs states I'n. These are constructed upon a
gap function A in terms of the effective Hamiltonian. Our first structural result, Propo-
sition 3.3.2, shows that, if A is a product function in terms of the center-of-mass and
relative coordinates which is small in a suitable sense, then the Cooper pair wave function
ap of 'y admits a product structure to leading order as well. This, in particular, implies
that I'o approximately solves the Euler-Lagrange equation of the BCS functional in the
vicinity of the critical temperature. Therefore, I'p is a good candidate for an approximate
minimizer. In order to compute the BCS energy of the trial states I'o, we prove a rep-
resentation formula for the BCS functional in Proposition 3.3.4. Parts of the expression
we provide are shown to equal the Ginzburg-Landau functional in (3.1.20) up to a small
error along the temperatures 7' = T,(1 — Dh?) for some D € R. We postpone the proof of
these results until Section 3.4.
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3.3.1 The Gibbs states I'a
The gap function A € L?(Qy, x R?) is defined upon a ¥ € L2 (Qy) as

mag
AX,r) = Ag(X,r) = =2 Va,(r)V(X). (3.3.1)

The gauge-periodic function ¥ is a minimizer of the Ginzburg-Landau functional in
(3.1.20) as far as the trial state analysis of this section is concerned. Since U satisfies
the scaling in (3.1.21), the local Hilbert—Schmidt norm of A is of the order h, while the
L?(R3)-norm of Va is of the order 1. Therefore, ¥ fully determines the size of ||Alf.
The notation

baw :=bha+W = (=iV+Ap)? + W), — p (3.3.2)

allows us to introduce the Hamiltonian

. _ (baw 0 0 A\ [(baw A
s (0 )o(8 (g 2) oa

This enables us to define the corresponding Gibbs state at inverse temperature § = T~ >
0 by

7NN 1
=N i=——F+. 3.3.4
<04A 1- ’7A> A7 14 efla (33.4)

In this way, setting A = 0 yields the normal state I'g in (3.1.14).

Lemma 3.3.1 (Admissibility of T'a). Let Assumptions 3.1.1 and 3.1.2 hold. Then, for
any h >0, any T > 0, and any ¥ € H}nag(Qh), the state I'n in (3.3.4) is admissible.

The states I'a are inspired by the solution I' of the nonlinear Bogolubov—de Gennes
equation, the Euler-Lagrange equation of the BCS functional,

_ 1 [ baw 2V«
- Hyo = (_2‘/& —hA,w> . (3.3.5)

Here, Vo is the operator given by the kernel V (r)a(X,r). The following result shows that
our candidate I'n for an approximate solution to (3.3.5) is indeed appropriate as far as
the leading term is concerned, compare this to (3.1.27).

Proposition 3.3.2 (Structure of o). Let Assumption 3.1.1 and 3.1.2 (a) be satisfied
and let Ty > 0 be given. Then, there is a constant hg > 0 such that for any 0 < h < hy,
any T > Ty, and any ¥ € HZ . (Qp) the function ap in (3.3.4) with A = Ay as in (3.3.1)
has the decomposition

aa(X,7) = B(X)an(r) — 1o(A) (X, 1) — 11 (A)(X, 7). (3:5.6)
The remainder functions no(A) and 1y (A) have the following properties:

(a) The function ng satisfies the bound
In0ll2 @y xepy < C (h°+ 01T = ToP) (1%, 00 + 190 00)-  (33:0)
(b) The function n, satisfies the bound

1213 (@, xrsy + 701172, xrs) < C h° H\IIH%I%ag(Qh)‘ (3.3.8)
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(¢) The function n, has the explicit form
n(X,r) = / dZ/ ds kp(Z,r — s) Vau(s) [COS(Z -I0) — 1]\I/(X)
R3 R3

with kr(Z,r) defined in Section 3.4 below (3.4.109). For any radial f,g € L*(R3) the
operator

///Rg dZdrds f(r) kr(Z,r —s) g(s) {COS(Z ) — 1}

commutes with TI?, and, in particular, if P and Q are two spectral projections of 11
with PQ = 0, then 1, satisfies the orthogonality property

(f(r) (P)(X), 11 (Aqu)) = 0. (3.3.9)

Remark 3.3.3. The reason why the statement of Proposition 3.3.2 may seem somewhat
complicated lies in the different techniques of proof for the upper and lower bounds on the
BCS functional. The detailed reasoning can be found in [DHM21, Remark 3.3].

3.3.2 The BCS energy of the states I'a

In this section, we analyze the BCS energy of the states I'a, and we are going to show that
it is determined by the Ginzburg-Landau functional to leading order in the appropriate
temperature scaling. In [DHM21, Section 3.2], it has been argued that the BCS energy of
I'A can be calculated in terms of the operators L o w and Nt A w, which we define in
the following lines.

With the Matsubara frequencies

wp, = 7m(2n 4+ 1)T, n ez, (3.3.10)

we define the linear operator Ly a w: L*(Qn x R3) — L?(Q), x R?) given by

2 1 1
LrawA = 3 Z - (3.3.11)

= iwn —baw iwn +bhaw

In the temperature regime we are interested in, we will obtain the quadratic terms in the
Ginzburg-Landau functional from (A, Ly A wA).
We also define the nonlinear map Npya w: HY(Qn x RS) — L?(Qp x R3) as

1 1 =1 1
. (3.3.12)

2
Nraw(A) = — - A e i A

T, ,W( ) B = iw, — bA,W iwy, =+ bA,W 1wy — bA,W 1Wn + bA,W
A,

The expression (
functional.

The operators Lt o w and Nt A w enable us to formulate a representation formula for
the BCS functional. This result is the basis for the proofs of Theorems 3.1 and 3.2. As
this result is relevant for upper and lower bounds on the BCS functional, the statement is
phrased not only for Gibbs states but for a general state I'. The proof is given in [DHM?21,
Proposition 3.4].

N1 aw(A)) will determine the quartic term in the Ginzburg-Landau
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Proposition 3.3.4 (Representation formula for the BCS functional). Let I' be an admis-
sible state. For any h >0, let ¥ € Hy . (Qp) and let A = Ay be as in (3.3.1). For T >0

and if Va, € LY*(R3) N L?(R?), there is an operator R%)A’W(A) € St such that

FESS(T) - FRGS(To)

A Lo awA) + (A Nraw(A) + [ ¥]13,, 0y (0, V) 2y
+ Te ROy (D)
+ g’Ho(F,PA) —][ dX | dr V() |a(X,r) = ou(r) ¥ (X) L (33.13)
Qn R3
where
Ho(T',Ta) := Trg|[T(InT — InTa) + (1 = T)(In(1 = T) — In(1 = Ta))| (3.3.14)

denotes the relative entropy of I' with respect to I'n. Moreover, R(T{LW(A) obeys the
estimate

IR w Q) <CT2 R W% (0,

The definition (3.3.14) of relative entropy uses a weaker form of trace Trp, which is
defined as follows. A gauge-periodic operator A, which acts on L?(R?) @ L2(R3), is called
weakly locally trace class if PyAPy and Qg AQ are locally trace class, where

n=(; o) (3:3.15)

and Qg = 1 — Py. Its weak trace per unit volume is defined by
Tro(A) =Tr (PoAPO + QoAQo) (3316)

We remark that an operator A is weakly locally trace class provided it is locally trace
class but the converse may not hold. However, if A is nonnegative, then the converse does
hold. Moreover, the trace per unit volume and the weak trace per unit volume coincide
for operators which are locally trace class.

An explanation of the roles played by the different terms on the right side of (3.3.13)
can be found below [DHM21, Proposition 3.4]. Here, we focus on the first line and show
that, within the appropriate temperature scaling T = T.(1 — Dh?), it is determined by
the Ginzburg-Landau functional. The statement of the result involves the function

Vau(p) = / dz eV (2)a (2) (3.3.17)
R3
and, hereby, we fix our convention on the Fourier transform in the present article.

Theorem 3.3.5 (Calculation of the GL energy). Let Assumptions 3.1.1 and 3.1.2 (a) hold
and let D € R be given. Then, there is a constant hg > 0 such that for any 0 < h < hg,
any ¥ € mag(Qh) A=Ay asin (3.3.1), and T = T.(1 — Dh?), we have
1 1
—1<A>LT,A,WA> + g(AvNT,A,W( )+ ||‘I’||L2 (@) (e Vau) 2(ms)
=1t €GN () + R(h). (3.3.18)
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Here,

R < C [P 191 o + 1%, ou] [T+ 120, )]
and with the functions

_ tanh(z/2) 1 1 1 tanh(z/2)

P meolwd P T ey O

g1(z) :

the coefficients Ag, Ao, and A3 in 58,% are given by

2 —
Ao = e /R 3 (2?)3 (V@) (9157 — ) + 3600* 920507 — ), (33.20)

- 16
2 —
po=t /. (;f)?, (-2)Va(p) 2 g1 (Be(® — ), (3.3.21)
_ Be dp  |(=2)Vau(p)®
Ay = 3 /R3 (27)3 coshQ(%(pz _ M))’ (3.3.22)
B2 dp — 91(Be(p* — 1))
'AS'__16(Aé3(2W)3|(2>VQ1*Oﬁ|4;p2——AL' (3.3.23)

It has been argued in [DHM21] that the coefficients Ag, Ag, and As are positive. We
note that the coefficient Ay can, in principle, have either sign, see also the remark below
[FHSS12, Eq. (1.21)].

Let us note that the error estimate h® is worse than the estimate given in [DHM?21,
Theorem 3.5] due to the presence of the bounded periodic potential A. However, this
does not affect the error in our main results Theorems 3.1 and 3.2 because the largest
contribution stems from the term involving the H%-norm of ¥. This is in accordance with
the works [FHSS12] and [FHSS16].

Theorem 3.3.5 analyzes the BCS energy in the temperature scaling T' = T.(1 — Dh?).
However, we also need a preliminary result, which proves that our system is superconduct-
ing for temperatures below this regime, in order to prove Theorem 3.2 (a). The statement
reads as follows.

Proposition 3.3.6 (A priori bound on Theorem 3.2 (a)). Let Assumptions 3.1.1 and
3.1.2 (a) hold and let Ty > 0. Then, there are constants hg > 0 and Dy > 0 such that for
all 0 < h < hg and all temperatures T obeying

Ty < T < T.(1 — Doh?),
there is a BCS state I' with
FrRe> (L) = FRgS(To) < 0. (3.3.24)

3.3.3 The upper bound on (3.1.24) and proof of Theorem 3.2 (a)

The results of the previous section enable us to give the proof of the upper bound on
(3.1.24) and of Theorem 3.2 (a). We refer to [DHM21, Section 3.3] for the detailed pre-
sentation.
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3.4. PROOFS OF THE RESULTS IN SECTION 3.3

3.4 Proofs of the Results in Section 3.3

3.4.1 Schatten norm estimates for operators given by product kernels

In the following, we frequently need Schatten norm estimates for several gauge-periodic
operators, whose kernels have the product structure 7(x — y)¥((x + y)/2). The following
result is proven in [DHM21, Lemma 4.1 (a)].

Lemma 3.4.1. Let h > 0, let ¥ be a gauge-periodic function on Qp and let T be an even
and real-valued function on R3. Moreover, let the operator o be defined via its integral
kernel a(X,r) := 7(r)¥(X), i.e., a acts as

af(@) = [ vt — v (5 2) ), /€ (®).

(a) Letp € {2,4,6}. If U e LP . (Qp) and T € L%(R?’), then o € SP and

mag

ldlly < ClITll e 191

(b) For any v > 3, there is a C,, > 0, independent of h, such that if (1+|-|)"7 € LY/*(R?)
and ¥ € LS . (Qp), then a € 8™ and

mag

lalloe < Gy A7 max{ LA} [|(L+ |- )T llss ¥ ]l6-

3.4.2 Proof of Theorem 3.3.5
3.4.2.1 Technical preparation — the phase approximation method

In this subsection, we analyze the resolvent kernel

1
z —

GA(xvy) T (—1V —|—A)2 _'_M(:an)a
of the magnetic Laplacian and use the phase approximation method to prove perturbative
estimates in the weak magnetic field regime. The phase approximation method presented
here follows the gauge-invariant perturbation theory in [N0O2, pp. 1290] and we note that
versions of several results of this section are proven in [G18, Chapter 6.

The first result, which we will frequently use in this context pertains to the free resol-
vent kernel

z,y € R3, (3.4.1)

1
2= 3.4.2
J z—(=iV)2 +pu ( )

and its gradient. The proof of the following decay estimate on their L'-norms can be
found in [DHM21, Lemma 4.4].

Lemma 3.4.2. Let a > —2. There is a constant C, > 0 such that for t,w € R, we have

|I- I“gi“’”H1 < Ca f(t,w)'2, (3.4.3)
where
jw[ + [t + 4

ft,w) = 3.4.4
e (I (344

and x_ := —min{x,0}. Furthermore, for any a > —1, there is a constant Cq > 0 with

i lia + |t +

| Vgt < Co f(tw)ET lelr iy ul ) 3.4.5
117w, < o st |1+ Ry (3:45)

188 PhD Thesis



CHAPTER 3. BCS-THEORY IN THE PRESENCE OF WEAK EXTERNAL FIELDS

The core of the phase approximation method is the nonintegrable phase factor, some-
times also called the Wilson line, defined by

T 1
Dp(z,y) = —/ A(u)-du:= _/0 dt Aly+tlx—vy)) - (z—y). (3.4.6)
y

Here and in the following, in order to avoid having to write Ay in every instance, we
assume more generally that A = Ag + A for a fixed but arbitrary vector B € R? and a
periodic potential A of appropriate regularity. We note that the (n — 1)5* derivative of a

function in Wi (Q1; R3) is Lipschitz continuous, whence line integrals are well defined.

Lemma 3.4.3. Let B € R and A € W2°(Q1;R3). For A = Ag + A, we have

Vi®a(z,y) = —A(z) + A(z, ), (3.4.7)
where
B 1
A(z,y) = /0 dt teurl A(y +t(z —y)) A (x —y) (3.4.8)

is the transversal Poincaré gauge relative to y € R3.

Proof. By assumption, curl A is a Lipschitz continuous function. Therefore, the line inte-
gral over curl A is well defined. We make use of the formula

Vw-w)=(v:-V)w+ (w-V)v+vAcurlw+ w A curlv (3.4.9)
for arbitrary vector fields v and w. For fixed y € R3, we apply this to
1
oa)i= [ dt AL+t - ) w(z) =z -y,
0
whence curlw = 0 so that
1
~Vataloy) = ([ dt AL+t —9) V)@
0

1 1
+((fv—y)'Vx)/O th(y+t(rv—y))+(w—y)A/0 dt t curl Ay + t(z — y)).

(3.4.10)
The first term on the right side equals
3,1 1
Z/ dt Ai(y+tlx —y)) Oi(zr —y) = / dt A(y + t(z —y)). (3.4.11)
i=170 0

For the second term on the right side of (3.4.10) we use integration by parts to get
1 1 d
((z —y) - Va) /0 dt Ay +t(r —y)) = /0 dt t&A(yH(:ﬂ )
1

1
=tA(y+tlx—y)) . —/0 dt Ay + t(z —y)). (3.4.12)

Therefore, the sum of (3.4.11) and (3.4.12) equals A(x). Since the last term on the right
side of (3.4.10) equals equals —A(x,y), this proves (3.4.7). O
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We define the gauge-invariant version of the free resolvent kernel ¢g* in (3.4.2) by
Ga(z,y) = e ®a@Y) g2(5 — ), (3.4.13)

In the following lines, we investigate the intertwining relation between (—iV + A)? and
the operator G% associated to the kernel in (3.4.13). First of all, (3.4.7) implies

(—iV, + A(z)) €A@Y = ¢ ®al@Y) (_iv, + A(z,y)) (3.4.14)

where A(:):, y) is the Poincaré gauge in (3.4.8). Furthermore, a short computation shows
that (3.4.14) implies the operator equation

(z = (-iV+ A+ u)G4 =1 T}, (3.4.15)
where T} is the operator associated to the kernel

Ti(2,y) 1= A (2 A2, y)(~iV,) — idive A, 9) + |A(z,9)[*)g*(x — y).  (3.4.16)

Since A(az, y) is perpendicular to x — y, the first term in brackets vanishes by the radiality
of g%. The following result shows that T's is a bounded operator, whose norm is small if
A is replaced by Ay,.

Lemma 3.4.4. Let B € R, A ¢ Wgé?O(Ql;RS), and let A := Ap + A. Introduce the
constant

My = max{ || curl(curl A)[| o gs) , || curl A[|72 g }. (3.4.17)
Then, we have
Ta(z,y)| < Ma pi(z —y), (3.4.18)
where
pa() = (|z| + || curl A| L2 |2?) |g* (). (3.4.19)

In particular, the operator TR corresponding to the kernel TX (z,y) in (3.4.16) is bounded
and

[TAlloo < Ma ||pAllL1 ®s3)- (3.4.20)

Proof. To see that (3.4.18) is true, we need to compute the terms div, A (z,y) and |A(z, )|
and show that they satisfy appropriate bounds. For general vector fields v and w, we make
use of the formula

div(v Aw) = curl(v) - w — curl(w) - v
and apply it to v(z) := curl A(y+t(z —y)) and w(z) = x —y. Since curlw = 0, this shows
div, (curlA(y +tlx—y) A (z— y)) =t curl(curl A)(y +t(z —y)) - (x —y).
Therefore, since curl(curl A) is a Lipschitz continuous function, we conclude

1
|divy A(z,y)| < /0 dt t? | curl(curl A)(y + t(z — y)) - (z — y)|

< || curl(curl A) oo |2 — y. (3.4.21)
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Furthermore, we have

B 1 1
A,y = /0 dt/o ds ts (curl Ay + t(x — ) A (= — y)
(curl A(y +s(@ —y) A (@ —y))
<l eurl A2 [ — y[*. (3.4.22)

This proves (3.4.18). The estimate (3.4.20) follows from (3.4.18) and Young’s inequality.
O

In the next step, we investigate the relation between the full magnetic resolvent kernel
4 in (3.4.1) and the gauge-invariant version of the free resolvent kernel G3 in (3.4.2).
We do this by analyzing the tilted resolvent kernels

Boa(,y) = a8 G (x,y) (3.4.23)
and
Gialx,y) = P2 G} (x,y). (3.4.24)

As long as A = Ap + A, we have

Boalz,y) =Y g2z —y). (3.4.25)

The reason that we analyze the kernels Gg 4 and CN-‘wZB A — and not G73 directly — lies in
the fact that our phase approximation needs to cover derivatives, which spoil the gauge
invariance if we do not correct by the leading phase of the (unbounded) constant magnetic
field potential Ag. A simpler version without the constant magnetic field present has been
carried out in [G18, Chapter 6]. The following result is the analogue of [DHM21, Lemma
4.5].

Lemma 3.4.5. There is § > 0 such that for any a > 0, any t,w € R, and for all vector
potentials A = Ag + A with B € R and A € W32°(Q1;R?), which satisfy

pér
f(t,w)% Ma + f(t,w) || curl Aljoo + f(t,w) | A% <6 (3.4.26)

with f(t,w) in (3.4.4), there are even L'(R3)-functions
G Geia M L. T @a)

such that
IGE A (2.9)

Y
IV.GE A (2, y)] < GER A(x—y),
<G

IV, GER (2,9)] < G5 (= — ), (3.4.28)
as well as
GE R (@,y) — GE R (z,9)| <HZ M (x —y),
IV.GE R (,y) = VoG N (2, 9)]| S HER (),
V,GER (2,9) — V,GE R (z,9)] < H'3 (@ —v), (3.4.29)
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and
V.G (2, y)| < T (x —y),
IV, G (2,y)| <T@ —y). (3.4.30)

Furthermore, we have the estimates

- 1GRH 1l < Ca f(tw) 2,

i lia |w| + |t — p
- [*GE K Al < Ca ft,w)2 T2 |14 | (3.4.31)
A W+ (t—n)-
as well as
3 5 a
[ ["HY T 1 < Ca Ma f(t,w)2T2,
i a + |t — u|
JOHE L < Oy Ma f(t,w)* T2 |1+ M], 3.4.32
- 1*HS A all a (t,w) Wl + (=) ( )
and
i lya |w| + [t — p
- T < Ca fltw) 8 1 (LA (3.4.33)
4 ‘ jw| + (t — p1)—

Remark 3.4.6. In comparison to [DHM21, Lemma 4.5], we lose a power of h in the
estimate since the constant Ma, in (3.4.17) is of the order h3, while the estimate [DHM21,
Eq. (4.32)] is of the order h*. This is due to the second term in the bracket of (3.4.16)
and in accordance with the works [FHSS12] and [FHSS16].

Proof of Lemma 3.4.5. We use the abbreviation z = iw + t throughout the proof. First of
all, for the function pj in (3.4.19), by Lemma 3.4.2 and the assumption (3.4.26), we have

M\p

11+ *Pall < Ca £(t,w)2 48 [1 4 [lourl Al L2 f(t,w) 2] < Co f(t,w)2*
which by (3.4.26) yields

Ma [lpall < C Ma f(tw)? < (3.4.34)

L\.’J\»—t

for all ¢,w and A in the lemma provided & is chosen suitably small. Let (p3)* denote the
j-fold convolution of p% with itself. Then, the symmetric function

o
Ha ==Y My (pa)”, (3.4.35)
j=1
satisfies
00 J
["H; < Z Z s g (1417 ) % o
Here, | - |*p%4 appears in the m'™ slot and j®+ is the constant in the estimate

|t <O (| ) (3.4.36)
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Therefore, by (3.4.34) and Young’s inequality, we have

I [*HAll < Malll-[*palh D
=1

2].7_1 < Ca MA f(t7W)%+% (3437)

Furthermore, by (3.4.15), (3.4.34) and Lemma 3.4.4, the Neumann-series

1 P
P ey e ;}(TA) (3.4.38)

converges in terms of the operators defined by the kernels G4 in (3.4.13) and T3 in (3.4.16).
When we denote the kernel of 332, (T )’ by 83, this implies |S3 (x,y)| < Hj (z —y) and

Ga o) = Galog) = [ du 5@ 530 — ) S (u.9). (3.4.39)
R?:

Therefore, the functions H3 := |g?| * Ha and G4 = Hi + |g7| obey the first estimates
in (3.4.28) and (3.4.29) and, by Lemma 3.4.2 and (3.4.37), we obtain the first L'-norm
estimates claimed in (3.4.31) and (3.4.32), respectively.

To proceed with the derivatives, the function

1= C (14l lg*| + llewrl Al | - | |g%] + Vg7l
satisfies (3.4.33) by the assumption (3.4.26) and, by Lemma 3.4.3, we have
VoG a (2. y)| = VoAV g% (2 — y)| < Ti(a - y),

which proves the first estimate of (3.4.30). Furthermore, (3.4.39) implies

Giale.y) — Ghale,y) = /

du G a (w,u) P21 VSE (u,y), (3.4.40)
RS

which yields
VoGha(2,9) ~ VoGa(2,y)| < Tax Ha(z —y) + Bl g7 « (|- | Ha) (z — ).
Hence, the function
Hoan = TaxHa + | curl Alloo o7 + (|- | Ha)

satisfies the second estimate of (3.4.29) and obeys the second estimate of (3.4.32). If we
define GG p 4 := HG o 4 +Za, then the second estimate of (3.4.28) holds and the second
estimate of (3.4.31) follows in a straightforward manner.

Finally, since A(z,y) = A*(y,x), we have G4 (z,y) = G4 (y,x) whence (3.4.40) is
equivalent to

Gia(r9) ~ Ghaley) = [ | du G 4(p) PAo0T IS (1.2).

Differentiating this with respect to y proves the last estimates of (3.4.28)-(3.4.30). O
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3.4.2.2 Decomposition of L7 A v — separation of W

We use the resolvent equation
-T)'=E-9)"1"+CE-T)""(S-T)(z-9)"" (3.4.41)

to decompose the operator Ly A w in (3.3.11) as

Lraw = Lra + LV + RE )\ (3.4.42)
with
LraA:=Lrap (3.4.43)
as well as
2 1 1 1
LW A== { 4% A _
T.A /B ng iwp, — [)A 4 iwp, — []A iwp, + hA
1 1 1
— - A - — W}, - — (3.4.44)
Wy, — bA lwp, + []A 1wy, + hA
and
2 1 1 1 1
R A= [ W, - W, - A _
T.AW B % iwp, —bha h iw, —ba h iwp, —baw  iw, +ba
1 1 1 1
+ - A — W, - — W), - —
iwp, —ba  iw, +ba iw, +baw iw, +ba
1 1 1 1
- Wy, - A %% —. (3.4.45)

N N — h -
1Wwn — hA 1wp — hA,W lwp, + hA,W 1wy, + bA

Lemma 3.4.7. For any A € Lg‘;r(Ql;R?’) and W € L2, (Q1) there is hg > 0 such that for

any T > 0, any 0 < h < ho, and whenever Va, € L*(R?), ¥ € H,.(Qn), and A = Ay
as in (3.3.1), we have

| A A2 g, rs) < C (B + B I3 ()
and
2
IR s Al (g, sy < C (8% + ) B |12 ()

Proof. According to (3.2.14) we need to bound three terms and we start with the first
term. Holder’s inequality shows that the Hilbert—Schmidt norm per unit volume of the
terms in the sum in (3.4.44) is bounded by C |w,| ™3 [|[Wh|lco | All2, which by Lemma 3.4.1
is bounded by a constant times 33 hg”‘I’HH}nag(Qh)‘

For the second and third term recall the notations 7 and ma from (3.1.4) and (3.1.6).

We use [|S]|2, = [|S*S|| for a general operator S and obtain
1 O [ /2 H 1
iwy, — ba Hoo iwp, + HA o A iw, — balleo iwn, — hallo

< C (Jwnl ™" + | Anlloo lwn| 7).

A similar estimate holds for (iw, +bha)~'#. This proves the claim for LYVET A- The proof for

Rg? Z&W is analogous. O
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3.4.2.3 A representation formula for L1 o and an outlook on the quadratic
terms

This following subsections are devoted to the computation of the terms in (3.3.18), which
are given by the linear operator Ly o defined in (3.4.43). The following representation
formula expresses the operator in terms of the center-of-mass and relative coordinate and
is our starting point for the analysis.

Lemma 3.4.8. The operator Ly a: L*(Qn x R3) — L2(Qp, x R?) in (3.4.43) acts as
(Lyac)(X,r) = // dZds krp.a(X, Z,r,s) (€ZMa)(X, s)
R3xR3
with

krp.a(X,Z,r,s) Z khpa(X, 2,1, 5)e'n T(re) (3.4.46)

5 ne”

and
n — (Qiwn r S —iwn _r _s
krpa(X,Z,r,8) =GRy, (X +5. X+ 2+ 2) Gp A, (X 5 X +2Z 2), (3.4.47)
where G p is defined in (3.4.23).

This result should be compared to [DHM21, Lemma 4.6] for the operator Ly p. The
tilted resolvent kernels G o play the role of the translation-invariant part (called gp)
of the magnetic resolvent kernel in [DHM21]. The more complicated structure of kg 4,
which, in particular, becomes evident in its X-dependence, stems from the periodic mag-
netic field A. Moreover, this expression is not symmetric in Z, whence the operator
cos(Z - II) in [DHM21] is replaced by e?1!. Since II is missing the periodic magnetic
potential, we have to recover this from a hidden term in k7 g A at a later stage.

Proof of Lemma 3.4.8. The integral kernel of L7 a reads
Lraa(X,r) // dudv G’W" (Cx,u) G_W” (%" v) a(u,v),
nEZ R3xR3

where we write (% := X + § with X = “;Qﬁ and r = x —y for short. We also used the fact
that the magnetic resolvent kernel G3 in (3.4.1) satisfies

1
iwy, + (—=iV + A)2 —
which follows from A*(z,y) = A(y,x) and

P (z,9) = —GA“"(y,2), (3.4.48)

1 1 *
z—(=iV+A)2+pu B (z—(—iV+A)2—|—,u) '
We define the coordinates Z and s by

u:X+Z+§, v:X+Z—§, (3.4.49)

which implies o(u,v) = 4 (-1VX)a( X, 5), and we multiply and divide by the factor

o ®ap (X+5.X+2435) (iPag (X—5.X+2-3

5) — olB(XAZ) ei%(r/\s)'

Since Z - (—-iVx) and B- (X A Z) = Z - (B A X) commute, this implies the claimed
formula. ]
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In the following, the operator Ly s in (3.4.43) is analyzed in four steps, where the
global strategy is similar to the one pursued in [DHM21]. The first three steps consist
of introducing a chain of operators of increasing simplicity in their dependence on A and
decomposing L1 a according to

Lra=(Lra—Lrea)+ (Lrp.a— MT,A) + (J\AJT,A — M7 A)+ Mra, (3.4.50)

where ET,B,Aa MT,A, and My a are defined in (3.4.51), (3.4.81), and (3.4.109) below, re-
spectively. Due to the periodic contribution of the magnetic field, we need one additional
step in comparison to [DHM21], in which we extract the leading magnetic phase contri-
bution from the periodic magnetic field. This is an algebraic identity in [DHM21]. In this
work, it is the result of the approximation of the tilted resolvent kernels Gpa in (3.4.23)
by the functions (NZ}]Z37A in (3.4.24), which leads to the operator ET,B,A- In the next step,
we separate the magnetic phase from éZB A and, by approximation, obtain the magnetic
field term that is missing in /4!, Since the resulting integral kernel is symmetric in Z,
we recover the operator cos(Z - I1a ), which leads us to the operator MVT, A- The operator
]T/[Jrﬂ A is the analogue of ET7 p in [DHM21], since it contains a similar residual magnetic
phase factor. We obtain the operator Mz o from MT, A by replacing this factor by 1.
The careful analysis of the operator Mt a, which takes place in Section 3.4.2.5 follows the
strategy presented in [DHM21] (see the remark below [DHM21, Lemma 4.6]) and leads
to the quadratic terms of the Ginzburg-Landau functional in (3.1.20) (except for the W-
term) as well as a term that cancels the last term on the left side of (3.3.18). We carry out
a similar analysis for the operator LY, in (3.4.44) in Sections 3.4.2.6-3.4.2.8 and extract
the quadratic term involving W in the Ginzburg-Landau functional. We conclude by a
summary of our results in Section 3.4.2.9.

3.4.2.4 Approximation of L7 A

The operator INLT,B7 A. We define the operator ET7B, A by

Lrpaa(X,r) = // d2ds brp a(X, 7,7 s) (€210) (X, 5) (3.4.51)
R3xR3
with
7. L 2 n o iP5 (X,Z,r,8) iB-(rAs)
krgA(X, Z,r,s) ==Y Kp(Z,r —s) P4 el : (3.4.52)
nez
where
n . iwn _f —iwn C
K (Z,7) =g (2 2)9 (Z+2) (3.4.53)
and
dA(X.Z = (Xt X+ z2+)+ou(x - x4z7-2 3.4.54
A( ) ,T‘,S) = A( +§7 + +§)+ A( _55 + _5) ( sE. )

Proposition 3.4.9. For any Ty > 0 and A € Wgé?O(Ql;R?’) there is hg > 0 such that for
any 0 < h < hg, any T > Ty and whenever Va, € L*(R3), ¥ € H}nag(Qh), and A = Ayg
as in (3.3.1), we have

IL7,AA — LB aAl31 (g, xrz) < C B° [Veull3 1W]31 (o,

mag
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Remark 3.4.10. We only need to prove a bound on (A, (Ly A — I}T’B,A)A% when we
are interested proving Theorem 3.3.5. We prove an H'(Qp x Rg)-norm bound here in
preparation for the proof of Proposition 3.3.2 and the bound needed for Theorem 3.3.5
follows from Proposition 3.4.9, Lemma 3.4.1, and the Cauchy—Schwarz inequality.

In the proof of Proposition 3.4.9, the functions

2 )
FI%,A = B Z <| ‘a len> * gAlwn + rlen (‘ . |a gan)
neL . .
(1 119" ]) + Ha™m + g |+ (] - " Ha™" ), (3.4.55)
where a > 0, and
TA ’E Z H%ch«:A % QZ“" + wan " géanA I:tiwn % f}_l;iwn + |giwn| * /Hél,(:)An,A
neZ
(3.4.56)

play a prominent role. Here, w, are the Matsubara frequencies in (3.3.10), ¢* is the
resolvent kernel in (3.4.2), and we used the functions in (3.4.27). For any a > 0, we prove
momentarily that there is a constant hg > 0 such that for 0 < h < hg we have

1F7 Al + HGTAh Ay, 1 < CoMa, <Cq h?, (3.4.57)

where My is the constant in (3.4.17). To see that (3.4.57) is true we note that the function
f(t,w) in (3.4.4) obeys the estimate

fO,w) <C (T +T7%) 2n+ 171 (3.4.58)
and that further
lonl + 11l o g 4 71y, (3.4.59)
|wn| 4+ p—

Since T' > Ty > 0, the assumption (3.4.26) in Lemma 3.4.5 is satisfied for all 0 < h < hg
provided hg > 0 is small enough. Thus, Lemmas 3.4.2 and 3.4.5 imply (3.4.57).

Proof of Proposition 3.4.9. By definition, we have
IL7,AA = LB aA31 (g, xrs) = | L7.AA — Lrp aA|l3
+|[T(LraA — Lrp aA)|5 + |F(LraA — Lrp.ad)|3  (3.4.60)
and we claim that the first term on the right side satisfies
IL7,AA = Lrg aAll3 <4 W[5 [ FPa, * Ve 3. (3.4.61)

If this holds, the desired estimate for this term follows from Young’s inequality, (3.2.5), and
(3.4.57). To prove (3.4.61), an expansion of the squared modulus in the Hilbert—Schmidt
norm yields

| LT AA — F[:TvaAAH% < 4/ dr// dZdZ/// dsds’ |[Vax(s)| |[Vax(s)]
R3 R3 xR3 R3 xR3

x esssup |(krB,A — %T,B,A)(Xv Z,r,s)|
XeR3

x esssup |(krs.a — krB.a)(X, Z' 7, s)|
XeR3

X ][ dX ey (X)] e 1w (X)]. (3.4.62)
Qn
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Since the operator €4l is bounded by 1, we have

][ aX [ 7w (X)) [ T (X)) < |23, (3.4.63)

h

Consequently, (3.4.62) yields
IL7,AA = Lyp a3 < 4 |93

x/dr
RS

We note that

2
(3.4.64)

// dZds esssup |(krB,a — %T,B,A)(Xa Z,r, )| |V as(s)|
R3 xR3 XeR3

(7,1 — ) el®a (X.Zms) _ G‘“”<X+ X+ 7+ )GAM"(X—f,XnLZ—g)

:Gggh(xju X+ 7+ )GBM”< §,X+Z—g)

= kT,B,A(X> Za T S) (3465)
with é']ze.,Ah in (3.4.24), whence

(k%B,A - E%,B,A)(Xv Zv ) S)
= (G, ~ G, ) (X + 5. X +2+32) Gpix (X -5, X + 2 - )

G (15X 243 (G5, -G (X X2 5) 0

so that, by Lemma 3.4.5, the integrand in (3.4.64) is bounded by

‘(k‘T,B,A - ET,B,A)(X, Z,r, s ’ 3 Z [len( ) g—mm( r ; 5)
ne”L
+|gl“’”|(z_r ) 24~ Mn( +r;3)]' aien

We combine the bound

1Z]° < ’Z+£‘“+‘Z—g“, (3.4.68)

which holds for a > 0, (3.4.67), and the fact that the functions in (3.4.67) are even (see
Lemma 3.4.5), which implies

/ dz |z|* esssup|(kTBA kTB AN X, Z, 1, 8)| < Fpa, (r—s), (3.4.69)
R3 XeR

where F 5 is the function in (3.4.55). When we apply the case a = 0 to (3.4.64), we
obtain (3.4.61).
For the second term on the right side of (3.4.60), we claim that

IT(L7AA = Lpad)[3 < CR* ¥ g,
< ||(FOa, + Fha, + Gha,a, +Gra, )% Va3 (3.470)

If this holds, the desired estimate for this term follows from Young’s inequality and (3.4.57).
To see that (3.4.70) is true, we apply (3.4.62) with e/#! replaced by ITe'#'II, This amounts
to replacing (3.4.63) by

][ AX |21 (X)| [TTeZ Ny (X)| < [T 2100, || Ta|,.
Qn
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From [DHM21, Lemma 5.11] or from a direct computation, we know that
MM = o #11 - 2B A Z]. (3.4.71)
Using (3.2.5), this yields
LWy < |TIP 2 + [BIZ] [[¥]l2 < C h? [|¥]|

mag

(@ (L+120), (3.4.72)
which subsequently proves

I(LraA ~ Lrpad)[3 < CH* (V)% (o,

x/dr
R3

// dZds [h(1+2]) esssup |(krpa — Frs,a) (X, Z,7,5)]
R3 xR3 XeR3

~ 2
+ ess sup (VxkrBa — Vxkrea)(X, Z,r, s)ﬂ [V (s)|| . (3.4.73)
XeR

With the help of Lemma 3.4.5 and (3.4.66) a straightforward computation shows that

/ dZ esssup|(VxkrB.A — VXET,B,A)(X, Z,rs)| < (GJTF,AMA}L + GCF,A;“A;)(T —3).
R3 XeR3

Consequently, an application of a = 0 and a = 1 in (3.4.69) to (3.4.73) shows (3.4.70).
We claim that the third term on the right side of (3.4.60) satisfies

|7 (Lr.ad = Lrp al)|3 < C |3 I(Ffa, + GFa, a,) * Vel [ (3.4.74)

If this holds, the desired bound for this term follows from Young’s inequality, (3.4.57), and
(3.2.5). To see that (3.4.74) is true, we estimate

I (LT.aA — Lrp.ad) 5 < 4 93

_ 2
X / dr // dZds esssup |(ThrB.a — ThkrBA)(X, Z,1,5)| [Vau(s)|| . (3.4.75)
R3 R3xR3 XER3
We use V,B-(r As)=—-BAsand
; : 1
RN = N[0, + B A (- 5)], (3.4.76)

which implies that the integrand on the right side of (3.4.75) obeys
7hr.B,A — Thrp,al < |Vikrpa — Vikrpal +Bl|r = s |krsa — krpal.  (3.4.77)
By (3.4.66) and Lemma 3.4.5, a straightforward computation shows
/ dZ esssup|(V,krB,.a — VT%TB,A)(X, Z,r,s)| < GJTrAh A, (r—s). (3.4.78)
R3 X€R3 e
Furthermore, for a > 0, we have the bound

rT—S5 rT—S5
VA
2 tot 2

r—s
2

r—Ss|a

. \) (3.4.79)

|T—s|“:’

_ Z‘a < 2@+ (‘Z _

a
+|z +
which proves that |r— s F%A(r— s) < F%A(r— s). Therefore, (3.4.77) implies the estimate

/ dZ esssup|(TkrB,A — %ET,B,A)(X, Z,rs)| < (F%Ah + GJTrAh Ah)(r —s). (3.4.80)
R3 X€R3 o

Finally, (3.4.80) implies (3.4.74), which finishes the proof. O
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The operator MTyA. We define MT,A by

T—5

MTAQ(X,T) = // dZds kp(Z,r —s)e ' =
R3xR3

"DAR(X)(r+s) (cos(Z . HAh)a)(Xv s),
(3.4.81)

where kr(Z,r) := kr0,0(0, Z,7,0) with k1,0 in (3.4.46) and where (DA);; := 9;A; is the
Jacobian matrix of A. In our calculation, we may replace LTB A by MT A due to the
following error bound.

Proposition 3.4.11. For any Ty > 0 and A € W2°(Q1;R?) there is hg > 0 such that

for any 0 < h < hg, any T > Ty, and whenever | - |V, € L2(R3) for k € {0,1,2},
Ve HL (Qn), and A = Ay as in (3.3.1), we have

mag

IL7.8,48 — M1 aAA|[ (g, xpe) < C B Jmax ||| MVl 19013 ) (3482)

For the proof, we need several preparatory lemmas. The first result extracts the
magnetic field contribution ®94, (X, X + Z), which completes the operator ez A, i
FIVJT,B’ A, see (3.4.83). In [DHM21], where only the constant magnetic field is present, many
of these approximations all hold as algebraic identities. Parts of the following result are
proven in [G18, Chapter 6].

Lemma 3.4.12. For all magnetic potentials A € Wg’efo(Ql;R?’) and all vectors Z,r,s €
R3, we have

PA(X, Z,1,8) — Pon(X, X + Z) + i(r —s)- DAX)(r + s)‘

ess sup
XeR3

<C DAl (12 +|r = s) (Js?+ 1r = s),  (3.4.83)

where ® 4 is defined in (3.4.6) and ® 4 is defined in (3.4.54). Furthermore, (DA);; = 8;A;
is the Jacobian matrix of A and (DQA)Z-jk = 0,0 A; is the Hessian of A. We also have

esssup |[Vx®4(X, Z,r, 5)| < C||DA||OO<]Z |z - T_SD (3.4.84)
XeR3
and
ess sup VX&)A(X, Z,r,s) — VxPou(X, X + Z)‘
XeR3
< C DAl (1214 Ir = s]) (Is| + |r = s) (3.4.85)
as well as
esssup|V (X)(r+ s)‘ < C||D* Ao |7 — 5] (]3] + |r— s|) (3.4.86)
XeR3
and
esssup |V, 4 (X, Z, 7, 5)| < | DA||oo (\Z] +r— s\) + (| Ao (3.4.87)
XeR3
and
esssup|V,®4(X, Z,r,s) + V (r—s)- DA(X)(T—i—S)’
XeR3
<C|D?Alleo (I8P + |r = s +122).  (3.4.88)
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Proof of Lemma 3.4.12. In this proof, we use the short-hand notation (% := X + 5. We

insert the definition, sort together the terms with Z and *5*, and obtain

DA(X, Z,7,5) :/ { (C}?j; tSZ) + A(C);i;grtES))} "z

s+t(r—s s—t(r—s) r—=s
- / [ (CX-FZ tZ) (CX+Z tZ )} T (3.4.89)
We consider the terms in square brackets and perform a second order Taylor expansion in

the variable &3 (s + t(r — s)), that is, we have the estimate

’A(XJrZ—tZiS—H(;_S)) —AX +Z—tZ) $;DA(X+Z—tZ)(s+t(r—s))‘

< C|D*Alloo (Is* + Ir — 5I2).
For the first term on the right side of (3.4.89), this implies

[ (C;JZ:ZT tSZ) + A(CXiZt ths))] 7 — Pop(X, X + Z)’

(3.4.90)

< C DAl |Z] (52 + Ir = 52),  (3.4.91)
while for the second term of (3.4.89), (3.4.90) implies

’_/ [ (Cj(t:; t%) (Cxizt ths))} 2 ; 4+ %(T —5) - DA(

./Oldt [DA(X + Z — tZ) = DAX)|(s + t(r — 8))’

+CID*Alls (Js* +Ir = s) I s
< C D Allos r = s| [|s? + |r = s + (|| + |r — s])| 2]
Adding up (3.4.91) and (3.4.92) proves (3.4.83).
Differentiating (3.4.89) with respect to X, we infer

Vabax.Zons) = [ [DA(GES) + DAl |2

st+t(r—s —s—t(r—s)\1]1" — S
/ dt {DA(CX-FZ tZ) —DA(§X+Z—tZ H 5
and deduce (3.4.84). When we approximate

X)(r +s)

<|-

(3.4.92)

’DA(X ‘7 —tZ % m)t —DAX + Z —t2)t

<D Al (Js] + I = s1),
(3.4.93)

this further proves (3.4.85). The proof of (3.4.86) is a straightforward computation

The estimate (3.4.87) follows from differentiating (3.4.89) with respect to 7, which
reads

vz = [ Hpa(es ) - palc ) )

/ dtf{DA(C;ggf; ;’Z) +DA(<X1 p ths))t}%
_% /0 de [A(GT550) - A(GA20")) (3.4.94)
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It remains to prove (3.4.88). We use (3.4.93) to see that the first term of (3.4.94) is
bounded by C||D?A||s(|s| + |r — 5|)| Z|. For the second and third term of (3.4.94) we note

ivr(r —5) - DA(X)(r +5) = iDA(X)t(r —5)+ iDA(X)(r + 5). (3.4.95)

We use the first term of this on the second term of (3.4.94), employ (3.4.93), and obtain

’ / dt - [DA(gjjjg f}) + DA Tt;)) B 5 ° %DA(X)’*(T —5)|

< /01 dt %[DA(X +Z —tZ) — DA(X)t} (r—s)

+ CID* Ao (Is] + 7 = 5] ) Ir = s
< C|D?Alles [Ir = /12| + (|s] + Ir = s[) I = s]]. (3.4.96)

For the third term of (3.4.94), we use the second term of (3.4.95) and get

L ' s+t(r—s s—t(r—s 1
‘_2/0 dt [A(GHET) - A(GRND)| + gPAX e +9) | S Te+ T+ T,
where
1 ' S T—S 1
Tei ‘_2/ a [ (C)aizt tZ)) FAX + Z—~tZ) — GDAX + Z —tZ)(s + t(r - 3))}’
0
and

1 [t 1
T = ‘2/0 At DA(X +Z —12)(s +t(r —5) + {DAX)(r +5)].

By (3.4.90), we have
Te <CID* Al (IsP+1r=s[), T <CID* Al (Is] +|r — s) 121,
In combination with (3.4.96), these considerations imply (3.4.88). O

The next result is the substitute for the identity [DHM21, Eq. (5.39)] for the more
general magnetic field we consider here.

Lemma 3.4.13. Let Z € R®, A€ L

per(@1), and h > 0. Then, on ernag(Qh); we have the
operator equation

ei®2a, (X, X+2) iZ-I1 _ (iZ- 14, (3.4.97)

This is a consequence of the following abstract proposition, whose proof can be found
in [HW66, p. 290] and which is included here for the sake of completeness.

Proposition 3.4.14. Let ‘H be a Hilbert space, P: D(P) — H self-adjoint and let Q be
bounded and self-adjoint. Assume that [ Qe &P Q e™iF) = 0 for every t, s € [0,1].
Then, we have

1
exp <1/ dt eitP Qe—itP> eiP — ei(P-‘rQ)'
0
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Proof. For s € R, set Q(s) := e’ Qe and W(s) := e*(P+@ =P On D(P), we may
differentiate W to get

—iW/(S) _ eis(P+Q) (P + Q) e—isP o eis(P+Q) Pe—isP _ eis(P—l—Q) Qe—isP _ W(S) Q(S)

This equation can be extended to all of H, since both sides are continuous. Hence, W
satisfies the linear differential equation W'(s) = iW(s) Q(s) of which the unique solution

is given by
W(s) := exp(i/os dt Q(t)>

Since [Q(t), Q(s)] = 0 by assumption, we conclude that W indeed is continuously differ-
entiable and satisfies W’(s) = iW (s) Q(s) for each s € [0,1]. By uniqueness, we obtain

S
exp <1/ dt Q(t)) = S(PHQ) o —isP
0
Setting s = 1 gives the claim. O

Proof of Lemma 3.4.13. We first show that ei®24), (X, XH2) (1Z-(-1Vx) — ¢lZ(-IVx+241) The
full statement is then clear because Z - (B A X)) commutes with Z - (—iVx) as well as with
Z - Ap. We apply Proposition 3.4.14 to P = Z - (—iV) and Q = Z - 2A;. When we define
Q(t) := e Qe P we have Q(t) = Z - 24,(X + tZ) and, in particular, [Q(s), Q(t)] = 0
for all s,t € R. Furthermore, a change of variables t — 1 — ¢ shows

1
| ata® = ta, (X x4 2).
0

Hence, Proposition 3.4.14 gives the claim. 0
We will momentarily start with the proof of Proposition 3.4.11, in which the functions
2  fa . L
FRi=33 3 (b> (117 1g 1) = (1 [P 1g7%]) (3.4.98)
neZ b=0
and
2 “fa : L
Gri=32 > (b) (I-1P19g= 1) = (1 17" lg 1)
nezb=0 b iw a—b —iw

+ (11" lg™e 1) = (|- 17" [vg ™)) (3.4.99)

play a prominent role, where a € Ny. An application of Lemma 3.4.2, (3.4.58), and (3.4.59)
shows that for T' > Ty > 0 and a € Ny, we have

1F7]l + Gl < Co (3.4.100)
Proof of Proposition 3.4.11. We start by claiming
ILr.B.AA = My aAl3 < C W[5 D> Ap|l2, | FE* [Vau| + Fp x| - [P [Vau| |5, (3.4.101)

If this holds, the desired bound for this term follows from (3.4.100), (3.2.5), and Young’s
inequality. To prove (3.4.101), we note that for any X, r € R3 we have DAB(X)r = %B/\r.
Hence, a short computation shows

T—8
4

DAB(X)(r+s)=—-(rAs).

| g
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Since the integrand of MT, A is symmetric in Z, by Lemma 3.4.13, we observe

Miraa(Xr) = [ azds ke(Z,r - o) o BN T EDANI49) %019
R3xR3

x eZ o (X, 5)
so that

(ET,B, AA — M, AA) (X,r) = —2 // AZds kr(Z,7 — 8) Vas(s) el T 1) @21y x)
R3xRR3

% |:ei5Ah (X,Z,T’,s) o eiq)QAh(X,X-&-Z)efi’r;sDAh(X)(T+S):| ) (34102)

Using this as well as the techniques of the estimate on |||y in (3.4.63) and of the
expansion of the squared modulus in (3.4.64), we obtain

// dZds |kp(Z,r — s)| |[Vau(s)]|
R3xR3

2

|Zrmad — Mradlf <4v)} [ ar
R

eigAh(X,Z,r,s)fi<1>2Ah(X,X+Z)+iTZSDAh(X)(r+s) B 1‘

X €ss sup (3.4.103)

XcER3

Furthermore, Lemma 3.4.12, as well as the estimate (3.4.68) on |Z|* and (3.4.79) on |r—s|*
imply

4

/ dZ | Z|* |kr(Z,r — s)| esssup
R? XeR3

< C | DAl [Ff(r = 5) + Fp(r = 5) [s?]  (3.4.104)

ei?{?A (X,Z,7,8)—i®os (X, X+2)+iIZEDA(X)(r+s) _ 1‘

with the function F/% in (3.4.98). In combination with (3.4.103), we deduce (3.4.101).
We claim that the term involving II is bounded by

(L1842 — Mral)|3 < CR2 Oy o, ID*Anl% (141D AL]1%)

x [H(F% + Fp o+ Fp) o [Vaul |3+ |1 Fpox |- | [Ves| |13+ (|(Fp + FF) = |- P[Vs| H%}-
(3.4.105)

If this holds, the desired bound for this term follows from Young’s inequality and (3.4.100).
To prove (3.4.105), we use the techniques to prove (3.4.73), combine these with (3.4.102),

and obtain
// dZds [Vau(s)|
R3 xR3

oi®ay, (X,Z,r,8)=i®sa, (X,X+2)+i"72 DAR(X) (r+s) _ 1‘

I

(3.4.106)

(LB A — Mpad)[3 < CR2 |3 (o, [ dr
mag R3

X |kp(Z,r — s)] {h (14 1Z|) esssup
X€eR3

vXeiq)Ah (X,Z,r,s) _ VXei(I)ZAh (X,X+Z)e—iTZS DARL(X)(r+s)

+ ess sup
XeR3

A straightforward computation shows that

‘vxeiCDA(X,Z,r,s) . vXei<1>2A(X,X+Z)e—i TEDA(X)(r+s)

eigf‘ (X,Z,1,8)—i®oa (X, X +2)+i

<

T DAX)(r+s) _ 1‘|VXEIV>A(X, Z,r, S)|

r

+ | Vx®a(X, Z,15) = Vx®aa(X, X + 2)| + |[Vx = DAX)(r + )],
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which, by Lemma 3.4.12, is bounded by

vXeiCI)A(X,Z,T,S) _ vXeiq)QA(X,XJrZ)efi TZS DA(X)(r+s)

<O D*Allss (14 | DAll)
x [(Is2+Ir =) (1212 + Ir = s12) + (Is] + |r = s[) (12] + | = s1)]
With the help of (3.4.104), we obtain

e@A(X,Z,r,s)fiézA(X,X+Z)+i

/ dZ |kr(Z,r — s)| [h(l +|Z|) esssup
R3 XeR3

SEDA+) _y|

vXeiq)A(X,Z,T',S) . vXeiCDQA(X,X—l-Z)e—iTZS DA(X)(r+s)

+ esssup
XE€eR3

< C[|D*Alloo (1 + | DAll)

% [(F2 + F} + Ff)(r = 5) + PH(r — s) |s| + (F} + FR)(r — 5) |s]?],

which in combination with (3.4.106) proves (3.4.105).
We claim that the term involving 7 is bounded by

|7(Lrg,aA = MraA)|3 < CR2 1|3 (o) ID*Anl% (1+ 14n]% + [DAWIZ)

mag

2
X H(F% + E}+ P+ G % |Vau| + (FY+ Ff+ F2 4+ GY) + |- |V L (3.4.107)

If this holds, the desired bound for this term follows from Young’s inequality and (3.4.100).

To start out, by (3.4.102), we have
// dZds |Vau(s)|
R3 xR3

eigAh(X,Z,r,s)fiq)gAh(X,X+Z)+iTZSDAh(X)(r+s) _ 1‘

|7 (LrBaA = Mrad)|3 < CH VI3, (o) /Rg dr

ess sup

X ‘%kT(Z,r - s)ei%(”\s) )
XeR

2

+ |]€T(Z, r— 8)| ess sup vreigAh(X,Z,r,s) - vreifbgAh(X,X—i—Z)e,iTZSDAh(X)(TJrS)

XeR3

By the intertwining relation (3.4.76) of ™ with ei%("/\s), we have

B

|Tkr(Z,r — $)e'a M) < |\Vokp(Z,1 — 8)| + B |r — s| |kr(Z, 7 — s)].

Hence, a computation similar to (3.4.104) shows that

4

/ dZ |7k (Z,r — s)ei%(”\s)\ ess sup
R? XeR3

< C DAl [(FE + G3)(r = 5) + (FF + GR)(r = 5) |2 (3.4.108)

ei?{?A (X,Z,7,8)—i®ou (X, X+2)+iIZEDA(X) (r+s) _ 1‘

Furthermore, we have

‘vreifbA(X,Z,r,s) . vreifbgA(X,X—&-Z)—i L2 DA(X)(r+s)

eigf‘ (X,Z,1,8)—i®o 4 (X, X +2Z)+i

<

T DA(X)(r+s) _ 1‘|VT5A(X7 Z,r,s)|
r—

v "DAX)(r + )

+ 'vr(’I;A(Xv Z7 r? S) + vr

I
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which by Lemma 3.4.12 is bounded by

‘vTei‘PA(X,ZmS) _ vrei¢2A(X7X+Z)e—iTZS DA(X)(r+s)

< C D Al|oo (1 + [ Alloo + [ DA )
< [(Isl? +1r = s?) (121 + Ir = s1) (121 + 17 = sl 4+ 1) + (Is]? + Ir = s> +127) ]
Therefore,

Vreiq>A (X,Z,r,s) vreii’gA (X, X+2) e—i% DA(X)(r+s)

/ dZ |kr(Z,r — s)| esssup
R3 ‘

XeR3

< C D Al|oo (1 + [ Alloo + [ DA )
x [(F}+ F} + F)(r — s) + (Fp + FE + F3)(r — 5) |s]?].

We combine this with (3.4.108) and obtain (3.4.107). O
The operator M7 A. We define the operator Mt Ao by

Mpaa(X,r) = //R?)XR3 dZds kr(Z,r — s) (cos(Z - 11, ) (X, s), (3.4.109)

where kr is defined below (3.4.81). In our calculation, we may replace MT, A by My A due
to the following error bound.

Proposition 3.4.15. For any Ty > 0 and A € Wgé?O(Ql;R?’) there is ho > 0 such that
for any 0 < h < hg, any T > Ty, and whenever | - [FVa, € L*(R?) for k € {0,1},

Ve HL (Qn), and A = Ay as in (3.3.1), we have

mag
I¥a8 — MraA g, psy < C B (IVaul3+ 11 [Val2) 191y, o) (34110
If instead | - |*Va, € L2(R3) for k € {0,2} then

(A M Al — Mpa®)| < OB (IVoulB+ 111 PVoul) 1903 - (3:4.111)

mag

Remark 3.4.16. We highlight that we need the two bounds (3.4.110) and (3.4.111). The
bound (3.4.110) is insufficient for the proof of Theorem 3.3.5 but is needed for the proof
of Proposition 3.3.2. The bound (3.4.111) exploits the fact that Va, is real-valued, which
allows for the replacement of exp(—i* > DAy (X)(r + s)) by cos(*;2DA,(X)(r + 5)) in
]\A/IT’ A. For a detailed explanation, we refer to [DHM21, Remark 4.10].

Proof of Proposition 3.4.15. The proof is similar to that of Proposition 3.4.9 and we begin
by proving (3.4.110). We claim that

IMrAA — My aAll3 < 41193 [ DARZ 1FF * [Vau| + Fpox |- [[Vaul |5 (34.112)

with the function Ff in (3.4.98). If this holds, the desired bound for this term follows from
Young’s inequality, (3.2.5), and the L!-norm estimate (3.4.100) on F:%. To prove (3.4.112),
we repeat the arguments of (3.4.62)-(3.4.64) and obtain

M7, aA — My aA|3 < 493

2
X / dr // dZds |kp(Z,r — s)| esssup
R3 R3xR3 X€ER3

e—iz;sDAh(X)(r-i-s) _ 1‘ |V04*(S)|

(3.4.113)
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We combine
| = )DAWX)(r+ 5)| < [IDARoo |r = s (Is] + | = 5| (3.4.114)

with the estimate for |r — s| in (3.4.79) and obtain

/ dZ |kr(Z,r — s)| esssup
R3 XeR3

o 1T DAR(X) (rts) _ 1‘

< C DA [FR(r = 5) + Fi(r = s) [sl].  (3.4.115)

In combination with (3.4.113), we get (3.4.112).
We claim that the term involving II is bounded by

IT(MraA = Mrad)[3 < CR* ¥ g
X (1D Anll% 172+ [V + Ffox |- | [Vau] |13
+ 2 | DA |(F2 + Ff) « [Vau| + (Ff + F7) < || [Vau| 3], (3.4.116)

which shows the desired bound for this term by Young’s inequality and (3.4.100). To prove
(3.4.116), we first claim that

I cos(Z - TIa, ) ¥ll2 < Ch2 (1+|Z)) 1)1, (- (3.4.117)

If this holds, (3.4.116) follows from a computation similar to the one leading to (3.4.73),
using Lemma 3.4.12, (3.4.115), and (3.4.117). To see that (3.4.117) holds, we utilize
Lemma 3.4.13 to note that

oHZ T, _ HZTL —iDo, (X, XFZ)
Therefore, by the intertwining relation (3.4.71) of IT with e!Z 11,
[T, =2 10a0] = 521 [ B A Z — V@, (X, X F Z)].
By the definition (3.4.6), we have
1
Pop(X, X+ 2) = i2/ dt A(X +t2) - Z, (3.4.118)
0
whence the vector analysis identity (3.4.9) implies
1
Vx®ou(X, X F Z) = 2A(X F Z) — 2A(X) £ 2/ dt curl A(X FtZ) A Z.
0

We conclude |Vx®oa(X, X F7Z)| < C||DA|x|Z|, which implies
I[IT, cos(Z - T, )] ¥l2 < C (1B + [ DAnll0) [2] [ ¥]]2 (3.4.119)

and (3.4.117).
Finally, we use the strategy that leads to (3.4.75) and obtain

|7 (MraA — MraA)|3 < 4|93

x / dr // Zds [Fhr(Z,r — 5)[e” T PANE) ]| |Vau(s)
R3 R3 xR3
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y (3.4.95), we have
V. = $)DAX)(r +5)| < C DA Js] + | — 51)-

Therefore, we use (3.4.114) and the estimate |B A 7| < |s| + |r — s| to see that

/ dz ‘%kT(Z,’I"—S) [efiTZSDA(X)OW’S) — 1:H
R3
< C DAl ((F} + GF)(r = s) + (Ff + GF)(r = 5) |s]).
We apply Young’s inequality and (3.4.100) and obtain (3.4.110) from these considerations.
We are left with proving (3.4.111). The term that has to be bounded reads

(A, MTAA Mr aA) = 4// drds (e_i%DAh(X)(”S) - 1)Va*(r)Va*(s)

R3xR3

X /W dZ kr(Z,r — s) ][Qh dX U(X)cos(Z -Tla, )¥U(X). (3.4.120)

When we exchange the coordinates r and s, the right side remains unchanged, except for

the factor e VTP Ah(XXHs), which is complex conjugated when we apply this transfor-
mation. Thus, we may add up the right side of (3.4.120) with the transformed version,

and get

(A, My AN — Mp aA) = —8// drds sin ( r—8)DARL(X)(r+ 8)) Va(r)Vag(s)
X

R3xR3
X / dZ kr(Z,r — s)][ dX U(X)cos(Z -1la, )P (X). (3.4.121)
R3 Qn
Here, we used cos(z) — 1 = —2sin?(%). Since cos(Z - Ila,) is bounded by 1 in operator

norm, (3.4.114) implies
1 1
2L L 2 . o2 2 a2
sin® (5 (r = ) DAWX)(r +9)) < DA Ir = s (s + I = ).
By, (3.4.121) we thus have
(A, Mrad = Mr Q)| < [IDAWZ (013 ||IVau] (Ffx [Vl + F2 |- PlVaul)| -

The desired bound (3.4.111) now follows from Young’s inequality, (3.2.5), as well as the
L'-norm estimate (3.4.100) on F%. The proof of Proposition 3.4.15 is thus completed. []

3.4.2.5 Analysis of Mt o and calculation of two quadratic terms

We decompose M7 A = M( ) + M( ) ‘A T+ M}A, where

MP (X, r) = // dZds kr(Z,7 — s) a(X, ), (3.4.122)
R3 xR3
M\ a(X,r) = // dZds kr(Z,r — s) (—1)(2 Ta,)? (X, s), (3.4.123)
’ R3 xR3 2
M@y X,r) = // dZds kp(Z,r — s) R(Z - la,,) a(X, s), (3.4.124)
' R3xR3

and R(z) = cos(z) — 1 + 222

208 PhD Thesis



CHAPTER 3. BCS-THEORY IN THE PRESENCE OF WEAK EXTERNAL FIELDS

The operator M}l). From the quadratic form (A,M:(pl)A>, we extract the quadratic
term without magnetic gradient and W-field in the Ginzburg-Landau functional in (3.1.20).
We also extract a term which cancels the last term on the left side of (3.3.5). The result,
which performs the extraction, is proven in [DHM21, Proposition 4.11] and we repeat the
statement in the next proposition. We recall that A = Ay = -2V, ¥ as in (3.3.1).

Proposition 3.4.17. Assume that V. € L*(R?) and let ¥ € L2 (Qp) and A = Ay as
in (3.3.1).

(a) We have M:(Fi)A(X,r) = —2a,(r)V(X).
(b) For any Ty > 0 there is a constant ¢ > 0 such that for Ty < T < Tc we have

1 1 T.—T
(A, MDA - MPA) > ¢~ 3.
C

(c) Given D € R there is hg > 0 such that for 0 < h < hg, and T = T.(1 — Dh?) we have
(A, MDA~ MYA) =4 Dh? Ay |93+ R(A)
with the coefficient Ao in (3.3.22), and
IR < C 1 Va3 1913 o0

(d) Assume additionally that | - |Va, € L2(R3). Then, there is hg > 0 such that for any
0<h<hg, any ¥ € Hélag(Qh)’ and any T > Ty > 0 we have

1 1
1M A = MDA g, cms) < CH T = T2 (IVaul3 + 111 IVasl3) 191300
)

The operator Mj(? A+ The kinetic contribution in the Ginzburg-Landau functional in

(3.1.20) is contained in the term (A, M}?AA% where MT(“?EA is defined in (3.4.123). In the
following proposition, we extract this term.

Proposition 3.4.18. Assume that the function Vo is radial and belongs to L?(R?). For
any A € Whe(Q;R3), h >0, ¥ € HL. (Qn), and A = Ay as in (3.3.1), we have

per mag
(A, MP\A) = 4 Ag |a, V|3 (3.4.125)
with Ao in (3.3.20). Moreover, for any T > Ty > 0 we have
2 2
(A, MEAA = My A) < C BT =Tl Vel 12135, - (3.4.126)

Proof. The proof is analogous to the proof of [DHM21, Proposition 4.13] with the obvious
replacements. ]

The operator M:(F?’A. The remainder of the expansion of (A, M7 aAA) is given by the

term <A,M:(F?:AA>, where M}?A is defined in (3.4.124). As in the work [DHM21], the
H2..(Qp)-norm of ¥ is required to bound its size.

mag
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Proposition 3.4.19. For any Ty > 0 and A € W22°(Q1;R3) there is hg > 0 such that for

per

any 0 < h < ho, any T > Ty, and whenever Vo, € L*(R3), ¥ € Hﬁlag(Qh), and A = Ayg
as in (3.3.1), we have

3 6 2 2
(A MPLA) < C RO [Vaul3 1913, 0,
We need the following auxiliary result on the operator |Z - ITa|*.

Lemma 3.4.20. (a) Let A € W2°(Q1;R?). For any Z € R® and any ¢ > 0, we have

per

|Z-Tal' < 92" (T4 + 114 + 2] cwrl A2 + &7 [owrl(curl A)[?). (3.4.127)

(b) There is a constant hg > 0 such that for any 0 < h < hg, any ¥ € H2_ (Qp), and
any Z € R3, we have

(v, |Z - HA;L|4 ) <C h° |Z|4 ”\IIH%f?nag(Qh)'

Proof. We note that

k=1

with the Levi-Civita symbol €;;, which is defined as 1 if (¢, j, k) is a cyclic permutation of
{1,2,3}, as —1 if it is an anticyclic permutation, and zero if at least two indices coincide.
We claim that
ITa 114 A =03 +2|curl A2 — curl(curl A) - T4. (3.4.129)
In particular, since all terms except the last are self-adjoint, this implies
[curl(curlA),HA} = 0. (3.4.130)

To prove (3.4.129), we note that

T I3 =105 Ta + 2[[a, TP TV + 21T, 1P T + 2 [T, 1) 11
+ [0, 4, ]| + [, (04, 1)) + [, [11a, 1] (3.4.131)

Furthermore, with the help of (3.4.128), a straightforward computation shows that
A, T T + [ma, T TR + (114, T T =1 (curl A) A TIA (3.4.132)
and
), s, 1)) + [0, [1a, Q]| + [0, (114, 1Y) = — curl(curl A). (3.4.133)
Therefore, the combination of (3.4.131)-(3.4.133) yields
Ia 113 Tp =113 + 2 ((curlA) A HA) -IIA — curl(curl A) - IIa

Since i ((curl A) ATI) - T4 = | curl A|?, we conclude (3.4.129).
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We further claim that
(Z -TaA)%4 (Z -TIA) = HA (Z - TIA)* T + (Z - curl(curl A)) (Z -Ta),  (3.4.134)
which likewise implies
|2 - cwl(curl A), Z - TI5| = 0. (3.4.135)
To see that (3.4.134) holds, we note that
3
(Z-TaA)TA (Z-Ta) = > Ziz; 1Y 3 0 (3.4.136)
ij=1
as well as
9 3 09 = 1a 09 19 Ta + T4 T (114, 119)] + (1Y), 1] T4 1Y)

Since the sum in (3.4.136) is manifest symmetric with respect to the exchange of ¢ and 7,
we combine the terms as % times

n@ i ) + @ mi ) = ma 1 P 11 + 1a 1Y 1Y 114
+ (MR, AL A 1] + [, AL A TIY

We further use [A, BC| = [A, B]C + B[A,C] on the last two terms. For the third term,
this implies

(), 11a], A Q| = [0, 10a], 1] 1Y)+ 104 [, 114], 11|

and likewise for ¢ and j interchanged. The last term drops out because of symmetry. It
remains to analyze the first term. A straightforward computation using (3.4.128) shows

([T, 1], s | = (curl(curl A));.

1 i j j i
-y Zizj<[[ng,HA],HA}Hf§) + [[HX),HA],HA}HQ) = (Z - curl(curl A)) (Z - Ta),
ij=1

which proves (3.4.134).
We turn to the proof of (3.4.127) and start by noting that for general operators A, B, C,
we have |A+ B + C|? < 3(]A|? + |B|> + |C|?), which implies

(Z-1a)2 <3 (27 (My)? + 23 (M) + 23 (0)?) <3 |2 11} (3.4.137)
We use (3.4.134), apply (3.4.137) to (Z - T1a)?, and use (3.4.129) to obtain
(Z-Ta) 1T, (Z-T1a) < 3|22 (I} + 2| curl A]? — curl(curl A) - T1 )
+ (Z - curl(curl A)) (Z - TIA).
Then, we write |Z - Ha|* = (Z -TA)(Z - Ta)*(Z - T1a), apply (3.4.137) again, and obtain
|Z -TA* <9 ]2]4(H4A + 2| curl A|? — curl(curl A) - HA)
+31Z12(Z - curl(curl A)) (Z - T4).
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Finally, we use AB < %AQ + % B? for ¢ > 0 and commuting self-adjoint operators A
and B. By (3.4.130) and (3.4.135) as well as (3.4.137) and the regular Cauchy-Schwarz
inequality, this implies

—91Z)* curl(curl A) - Tz + 3|Z*(Z - curl(curl A)) (Z - T15)
<912 (s + =7 |curl(curl A)[?),
which proves (3.4.127) and part (a). Part (b) follows from the expansion
My =T + (2 + [AP) (IT- A+ A-T) + (TT- A+ A-TI) (12 + |A]?)
+ I AP + AT + AT,

a similar expansion for 113, the Cauchy-Schwarz inequality, the fact that the estimate
| DF Aplloo < Ch¥*1 holds for k € {0, 1,2}, the choice e = h?, and part (a). This completes
the proof. O

Proof of Proposition 3.4.19. We start with the identity

(A, MP) A) = 4/// drdsdZ Vo, (r)Vau(s) kp(Z,r — s) (U, R(Z - T, )W),
’ R3 xR3 xR3
(3.4.138)

where the function R(x) = cos(x) — 1+ %2 satisfies 0 < R(z) < 52%. By Lemma 3.4.20

we infer
(U, R(Z -Ta,)¥) < CR®|Z|* qu\@%ag@h). (3.4.139)

We use the estimate (3.4.68) on |Z|*, repeat the arguments that lead to (3.4.104), and
obtain

/ dZ |2\ |kr(Z,r)| < F(r), (3.4.140)
R3

where F7 is the function defined in (3.4.98), whose L!(R3)-norm has been bounded in
(3.4.100). The proof is finished by an application of (3.4.138), (3.4.139), and (3.4.140). O

3.4.2.6 A representation formula for the operator L%/ A

As in the case of L7 o we start our analysis with a representation formula for the operator
LY,

Lemma 3.4.21. The operator L:,VYA: L2(Qn x R3) — L2(Qp, x R3) in (3.4.44) acts as

Ly ac(X,r) = // dZds kg a(X, Z,7,5) (7 Ma) (X, s), (3.4.141)
R3 xRR3

where

2 .
kij’A(X, Z,, S) = B Z /RS dYy Wh(X + Y) [l{;:’v}fg’A7+(X’ Y, Z,r, S) el%@)‘f(Y,Z,T,s)
nez )
+krga_ (XY, Z,r,5) elg"l’KV(“""ﬂ (3.4.142)
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as well as
b a4 (X,Y, Z,7,5) = G (X & g X+Y) Gy (X +Y, X+ 2+ g)
xGEX, (X7 5. X+2%3), (34.143)
where G p is defined in (3.4.23), and

P02 =g (V) (Vg0 (7 )

—/\(Z—Yi%);%/\(Zir;S) (3.4.144)

Proof. The proof is analogous to the proof of Lemma 3.4.8. We employ (3.4.48) to get

LY gz, y) Z /// dudvdw G‘””(:c w) Wi (u) G (u,v) a(v, w) G " (y, w)

nEZ
+ G (2, 0) v, w) GR (u, w) Wi (u) Gl (y,w)] .

In terms of the coordinates X = %ﬂ and r = x — y, the change of variables

u=X1Y, U:X—I—Z—‘rg, w=X+2-2,

and the multiplication and division by the factor
ol ®Ap (XE5 X+Y) JPap (X+Y,X+Z45) (i®ag (XF5X+2ZF5) _ (iB-(XAZ) (i5 Y (V.Zr,s)

lead to the claimed formula. O

3.4.2.7 Approximation of the operator LYV!{A
We apply a similar four step analysis to the operator Ljvlf A and ecompose
IV = (L g =DV a) + (LY 4 — MPg) + (MPg — M) + MY (3.4.145)
T,A T,A T,B,A T,B,A T,.B T,B T T > e
where INLTW B.A M}AfB, and M}/V are operators of increasing simplicity in their dependence
on A. These operators are defined below in (3.4.146), (3.4.152), and (3.4.157). As in the

case of L7 A, we show that the terms in brackets are small in a suitable sense and we
extract the W-field term in the Ginzburg-Landau functional in (3.1.20) from M} .

The operator FI:QVITBA. We define the operator ZgB,A by

ZNL:,VETB qo(X,r) = // AdZds ks (X, Z,r,s) (¥ ) (X, s), (3.4.146)
) Rng3 ) ?
where

~ oW (X,Y.Zrs) iB.pW
Vs A(X, Z,1,5) == dy kW” Y,Z,rs)e Ap ns) oig @ (ViZirs)
b bl nGZ RB W
+ kqun(y Z,r,s) e@Ahv*(X’Y’Z’T’s) eig@KV(xzms)}
— )

(3.4.147)
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with @Y in (3.4.144),

ki (Y, Z,r,s) !:gmn(YﬂF;) g*en (2 - Yiz) Wn(ZiT;S), (3.4.148)
and
PNV, 2 s) = @a(X £ 5, X +Y) 4+ @u(X + V. X +2£7)
+<I>A(X$g,X+Z:Fg>. (3.4.149)

Proposition 3.4.22. Given Ty > 0, A € W32(Q1;R3), and W € WL (Q1) there is

per per
ho > 0 such that for any 0 < h < hg, any T > Ty, and whenever | - |*Va, € L*(R3) for
ke{0,1}, ¥ e Hy,.(Qn), and A = Ay as in (3.3.1), we have

A LEAA — D oA < OB (IVaul3 4+ 111 Ve 3) 1913 g0

Proof. The proof is analogous to the proof of Proposition 3.4.9. Therefore, we are less
detailed in our description. We have

(A, LCIWAA_EZWBAAH
41\@12/// AZdrds esssup|(Kfp  ~ Fp.a) (X, Zur9)] [V ()] Vo (s)]
Xe
(3.4.150)

and since

Wn 0% (XY, Zr,5)
kTiiy:Z;ns) AnoE

. , o . \
:Gﬁlxnh(X:I:f,X—l—Y)Giwn (X+Y,X—i—Zi§)GE‘X;L(X¢§,X+Z:F§)
=k as(X.Y,Z,1,5),

where éfa,A is defined in (3.4.24), the integrand in (3.4.150) is bounded by

|(kTBA kTBA )X, Z,r,s)|
Z/ A [Wi(X +Y) = Wi (X)| | (K A + i p A, ) (X, Y, Z75)]
neZ
‘LVELX.|’( TlLA;%__kgng&+)(X;}C£zrvsﬂ
+ WaX)| (B - — i A ) (XY, Z,7,5)]. (3.4.151)

For the first term, we note that [W (X +Y) — W(X)| < [|[DW ||« |Y| and with the bound
Y] < |Y + Z| 4 7, we obtain

Z // dYdZ |Y| esssup‘k‘TBAi(X,Y,Z, T, s)’
nEZ 3xR3
,0 1
< FpRy alr =) Irl + FRX, o (r = 5),
where

F#i:;,;, 2:(: Vlgiwm)>kgimm>kgimm.

nGZ
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Since ||F;(pakai||1 < O by Lemma 3.4.5 and (3.4.58) and since || DWj||oo < Ch3, we conclude
the claimed estimate for this term.
For the second and third term in (3.4.151), we bound |Wj,(X)| < [|[Whllco < Ch? and

// dYdZ esssup
R3 xR3 XcR3

W, b
(kTB At kT,];L,A,i) (XY, Z,r, 3)‘ < Fj(’,j)kh,i(r —s)
n€R3

with

Z Hilwn % giwn % gilwn + |giiwn’ % Hilwn " gilwn

”GZ + |giiwn’ % |giiwn’ % ’Hiiwn.

Likewise, we have HF}%’iHl < CMa by Lemmas 3.4.2, 3.4.5, and (3.4.58). Since My, <
Ch3, we conclude the claimed estimate for this term. ]

The operator M%/B. We define the operator MQZYB by

MPa(X,r) = Wy(X) //]R?’><R3 dZds kY (Z,r = s) (cos(Z - Ma)(X,s),  (3.4.152)

where
kY (Z,r) Z Kt (Zr)+ K _(Z,r) (3.4.153)
’8 nel
and
n iwn iwn r iwn T
kpd(Z,r) = (gHn s gt (25 3) g7 (2 £ 5). (3.4.154)

Proposition 3.4.23. Given Ty > 0, A € Wge‘l?o(Ql;R:s), and W € L33 (Q1) there is

ho > 0 such that for any 0 < h < hg, any T > Ty, and whenever | - |*Va, € L*(R3) for
ke{0,1}, Ve Hy .. (Qn), and A = Ay as in (3.3.1), we have

(A L¥p a2 = MipA) < CR® (Va3 + 1] Vaull3) 19110

Proof. Since g is a symmetric function, we have
MY ga(X,r) = Wi(X) // dZds kY (Z,r — s) (eiZ'Hoe> (X, s).
’ R3 xR3
It follows that

r<A,E¥¥B,AA—M¥,VBA>r<4ku%|rwhuoo M AV dZdrds |V (r)] |Va(s)
nEZ

X ess sup“%?ff(Y, Z,r, s)’

oW :B w
o2y, + (XVoZms) B0l (Y, Zrs) _ 1‘
X€R3

!

w .
el(bAh 7(XaY7Z7T»S) el%'@‘iV(Y,Z,T,S) _

- ‘%IWIL(Y, Z,r, s)‘

where E:,W '+ is defined in (3.4.148). In view of the estimate

[ pW . ~
o P £ (XA JROE ML) | < |8 (XY, Z,,5)| + [B- 0¥ (V, Z,7,5)],
(3.4.155)

June 17, 2022 215 Marcel Maier



3.4. PROOFS OF THE RESULTS IN SECTION 3.3

it remains to bound the two terms on the right side separately. We start by the first term
and note that |®4(x,y)| < ||A||c |z — y|. Therefore,
I

r—3Ss
2

- . .
[Pa(X,Y, Z,7,8)[ < IIAIIOOUY F 5’ + ‘Z ~Y + 5‘ + ]Z +
which implies that

2 -
z Z// dYdz ‘kYWﬁ(Y, zZ.r, s)‘ esssup
nez, 7/ R3IXR3 ’

YL (XY, Z,7,5)
XeR3

< ClAlle FEL(r = 5),
where
2 i i i i i i
P = 5 30 (1 1g™ ) g™« g™ g5 (|- lg*n]) »[g7]
nez . . .

lg e g (|- [g™n). (3:4.156)
Since the L'-norm of this function is uniformly bounded, since ||W}, ||« < Ch?, and since
|Anlloo < Ch this proves the claim for the first term on the right side of (3.4.155). We turn

to the second term. Using the definition (3.4.144) of ®Y, a straightforward computation
shows

2
Z// dYdZ esssup k:Ti(Yer ’ ‘B-‘I)LV(Y,Z,TaS)‘
B 2= rsxrs X RS

a b
<CIB| (FELr=s) ||+ FL(r =),

)

where F}ai is as in (3.4.156) and

PR = Z( g 1) (1 1g*n) #1757,

Since HFSD) |1 < C as before, we conclude the claimed estimate for the second term on the
right side of (3.4.155), which finishes the proof. O

The operator MY. We define the operator M}’ by
MY a(X,r) == Wi(X) // dZds kY (Z,r — 5) a(X, s) (3.4.157)
R3 xR3

with k¥ in (3.4.153).

Proposition 3.4.24. For any h > 0, any W € Lper(Ql), any T > Ty > 0, and whenever
Va, € L*(R3), ¥ € Hélag(Qh), and A = Ay as in (3.3.1), we have

(A, MPBA = MPA) < CHO Va3 17, -

Proof. We combine the estimate cos(z) — 1 = —2sin?(%) < 3|z|? with the operator in-
equality in (3.4.137) (for A = 0) and obtain

(A, MPEA — MY A)|

< 6| Whlloo 1123 //R9 dZdrds |Z]? |k (Z,r — s)| [V au(r)| [Vau(s)|.
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An application of the estimate on |Z|? in (3.4.68) yields
/ Az |22 kY (Z,r)| < C Fr(r),
R3
where Frp:= Fr + Fr_ and
F _ :tlwn +iwy, Fiwn +iwn 12, Tiwn Fiwn,
T 52 ) # (g [ 1gTen ] + g™ [ (|- [Flg™]) * [g7 ]
nezZ . . .
+ Jgon o |g e (1 2 g7

Since [|Fr+|1 < C by Lemma 3.4.2, ||[II¥||y < ChQH\I/HH%mg(Qh), and [|[Wh|leo < Ch?, we

conclude the claimed estimate. This finishes the proof. O

3.4.2.8 Analysis of MYW and calculation of the quadratic W-term

Proposition 3.4.25. Assume that Vo, € L*(R3) and that W € L2 (Q1). For any h > 0,

Ve Hrlnag(Qh), and A = Ay as in (3.3.1), we have "

(A, MY A) = —4 Ay (U, W, 1) (3.4.158)
with Ay in (3.3.21). Moreover, for any T > Ty > 0 we have
(A, MPA = MPYA)<CR T =T Va3 H\I/HHI Q) (3.4.159)

Proof. By the definition in (3.4.153), we have

by Z / / dq [ i Z-(p+0) i 5 (a-p)
(2m)3 [ (iwn + p — p?)%(iwn, — 1+ p?)

nEZ
elZ-(p+q)eis-(p—a)

 (iwn — g+ p2)2(iwn + o — p?)

so that

4 dp . P —p
AZ kp(Z,r) = —= P : :
/]R3 v(%7) B HZG:Z/H@ @2m)?  (lwn + p = p?)?(iwn — p + p?)?

In view of the partial fraction expansion

1 1 1 1 1 1 1
(iwp — E)2(iwp + E)2 ~ 4E2 [(iwn — E)2 + (iwn + E)Z]  4F3 [iwn —E iw,+E
and the identity

S o (3.4.160)

B 1 d B 2 1
2cosh?(§2) ( ) ﬁnez

which follows from the Mittag-Leffler series expansion, see e.g. [DHM21, Eq. (3.12)] (its
convergence becomes manifest by combining the +n and —n terms)

tanh( 2) =- Z

3.4.161
1wn -2’ ( )
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we have
4 E
=y - . = 3% 91(BE)
B 5, (iwn — E)?(iw, + E)?
with the function g; in (3.3.19). Therefore,
dp —
a8y == [ S (V)P (Bl = ) (8.9 0)
= 4 A, (T, W, T,

The estimate in (3.4.159) follows in a straightforward manner analogously to the proof of
(3.4.126), using [DHM21, Eq. (4.91)]. O

3.4.2.9 Summary: The quadratic terms

In this section, we give a summary of the results pertaining to the quadratic terms in
A = Ay that are relevant for the proof of Theorem 3.3.5. We also prove a preparatory
result, which we will use in the proof of Proposition 3.3.6.

Proposition 3.4.26. Given Ty > 0, A € W3X(Q1;R?), and W € W)i*(Q1) there is
a constant hg > 0 such that for any Ty < T < T¢, any 0 < h < hg, and whenever
|- "V, € L2(R3) for k € {0,1,2}, ¥ € Hiog(Qn), and A = Ay as in (3.3.1), we have

T -1,
Tc

1
(A Lrawd) + W[5 (o, V) < Il + ChH 19 (- (34.162)

Proof. By the decomposition (3.4.42) of Ly a w, we have

1 1 1 1
— (A Lrawd) = = (A Lrad) = A LFAA) - Z<A,R§?7)A7WA> (3.4.163)
with LYVYA and R(TZ,EA,W in (3.4.44) and (3.4.45), respectively. By Lemma 3.4.7 as well as
Propositions 3.4.22, 3.4.23, 3.4.24, and 3.4.25, we have

2
(A, LA D)+ (A RPN A < CRH T g,

Furthermore, by Lemma 3.4.8, the decomposition (3.4.50) of L1 a, as well as Proposi-
tions 3.4.9, 3.4.11, and 3.4.15, we have

1
— 1A Lrad) + 9] (o, Va)

(A MDA~ MPA) — (A, MpaA — M{PA) + Ri(A),  (3.4.164)

1 1
4 4

with a remainder R;(A) obeying the bound
[RU(A) < CR 1 ®IE (n)

and where Proposition 3.4.17 implies

1

T-T,
-4 MPA - MPA) < e ¢

3.

¢
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The proof of the bound
1
(A Mrad = MPA) < C R [Vaul3 1915 @) (3.4.165)

follows the same strategy as that of Proposition 3.4.15 and it employs the operator in-
equality (3.4.137) on (Z - 11a)? to bound
(W, [cos(Z - TTa) = 1¥)| < C h* | ZP [[9]3n (- (3.4.166)

mag

The details are left to the reader. This completes the proof of (3.4.162). O

Under the assumptions of Theorem 3.3.5, we combine (3.4.163) and (3.4.164) with the
results of Propositions 3.4.17, 3.4.18, 3.4.19, 3.4.22, 3.4.23, 3.4.24, and 3.4.25, which shows
that, within the temperature regime T' = T.(1 — Dh?) with D € R, the identity

1
=& Lrawh) + [[9]]3 (0, Vo)
= Ao [|TTa, |5 — DR Ag [|W])3 + Ay (T, W, ) + Ra(A)  (3.4.167)
holds. Here, the error term Ry(A) obeys the estimate
[Ba(&) < O (121, @ +1° 113, )

This concludes the extraction of the quadratic terms in the Ginzburg-Landau functional
and finishes the analysis of the operator Ly A w.

3.4.2.10 Decomposition of N7 A v — perturbation of W

We use the resolvent equation (3.4.41) to decompose the operator Ny A w in (3.3.12) as

Nraw = Nra +RE, (3.4.168)
with
Nra:=Nrap (3.4.169)
as well as
3
R aw (D)
2 1 1 _
B AL 1,
B iz livn—ba  Tlwn —baw iw, +baw  dwn —baw  iwn +baw
1 1 1 — 1 1
- A - — Wy, - — A - A - ——
lwp, —ha  iw, +ba lwy, + hA,W Wwn — hA,W 1Wwn + hA,W
1 1 — 1 1 1
+ 2 A — A - Wy, - A - _
lwp, —ba  iwp, +bha  iwp —bha iwp, —baw  iwp, +bhaw
S S NS S S S
iw, —ba  iwp, +bha  iwp —ba  iw, +bha iwp, +baw
(3.4.170)

Lemma 3.4.27. Assume that Vo, € LY*(R3). For any T > 0, any A € Wi (Qu; R?),
any W € L2.(Q1), any h > 0, and whenever ¥ € H&lag(Qh) and A = Ay as in (3.3.1),

per
we have
3
IR (32 guxrs) < CBRC WS (@)

Proof. Holder’s inequality shows that the Hilbert-Schmidt norm per unit volume of the

terms in the sum in (3.4.170) are bounded by C' |w,| = ||[Wh || || A2, which by Lemma 3.4.1

and (3.2.8) is bounded by a constant times 8° h®(|¥||%,, (@)~ This proves the claim. [J
mag
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3.4.2.11 A representation formula for the operator Nt a

From now on in this Subsection 3.4.2, the notation Z is short for the vector (Z1, Zs, Z3)
with Z1, Zs, Z5 € R? and we abbreviate dZ = dZ;d Z2d Z3 to restrict the length of formulas.
The analysis we used for the case of L7 A applies to the nonlinear operator Nt A in
(3.4.169) as well and we start with a representation formula for Nz .

Lemma 3.4.28. The operator Ny a: HY(Q) x R2) — L2(Qp, x R3) in (3.3.12) acts as

Nra(a)(X,r) = ///Rg dz ///R9 ds lrBA(X,Z,1,s) A(X,Z,s)

with
A(X,Z,s) := 2o (X, 51) eiZ2 (X, 59) 2 M ( X, s3) (3.4.171)
as well as
lrBA(X,Z,158) ZzTBA X,Z,r,s) s 2Zrs) (3.4.172)
nEZ
and

n n 52 S1
lrpa(X,Z,r,s) = GlgAh<X+ X+ 2721+ )GBM (X+Z2—§,X+Zl_5)

iwn —iwn, _r 353
XGByAh<X+Z2+ X+ Zs+ )GBAh(X 2,X+23 S ) (34173)

where G 5 is defined in (3.4.23), and

e RO

2 2 2
+(ZQ—Z3_82+83)/\<Z1—Z2—81;82)
(2t )N (2 22— PR o (s 0 - D) A (22— 22— BE2)
(@) A (B 2 ) 4 (s ) A (% 2w ) Ty

Proof. When we compute theintegral kernel of N7 a, we get

Nra(a)(X,r) = an:z///gdu/// dv G (¢, ur) eu, v1) G2 (ug, v1) (g, va)

X GA (v2,u3) (uz, v3) GA "(Cx",v3).
Here, we denoted (% := X +% for short and used (3.4.48). We introduce the center-of-mass

coordinate Z and the relative coordinate s determined by

u:X+z+§, v:X+Z—§.

Furthermore, we multiply and divide by the factor
o1Pap (5 (1 x) (1 ®ap (G 1 xCz 1 x) (AR (G2, T x €1 x) 1PAR (Cx (2, x)
— olB-(XAZ1) (—iB-(XAZ2) ,iB-(XAZ3) eif-<1>(Z,r,s)’
where the equality is a tedious but straightforward computation. Using the fact that

B- (XANZ)=Z-(BAX)and that Z- (B A X) commutes with Z - (—iVx), this implies
the claimed formula. O
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We analyze the operator Ny o with the by now familiar four-step analysis, as in the
case of LT A. In order to do this, we decompose Nt A according to

Npa = (Nra — Nrga) + (Nrp,a — N}%) - (Ng])3 - NP+ ND. (3.4.175)

where Ny g 4 is defined in (3.4.176), N§1)3 in (3.4.186), and N;z) in (3.4.193) below. After
we have proven that the terms in brackets are small in Section 3.4.2.12, the extraction
of the quartic term in the Ginzburg-Landau functional from the term (A,N;Q)(A» is
achieved by a result in Section 3.4.2.13. Section 3.4.2.14 summarizes and concludes the
analysis.

3.4.2.12 Approximation of Nt a

The operator NT,B,A- We define the operator NT,B,A by

Nrpoa(a)(X,r) = ///}R dz ///IR Jds lre.A(X,Z,r8) AX,Z,s) (3.4.176)

with
lrB.A(X,Z,1,5) Zf“ (Z,r,s) (P4, (X.Z79) i%"l’(zﬂ“»s)’
neL

where

n . lwn _r—s —iwn B s + 89

Cr(Z,r,s) == (Z 5 )g (Zl Zy 2 )

82 453\ _iy. r— 83
G (2= 25— 25 ) g (25 + 5 (3.4.177)
and
PAX,Zyr8) = @a(X 45, X+ 21+ 5 ) +0a(X 42— 5, X+ 21— )

+<I>A(X+Z2—|— X+ 75+ 2)+<I>A(X—g,X+Z —5). (3.4.178)

In our calculation, we may replace Nr a(A) by ]\~7T7B, A(A) due to the following error
bound.

Proposition 3.4.29. Assume that Va, € LY3(R3) and that A € W32°(Q1; R?). For every

per

Ty > 0 there is hg > 0 such that for any 0 < h < hg, any T > Ty, any ¥ € mag(Qh)
and A = Ay as in (3.3.1), we have

(A, Nz,a (D) = Nrp,a(A)] < C1° Vel 105, (-

mag

The function

Z len * gAlwn % glwn * gAlwn + ‘glwn‘ % HAlwn % glwn % gxiwn

neL + ‘glwn‘ % |g 1wn‘ */len * gAlwn + |glwn| % |g 1wn| % |giwn| * /H;jwn.
(3.4.179)

plays a prominent role in the proof of Proposition 3.4.29. For any T > Ty > 0, Lem-
mas 3.4.2 and 3.4.5 as well as (3.4.58) show that its L'(R3)-norm is bounded by

|Fra,ll < C B (3.4.180)
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Proof of Proposition 3.4.29. Since the function |¥| is periodic, (3.2.8) yields
iZ.10 2 2
22 = [ W2 < CH2 W5 (g0 (3.4.181)

which further implies

f aX (X rH|eIZ Ty(x)) < 9]z T] e Mg < Ch [l o) (3.4.182)
Qn =1

and
(A, N7.a(A) — Nr a(A))]
<CR UL o) / ar /// ds [V (r)] [V (s1)] [V (s2)] [Vuu(ss)|
mag R3 RO

X /// dZ esssup|({rB.A — zTB’A)(X,Z,r, s)‘ (3.4.183)
RY XeR3
Furthermore, we have
Z%(Z r S) eigA(X,Z,r,s)
iwn C ﬂ —iwn _ _“ =
— Gk ( L X+ 2+ )G (X+Z X+ 7 2)

x Gig» (X+ZQ+— X+ Z5+ )é—‘w"(x—f X+25-2)

2/ " BA 2’ 2/’

where éZB A is defined in (3.4.24). Let us employ the change of variables

Zi_Zézzzl_Z2_81;—SQ7 Zé_ZZ/’)::ZQ_Z3_82;_837 Zé::Z3+T_2837
(3.4.184)
which implies
7y — 251 = 7! — (r—s1 — 82— s3). (3.4.185)

We repeat the argument that leads to (3.4.69), and deduce

/// dZ esssup
R9 XeR3

where Frr a is the function in (3.4.179). Plugging this into (3.4.183), applying the estimate

(brea —lrp.a) X, Z, T,S)‘ < Fra, (r—sg — sy —s3),

|Va. (Vaw« Vo «Vaus Fra)| <€ [Vauldy, [Pral,

and using (3.4.180) finishes the proof. O

The operator N}%. We define the operator Ngl)a by
N (@) (X, r) == /// dz /// ds (7(Z,r,s) A(X,Z,s) (3.4.186)
' RY RY

gT(Z, T, S) = €T7070(0, Z, T, S) (3.4.187)

with

where A is defined in (3.4.171) and {7, in (3.4.172). In our calculations, we may replace
(A, Nrg A(A)) by (A, N}11)3(A)> due to the following error bound.
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Proposition 3.4.30. Assume that |-|*V o, € L4/5(R3) fork € {0,1} and A € Lper(Ql;R?’).
For every T > Ty > 0, every h > 0, every ¥ € H_ .. (Qp) and A = Ay as in (3.3.1), we
have

mag

(A, Nrpa(A) = NERA) < C B ([Vaulds + 1] Vaully) 11904 o
The functions
n% gt e (1 g 1) (1 11g™71) 19~
g™ (1 [g ™) # 1]+ (11 1g~])
g e lg T (1 11gn 1) = (1 1lg ™) (3.4.188)
and
F 52( [lgn ) #la™n e lg™e] « g™+ lgn | (|- [la™n1) = lg™»] = 1g~"

Sl w g (1-11g01) * lg7n| + g ] « g™ g = (|- |]g=n]).
(3.4.189)

play a prominent role in the proof of Proposition 3.4.30. For any T' > Ty > 0, Lemma 3.4.2
and (3.4.58) show that their L!(R?)-norms are bounded by

IEP 1+ 1 < C. (3.4.190)
Proof of Proposition 3.4.30. The estimate (3.4.182) implies the bound
(A Nrp.A(A) = NEgp(A))]

)

<Ol o / dr /// ds [V (r)]| [V (s1)] [V (s2)] [Vau(ss)|
Z/// dZ |07 (Z,r,s)| esssuple
nEZ XERS

with @4 in (3.4.178) and ® in (3.4.174). We rewrite the phase function @ in terms of the
coordinates in (3.4.184) and (3.4.185), which yields

124, (X Zirs) (1 32%r) 1| (3.4.191)

O(Z,r,s) = (71 — Zy) N(Zy — Z3) + (21 — Z3) N Zs + (Z5 — Z3) N\ Z
r / r / /
+§/\(Zl—(T—51—82—83)>+(52+83—§>/\(Z1—ZQ)

T T
+ (83 - 5) N(Zy — Z5) + 3N Z4. (3.4.192)

Furthermore, we bound
(®A(X, Z,7,8)| < [[Alloo (2] = (r = 51— 52— 53)) + (2] = Zb) + (%5 — Z) + Z4),

which follows from the definition (3.4.6) of ® 4. Then, we combine this with (3.4.191) and
(3.4.192), repeat the argument leading to (3.4.115), and obtain

Z/// dZ |¢4,4(Z,r,s)|

nEZ
< Ch {F})(r — 81 — 82 — S3) +F})(r — 81 — 89 — 83) (1 + |7 + |s1] + |s2] + |33])},

1<I>Ah(Xer) Baozrs) _ 1‘
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where the functions F:(pl) and F:(Fz) are defined in (3.4.188) and (3.4.189), respectively. We
apply Young’s inequality to this and conclude that

(A, Nr g a(A) = NEE(A))]
1 2
<O 905 o (IVaulls + 11 Vaulds) (I I+ 1E]L).

Finally, the claim follows from (3.4.190). O

The operator N}Q). We define the operator N}Q) by

NP (a)(X,r) = ///R dz ///R ds 6r(Z,7,5) A(X,0,5), (3.4.193)

where A is defined in (3.4.171) and {7 in (3.4.187).

In our calculations, we may replace (A, N:(p1])3(A)> by (A, N%Z)(A» due to the following
error bound. Its proof can be found in [DHM21, Proposition 4.20]. In order to estimate

the size of the error, the Hr%lag(@h)—norm of WU is needed once more.

Proposition 3.4.31. Assume that |-|*V o, € LY3(R3) fork € {0,2}. ForanyT > Ty > 0,
any h >0, any ¥ € Hgmg(Qh), and A = Ay as in (3.3.1), we have

(A, NER(A) = NP@A)] < C B ([IVauldy + |- PVaullyy)

<11, on 1%llmz,, @

mag

3.4.2.13 Calculation of the quartic term in the Ginzburg—Landau functional

The quartic term in the Ginzburg-Landau functional in (3.1.20) is contained in (A, N:(FQ) (A)).
It is extracted by the following proposition whose proof can be found in [DHM21, Propo-
sition 4.21].

Proposition 3.4.32. Assume Va, € L*(R3). For any h > 0, any ¥ € Hiog(Qn), and
A=Ay as in (3.3.1), we have

(A, N2 (8)) =8 As || 9]}
with As in (3.3.23). Moreover, for any T > Ty > 0, we have

(A, NP (A) = NP (AN] < C R T = Tl [IVaully, 1914 0,

3.4.2.14 Summary: The quartic terms and proof of Theorem 3.3.5

We work under the assumptions of Theorem 3.3.5. In view of the decomposition (3.4.168)
of Nt aw, the results of Lemmas 3.4.27 and 3.4.28, and those of Propositions 3.4.29,
3.4.30, 3.4.31, and 3.4.32, we have

1
(A Nraw(d) = As )4+ R(H) (3.4.194)
where the remainder R(h) is bounded by

RO < CNI @ (P 190 ms, @0 + 2 1% 2,00 )-

mag

Theorem 3.3.5 follows from this and (3.4.167). This finishes the proof.
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3.4.3 Proof of Lemma 3.3.1 and Proposition 3.3.2

We begin this section by proving Lemma 3.3.1. First of all, we recall the definition of I'a
n (3.3.4), which is a gauge-periodic generalized fermionic one-particle density matrix per
definition. Consequently, only the trace class condition (3.1.10) needs to be verified.

In terms of the expansion

tanh(ﬁ Ha)=-5 Z (3.4.195)

1wn —

which follows from (3.4.161), the expression

11 3
Pa=5-3 tanh(EHA), (3.4.196)

and the resolvent equation (3.4.41), I'a can be rewritten as

1 1 I} 1 1
I'An=—-——-tanh{=HA ) = = — =T A 4.1
A 5 3 an ( A) 5 + — 3 ;Z o, — HaA o+ O+ QT,A7W( )s (3 97)

where T’y is the normal state in (3.1.14) and, in terms of § in (3.3.3),

1 1 1
: 0 .
Z 1wn HO 1wn — I‘IQ7 QTA W Z lwn Ho 1wn H() iwn — HA
(3.4.198)

Since O is offdiagonal, the entry [O];; vanishes, whence the operator (1 + 72)[O]11 is
locally trace class trivially. To see that (1+72)[Qr.a w(A)]11 is locally trace class, we use

1 1 AN
1 6 1 5 _ iwnibA,W Aiwn:FbA,W A -
iw, + Hy  iw, £ Hp L_A—L A

iwpFhaw  wnthaw

and obtain

1 1 1 — 1
-y A K|, ]
1 ooy —baw  iwp +baw  Liwn — Haln

[Oraw(d)]

By Hélder’s inequality in (3.2.1), the terms in the sum of (1 + 7%)[Qra w(A)]11 are
bounded in local trace norm by

1

1
@+ 7 oo A

—baw H
To see that the first factor is bounded, we combine
2= (ra—AP2=T4a +W)+7ma-A+A-7a+|A?-W (3.4.199)

with the inequality

1
TA A+ A ma < 5((7rz+W)+ A2 - W), (3.4.200)
which proves that (1 + 7%)(iw, — haw) ! is uniformly bounded in n. We conclude that
(1+ 7)) [Qr.a,w(A)]11 is locally trace class.
The following result completes the proof of Lemma 3.3.1.

June 17, 2022 225 Marcel Maier



3.4. PROOFS OF THE RESULTS IN SECTION 3.3

Lemma 3.4.33. (1 + 7%)yq is locally trace class for h > 0 small enough.

Proof. By the diamagnetic inequality [LS10, Eq. (4.4.3)], the operator 1 + 7rA + Wy is
nonnegative for h small enough. We first show that the operator (1 + 75 A, T Wh)’yo is
locally trace class. Since this is a nonnegative function of 74 A, + Wh, we apply the bound

(1+z)(exp(B(x — p)) + 1)1 < Cge™ 5@ for o > > 0. Therefore, it suffices to show that

_B(x2 —
the local trace of e 2™, ™" ig finite. Since ﬂih + Wy 2> ﬂih — C, the corresponding

inequality holds for the eigenvalues of the respective operators so that
Tr {e_g(ﬂ?“h—i_wh_u)} < CgTr {e_g(wih_“)]

Therefore, the diamagnetic inequality for the magnetic heat kernel, see e.g. [LS10, Theo-

_B(n2 _
rem 4.4], and the explicit formula for the heat kernel of the Laplacian prove that e 2 (), *Wh =)

is locally trace class. In particular, 79 and, since W is a bounded operator, Trihyo are
locally trace class.

To prove the claim of the lemma, we employ (3.4.199). Since mp - A = —idivA+ A -7a
and since div A, |A|?, and W are bounded operators, it remains to show that (A4, - 7a, )70
is locally trace class. To see this, we write

(A -7a,)%0 = (An - 7a,) T (L+74,)%0

1 TA,

and use (3.4.137) to conclude that

f

iral S
1—1—7?_% 0 '

2
=<f,12(A~7rA)2
2

A-
H( ma) 1+ 5 1+ %

f> <oA%

This finishes the proof. O

1—}—7&

We now proceed with proving Proposition 3.3.2. To his end, we combine the fact that
aa = [['ali2, the resolvent equation (3.4.41), and (3.4.197), which yields

aa =[Oz + [Qr.aw(A)]iz = [Ol12 + Ry 1 (A).

Here, O is the operator in (3.4.198) and

1 1 1
Ry w(A) : %L% ey g o Fypa HJ . (3.4.201)
We note that [O];2 = —%LTA,WA with Ly o w in (3.3.11). In view of the decomposition
(3.4.42) of Ly a,w, we define
mo(A) == %(LTAA — Mral) + %LJVKAA + %(M}”A ~ M{PA)
t 5 (Mrad — Mra A) 4 RE, A+ R, (),
01 (A) = %(MT,A%A — M{PA), (3.4.202)

with My a in (3.4.109), LY, in (3.4.44), and M{") in (3.4.122). The remainders R\,
and R%)A’W are defined in (3.4.45) and (3.4.201), respectively. Proposition 3.4.17 implies

that —%M}?A = Wa, so these definitions allow us to write aa as in (3.3.6). The new
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operator Mrpa,. is Mra in (3.4.109) with the constant magnetic field potential only,
which needs to be isolated to maintain the orthogonality property (3.3.9), compare this
to [DHM21, Eq. (3.9)].

The rest of the proof is devoted to the properties, which we claim 7y and n; to have

in Proposition 3.3.2. First, we prove (3.3.7). To this end, we use the definition (3.4.201)
to write

@ 1 1 7 1 1

Reraw (A Z1wn—bA,WAiwn+hA,WALwn—HALl iwn +baw

From this and Hoélder’s inequality, the estimate HR% L,W( Y2 < CB3|| A2 is immediate.
Likewise, we have the bound

2

1 1

1
o -
| TAW Al < 5,%22 —baw iwn + baw llooll Liwn — Ha 111 ooH Ie
For a general operator A, we have ||A||%2, = ||A*A||s, which enables us to bound the first
factor in the sum by
1 1
T A 0
H fJAWH 41 hAWH
1 200 7R, + Wh /2
. | 22 + Wil
iwp + HAaw lloo Liliwn —hAaw lloo
C <|Wn’_1/2 + ‘Wn|—1)-
It follows that
4
I7R Yy ()2 < C (87 + 5%) Al (3.4.203)

In a similar manner, the right side of (3.4.203) bounds ||’R%L7W(A)7TH2 as well. By the

reformulation (3.2.14) of the H'(Qj, x R3)-norm, we may therefore apply Lemma 3.4.1
and (3.2.8) on the right side of (3.4.203) to conclude that

4
IR () 1371 (@uisy < C A 19115 (0,

The next result shows that the newly obtained error term M7 A A — M, A63A satisfies
an appropriate bound.

Proposition 3.4.34. For any To > 0 and A € WL°(Q1;R3) there is hg > 0 such that

per

for any 0 < h < hg, any T > Ty, and whenever | - Vo, € L?(R3) for k € {0,1},
Ve HL (Qn), and A = Ag as in (3.3.1), we have

mag
M AA = Mrac, Al o, wnpy < OB (IVaulB+ 11 [Vaul3) 191, (g (34.204)
Proof. Define the operator
Orp ac(X,r) = // dZds kp(Z,r — s) et An(X)-Z (e?a) (X, s),
R3xR3
where kr(Z,r) := kr,0,0(0, Z,7,0) with k7,90 in (3.4.46), and decompose

MraA = Mpa, A= (MpaA=Qrpald) + (Qreal — Mra, A).  (3.4.205)
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3.4. PROOFS OF THE RESULTS IN SECTION 3.3

We are going to show that both terms in brackets of the right side are bounded in
H(Qp x R3)-norm by the right side of (3.4.204). Since the integrand of Mr a is symmet-
ric with respect to Z, by Lemma 3.4.13, we have

(Mpac — QrB ac)(X,T)
= // dZds kp(Z,r — s) {ei@Ah(X’X'*‘Z) - eiAh(X)'Z} (eZa) (X, s).
R3xR3

By (3.4.118), we have
DX, X+ 2)— AX) Z = /ldt AX +12) - A(X)] - 2
0

so that

ei@A(X,X‘FZ) — eiA(X)'Z’ g ||DA”OO |Z|2 (34206)
It follows that
2
|MraA — Qrp A3 < C1W|3 DAL IE 1 Va3,

where F:(Fg) is defined in (3.4.98). Since its L'-norm is uniformly bounded, see (3.4.100),
we conclude the claimed estimate for this term. In a similar manner, we bound

IT(M7aA — QrpaA)|3<C [ dr

// AZds |bp(Z,r — 5)| |V o (s),
R3 xR3

R3
X |esssup VX61¢Ah(X’X+Z) - VxelAh(X)'Z‘ [[]]2
XeR3
. ) ) 2
+ ess sup el‘l’Ah(X,XJrZ) _ elAh(X)~Z‘ ||HelZ-H\I/||2:|
XERS3

Since
Ve ®a(XX+2) vXeiA(X>'Z) < ‘vxqm(x, X +2) - VxAX) - Z‘
+|@a(X, X +2) - AX) - 2| |VxA(X) - 2]
< [ID? Al + [DAIZ] 1217 + 12P],
and since | D% Ay || < Ch® and ||D A%, < Ch*, we use (3.4.119) and infer
IT(MraA ~ Qre aB)|3 < CH U3 () IVaul3IFD + FPIR,
which together with (3.4.100) proves the claim for this term. Finally, we have
|17 (Mrad — Qrp ad)|3 < C[¥|3

X / dr // dZds |Tkp(Z,r — s)| |[Va.(s)| esssup
R3 R3xR3

2
ol®ay, (X, X+2) _ eiAh(X)-z‘
XeR3
We employ /B A 7| < |r— s| + |s| and the estimate (3.4.68) to see that

/ AZ |7k (Z,r — 8)||Z]> < GA(r — s) + F(r — s) + Fi(r — s) || (3.4.207)
R3
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with F# and GF in (3.4.98) and (3.4.99), respectively. The combination with (3.4.206)
proves the claim for this term and concludes the proof for the first term on the right side
of (3.4.205).

We move on to the second term on the right side of (3.4.205) and start by the identity

(Qrp,ac — Mra,,a)(X,7)
) 1
=-2 //]RBX]Ra dZds kr(Z,r — s) sm2(§ Ap(X) - Z)(COS(Z -IMa)(X, s)
— /R?)xRS dZds kp(Z,r — s) sin(Ap(X) - Z) (sin(Z - M) (X, s),

which follows from a straightforward expansion of the complex exponential and the identity
cos(z) — 1 = —2sin?(%). From this, it is easy to see that

2
|Qr 8,48 — Mra  All3 < C 1913 | Anll + ITEI3]Anl12 ] 1FE1} Va3,

which proves the claim for the first term. Secondly,

IT(QrB.AA — Mpa, A)3<C [ dr //3 . dZds |kr(Z,r — 5)| |[Vou(s)]
R3 xR

R3

1
X esssup“VX sin2(f Ap(X) - Z)’ || cos(Z - II)W||o
XeRrs 2

+ ’sin2 (% An(X) - Z)‘ [TLcos(Z - )Wl

2
+ |V sin(Ap(X) - Z)| || sin(Z - D@3 + | sin(An(X) - Z)| | sin(Z - H)qfug]

(3.4.208)

We have
Isin(Z -T2 < CR* [l @u) 12
Furthermore, from a direct computation or from [DHM21, Lemma 5.12], we know that
II sin(Z - II) = sin(Z - II) IT + 2i cos(Z - 1) B A Z,
which implies

Isin(Z - ¥ [s < CR2 ¥ s (o) (1 +12])

In a similar way, we have the estimate (3.4.117) for IIcos(Z - II)¥. From these estimates
and (3.4.208), the claimed bound for [[II(Qr B aA — My A, A) |3 is easily shown by using
the functions F¢ in (3.4.98). Finally, a straightforward computation shows that

|7(QrB,4A = Mra, A3 < O ARl W15 + 1| An| % 193]

2
X / dr // dZds |7kr(Z, 7 — 5)| |[Vax(s)| |Z]%] ,
R3 R3 X R3
whence the claimed bound follows from (3.4.207). This finishes the proof. O

In order to conclude the proof of (3.3.7), we note that Lemma 3.4.7 as well as Proposi-
tions 3.4.9, 3.4.15, and 3.4.17 provide the appropriate bounds on 79(A). Parts (b) and (c)
of Proposition 3.3.2 are proven in [DHM21, Proposition 3.2 (b)-(c)]. This ends the proof
of Proposition 3.3.2.
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3.5. THE STRUCTURE OF LOW-ENERGY STATES

3.4.4 Proof of Proposition 3.3.6

Under the assumptions of Proposition 3.3.6, we prove the existence of constants Dy > 0
and hg > 0 such that for 0 < h < hg the following holds. Within the temperature regime

0<Ty<T <T.(l1— Doh?

there is a function ¥ € HZ2 . (Qp), such that the gap function A(X,r) = —2Va,(r)¥(X)
constitutes a Gibbs state I'a as in (3.3.4), which satisfies (3.3.24).

This is proven by choosing an arbitrary i € mag(Ql) with [[¢]| g2, .e(@n) = 1, whence
U defined as in (3.1.21) belongs to mag(Qh) and satisfies H\IJ||H2 L@ = = 1. Applying

Propositions 3.3.2, 3.3.4, 3.4.26, as well as (3.2.8) and (3.4.194) ylelds
FRE(Ta) = FRFS(To) < h? (—eDo [ + C)

as long as h is small enough. The proof of Proposition 3.3.6 is completed by the choice
Do = Jg-
2

3.5 The Structure of Low-Energy States

In this section we prove a priori bounds for low-energy states of the BCS functional in
the sense of (3.5.1) below. The goal is to show that their Cooper pair wave function has
a structure similar to that of the trial state we use in the proof of the upper bound in
Section 3.3. These bounds and the trial state analysis in Section 3.3 are the main technical
ingredients for the proof of the lower bound in Section 3.6. To prove the a priori bounds,
we show that W} and Ay can be treated as a perturbation, which reduces the problem to
proving the same bounds as for the case of a constant magnetic field. A solution to this
problem has been obtained in [DHM21, Theorem 5.1] and we use it here.

We recall the definition of the generalized one-particle density matrix ' in (3.1.7), its
Cooper pair wave function a = I'12, as well as the normal state Iy in (3.1.14).

Theorem 3.5.1 (Structure of low-energy states). Let Assumptions 3.1.1 and 3.1.2 hold.
For given Dy, D1 > 0, there is a constant hg > 0 such that for all 0 < h < hg the following
holds: If T > 0 obeys T — T, > —Doh? and if T is a gauge-periodic state with low energy,
that is,

Fig () = Fr§>(To) < Dih*, (3.5.1)
then there are ¥ € Hmag(Qh) and ¢ € HY(Q, x R2) such that
a(X,r) = a.(r)¥(X) + (X, 7), (3.5.2)
where
2 4
0<heho 19050 SO I€lin@uxrey < CR* (1% o + D1)- (353)

Remarks. (a) Equation (3.5.3) shows that ¥ is a macroscopic quantity in the sense that
its Hp,.(Qn)-norm scales as that of the function in (3.1.21). It is important to note
that this norm is scaled with h, see (3.2.5). The unscaled L?nag(Qh)—norm of ¥ is of

the order h, and therefore much larger than that of £, see (3.5.3).
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(b) Theorem 3.5.1 has been proven in [DHM21, Theorem 5.1] for the case of a constant
external magnetic field, where A, = 0 and W} = 0. Our proof of Theorem 3.5.1 for
general external fields uses the main part of this proof.

Although Theorem 3.5.1 contains the natural a priori bounds for low-energy states,
we need a slightly different version of it in our proof of the lower bound for the BCS free
energy in Section 3.6. The main reason is that we intend to use the function ¥ from the
decomposition of the Cooper pair wave function of a low-energy state in (3.5.2) to construct
a Gibbs state I'a as in (3.3.4). In order to be able to justify the relevant computations
with this state, we need ¥ € Héag(Qh), which is not guaranteed by Theorem 3.5.1 above,

see also [DHM21, Remark 3.3]. The following corollary provides us with a decomposition
of a, where the center-of-mass wave function W< has the required Hfllag(Qh)—regularity.

Corollary 3.5.2. Let the assumptions of Theorem 3.5.1 hold and let € € [h%, h3]. Let ¥
be as in (3.5.2) and define

Ve =1 (I1*) 0, U = 1 o) (IT) W (3.5.4)
Then, we have

1<l ) < H‘I’”%ﬂnag(Qh)’

mag

H‘I’é\@zr@]ag(cgh) < C(eh ! ”\Ij”?{r{mg(th k=2, (3.5.5)
as well as
113 < O W3y g IS <O W g (356)
Furthermore,
o0(X, 1) := au(r)¥ (X) (3.5.7)
satisfies
loollin,....cnxrsy < Ce R 15 (o (3.5.8)
and, with & in (3.5.2), the function
o:=§+ 09 (3.5.9)
obeys
Il @uxmsy < CRH (e W3 g,y + D1)- (3.5.10)

In terms of these functions, the Cooper pair wave function a of the low-energy state I' in
(3.5.1) admits the decomposition

a(X, 1) = a,(r)V<«(X) + o(X,r). (3.5.11)

For a proof of the Corollary we refer to the proof of Corollary 5.2 in [DHM21].
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3.5. THE STRUCTURE OF LOW-ENERGY STATES

3.5.1 A lower bound for the BCS functional

We start the proof of Theorem 3.5.1 with the following lower bound on the BCS functional,
whose proof is literally the same as that of Lemma 5.3 in [DHM21].

Lemma 3.5.3. Let 'y be the normal state in (3.1.14). We have the lower bound
BCS BCS « 4T .
Frpr (L) = Fpr(Lo) = Tr[(KTA,W —V)ao } + 5 Tr[(a @) }, (3.5.12)

where

(—iV + Ah)2 + Wy, —pu

tanh( (—iV+Ag;+Wh—u)

Kraw = (3.5.13)

and Va(z,y) =V(z —y)a(z,y).

In Proposition 3.7.1 in Appendix 3.7 we show that the external electric and magnetic
fields can lower the lowest eigenvalue zero of K7, — V at most by a constant times hZ.
We use this in the next lemma to show that K7 A w — V is bounded from below by
a nonnegative operator, up to a correction of the size Ch?. We state the inequality
(3.5.14) below for the one-particle operator K7 o w — V but it holds for the operator
Kraw —V(x—y) in (3.5.12) as well. This is due to the fact that

T(y)* [KT,Ay,Wy - V(UC)} T(y)=Kraw —V(z—y),

where W, (z) = h®W (h(z +y)) and A, (x) = Ag(z) + hA(h(z +vy)). By T(y) we denoted
the magnetic translations in (3.1.3). We note that W (z + y) and A(x + y) are periodic
functions of x because A(x) and W (z) are.

Lemma 3.5.4. Let Assumptions 3.1.1 and 3.1.2 be true. For any Do > 0, there are
constants ho > 0 and Ty > 0 such that for 0 < h < hg and T > 0 with T — T, > —Dgh?,
the estimate

Kraw -V >c(1—P)1+7%)(1 - P)+cmin{Ty, (T —T.)+} — Ch? (3.5.14)
holds. Here, P = |a){au] is the orthogonal projection onto the ground state c, of Ky, —V .

Proof. Since W € L*®(R?) we can use [DHM21, Lemma 6.4] to show that Ky aw >
Krao— Ch? holds. The rest of the proof goes along the same lines as that of [DHMZ21,
Lemma 5.4] with the obvious replacements. In particular, [DHM21, Proposition A.1] needs
to be replaced by Proposition 3.7.1. We omit the details. 0

We deduce two corollaries from (3.5.12) and Lemma 3.5.4. The first statement is an a
priori bound that will be used in the proof of Theorem 3.2 (b). Its proof goes along the
same lines as that of [DHM21, Corollary 5.5].

Corollary 3.5.5. Let Assumptions 3.1.1 and 3.1.2 be true. Then, there are constants
ho > 0 and C > 0 such that for all 0 < h < hg and all temperatures T > T,.(1 4+ Ch?), we
have .F,E%S(F) — f,]iccps(f‘o) > 0 unless I' = Tg.

The second corollary provides us with an inequality for Cooper pair wave functions of
low-energy BCS states in the sense of (3.5.1). Before we state it, let us define the operator

U:=e 2l (3.5.15)

with IT in (3.2.11), which acts on the relative coordinate r = = — y as well as on the
center-of-mass coordinate X = ﬁ;ry of a function a(z,y).
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Corollary 3.5.6. Let Assumptions 3.1.1 and 3.1.2 be true. For any Dy, D1 > 0, there
is a constant hg > 0 such that if T satisfies (3.5.1), if 0 < h < hg, and if T is such that
T — T, > —Dyh?, then o =T'15 obeys

(o, [U = P)(1 +7*)(1 — P)YU* + U*(1 — P)(1 + 7*)(1 — P)Ula)
+Tr[(a*a)?] < Ch?|al} + Dih?,  (3.5.16)
where P = |aw) (x| and m = =iV, + Ag(r) both act on the relative coordinate.

In the statement of the corollary and in the following, we refrain from equipping the
operator 7 and the projection P = |a,)(a,| with an index r although it acts on the relative
coordinate. This does not lead to confusion and keeps the formulas readable.

Proof. The proof follows the same strategy as that of [DHM21, Corollary 5.6]. Let us
denote by % and 7% the magnetic momentum operators acting on z and y, respectively.
We claim that

A, = UT(';;U*, —my, = U, ;U, (3.5.17)
where 77, . = —iV, + A*(r) with
AE(r) = A, (r) £ A(X £7).
To obtain (3.5.17), we denote Px = —iVx and note that [r- Px,r - (B A X)] = 0 implies

U = el3 (XAT)g=i5Px_ Using this identity we conclude

1 1
U (-iV, + Ap(r)) U* = —iV, + S Ap(r) — JTlx,

2
1 1
U*(=iV, + Ap(r)) U = —iV, + S Ap(r) + STIx.
Eq. (3.5.17) is a direct consequence of these two identities.
We also have
W(x) =UW"(r)U", W(y)=U"W~(r)U, WE(r) := W(X £7).

Consequently, if KT o w and K% AW denote the operators K1 a w acting on the x and y
coordinate, respectively, we infer

Kiaw = V(r)=U"(Kpa+w+ —V()U,
Kiaw —V(r)=U (Kpa-w-—V(r)U" (3.5.18)

Here K:TF AL Wt denotes the operator Ky s+ yy+ with magnetic potential A* and electric

potential W+, which depend on X, acting on the relative coordinate 7.
The operator V' in (3.5.12) acts as by multiplication with the function V(z —y). We
apply the symmetry a(z,y) = a(y, ) and deduce

Tr{(KT,A,W - V)oza*]
_ ;]é d /R dy oo n)[(Kgaw V) + (K — V]atey). (35.19)

In combination, (3.5.1), (3.5.12), (3.5.18), and (3.5.19) therefore prove the bound

%(a, U (KG pv e = V) U +U (K oy = V(1) UJa) + e Tr[(a%a)?] < Dibt.

An application of Lemma 3.5.4 on the left side establishes (3.5.16). O
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3.6. THE LOWER BOUND ON (3.1.24) AND PROOF OF THEOREM 3.2 (B)

3.5.2 Proof of Theorem 3.5.1

The statement in Theorem 3.5.1 is a direct consequence of Corollary 3.5.6 above and the
results in [DHM21]. More precisely, we need to combine Corollary 3.5.6 and [DHM21,
Proposition 5.7], [DHM21, Lemma 5.14], and the arguments in [DHM21, Section 5.4].

3.6 The Lower Bound on (3.1.24) and Proof of Theorem
3.2 (b)

3.6.1 The BCS energy of low-energy states

In this section, we complete the proofs of Theorems 3.1 and 3.2, which amounts to provid-
ing the lower bound on (3.1.24), the bound in (3.1.29), and the proof of Theorem 3.2 (b).
Let D; > 0 and D € R be given, choose T = T.(1 — Dh?), and assume that I is a
gauge-periodic state that satisfies (3.5.1).

Corollary 3.5.2 guarantees a decomposition of the Cooper pair wave function o = [T'];2
in terms of U< in (3.5.4) and o in (3.5.9). The function W< satisfies the bounds

I <liZ @n < 1®lE, @n <C  and  [[W<lfn (g, < Ceh? W7 (g, (36.1)

mag

with ¥ in (3.5.2). Let us define the state I'n asin (3.3.4) with A(X,r) = =2V . (r)¥<(X).
We apply Proposition 3.3.4 and Theorem 3.3.5 to obtain the following lower bound for
the BCS energy of I':

FRET) = FRF3(To) = bt 85 (We) = C (B4 eh®) |93 () (3.6.2)

T
g HCTs) — F AX [ dr V() jolx.n)P
2 Qn R3
In the next section we prove a lower bound for the terms in the second line of (3.6.2).

3.6.2 Estimate on the relative entropy

The arguments in [DHM21, Eqgs. (6.1)-(6.14)] apply in literally the same way here, too.
We obtain the correct bounds when we replace B by h? in all formulas. This, in particular,
applies to the statement of [DHM21, Lemma 6.2]. The only difference is that [DHM21,
Eq. (6.10)] is now given by

_ 1/2
0. Kz awe)| < Ce R0y on (1913000 + D) -

which is due to the reason that the bound for the L?-norm of 7y in Proposition 3.3.2
is worse than the comparable bound we obtained in [DHM21, Proposition 3.2]. This,
however, does not change the size of the remainder in the final bound because other error
terms come with a worse rate.

With the choice € = h'/? we therefore obtain the bound

fBCS() ]_—BCS( )
/2
> 0 (E85(Y<) = CH NPy, @) (1100 + 1)) (3:63)

which is the equivalent of [DHM21, Eq (6.14)].
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3.6.3 Conclusion

The arguments in [DHM21, Section 6.3] apply in literally the same way also here and
we obtain the correct formulas when we replace B2 by h. This concludes the proof of
Theorem 3.1 and Theorem 3.2.

3.6.4 Proof of the equivalent of [DHM21, Lemma 6.2] in our setting

To obtain a proof of the equivalent of [DHM21, Lemma 6.2] in our setting, we follow
the proof strategy in [DHM21]. The additional terms coming from the external electric
potential are not difficult to bound because W is a bounded function. To obtain bounds
of the correct size in h for the terms involving the periodic vector potential Ay, we need to
use that A(0) = 0, which is guaranteed by Assumption 3.1.1. This is relevant for example
when we estimate our equivalent of the term on the left side of [DHM21, Eq. (6.24)], that
is, of
174, +Wa(r) = plooll2

with p, = —iV, and o0 in (3.5.7). We make use of the decomposition (3.4.199). This leaves
us with bounding the term ||[r? — p2]og||2, which has been done in [DHM21, Eq. (6.24)],
and we find that it is bounded by a constant times = "/?h*||¥|| ;1 @n)- We use (3.5.6) to

mag

see that the terms involving |Ay|? and W), are bounded by
(I4n 1% + [Wallo ) lloolla < Ce™ 204 W]| gy, (qu- (3.6.4)

With the same argument we see that the contribution from the first three terms on the
right side of

TA-A+A-a=divA-A+divA -7+ 2|AP +24 -7 (3.6.5)

are bounded by the term on the right side of (3.6.4). To obtain a bound for the contribution
from the fourth term on the right side of (3.6.5) we write

Ap(r) = h? /01 dt (DA)(hrt) - r,

where DA denotes the Jacobian matrix of A. We conclude
[AR(r) - woolla < B*|DAllss || | - [rall2 [[¥5 2 < Ch4€_1/2H‘I’HH},,ag(Qh)
as well as
—1
I[7a, + Wa(r) — pflooll2 < Ce /2h4H‘I’HHr1ﬂag(Qh)-

All other bounds in the proof of the equivalent of [DHM21, Lemma 6.2] in our setting that
involve W}, or A;, can be estimated with similar ideas. We therefore omit the details.

— APPENDIX —

3.7 Gauge-Invariant Perturbation Theory for K7, o —V

In this appendix, we discuss the behavior of the eigenvalues below the essential spectrum
of the operator K7, o — V for small h > 0, where K7, A := K71, A0 With K7 A o defined
in (3.5.13). Recall that the magnetic potential is composed of the constant magnetic field
potential A.,(z) = %63 A z and a bounded potential A € W3 (R3;R3), which satisfies
A(0) = 0. The full magnetic potential is then given by A := A.,+A and Ay (z) := hA(hx).
The aim of this appendix is to prove the following proposition.
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Proposition 3.7.1. Assume (1 + |- |))V € L%(R3) N L®(R3). Then there is an hg > 0
such that for 0 < h < hg the following statements hold:

(a) Let \ be an isolated eigenvalue of multiplicity m € N of the operator K, — V with
spectral projection P. Then there are m eigenvalues \i(h), ..., \m(h) of the operator
Kr, A, —V with spectral projection P(h) such that

‘max |[N(h) = A <Ch*  and ||P(h) — P|loo < Ch% (3.7.1)

i=1,....m

(b) Assume that K1, —V has a simple lowest eigenvalue with eigenfunction o, and denote
by o the eigenfunction to the lowest eigenvalue of Kt, o — V', which is normalized
such that (o, afh> > 0 holds. Then we have the bound

11+ 72) (0B — a2 < OB, (3.7.2)
where 72 is the magnetic Laplacian defined in (3.1.4).

We denote the resolvent of K74 —V at z € p(Kpa—V) by Ry = (z—(Kp,a—V)) "L
The integral kernel of RXV is denoted by gzv(x,y). If A =0, we write R*" for RS’V
and G=V for QS’V. Similarly, G* stands for G*Y. Before we give the proof of the above

proposition, we state and prove three preparatory lemmas.
3.7.1 Preparatory lemmas

The first lemma concerns the regularity of the kernel GZ.

Lemma 3.7.2. There is a continuous function a: C\[2T,,00) — R4 such that

/Ra dz (1+22)|VG*(x)| < al2). (3.7.3)
Proof. We use the resolvent identity R* = R? + 2ROR? to write G as
G (x) = G°(x) + Z/Rg dv G°(z — v) G*(v), (3.7.4)
which implies
I+ 1YL < I +20- BVG I (14 211+ )G2]1) - (3.7.5)

The second L*(R3)-norm on the right side of (3.7.5) is bounded by

1 2\ 1/2
Rl ) O

which, when multiplied with z, meets the requirements of the lemma. It therefore remains
to consider ||(1+ |- [2)VG?|;.

From [FHSS12, Eq. (A.6)] and [LLO1, Theorem 6.23] we know that G°(z) can be
written as

I +]- PG <C A +]- )26 |2 =C (/R dp ](1 _ A2

G(z) = 2 > ! Tm g )2 e () (3.7.7)

7Tn:ln_i

Ly 1 ( +‘( 1)2 | |>
= m ex 1 1{nn— — s X
2m2|x| “=n — 3 PUVH 2 ¢ ’
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where g* is the free resolvent kernel in (3.4.2) and /- denotes the principal square root.
We use Im e'* = sin(Re z) exp(— Im z) for z € C and

m:;ﬁ\/m+a+@;§” VET R —a (3.7.8)

for a,b € R to see that

. . 1 o n _
Imexp(1\/u +i (n - 2) 27T, |x|> = sin (|x]cn> exp (—|x]cn) , (3.7.9)

where

o = \}5\/\@2 + ((n—1/2)27T,)2 + p. (3.7.10)

In particular,

Ve'w) = gt > s (ol e (<l
n=1

I
2
0 & . ]
s By ) o (i)
o0 —
x c . -
2r2(zf? T; n f I Si (\wICI) exp (—|$|Cn) . (3.7.11)

The above formula implies the bound

Njw

o0 C o0 o0
I(1+]- VG < Z n/ dr (1 + 124 (r+r3)V1 + n) exp (—rcg) < C’Z no2.
n=1 0 n=1
(3.7.12)
This proves the claim of the lemma. O

The second lemma concerns bounds for the operator norm of (z — (K7, — V))~! and
commutators of this operator with z, when viewed as maps from L2(R3) to L>(R3).
Here and in the following we denote by ||A||2:00 the norm of a bounded operator A from
L2(R3) — L>®(R?)). From [S82, Corollary A.1.2] we know that such an operator, which is
bounded also from L?(R3) to itself, has an integral kernel given by a measurable function
A(z,y), which obeys

1/2
ess sup / dy |A(z,y)[? < 0. (3.7.13)
z€R3 R3
The norm ||Al|2,00 equals the norm of the integral kernel of A in (3.7.13).

The following Lemma 3.7.3 shows, in particular, that the resolvent kernel G*" satisfies

1/2
ess sup(/ dy (1 + |z — y|4>|gz’v(x,y)|2> / < 0. (3.7.14)
z€R3 R3

We remark that our assumptions on V' would allow for more: it can be shown that Gg=Vis
exponentially decaying in the sense that (3.7.14) holds with 1+ |z — y|* replaced by e’l*~|
for some § > 0 depending on the distance of z to the spectrum of K7. — V. Since this
result is not necessary for the proof of Proposition 3.7.1 and requires substantially more
effort, we refrain from giving the proof here. It follows from a Combes—Thomas estimate
for the operator K7, — V' and can be found in Chapter 6.
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Lemma 3.7.3. If V belongs to the space L=°(R3) of bounded functions that vanish at
infinity, then there is a continuous function a: p(Kt, — V) — Ry such that

IR o + [l RV, + [l I, REVT),_ < al2) (3.7.15)

Proof. We start by proving the bound for the first term on the right side of (3.7.15). We
use the fact that (1 — A)~! is a bounded linear map from L2(R3) to L°(R3) and the
resolvent identity to estimate

IR*Y 200 < Cl(1 = )RV

oo < CI(1 = A)R oo (1+ V[l R*V o) - (3.7.16)

Since V € L= (R3), we have p(K7,) C p(K7, — V), whence both z-dependent terms on the
right side meet the requirements of the lemma.
To obtain a bound for the second term on the right side of (3.7.15), we note that

[z, R*Y] = R*V[Kr,, 2]R*Y aswellas [Kr,,z] = —i(Vf)(=iV), (3.7.17)
where f(p) := Kr,(p) is the symbol in (3.1.16). Using this, we estimate
1z, R*Vllzi00 < I1R*Y [l2s00 (VA (=IV)R*Y . (3.7.18)

A bound for the first factor on the right side was obtained in (3.7.16). Using the resolvent
identity again, we bound the second factor by

(VAR [|oo < [(THVIR oo (14 1V ][ oo RV |10 ) (3.7.19)

which proves the claim for the second term on the right side of (3.7.15). A bound for the
third term can be derived similarly, and we therefore leave the remaining details to the
reader. This proves the claim. ]

Lemma 3.7.4. Assume (1+|-|?)V € L2(R3) N L>®(R3) and let a be an eigenfunction of
the operator K1, — V with eigenvalue A < 21.. Then we have

I+ [Valz+ |- afls < s. (3.7.20)

Proof. We use the eigenvalue equation to write the Fourier transform of « as
1

P)=—v 7 7

R AT

Using Young’s inequality, we see that this implies

V «a)(p). (3.7.21)

Q

H"IQO‘H_ (/ dp |A #(V*a)( )2>1/2
w LA K1 (p) P
<O (IV %@lloo + 1AV #@)oo) < CIA+ ] [PV loo- (3.7.22)

To prove the other bound, we use the resolvent identity to write (3.7.21) as

RS S . A 1
o ALl on e by oy

We argue as in (3.7.22) to see that the L?(R3)-norm of Vpp#(mﬁ(f/ xa)(p) is

bounded by a constant times ||| - [V||s. To treat the other term, we go back to position
space and note that

([,

In combination with Lemma 3.7.2, these considerations prove the claim. ]

V «a)(p). (3.7.23)

21/
> <N+ DV A+ DV oo

(3.7.24)

[, avlel [96° = )| Va(s)
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3.7.2 Proof of Proposition 3.7.1

The proof of Proposition 3.7.1 is based on an adaption of gauge-invariant perturbation
theory for Schrodinger operators as introduced in [NO2] to our setting. The core of the
argument is contained in the following lemma.

Lemma 3.7.5. Assume that (1+|-|2)V € L?(R*)NL>(R3). There is a continuous function
a: p(Kt, —V) — Ry such that the following holds: For every compact set K C p(K1, —V)
there is a constant h(K) > 0 such that for 0 < h < h(K) we have

Ry = SZ}‘: +h2gn(z)  with  ||(1 4+ 7)00(2) ]| < al2). (3.7.25)
Here SZV is the operator defined by the kernel
SZ’V(SL‘, y) i= e ®al@y) g2V (5 1) (3.7.26)
with the phase factor ®a(x,y) in (3.4.6).

Proof. We employ (3.4.14) and the integral representation [DHM21, Lemma 6.4] for K7, A
to see that

K2 4 P20 @) = ¢4, (@) K%, a,. (3.7.27)

Cy

where K7, 5 is understood to act on the z-coordinate and A, (x) := A(z,y) denotes the
vector potential in transversal Poincaré gauge relative to the point y, defined in (3.4.8).
The result [DHM21, Lemma 6.4] also implies the identity

Kr.a, = K. = (=2i(An)y(2) V. — idiv(An)y(z) + |(An)y (@) ) (3.7.28)

+/dz (2) 1
2 O T (S A (An)y)? T

% (=20(An), @)V — 1div(An), () + [(Ar), @)]2) —

24+ A+ pu’

where p(z) = (z/tanh(z/(27¢)) — z). Let us define the operator T;’V via the equation
(2= (Kra=V))Sx) =1-T5". (3.7.29)
Using (3.7.27), (3.7.28), and (3.7.29), we write the integral kernel of Tj’v as

T3 (2,y) = e Pal0) [ (—2iAy (2)V, — idiv Ay (@) + |Ay(@)) 6 (2,y)

2mi

d¢ . o
+ [‘ — ¢(() /RG dvdw Giy (x,v) (—21Ay(v)VU —idivAy(v) + |Ay(v)|2)
x g% (v —w) G=Y (v, y)], (3.7.30)

where G7% is the magnetic resolvent kernel defined in (3.4.1). In the next step we use this
formula to prove a bound for the operator norm of TX’V.

Let us denote the first and the second term on the right side of (3.7.30) by Tj,(xl)(x, Y)
and Tj(f) (x,y), respectively. Using (3.4.21) and (3.4.22), we see that

ITAY (@ 9| < C2 (|2 = 9| IV2G=" (2,9)] + (Jo =yl + |2 — 9*) |97V (w,9)]).  (3.7.31)

June 17, 2022 239 Marcel Maier



3.7. GAUGE-INVARIANT PERTURBATION THEORY FOR K1, o —V

Using the resolvent identity R*Y = R* + R*VR*Y, we estimate the first term on the
right side of (3.7.31) by

o =yl [VaG=Y (@,y)| <|o - y| VG (z - )|

+ /RS dw ||z —w| VG (z - w) V(w) GV (w,y)|

" /w dw |VG* (@ - w)V(w) lw—y|G*V (w,y)|.  (3.7.32)

Eq. (3.7.32) allows us to obtain the following bound for the operator norm of ’TIS):

ITA lo < CR2[ 11962, (1+ VI3 IR 20
+ (1 + VGl V1) e, R Tl + Nz, [, RV o] - (3.7.33)

From Lemma 3.7.2 and 3.7.3, we know that there is a continuous a: p(K7, — V) — R4
such that the right side of (3.7.33) is bounded by a(z). In the following we will denote by
a(z) a generic function with these properties whose precise form may change from line to
line.

To obtain a bound for the operator norm of Tjgz)(z), we first estimate its kernel by

(2)
T4l < 0 ( [l loto)) sy [ avaw G, (0.0
% [lo =l VoS —w)l + (Jo = vl + [0~ ) 1o (v = w)[[IG™" (w,9)]. (3.734)

From Lemma 3.4.5 we know that the absolute value of the resolvent kernel of the magnetic
Laplacian is bounded from above by a function only depending on = — v, whose L!(RR?)-
norm is bounded by a constant times f(Re(,Im () with f in (3.4.4). This, in particular,
implies that this L'(R3)-norm is uniformly bounded in ¢ € ¥ and h as long as the latter
is small enough, compare this to [DHM21, Eq. (6.19)]. We use this bound, |[v — y| <

|v — w| + |w — y|, and the resolvent identity for R*" to bound the operator norm of TS)
by

174 o0 < 20 (sup I+ |- DVgllly ., sup 11+ |- 2l 11+ )G
¢ed ¢ced
VIl2 s 1R fl200 » 12 R*Y]ll200 5 [, [%RZ’VHHz,oo)- (3.7.35)

The constant on the right side is an affine function of each of its arguments. From
Lemma 3.4.2 we know that the norms involving ¢¢ are finite. With Lemmas 3.7.2 and
3.7.3, this implies that the right side of (3.7.35) is bounded by a(z). We conclude that

T4 oo < a(z) h? (3.7.36)

holds.
Let K C p(K1, — V') be compact. The above bounds allow us to find ho(K) > 0 such
that for z € K and as long as 0 < h < ho(K') we can write the resolvent of K7, o —V as

1
z — (KTC,A — V)

=Sa) A mn(z)  with  mu(2) == hTSRY DO (TRY)". (3.7.37)

n=1
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To show that the operator norm of (1 + 72)ny,(2) is bounded by a(z), we use

1L+ 7))o < 1L+ 7285 oo S A2 Va(z)™ (3.7.38)

n=1

With the resolvent identity for R*Y and Lemma 3.7.2, we easily see that the operator
norm of (1 + WQ)SihV is bounded by a(z). This proves the claim. O

With the resolvent estimates in Lemma 3.7.5 at hand, we turn to the proof of Propo-
sition 3.7.1. Let A < 27 be an eigenvalue of the operator K7, — V. Our assumption on
V' guarantees that it has finite multiplicity m € N. We choose € > 0 such that the ball
B.(\) C C contains no other point of the spectrum of K7, — V than A and define

dz _,v / dz v 9 / dz
(h) 0B.() ori VA 9B.(\) ori CAn 0B.() ori i (2) ( )

From Lemma 3.7.5 we know that the operator norm of the second term on the right side
is bounded by a constant times h? provided h is small enough. The integral kernel of the
first term is given by

( / e SZ’V)(x,y) = AED S (2 (y), (3.7.40)
8B.(\)

2mi p

where the vectors {u;}, span the eigenspace of A\. Let us denote by P the projection
onto that linear space. Using (3.7.39), (3.7.40), and |®a, (7, y)| < CR2(|z|> + |y|?), we
obtain the bound

|P(h) — P|lss < Ch? _max || ]2 (3.7.41)
In combination with Lemma 3.7.4, this proves rank P(h) = m for h small enough as well
as the second bound in (3.7.1).

To prove the bounds for the eigenvalues we use the identity

d
(Kr.,a = V)P(h) = / 2—'2 2Ry (3.7.42)
9B (1) <1

As long as h is small enough, the rank of this operator equals m and its eigenvalues are
given by Ai(h),..., A\ (h). Similar arguments to the above for the spectral projections
allow us to conclude that

(o a — VIP() — (K7, ~ V)Pl < O mas |||~ Pusl (3.7.43)
holds. This proves the claimed bound for the eigenvalues. It remains to prove (3.7.2).
Let us write a2 = a(h)ay + b(h)¢p, with (ax, ¢p) = 0 and |a(h)|? + [b(h)[> = 1. Our
assumptions imply a(h) = (o, as") > 0. We rewrite the equation P(h)at" = o to see
that b(h)¢, = (P(h) — P)a™". An application of (3.7.1) thus implies |[b(h)| < Ch2. Using
this, |a(h)|? + |b(h)|? = 1, and the fact that a(h) > 0, we see that |a(h) — 1| < Ch?. This
allows us to conclude that

11+ 72) (@ = )2 < la(h) = 1] [(1+7%)all2 + [6(R)] |(1+72)gnll2 < CR2.
(3.7.44)
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To obtain the result we used Lemma 3.7.4 to see that |[(1 + 72)ax|l2 < oo, as well as
1L+ 7 nlla < 1L+ 72)allz + [[(1+ 72)ai |5, and

10+ %)a |2 < Cll Kz a0 2 < € (AR + [Valrla) < C (AR + [V])
(3.7.45)

This proves (3.7.2) and also finishes the proof of Proposition 3.7.1.
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Chapter 4

The Abrikosov Gauge for Periodic
Magnetic Fields

This chapter is devoted to the question whether the magnetic potentials that are covered
in the works presented in Chapters 2 and 3 are exhaustive to understand the periodic
BCS model in full generality — given that the external magnetic field is fixed. Therefore,
we have to analyze the possible choices of magnetic potentials corresponding to external
periodic magnetic fields. The answer is that, as long as the magnetic field is smooth,
the magnetic potential can always be chosen such that it admits the form discussed in
Chapter 3.

4.1 Introduction

There are a number of gauges for magnetic fields, and this note concerns a useful gauge for
periodic magnetic fields, which does not seem to appear in the literature as such, at least
in three dimensions. The key characteristic of this gauge is that the magnetic potential is
the sum of two terms, the first corresponding to a constant magnetic field whose strength
represents the average magnetic field per unit cell, and the second term being a periodic
perturbation.

In this note, we will assume, for the sake of simplicity, that all functions are smooth.
We now state our main result.

Theorem 4.1.1. Consider a magnetic potential A: R* — R¢, d = 2,3, such that the
corresponding magnetic field B = curl A is L-periodic, where £ = rZ¢ for some r > 0. Let
b be the average magnetic flux per unit cell, i.e.,

b:r_d/ dz B(x), (4.1.1)
Q

where Q = [0,7]% is the unit cell of L.
Then A is gauge equivalent to Ap + a, where

b,..1
2x d=2
Ap(z) =427 7 ’ 4.1.2
b() {%b/\.’IJ, d:3, ( )

and a: R* = R? 4s L-periodic. More precisely, there is an n: R* — R such that
A(z) + Vn(z) = Ap(z) + a(x). (4.1.3)
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In two dimensions this gauge is useful for the study of Abrikosov lattice solutions of
the Ginzburg-Landau equations and there are number of proofs (see [BGT92; D99; T'S13]
and references therein). The proofs and details presented here are very similar to those in
[BGT92; DI9], although the overall point of view is somewhat different and the results are
generalized to three dimensions. There are also many parallels with the theory of complex
line bundles over tori and Chern classes (this is a very large field but see [G76; M74] for
an introduction to this area).

It should be noted that this gauge is compatible with the Coulomb gauge, and indeed
it can be proven that a further gauge transformation allows to assume that the periodic
perturbation a is divergence-free. It is also possible to use a change of coordinates (via
translation) to assume that a has mean zero. These statements are proven in the Abrikosov
lattice papers mentioned above.

As mentioned above we assume all functions are smooth but the definitions and proofs
below can be extended to the case where less regularity is required.

4.2 Admissible families of gauge transformations

Our main focus is to study certain families of gauge transformations, which arise from
magnetic potentials A: R — R% whose magnetic field curl A is L-periodic for some
lattice L.

To begin with, the periodicity of curl A implies

curl (A(x +t) — A(x)) =0, (4.2.1)
for all t € £, which in turn implies that there is a function g;: R¢ — R such that

Az +t) = A(x) + Vg (z). (4.2.2)
Let t,s € £. On the one hand, (4.2.2) implies

Al +t+s) = A(x) + Vgiis(2),
and, on the other hand, (4.2.2) also gives
Alx+t+s)=A(x +1t) + Vgs(x +t) = A(x) + Vgi(x) + Vgs(x + t),
Therefore,
Vgiys(x) —Vgi(x) — Vgs(z +t) = 0. (4.2.3)

This property of the family of maps ¢, is, as we shall see, very important to understanding
the properties of the magnetic field and motivates the following definition.

Definition 4.2.1. We call a family ¢ = {g;}1er of gauge transformations g;: R? — R
admissible if for all ¢, s € L there are constants Z,(t, s) € R such that for all € R,

Grts(T) — ge(x) — gs(x + 1) =Zy(t, 5). (4.2.4)
The set of admissible families is denoted by Gg.
As an immediate consequence of the Definition, we note that
Tag+n(t,s) = aZy(t,s) +Iy(t, s) (4.2.5)

fora € R, g,h € G4, and t,s € L.

The most important basic fact about G, is that it admits a real vector space structure
via the usual pointwise operations. A further important property of G4 is that it is closed
under the following operation.
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Lemma 4.2.2. Let g € Gg and let n: R — R be any function. Then the family h =
{hi}ier defined by hi(z) = gi(z) + n(x +t) — n(x) belongs to Gy.

Proof. Fix t,s € £ and calculate

hits(x) — hu(z) — hs(z + 1) = grys(@) + n(z + 1+ 5) —n(z)
t(z) —n(z +1) +n(z)
s(x+t)—nlx+t+s)+n(z+t)
= gt+s(2) — ge(x) — gs(x + 1) = Ly(t, 5).

-9
-9

This proves the statement. O

In view of Lemma 4.2.2, we may now introduce a notion of gauge-equivalence that is
related to the gauge transformation of magnetic potentials as we shall see below.

Definition 4.2.3. We say that two admissible families g, h € G4 are gauge-equivalent and
write g ~ h if there is a function 7: R? — R and a family o = {y }scr of constants oy € R
such that

hi(x) = gi(x) + n(x +t) — n(x) + (4.2.6)
holds for all z € R% and ¢ € L.

It is easy to verify that ~ is an equivalence relation and that it is compatible with the
vector space structure on G;. We can therefore study the quotient space

Ty =Gyl (4.2.7)

In order to do this we study the associated bilinear form described in the following propo-
sition.

Proposition 4.2.4. (a) For any g € Gg, the expression
Dy(t,s) :=Ty(t,s) — Ly(s,t) (4.2.8)
defines an antisymmetric bilinear form on L x L.
(b) If g, h € Gq with g ~ h, then Dy = Dy,.

Proof. It is immediate from the definition that D, is antisymmetric. Therefore, it suffices
to show linearity in the second slot to conclude bilinearity.
To prove linearity in the second slot, we first prove

Dy(t, —s) = —Dyl(t, 5). (4.2.9)

To see this, we apply (4.2.4) with = s to Z,(t, —s) and with x =t + s to Z,(—s,t). This
implies

Dy(t,—5) = gi-s(5) — gu(s) — gios(t + ) + gu(0). (4.2.10)

Furthermore, (4.2.4) with t = s and s = ¢ — s implies

gt(x) — gs(x) — gr—s(x +5) = Ig(svt —s).
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Applying this with x = 0 and x =t yields

gi—s(8) = gi—s(t + 5) = 9:(0) = g5(0) — g¢(t) + g5(2)-

We insert this into (4.2.10), add and subtract g+1s(0), and obtain

Dy(t,~5) = —(g45(0) = 3:(0) = gs(t)) + ge+5(0) — :(0) — gu(s),

which proves (4.2.9), see (4.2.4).
In the next step, we show that

Dy(t, s+ 1) =Dy(t,s) + Dy(t,r). (4.2.11)
To see this, we first note that for any z € R?, (4.2.4) implies
Dy(t,s) = gi(z + 5) — gi(x) — gs(x + t) + gs(). (4.2.12)
Therefore,
Dy(t,s +1) = gi(s +7) = g1(0) = gstr(t) + gs4(0) (4.2.13)
When we apply (4.2.4) once more, we obtain
9s+r(0) = gs4r(t) = gr(s) + 95(0) — gs(t) — gr(t + 5)

We insert this into (4.2.13) and add and subtract g;(s). This yields

Dy(t,s + 1) = gi(s) — g:(0) — gs(t) + g5(0)
+gi(s +71) = gi(s) — gr(s +1) + g (s),

which proves (4.2.11). An induction argument on (4.2.9) and (4.2.11) then shows that D,
is linear in the second slot. This proves part (a).

To prove part (b), we have h(z) = g:(x) +n(x +t) — n(x) + a; by hypothesis for some
n: R* — R and oy € R. When we use (4.2.12) with = = 0, we see that all occurrences of a
drop out and all terms with 7 cancel. Therefore, Dj, = D,. This completes the proof. [l

We let Ay denote the vector space of real antisymmetric bilinear forms on £ x L.

It is well known that A, is isomorphic to R”, where n = (%) = id(d — 1). Moreover,

a straightforward computation shows that any antisymmetric bilinear form D on £ x £

satisfies
d(t d=2
Dit,s) = { LEN); ’ (4.2.14)
d-(tns), d=3,
where
D d=2
_ ] Dlm,m), ) ’ (4.2.15)
(D(72,73),D(13,71), D(T1,72))", d=3.
Here, 7;, i =1,...,d are the basis vectors spanning L.

We can now prove the main tool needed for the proof of Theorem 4.1.1.
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Theorem 4.2.5. We have I'q = Ay, where an isomorphism is given by the map [g] — Dy,
and therefore

r,~R0G),

Proof. By Proposition 4.2.4 the map [g] — Dy is well-defined and, by (4.2.5), it is linear.
Therefore we only need to show that it is injective and surjective. We begin with the
latter.

Let D be an antisymmetric bilinear form on £ x £ and define

a(z) = %D(t,x),

where D(t, z) is understood to be defined via linear extension, see (4.2.14). Then,

Gros(2) — gu(x) — galw +1) = %(D(t +5,2) = D(t,x) ~ D(s,a + 1))

1
= 5 D(ta 5)7

which shows that g € Gg with Zy(t, s) = 3D(t,s). It follows that Dy = D, since Dy(t,s) =
iD(t, s) — 3D(s,t) = D(t, s).

We turn to the injectivity of the map [g] — D,. Let g € G4 be such that D, = 0. We
need to show that ¢ is gauge-equivalent to 0, i.e., that there are n: R — R and constants
at € R such that

n(x+t) —n(z) + ar = gi(x), tel, zeRL (4.2.16)
To start out with, we let £ be equipped with the graph norm, i.e., if t = Z?:l n;T;, then
It]] :== S°L, |ng]. We prove (4.2.16) by induction in n = ||t|. Let first n = 0, i.e., t = 0.
In this case, (4.2.4) shows that gy is constantly equal to Z4(0,0), so (4.2.16) holds with
ag := Z4(0,0). For the case [|t|| = 1 we note that the functions g,,..., g, satisfy the

hypothesis of Proposition 4.4.1 in Section 4.4 since D, = 0. Therefore, there is a function
n: RY — R such that

n(r+ ) —n(x) = g, (), i=1,....d, (4.2.17)

where 7, = re; are the basis vectors spanning £. Hence, (4.2.16) holds with «a,, = 0.
Likewise, we have

(@ =) = n@) = —(n(@ -7+ 7) = (@ — 7)) = —gr, (e — 7)
and, by (4.2.4) applied to t = —7; and s = 7;, we obtain
—9r(x = 7i) = 9-r,(2) + Ly(=Ti,73) — go().
Since go(x) = —Z4(0,0) for all = as argued above, we see that (4.2.16) holds with
a_qg, = —14(0,0) — Zy(—7, 7i).

This proves (4.2.16) for all vectors ¢ € £ with ||t/ = 1. By induction we assume that
(4.2.16) holds for all vectors t € £ with ||¢]| < n. Let s € £ with ||s|| = n+ 1. Then, there
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is t € £ with ||t|| =n and ¢ € {1,...,d} such that s =t =+ 7 and, by (4.2.4) and (4.2.12),
a short computation shows

n(@ +s) = n(z) + Crar, = gs(), (4.2.18)
with
Ct,n- = oy + Ig(TZ‘, t), Ct,—’r,- = oy + a_r, + Ig(—Ti, t).

In order to prove (4.2.16), it remains to show that C; +,, does not depend on the repre-
sentation s = t £ 7; but only on s. However, this follows from the argument above because
if s =t/ + 7; is another such decomposition, then (4.2.18) implies that C} 4, = Cy +r,-
Hence, when we set

as = Cpir,

then (4.2.16) holds and the induction is complete. O

4.3 Magnetic fields and admissible families

We can now apply the previous section to magnetic fields and prove the main theorem.
We start with the following result.

Proposition 4.3.1. Suppose that A is a magnetic potential such that curl A is L-periodic.
Then there is an admissible family g € Gq such that for allt € L,

Az +t) = A(x) + Vg (z). (4.3.1)

Moreover, the corresponding antisymmetric bilinear form Dy satisfies (4.2.14) with d = b,
where b is the average magnetic flux defined in (4.1.1).

Proof. We have already seen the proof of (4.3.1) in (4.2.1)-(4.2.3). It remains to show
that d = b. When d = 2, we use (4.1.1) to see that br? equals

/dﬂ?l/ dag (01A2(2z1, x2) — D2 A1 (21, 22))
0 0

== /T dl’g (AQ(’I“, .TQ) - AQ(O,CL’Q)) - /T d$1 (Al(xl,r) - Al(CL'l,O))
0 0

- / Ay Dagr, (0, 22) — / 421 B1gr,(21,0).
0 0
The last equality follows from (4.3.1). We integrate this and use (4.2.4) to conclude that

b1"2 =09n (TQ) —gn (0) - 97'2(7-1) + 97'2(0) = Dg(TlaTZ) =d (Tl A 7-2)'

Since 71 A T = 12, the claim follows.
When d = 3, a similar calculation shows that b3 equals

/ d$1/ dwz/ dzs (02A3(x1, 2, x3) — O3 A (21, T2, x3))
0 0 0
1
= 7”/ Az (gr, (2171 + 73) = gy (171) = gy (2171 + T2) + grg (2171))
0

1
= r/ da1 Dy(12,73).
0

This proves that b = dy. The proof for b = do and b3 = d3 is analogous. This completes
the proof of the proposition. d
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We are in position to prove Theorem 4.1.1. Let A be as in the theorem and let g € G,
be a corresponding admissible family. Then, we know that the bilinar form D, satisfies
(4.2.14) with d replaced by

D d=2
d, = | Dolmm2); t ’ (4.3.2)
(Dy(12,73), Dy(13,71), Dy (11, 72))", d=3.

By Proposition 4.3.1, we have d, = b, where b is defined in (4.1.1). On the other hand,
curl A, = b, which means that the corresponding magnetic field is constant and therefore
periodic. If h € G4 denotes an admissible family corresponding to Aj, then the antisym-
metric bilinear form Dy, satisfies (4.2.14) with dj, = b, too, because of (4.1.1). By Theorem
4.2.5, it follows that g and h are gauge-equivalent, i.e., there are a function n: R? — R
and constants a; € R and such that (4.2.6) holds. We consider the magnetic potential
A=A+ Vn and see that

Az +t) = A(x) + Vg (z) + Vn(z + t) — Vn(z) = A(z) + Vhe(x),

which means that h is an admissible family associated to A. Therefore, the magnetic
potential a := A, — A is L-periodic by Proposition 4.3.1 applied to Ay. This proves
Theorem 4.1.1.

4.4 Functional align

In this appendix we solve the following functional align. The idea of the proof has been
sketched in [D99].

Proposition 4.4.1. Let £ = rZ% and let Q = [0,7]%. Suppose that g1, ...,gq are smooth
functions satisfying

gi(x + 75) — gi(x) — gj(x + 1) — gj(x) =0, i,j=1,...,d, z € RY, (4.4.1)
where 7, = re; € L. Then, the problem
n(z +7) —n(z) = gr,(z), i=1,....d,
has a smooth solution 7.

In order to prove this proposition we need the following result. For a set M C R% and
e > 0, we define the open e-fattening of M as

M. = {x € R?: dist(z, M) < 6}. (4.4.2)

Theorem 4.4.2. Let £ = rZ% and let Q = [0,7)%. Suppose that g1,...,gq are smooth
functions satisfying

gi(x +15) — gi(x) — gj(z + ) — gj(x) =0, i,j=1,...,d, x € R (4.4.3)
Assume further that there is an xo € R and € > 0 such that for alli=1,...,d,
i =0. 4.4.4
g 20+ (0Q)c+L 0 ( )
Then the problem
n(x 4+ 7)) —n(x) = gi(x), i=1,...,d, = eR% (4.4.5)

has a smooth solution 7.
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Proof. Forn=1,...,d, we set
Uy :=span{r; : i =1,...,d, i #n}

for the subspace of R? generated by all the 7;’s but 7, and

Sp:=U,+[0,1)7, (4.4.6)
for the corresponding strip.
Our strategy is to define functions 7,, n = 1,...,d, on R recursively, show that we
have
(x4 7)) — () = gi(x), i=1,...,n, € R (4.4.7)

and prove that 7, is smooth. Then, (4.4.5) is satisfied by the function 7 := 73. We prove
(4.4.7) by induction in n.
To start out with, we put

= 0. (4.4.8)

1 :
N zo+S51

For z € R%, we uniquely decompose x = y + ¢11, where y € 29 + S; and £ € Z. Then, we
recursively define

m(x) = {”1(””_71”91(““)’ £>0, (4.4.9)

m(z+ 1) — g1(z), ¢ < 0.

With these definitions, we claim that (4.4.7) holds for n = 1. To see this, decompose
x € S uniquely as x = y + ¢y with y € 29+ S1 and ¢ € Z. If £ > 0, then, by (4.4.9), we
have

mx+m)—m)=my+(+1)n) —m(=)
=m(y +Lr) + g1(y +£r1) — m(x) = g1(x). (4.4.10)

If £ <0, then (4.4.9) implies

mz+m7) —m) =m@+7m)—my+Llr)
=m(xr+m)— (?71(1/ +({+1)11) —gi(y +€n)) =gi(x). (4.4.11)

This proves (4.4.7) for n = 1.

The next step is to show that n; is smooth on R?. It is clear that 7; smooth everywhere
except on xg+ Uy +71Z. To prove this as well, we show that for all x € x¢o+ Uz, all m € Ny
such that g%m) exists and is continuous, and all £ € Z, we have

(m) (m)

(11%771 (x+am)=0= (lli\n%nl (x + am). (4.4.12)

We prove this by induction in both directions and start with the direction £ € N. Let first
¢ =1. By (4.4.8), we trivially have lim, ngm) (x +am) =0, since x + ary € g+ S; for

all a € [0,1). By using (4.4.7), we also have

il\‘lnl ngm) (x+am) = il\r% n%m) (x+(a+1)1) = }11{% nY”) (x +am) + il{(% g§m) (x + am).
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The first limit is zero because of (4.4.8). We claim that the second limit vanishes as well.
To see this, we note that U; C 90 + L as well as (02 + £). = (0Q)c + L. Tt follows that

z+ (a+k)m € xo+ (0Q): + L, a € [—e,¢], keZ. (4.4.13)

whence, by (4.4.4), gi(r+am)=0for 0 <a <e.
By induction, we assume that (4.4.12) holds for ¢ € N. Then, using (4.4.7), we have
: (m) — Tim (™ — 1im ™ (M)
ag?}rl n(r+am) = (11%771 (x+(a+1)) = }1%771 (x+am)+ }11/11%91 (x +am)
The first limit vanishes by induction and the second vanishes because of (4.4.13) and

(4.4.4). In the same manner, we see that limg\ 41 n§m)(m + ar) = 0. Analogously, the
reader may prove (4.4.12) for £ = 0 and ¢ € —N. This completes the construction of 7;.

Suppose by induction that smooth functions 71, ...,n,—1 have been constructed on R"
such that (4.4.7) holds for n — 1. We are going to define 7, on R? and show (4.4.7) for n.
To do this, we first define

T = N1 : (4.4.14)

Furthermore, let € R? and decompose uniquely « = y + ¢7,,, where y € zo + S, and
¢ € Z. Then, we define recursively,

M) = {””(w_ﬁ) T onle =), £>0, (4.4.15)

(2 + ) — gn(), ¢ <0.
With these definitions, a simple computation similar to (4.4.10) and (4.4.11) shows that
M (T 4+ ) — M () = gn(z), z € R% (4.4.16)

We claim that this implies

V4
> gn(z+ (i —1)m), €20,
M+ 1) — () = {77 (4.4.17)
—Zgn(x—an), < 0.
j=1

The proof of (4.4.17) is a simple induction argument using (4.4.16).
With this, we are in position to prove that

(x4 1) — mu(x) = gi(x), i=1,...,n—1, z € R% (4.4.18)

If this holds, then the proof of (4.4.7) is completed. To prove (4.4.18), let z € RY be given
and, once more, choose unique y € xo + S, and ¢ € Z such that x = y + ¢7,. Then, we
have y,y + 7; € x¢ + Sp, whence 7, (y + 7)) — M (y) = -1y + 7%) — Mm—1(y) by (4.4.14).
Therefore, the induction hypothesis (4.4.7) implies n,—1(y +7;) — n(y) = g:(y), whence by
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(4.4.17), we obtain

Mz + 7)) = (@) = 1Y + 7i) = Ma—1(y) + My + 7 + 1) — (Y + 71)
- (%(y + ng) - nn<y))

V4
Zgn(y + T+ (.7 - 1)Tn) —gn(y + (] - 1)Tn)a >0,
—
=gi(y) + J_Z

Zgn(y+7i_an)_gn(y_an+Ti)a ¢ <0.
j=1

A simple induction argument using the hypothesis (4.4.3) shows that

4

Gi(@)+ D gn(x+ 7+ (G — 1)) — gnlz+ (j — 1)) = gi(@ + 1)
j=1

for £ > 0, as well as

—L

gl(‘r) + Zgn(x - an) - gn(x —JTn + Ti) = gi(l‘ + ng)
=

for ¢ < 0. This completes the proof of (4.4.18).
It remains to show that 7, is smooth. Like in the case n = 1 it is clear that n, is
smooth everywhere but on xg + U,, + 7,Z. To prove this as well, we show that for all

x € xg + Uy, all m € Ny such that gflm) exists and is continuous, and all ¢ € Z, we have

lim ™ (2 + am) = ™) (@ + am). (4.4.19)

We prove this by induction in ¢ and start with £ = 1. Then since = + a7, € x¢ + S,, for
a € [0,1), we conclude that

(T)

— lim ™
Wz +am,) = C%1\‘1111 (/-

im n(™ — 1 — 1im n(™
i% Y (x + aty,) ilfml n 1(z+am) il\ni (x4 aty,).

Here, we used (4.4.14) twice and that 7,—; is smooth by induction. This proves (4.4.19)
for £ = 1. Similarly,

Jim 0y (@ 4 am) = g™ (2 + (0 + Dm) = lm g™ (2 + ) + lim gf™ (v + ar).

The last limit vanishes by a similar argument to the one leading to (4.4.13). Applying this
argument again, we see that the right hand side equals

- — i o™ — lim ™
Y 1y ( + an) lim g5, ( + am) a{%lnn ( + a).

The induction argument for £ = 0 and ¢ € —N is similar and left to the reader. This
proves (4.4.19) for ¢ € Z and concludes the proof of the theorem. O

Proof of Proposition 4.4.1. We construct a partition of unity of R? as follows. Choose two
r-periodic xo, x1 € C*°(R) such that 0 < xo,x1 < 1, xo + x1 =1, and

Xol[—r/s,r/5] 472 = 0, X1/ 5r/8)4rz = 0.
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A X2
1-
I T I I I T I I I T I I I T I I I
7"/4 7"/2 3r/4 r 57’/4 37"/2 77‘/4 2 97“/4
Furthermore, for each n = (ni,...,nq) € {0,1}¢, we set

On () == Xn, (1) -+ - Xng(za),

where n; = 1,2 for i = 1,...,d. It is clear that

> pnlz) =1 (4.4.20)

nef{0,1}4

holds and for every n € {0,1}%, we have that

©n 0. (4.4.21)

5n+O0+L

Fix n € {0,1}¢. For every i = 1,...,d we define the function g7t := @pg;. Since ¢y, is
L-periodic, the hypothesis (4.4.1) implies that (4.4.3) holds. Furthermore, (4.4.21) implies
that g satisfies (4.4.4). Therefore, there is a smooth function 7; such that

(x4 7i) —m(x) = g7 (2), i=1,....d

Then, a straightforward calculation shows that 7 := >, c(q 114 7n satisfies the statement
of the proposition. ]
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Chapter 5

The Eigenvalues of the Periodic
Landau Hamiltonian

In this chapter, we investigate the eigenvalues of the gauge periodic Landau Hamiltonian
and their multiplicity. The chapter is written in the setting of Chapter 2. We shall fix
an arbitrary charge ¢ € N and we consider the space L?ﬁig(Q B) of L2 (R?)-functions ¥,

loc
which are gauge-perodic with respect to the magnetic translations
Tp.(v)¥(2) == B MG (2 + ), v ER?, (5.0.1)

of the lattice Ap defined above (2.1.4), that is, these functions satisfy T ((A\)¥ = ¥ for

every A € Ap. The magnetic translations obey T ,(v + w) = ei%'(”/\w)TBﬂ(v)TB’q(w),
whence the group {T54(\)}rea,, is abelian.

On the Sobolev space Hg{gg(Q B) of gauge-periodic functions, where

HI™(Qp) == {\1/ € LLz,(Qp) : II"0 € LL2.(Qp) v e Ny, |v)1 < m} (5.0.2)

mag

for m € Ny, we consider the Landau Hamiltonian Hg with magnetic momentum given
by II; := —iV 4 ¢A. This operator commutes with the translations in (5.0.1) and the
magnetic flux through the unit cell @Qp is equal to 27q, see (2.1.4) and the discussion below
(2.1.4). In this respect, Sections 2.1.2 and 2.2.2 correspond to the special cases ¢ = 1 and
q = 2, respectively.

We choose a Bloch-Floquet decomposition Upr (see also Section 2.2.1) such that II,
fibers according to

Ui T Uy — / Y, w) (5.0.3)
[0,1)?
with fiber momentum operators
I,(¥) := =iV + gA + V27 B9
acting on the magnetic Sobolev space HL2 (Qp) in (5.0.2).

Proposition 5.0.1. For every B > 0, ¢ € N, and 9 € [0,1)3, the spectrum of 11,(1)?
consists of the isolated eigenvalues

E,p9(k,p) :=qB (2k + 1)+ 21 B (p +93)%, keNy, peZ. (5.0.4)
Furthermore, their multiplicity is finite and equals

dim ker(IT,(9)* — E, go(k,p)) = q. (5.0.5)
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In preparation for the proof, we first note that, by rescaling, II,(¢})
B(—iV +Zes ANz + V27 19)2. We henceforth assume that B = 1.

Furthermore, we introduce the notation x = (x,,r3)! and define the two-dimensional
operator II; ,(1) := (H,(Il)(b‘), H((f) (9))t. This operator acts on functions 9| satisfying the
gauge-periodic condition T ,(A)v, = ¢, for all A € /27 Z? with

T v (x) = el (nm2—v2m) ) (3 4 ), v € R2 (5.0.6)

The following result is well known, even for more general lattices, see for example
[TS13, Proposition 6.1]. We include the proof for the sake of completeness, adding the
treatment of the perturbation by 9.

Lemma 5.0.2. For every q € N, the spectrum of the operator HJ_’q<'l9)2 consists of the
isolated eigenvalues Ey(k) := (2k + 1)q, k € No. Each of E,(k) is q-fold degenerate.

Proof. Since [Hgl)(ﬁ), H(qQ) (9)] = —igq, the creation and annihilation operators

a(9) = —= (IP W) — P (@), a*(9) = —= (TP )+ (@) (5.07)

1
V2q
,a* (v

satisfy [a(9) )] =1 and it is easy to show that

I,(9)% = ¢ (2a*(9)a(¥) + 1). (5.0.8)

From this, we read off the formula for E, (k).

The rest of the proof is devoted to the statement about the degeneracy. First, with
the help of the creation and annihilation operators, it is easy to show that the degeneracy
of E4(k) is equal to that of E,(0) for all & € Ny. Therefore, it is sufficient to determine
the degeneracy of E4(0). By (5.0.8), ker(Hiq(ﬁ) — q) equals ker(a(1)) so it suffices to
determine the latter. A straightforward calculation shows that

9z, — 23/ 27 JY)2 —4|z, — 2327 JY|2 i . -1
64‘ 1 q\/i | (L(’l?)e 4| 1 qr ‘ :7\/%[8I1f18x2]’ J:: (1 )

. . . Yz, 22w d9)?
Therefore, the property ¢, € ker a(v) is equivalent to the function £ := e? q v
satisfying 0,,& —10,,€ = 0. If we identify z = z1 +izy € C, then J9 = i(; +iv2) and this
immediately implies that the complex conjugate function ¢ solves the Cauchy-Riemann

differential equations, whence it is entire. We define the entire function

™

O(z) := e 2izRe? e 3 (=50 5( = Z).

A tedious calculation shows that the gauge-periodicity of v is equivalent to the relations
O(z +7m) =0O(z), (5.0.9)

O(z +im) = e 2™ e724% 1T Q2). (5.0.10)

Therefore, it suffices to show that the space of entire functions © which obey (5.0.9) and
(5.0.10) is a vector space of dimension g. We claim that (5.0.9) implies that © has an
absolutely convergent Fourier series expansion of the form

O(z) = Y _ o ¥, (5.0.11)
keZ
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To prove this, we first note that, for fixed imaginary part xo, we may expand © in an
absolutely convergent series O(z) = Yz ax(w2)e?*1 with

s

1 (7 ;
ag(z2) = / dzy e 2R Q(zq + ixg).
0

By the Cauchy-Riemann equations, it is easy to verify that aj = —2kay. Therefore,
the number ¢, := e?**2 q;,(x5) is independent of zo and provides the expansion (5.0.11).
Furthermore, (5.0.10) implies that ¢y, = e ™(2F*0e2™¢; - Therefore, the series (5.0.11)
is fully determined by the values of cp,...,c,—1 and we conclude that kera(d) is a ¢-
dimensional vector space. O

Proof of Proposition 5.0.1. As mentioned before, it suffices to prove the proposition for
B = 1. It is easy to verify that for any 9 € [0,1)% the spectrum of (IT,(9)®)? consists
of the simple eigenvalues 2 (p + ¥3)? with p € Z. Since I;(9)®) and I, 4(¢J) commute,
Lemma 5.0.2 implies the existence of an orthonormal basis of eigenvectors for II,(9)? of
the form @Df_’m(xL)?pg’p(xg) with k € Ng, m = 1,...,q and p € Z, corresponding to the
eigenvalue Ey, 1 9(k,p). This proves the formulas (5.0.4) and (5.0.5). O
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Chapter 6

The Low Lying Spectrum of
K1 A —V via a Combes—Thomas
Estimate

6.1 Introduction

In this chapter, we are going to perform a Combes—Thomas estimate for the resolvent
kernel of the operator K7 —V and thereby prove that its resolvent kernel is exponentially
decaying in an integral sense. Since this analysis requires quite some effort, we should
spend a few lines discussing the purpose of this chapter.

First and foremost, this extends the analysis presented in the work [DHM21], which
is included in this thesis in Chapter 2. In Section 2.7 of that chapter (which is [DHM21,
Appendix A]), we prove asymptotic formulas for the lowest eigenvalue of the operator
K1 A —V, the corresponding eigenfunction, and the spectral gap above the ground state
in the case of the constant magnetic field potential A(z) = %B A xz. We emphasize that
the proof of Proposition 2.7.1 presented in Chapter 2 is valid only if V' has a sign. More
precisely, we assume there that V' > 0. The reason is that the analysis is based on the
Birman-Schwinger correspondence for the Birman-Schwinger operator V/?(Kp—\)~1V"/>
at the eigenvalue A of K — V. This operator is self-adjoint only if V' has a sign and the
self-adjointness is essential for the proof presented there. For example, it allows for a
variational characterization of eigenvalues, which is heavily used. In Section 2.7, we state
an explicit reference to this thesis and, in fact, to this chapter, and announce that the
result of Proposition 2.7.1 does also hold if the assumption V' > 0 is dropped. The proof
of this claim is the present chapter.

Secondly, the Combes—Thomas estimate enables us to prove exponential localization
of general eigenfunctions corresponding to isolated eigenvalues of K1 — V, which is a
generalization of what has been proven in [FHSS12, Appendix A]. There, this result is
shown for the eigenfunction of K7, — V corresponding to the eigenvalue zero. In the
situation of dealing with a zero eigenvalue, the analysis is considerably simpler since one
can use explicit expansion formulas for the hyperbolic tangent to explicitly obtain bounds
on the resolvent kernel of K in terms of the resolvent kernel of the Laplacian, which in
d = 3 is explicit. It should be noted that it would suffice to have an exponential bound for
the resolvent kernel of K7 (without V). However, unless this is proven with a completely
different method (other than a Combes—Thomas estimate), I don’t expect the analysis to
simplify much.

The third reason why I think this analysis is worth to be written up is that there is still
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only a poor amount of mathematical literature about the BCS theory of superconductivity
and to the best of my knowledge there is no Combes—Thomas estimate executed for the
operator K7 — V anywhere in the literature. In particular, most of the Combes—Thomas
estimates one finds in the literature are proven for the (magnetic) Laplacian and in trace
ideal sense — not with kernels — so we present a technique rarely used. Of course, in
the end, Kp — V is a Schrodinger-type operator like —A — V' and many results carry
over to the case of K “just” because of this fact. However, in practice, it turns out that
the slight difference of dividing p? — p by the hyperbolic tangent does cause technical
difficulties and headaches to the one having to deal with them. On top of that, we
have to face the difficulty that arises when dealing with magnetic fields, as is the case if
anybody in the future wants to come closer to proving the Meifiner effect. In this chapter,
we perform a phase approximation for the resolvent of K7 o — V and thereby develop
a detailed understanding of the method that we already discussed for the Laplacian in
Sections 2.4.3.1 and 3.4.2.1 for different magnetic fields. In my opinion, this chapter is
therefore a good occasion to get familiar with this very central operator K7 o — V and
gain some confidence in

1. dealing with the (pseudo-)differential operator K7 with symbol

2
P’ —p
Kp(p) = ———.
) tanh(Z-2)

Recall that the spectrum of K7 equals [27, 00) if p > 0 and [|p|/ tanh(|u|/(2T)), oo)
if u < 0. Figure 1 shows the shape of the symbol Kp(p) for u > 0.

P —p

Gy ([)) = 7
tanh(52H)

Figure 6.1: The shape of the differential symbol Kz (p).

2. performing magnetic field approximations with the phase approximation method in
the spirit of [N02, Section 5].

Some ideas and concepts of what will be presented here are contained in the unpub-
lished notes [D] by Andreas Deuchert, to whom I once more express my gratitude.
We work under the following assumptions:

e The chemical potential p is an arbitrary real number, u € R.
e T is a fixed positive temperature, 7" > 0.

o The interaction potential V € L?(R3) satisfies (1 + |- |?)V € L®(R3).
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O’(KT*V) \

Oess 2T

g
7 T,

T

Figure 6.2: The spectrum of K7 — V as a function of 7.

We remark that such a potential in particular preserves the essential spectrum. The
spectrum of K — V typically looks like Figure 6.1 shows.

e A satisfies:

Assumption 6.1.1. A: R3 — R? is a measurable magnetic vector potential, which is
three times weakly differentiable and whose derivatives D* A — not A itself — belong to
L>®(R3;R3), k = 1,2,3. We note that such an A is Lipschitz continuous. We also assume
that A(0) = 0.

Remark 6.1.2. The situation we have in mind here is the one in Chapter 3, namely that
the magnetic potential consists of a sum of a bounded periodic potential and a potential
corresponding to the constant magnetic field. There is no assumption on periodicity since
the analysis presented here would be applied in the relative coordinate of BCS theory,
where periodicity is irrelevant. Let us comment a bit on the last assumption A(0) = 0. Of
course, this assumption is satisfied for the constant magnetic field potential A(z) = %B Az,
where B € R3? is fixed. Moreover, in the periodic setting of BCS theory in Chapter 3, we
can always find a gauge such that the periodic part A has mean zero, i.e.

1
@’/Qdy A(y) = 0.

This means that we can estimate
1 1
A < iy [ dylA@) — A < IDAlw 57 [ dy o= o] < CIDALc(1+ ).
1Ql Jo Ql Jg

A similar behavior of A is achieved by our assumption A(0) = 0.

In this section, we also denote the free momentum operator by p := —iV. The magnetic
operator K A is then defined as K7 a := K7(—iV + A).
The operator K7 o —V acts in the usual magnetic Soboblev space HX(RS; R3), where

HR(R®) .= {f € L*(R?) : (=iV + A)f € L*(R®) Vv € N, v}y <m}.
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The resolvent of K7 o —V at z € p(Kp,a — V) is denoted by

1
REY = 6.1.1
T,A ” (KT7A . V) ( )

and is a bounded operator L?(R3) — H3 (R3). If either A = 0 or V = 0, we omit the
corresponding index, i.e., we write R;’V = R%}g, aswellas R7 p 1= R%& and R% := R’?,Oo-

We show in the next section that its kernel exists and we denote it by

1
z — (KT,A - V)

N
Gra(z,y) = (z,9), z,y € R®. (6.1.2)

If either A =0 or V = 0, we likewise abbreviate g;y, as well as Qi A and G7.
The main results we will prove in this chapter are

1. Theorem 6.2.11, which proves the exponential decay estimate on the resolvent kernel
of Kp —V,

2. Proposition 6.3.1, which provides the exponential localization of eigenfunctions cor-
responding to isolated eigenvalues of K7 — V below 2T,

3. Theorem 6.5.1, which finally proves the stability and asymptotic expansions for the
eigenvalues and spectral projections of K7 o — V.

Our strategy of proof relies on a Combes—Thomas estimate for the resolvent kernel of
K7 —V, which means that we are going to prove that there is a § > 0 such that

1/2
sup </ dy %=l |g§5v(x,y)|2> < 00. (6.1.3)
z€R3 \JR3

We refer to this result as exponential decay of the resolvent kernel in (2, c0)-norm sense.
Roughly speaking, the idea of such a result comes from the analogy of the Fourier transform
fof a function f being exponentially decaying if f has an analytic extension to a complex
strip around the real axis. In a similar spirit, we will extend the symbol Kr(p) to certain
momenta p + Aa where A € C and a € R? is a unit vector. Working through all technical
difficulties that arise, this enables us to prove (6.1.3).

On the basis of the exponential decay of the resolvent kernel, we can use the technique
that has already been used in [FHSS12] to prove exponential localizaton of an arbitrary
eigenfunction of K — V. Furthermore, we use the exponential estimate for the resol-
vent kernel to prove an asymptotic estimate for the eigenvalues of K7 o — V' and their
corresponding spectral projections.

As usual C' denotes a generic positive constant that is allowed to change from line to
line. We allow it to depend on the fixed quantities like u, V', and T. Further dependen-
cies are indexed. It is needless to say that the constants in our theory deteriorate if T’
approaches zero. In particular, in this chapter, we regard A as a variable, whose influence
we shall keep track of precisely.

Remark 6.1.3. I should say that the mathematics of this chapter could (and would, in a
paper) be carried out in a smarter and more efficient way. The style in which it is written
is the “students way” so to speak. I decided against optimizing for the most efficient
presentation for the sake of clarity.
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6.2 Combes—Thomas Estimate

The Combes—Thomas estimate consists of several steps. First, we are going to prove an
estimate on the resolvent kernel of K — V. In the second step, we want to extend this
to the analytic family K%“ — V for certain A € C and a € R? a unit vector. This requires
several steps of preparation. First, we need to prove a resolvent estimate for (p+4 Aa)? — p.
Then, we need to make sense of the operator K2* — V' as an analytic family of type (A)
on H?(R3). To prove a resolvent estimate for this analytic family, we need to extend the
integral representation in Lemma 2.6.4 to non-self-adjoint operators. Using this, we finally
are able to provide the desired resolvent estimate for K%“ - V.

The third step is then to interpret the perturbation by Aa of p as a “non-unitary
translation operator” in Fourier space, which is an exponential factor with a real exponent.
In this way, we can relate the resolvent kernel of the analytic family back to the original
resolvent kernel, which essentially amounts to an exponential tilt of the resolvent kernel.
Then, for suitably chosen A and a the aforementioned estimate on K%“ — V provides us
with an exponential bound for the resolvent kernel of K7 — V' in the sense of (6.1.3).

6.2.1 Explicit resolvent estimates for K — V

Our starting point is the result [S82, Corollary A.1.2], which for our case reads as follows.

Lemma 6.2.1. Let 1 < p < oo. If A is a bounded operator on LP(R3) and A is bounded
also from LP(R3) to L>(R3), then there is a measurable function K on R? x R3 obeying

1/q
[Allpoe = sup ([ dy Katmplt) <o (6.2.1)
T€R3 R3

where ¢ = p%l is the Holder conjugate of p, so that, for any f € LP(R3),

(A9 = [ v Katan) 7o) (622

Conversely, if A: LP(R3) — LP(R3) has an integral kernel K in the sense of (6.2.2)
obeying (6.2.1), then A is a bounded map from LP(R3) to L>=(R3)

We also point out the references given in [S82] to Korotkov as well as Dunford and
Pettis for this result. Operators satisfying Lemma 6.2.1 are also called Carleman operators.

For us, Lemma 6.2.1 and the fact that H?(R?) embeds continuously into L>°(R3) imply
the existence of the resolvent kernel Q;’x in (6.1.2). This is enough at this point since all
further estimates and dependencies are computed explicitly.

Lemma 6.2.2. Let V € L>®(R3). For any z € p(K1 — V), the resolvent R;’V of K —V
at z is a bounded operator from L?(R3) to L>®(R3) with

1
dist(z,0(Kr — V)]

IRZY 2,00 < C |14

Proof. Let us write ¢ := dist(z,0(Kr — V). By the resolvent equation, we have

R =Re - REVREY.
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Since HRZTVHOO = ("1 and V € L®(R?), it is enough to show that R% is a bounded
operator from L?(R?) to L>(R3) with a suitable norm bound. To show this, let us utilize
the first resolvent equation for v € p(Kr) arbitrary but fixed, which implies

Rs =Ry + (2 —v) RE R%.

We note that o(K7) C o(Kr — V), since the essential spectrum is preserved by our
assumptions on V', and this implies

dist(z,0(Kr)) = inf{]z —nl:ne O'(KT)} > dist(z,0(Kr —V)) = L.

Hence, ||R% |0 < €71, It remains to provide a bound on the (2, 0c)-norm of RY.. For this,
use the resolvent equation again to get that

R == =)+ v = (0~ w) ! [Kr — (0" = p)|RY

As we already know, |RY||oo < dist(v, o(K7))™t. We claim |Kr — (p? — 11|00 = 1_(23756#.

To see this, we show that the function f(t) = m —t = et/?rt 1 is monotonically
2T -

decreasing on t > —u. To see this, we calculate its derivative

iy 2 yr_ g _ L gy
f(t)—(et/T_l)Q[e 1 e,

By I’'Hépital applied two times, we see that f/(0) = —1 < 0. Outside ¢ = 0, it suffices
to consider g(t) = /" — 1 — %et/T and show that it is nonpositive. We have ¢g(0) = 0
and ¢'(t) = —%et/T. Hence, ¢'(t) > 0if t < 0 and ¢/'(t) < 0 if t > 0. We conclude that
g(t) < 0 and thus f'(¢t) > 0 for all t > —pu. It follows that f takes its maximum at the left
boundary, proving the claim.

It remains to provide a bound on the (2, 00)-norm of (v — (p? — u))~!. Since v < p,
we see that (v — (p? — p))~! is given by the convolution with its L2-symbol. Hence, its

(2, 00)-norm is given by

1

2

1
| =] — = _dp< . O
v—(p?—p) /

900 Jr3 [V 41— D

6.2.2 Analytic extension
6.2.2.1 Explicit resolvent estimate for (p + \a)? — 1
Lemma 6.2.3. Let z € p(p?), a € R? with |a| = 1 and let A\ € B, (0) C C with

i { { — he } 1}
"2\ |z] —Rez  dist(z,0(p?)) '
Then, z € p((p + Aa)?) and

1
z— (p+ Aa)?

9
< ————.
s dist(z,0(p?))

Proof. We have

z—(p+Xa)? = (1 — (2Xap + X2 (= —pz)_l)(z —p?)
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and claim that

< 2 + |A| ! <
s~ \ |zl —Rez dist(z,0(p?)) = 2r.°

H (2ap+ N) % (6.2.3)

If this is true, then |A|[[(2ap + A)(z — p?) !||oc < § so that, by the Neumann series,

=], <

1= (2apA+22)(z —p?)

whence the lemma is proven. It remains to show (6.2.3). Here, the only difficulty is to
estimate, for some ¢ € L?(R3),

lap(z — p*) 7013 = ((z = p*), (ap)® (z = p*) ')
_ _ t
<@ G- e = [ dnl®)
o(p?) ’Z - t’
Here, we have estimated |ap|? < p? by Cauchy-Schwarz for p € R3 in Fourier space. We

claim that the function f(t) t > 0 has a unique maximum at ¢ = ||
with value

_ t
T (Rez—t)2+(Im=z)2>

|| 1

flz]) = (Rez — |2))2 4+ (Im 2)2 - 2(]z| —Rez)

To see this note that f(t) — 0 as t — oo, f(|z]) > 0 and f(0) = 0. Hence, there must
exist a maximum. Since f’(¢) = 0 if and only if ¢ = |z|, it must be located at t = |z|. We

readily conclude
1
— ) s < =y 6.2.4
o = = 1) oo < V10D = | 57— e (6:2.4)

This proves (6.2.3). O

6.2.2.2 Defining K%a for nonreal A
Lemma 6.2.4. Let a € R® with |a| = 1 and let

1
Sur = {z €C:|Imz*< 3 [\/;ﬂ + (2nT)? — ,u}} CcC. (6.2.5)

Then, for each A € S, T, the operator

(=iV + Xa)? — p

N E - nE

K¢ = (6.2.6)

is well-defined on H*(R3) as a Fourier multiplier.

Proof. We have to verify that the hyperbolic tangent has no zero in the claimed domain
when the numerator has not. As we know, the zeros of tanh are those of sinh, namely
0 = sinh(55) = %e_z/T(ez/T — 1) if and only if 2z, = 27inT for some n € Z. Note that
we need to exclude z = 0 since here the numerator vanishes as well and the symbol is
bounded. Hence, we have to verify that the equation

(p+ Aa)? — p = 27inT (6.2.7)
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has no solution A in S, r for any n € Z\ {0} and any p € R3. By choosing a suitable
basis on R3, we may assume that a = e;. If we assume for contradiction that (6.2.7) had
a solution, then separating real and imaginary parts yields the equations

p? +2zpr + 2% -y —pu=0, 2yp1 + 2xy — 2anT = 0, (6.2.8)

where A = x + iy. Without loss, we may assume that y # 0 since otherwise the second
equation in (6.2.8) simplifies to 27nT = 0, which has no solution at all and we have
finished. We solve the second equation in (6.2.8) for p;, insert this into the first equation,
and find

T’ 2 T

[——x} +p%+p§+2x[——x]+x2—y2:u
Y Y

or, put differently,

(WZT)Qer%er%—yQ—M:O-

This equation cannot have any solution provided we can guarantee for
anl'\2 T\ 2
(=) v —n= (=) -v*-n>0
Y Y
But this is true on S, 7, since here y* + py* — (7T)? < 0. O

6.2.2.3 Integral representation for K)*

In Lemma 2.6.4, we have proven an integral representation for the operator Kr that
exploits the fact that the Laplacian is bounded from below. We need to extend this result
now to also hold for K%“ with nonreal A\. The path for the integral representation has
already been introduced in Definition 2.6.3. We restate it here for convenience.

Definition 6.2.5 (Speaker path). Let R > 0 and o > 0. Using the notation 8 := T~}
define the following complex paths

C %+(1+1)R
i .
m(t) = o7+ (L+i), t €0, R, n
2p
= m 72 wi
Ya(t) = 3B (a+ 1), t €[0,1], o |
P 1 tel-1,1 i A
73()__% —(Oé+ )7 6[_ ) ]a ‘7\071
i i
Y4(t) := —2——(a+1)(1—t), t €10,1], o 2
(6) = =L (1 =) te[0,R)|
Ysl) = 28 1)t, ,RJ. -
~ g5+

The speaker path is defined as the union of paths ~;, i = 1,...,5, with 7; taken in reverse
direction, i.e.,

‘a,R = ;’Yl 4’724"734-’74-?75.
We also let #, := Up-o%a.r-
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Corollary 6.2.6. Define

1 2 ! B
o L . 6.2.9
= b i ’2[\/|Z+u!—Re(2+u) w62

Then, for any a € R* with |a| =1 and any A € B, (0), we have ¥, C p((p + Xa)* — )
and

1

z— (p+ Aa)? s¢

[e.9]

sup
zE‘M_
Proof. By construction of the speaker path, rq > 0. Hence, we have the conclusion of

Lemma 6.2.3 for every z € ‘u .- Furthermore, on the speaker path, we always have

Imz > % or Rez+puy =—1,1ie., dist(‘l”,a(]o?))*1 < C. Hence, the bound follows. [
For the sake of convenience, we restate Lemma 2.6.4 here, whose extended proof we
have given in Lemma 2.8.5.

Lemma 6.2.7. Let « > 0 and let H: D(H) — H be a self-adjoint operator in a separable
Hilbert space H with H > —a. Then, we have

H H+ 1 dz ( z ) 1
—_— = im — —z ,
tanh(2X) R—o0 [y, 2mi \tanh(%?) z—H

where ‘a,R 1s the speaker path from Definition 2.8.4. The limit exists in operator norm.

We now provide an analytic version of Lemma 6.2.7 The proof of the following Lemma
6.2.8 is a bit more complicated since (p+ Aa)? —  is not self-adjoint but only normal. The
drawback is that we restrict to the operator (p + Aa)? — p instead of a general operator,
as had been the case in the results mentioned.

Lemma 6.2.8. Let A€ S, 1 HET.‘ (0) with rq from (6.2.9) and S, 1 from (6.2.5). Then,
for any a € R? with |a| = 1, the identity

(p+ Aa)? — p 9 ) dz z 1
—(p+Aa)” —p= lim ( 2 —z) ,
tanh( (p+>;;22*u) =0 Jy, p 27i \ tanh(55) z+p— (p+ Aa)?

holds in the operator norm topology. Here ‘u+,R 1s the speaker path from Definition 6.2.5.
The limit exists in operator norm and defines a uniformly bounded operator in A.

Proof. The function fr(z) := @ —z = 82/2T7Z_1 is an analytic function in the open

domain C\ 27TiZo. Let us write Hy := (p + Aa)? — u for short. We first prove that the
limit
dz 1

Hy) = 1li —
gr(Hy) Jim « 2 fT(Z)z—HA

K4

exists in operator norm and defines a bounded operator.
To do this, we investigate the tails of the paths «; and +5. For example, we have to
investigate the operator norm of

/OO dt 2% (1) 1 107

r 2mePn® —1y(t) — Hy /!
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The following simple estimates
M @)] < 2wt V2t < M) =v2, Remi(t) =, (6.2.10)

hold for R large enough. Furthermore, since |A| < rg, (6.2.10) and Corollary 6.2.6 imply

At 2vi(t 1 , H /°° t _Bp
| <cf| aa—<xcC .
H/ 2mi e (1) —1%() m, 1) - PR T

The last inequality follows by taking R so large that 1 < %eﬁt and e~ 7t < % forallt > R.
The contribution of 5 is estimated in a similar fashion. This proves operator norm
convergence of the limit and the fact that gp(H)) is a bounded operator with uniform
norm bound in A.
Let K > 1 and choose 9 € ran(lg, (H))), where Sk := {z € C: Rez < K}. Take
R > K +1 and close the speaker path by the contour vg(t) := R + (R + 35)it, where
€ [-1,1]. We recall that fr is an analytic function in the open domain C\ 277T1Z, in
particular in the interior of the closed path «, . r+vr. Hence, for each ¢ € L?(R?), by
Cauchy’s integral theorem and the spectral theorem for normal operators, we obtain

(0 [ — HN) = (o, fr(Ha0) = A ) @) (o (e — Hw). (6:211)

2mi

When we investigate the contribution from g, we have

1
[ S e =iyt < [ S n) - )0 o)
(6.2.12)

First of all, since ¢ € ran(1g, (Hy)), we have
1
, (VR(T) — H) ! < ’
[{; (Yr(?) )Y YR = 0,

Let us give a bound on ||(vr(t) — Hy) '1s, (H))||eo. For n € L%(R3) consider

1 2 / 1
(D) — Hy = T 1g.(s) dun(s),
H’YR(t) - H>\ 2 ((p+Xa)? |ryR( ) _ 5|2 SK( ) Mn( )

where the integral has to be understood as a Lebesgue integral on C. Now, the function
of the integrand is bounded as follows

1 1 1
_ <1
lvr(t) —s[?>  (R—Res)?+ (Imyg(t) — Im 3)2 1+ (Imvyg(t) — Im s)?
Hence, supyci—1,1 [[(vr(t) — Hx)™ Mg (Hy)|loo < 1. In combination with (6.2.12), we
obtain

Lsy (H>\>

lell2 [[4l2-
o0

Tsk (Hx)n

su
llell2=1

R? —00
| gt fr@ e (e )| <€ g Il =0

2mi

This proves that (6.2.11) converges as R — oo uniformly in ¢ € L?(R3) and we obtain
fr(Hx\) = gr(H))Y. (6.2.13)

In particular, fr(H)) is a bounded operator on every subspace ran(Lg, (Hy)) with uniform

norm bound in K.
Since 1g, (Hy) — 1 strongly and g ran(Ls, (H,)) is dense in L*(R?), by standard
methods for unique continuation of bounded operators, we get (6.2.13) for all ¢» € L?(R3).
O
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6.2.2.4 Kp —V extends to an analytic family

Theorem 6.2.9. Let a € R? with |a| =1 and let V € L?>(R3). Then the operator family
{K2* — V1), defined on H?(R?), is strongly continuous on S, N By y(0) and analytic
of type (A) on S, N By (0). Here, K2 is given by (6.2.6), S, by (6.2.5), and rq by
(6.2.9).

Note. As above in the case of (p + Aa)?, the operator K%“ is not self-adjoint for nonreal
A, but only normal. However, the operator K%“ — V has none of these properties.

Proof. We first show that K2% — V is a well-defined closed operator on H?(R3) for every

A € Sur N Bry(0). By Lemma 6.2.4, we know that K2 is a well-defined operator on

H?%(R?) for every A € S, 1. Call fr(z) := ﬁ —z= ez/zTizl Then, we rewrite
2T -

K2 = —A — 42 a (—iV) + X2 + M()\)

with M (A) := fr((=iV+Aa)? —p). From Lemma 6.2.8, we know that M ()) is a uniformly
bounded operator for A € Sy, 7N B (0). Hence, when we define

W) = —p+2X ap+ >+ M\ -V,
we get
K =V =—-A+W(\). (6.2.14)

We claim that p and V are —A-bounded with —A-bound zero. This is true for V' because
V(1 + p*)~! is a Hilbert-Schmidt operator, thus compact and hence p?-bounded with p>-
bound 0. For any ¢ > 0 and ¢ € H?(R3), we also have ||pt||3 < e||p®¥||3+(4e)~1|¢||3, since
p is self-adjoint. Hence, W () is —A-bounded with —A-bound 0 as well. In particular,
D(K* — V) = H?(R3). It follows that K2* — V is a well-defined densely defined operator
on H?(R3).

We claim that K2* — V is closed for each A € S, 7 N Er‘ (0). To prove this let
{¢n}n € D(K)*—V) = H?(R?) be convergent in L?(R?) to some ¢ € L?(R?) and assume
that there is n € L%(R?) such that (K2% — V), — 1 in L2(R?). Then, for every € > 0,

[(=2)(n = Ym)ll2 < [[(=A + W(A) (bm — ¥n)ll2 + € [[(=2)(Un — ¥m)ll2
+ Cs me - wn||2

Taking ¢ < 1, this shows that (1 — ¢)||[(=A)(¢¥n — ¥m)|| tends to 0 as m,n — oco. We
conclude that {4, }, converges in H2(R?), which implies that 1) € H?(R3) = D(K2* —V).
Furthermore, using —A-boundedness of W (\) again, we obtain
0= (~A+ WOl = lim (=2 + W) @ — )]l
<(1+€) lm [(~A)(Wn — )2 + Ce lim [[Y, — ]2 = 0
so that n = (—A 4+ W (\))4. This proves that K2* — V is closed.

To prove that —A 4+ W ()) is an analytic family of type (A), we have to further prove
that (see [RS78, p.16] or [K66, p. 375])

(i) —A 4+ W(X) has non-empty resolvent set! for each A € S, 7N B, ((0),

"We remark that closedness is necessary but not sufficient for this condition.
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(i) {=A+ W (M)}, is strongly analytic on Sy, 7 N By (0).

To prove (i), we write, for some z € C \ [0, 00):

s+ A=W = (1-W() )(z+4).

1
z4+ A
We know that z + A is invertible from H?(R3) to L?(R?). Hence, it suffices to prove that

[W(A)(2+A) | < 5 for suitably chosen z. To see this, use that W ()) is —A-bounded
with —A-bound 0. This means that for all 1y € H2(R?), we have

1
IWA)Pll2 < 7 I(=2)¢]2 + C ¢z

Hence,

o<zl < aleazzl e l=sl (6:215)

The function ¢ — ﬁ on [0, 00) is bounded by 1 in absolute value provided Re z < 0. For,
the modulus function ¢ [(Rez — )2+ (Im2)?]~"/* tends to 1 as t — oo, is 0 at t = 0 and
has a maximum at ¢t = ‘!Z if and only if Rez > 0. For Rez = 0, the bound is trivial.
Hence, choosing Im 2z > 4C ensures that |[W(A)(z + A) 7| < 1. This proves (i). Part
(i) is trivial for all terms in W (A) except for M (). By [RS80, Theorem VI.4], it suffices
to prove that M (\) is weakly analytic. The expectation value reads

. M00) = [ dp fr(o+ 30 =) [G0)

Now, the claim follows from Morera’s theorem and Fubini’s theorem provided we can show
that (1, M(\)4) is continuous. Let 1 € H%(R?) and let A\, \g € S, 7 N B, ((0) be given.
Then, Lemma 6.2.8 implies

(1, M(A)b) — (>\0)¢>
1

1 -
. / 27“ fr(z =) {(p +Xa)? — (p+ Aoa)ﬂ () ().

Here, we used again the notation Hy(p) = (p + Aa)? — p. Since
(p+Aa)? = (p+ Xoa)? = 2(A = Xo)ap + (A — Xo) (A + Xo),

and |ap| < |p| by the Cauchy-Schwarz inequality on R?, as well as |A+ Xg| < 2rq, we infer

1
(0, M(A)h) = (b, M(Xo)¥)| < Q\A—Ao\zzgf 2~ H, z— Hy lloo

<, ) S [ ap (ol +rglF) P

Here, d|z| = dt|2/(t)|. Since 1) € H?(R?), the latter integral is finite. The uniform operator
norm bounds are finite by Corollary 6.2.6, and since the contour integral converges, we
conclude continuity of A — (1, M (\)). O

sup
o zE‘
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6.2.2.5 Explicit resolvent estimates for K%a -V

Theorem 6.2.10. Let V € L®°(R3), z € p(Kp — V). For allv € R, v < —pu, define the
function

1 2 2 .
fov(z) = dist(z, 0 (Kr — V) + PE {1 1— gjﬂw {1 + diSt(ZJo'(KT’_ V))]

y [1+ [V ]l }

dist(z,0(Kr —V))

d|w 2
+ /‘H 2|7r| | fr(w)| wb;:f‘lr dist(w + p, o(p?))
9 1

" ued,, [ fw b il = Re(w+p)  dist(w+ 0<p2>>] |

Then, for any X € Sy, 7 N By ((0) N B, (0) with rq >0 from (6.2.9) and
1 1
T T
and a € R3 with |a| = 1, the following statements are true:
(a) z € p(K2* — V) holds and the resolvent pr’v()\a) of K2* —V at z satisfies

2

z,V
b < ‘

(b) R?V()\a) is a bounded operator from L?*(R3) to L>°(R3) with norm bound
2,V 2,V
IR7" (Aa)llz.00 < 2[IR7 [|2,00

Proof. We start with the identity

2— (K —V)=z2— (Kr—V)+ Kp — K3®

6.2.16
= [1- (k3" - Kr)R}Y|(z = (Kr - V). (6:2.16)
Hence, to prove part (a), we need to show that
1
(2 — KRV <5 (6.2.17)
o 2

for all A € Sy, N B, (0) N By ((0). If this is true, then the Neumann series implies

-

<2 6.2.18
1— (K — Kr)R2Y Hoo ( )

and the claim follows. To see that (6.2.17) is true, let us employ the integral representation
Lemma 6.2.8 to infer
1

2\ap + \2) ——— |,
(2ap )w+u_p2

K2 — Kp = 2)\ +>\2+/ — [
T T ap « 2mi fr(w) w+p— (p+ Aa)?

Bt

June 17, 2022 281 Marcel Maier



6.2. COMBES-THOMAS ESTIMATE

We begin by bounding the last term. Recall equation (6.2.3) in the proof of Corollary
6.2.3. Since the speaker path stays away from o (p?) uniformly for A € B, «(0) (in particular
|A| < 1), we get that

‘ oo

. ) S ) BN ]

<[ il su 2
X I T N
‘“Jr 2m wE“Ur dlSt(w + J(pQ))

2 1
X sup + — .
wem[ lw+ p| — Re(w + p) dlst<w+u,a(p2))]

Here, d|w| = dt|w/(t)]. Tt remains to bound apR%". To do this, we use the resolvent
equations multiple times to arrive at

apR?V :ap(y—pZ—i-,u)*l[l—i- [KT—pQ—i-,u]Rg«] [14—(1/—2)7%%} {1+V7€?V}.

Recall the estimate in (6.2.4), whence, using v + p < 0, we read off the bound

AT 1 1 24
‘ 1 — e Bu+

{1 + dist(z,‘:;(;(? = V))]

[ + dist(z,HU‘gLO; - V))}

Multiplying this by 2 and adding ||\ R?VHOO < dist(z,0 (K7 — V))™!, proves that
Aa 2,V
(K" = K7)Rp" oo < (Al fov(2)-

Hence, for A € B,._(0), we conclude (6.2.17). This proves part (a). For part (b), we utilize
(6.2.16) to note that

z,V z,V a 2,V -1
R (ha) =R [1 = (K3 — KR |

It follows that the (2, c0)-norm of R%’V()\a) is bounded by ||7'\’,§~’V||2,Oo times 2, see (6.2.18).

O
6.2.3 Exponential estimate for K —V
Theorem 6.2.11. Let V € L?(R?) N L¥(R3) and z € p(K1 — V). Let
80(2) == sup{r > 0: B,(0) C S.1 N By (0) N By (0)} (6.2.19)

with rq and v, from Theorem 6.2.10. Then, the resolvent kernel g;’v(:n,y) in (6.1.2)
satisfies

1/2
197" s = sup ([ ay 1G5 @ ))  < 120 IRE e
HAS

for every 0 < 0 < dp(2).
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Proof. By Lemma 6.2.1, R?V(Aa) possesses an integral kernel Q?V()\a; x,y), which satis-
fies

|4 v 2 ”
IR (Aa)|2,00 = sup (/ dy |G7" (\a; 2, )| > < 0.
z€R3 \JR3

As a first step, let us prove that for a.e. z,y € R and \ € S, 7 N By g (0)N By, (0), we have
G5V (Aasz,y) = AV GV (2, y). (6.2.20)

To see this, let ¢, € C°(R?) and we claim that
(0. R7 (Na)p) = (p,e? R e7 P y) (6.2.21)

holds for all A € S, 7N B, (0)N B, (0). Since K2*—V is analytic of type (A), we infer that

<cp,pr’V(/\a)w> is analytic? in the open domain S, r N B;((0) N B, (0). The right-hand
side of (6.2.21) is an entire function of A, since ¥ and ¢ have compact support, by the
mean value theorem, and by dominated convergence. Since left and right side coincide
for A € R, we conclude by the identity theorem that equality holds in the whole domain
Spur N Br(0) N By, (0). On the level of kernels, (6.2.21) translates to

[ o [ dn 67 Qs G@iit) = [ o [y e 65 () i)

We apply the fundamental lemma of the calculus of variations twice and deduce (6.2.20).

Let dp be as in (6.2.19) and 0 < 6 < g (for § = 0, the claim is Lemma 6.2.2). Let
b € R? be given with |b| = §. Apply (6.2.20) to a := 6~'b and A = —i§. This implies
la| = 1 so that (by a slight abuse of notation)

g7V (byw,y) = V) GHY (2, y). (6.2.22)

Let us decompose R? into six disjoint subsets. We define the top and bottom spherical
cap (cone, rather) by, respectively,

Cy = {$ € R3: z = r(sinf cos p, sin O sin p, cos f) : 7 > 0,0 € [0,7/4], 0 € [0,27r)},
C_:= {x €R3 : x = r(sinf cos p, sin O sin p, cosh) : 7 > 0,0 € [37/a, 7], p € [0,27r)}.
Furthermore, we define the sector
Sy = {a: € R3 : z = r(sinf cos p,sinfsin p, cos @) : 7 > 0,0 € (7/4,37/1), ¢ € [—Tf/4,7f/4)}

as well as the sectors So, S3, and S4 by successive counterclockwise rotation of S in ¢ by
7/2. Now, let by := dey. If x —y € Sy, then

1
by (x—y)=0d|x —y| sinf cosp > 55\x—y\.
We have similar estimates for by := deg, b3 = —de; and by := —des and if x —y € Sy

(respectively, S3 and S4) as well as the estimates by - (z — y) > % 5|z —y| = 26z —y
for by = +degz if v —y € C4.

2This follows from Theorem XII.7 together with Problem 10 of that section in [RS78].
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From (6.2.22), we therefore obtain

e30le—yl

7" (z,y)| < |67 (bis 2, )

)

where ¢ € {1,2,3,4,+} is chosen so that z—y € S; or C, respectively. We finally conclude
\4 /2 \%
swp ([ ay e G @) < B IR B
$€R3 R3 Ze{lv 747i}

The bound on the last line follows from Theorem 6.2.10. O

6.3 Exponential Localization of Non-Embedded
Eigenfunctions

Proposition 6.3.1. Let A < 2T be an eigenvalue of the operator K —V and let o be a
normalized eigenfunction corresponding to X, i.e.,

(Kr —V)a=Aa.
Then, the following statements are true:
(a) There is a 6o(N\) > 0 such that for every 0 < § < do(N), we have S I'1\/[V]a € L2(R?).

(b) For any v € N3, we have
/ dx <|:c” Val? + ]a:”a(a:)|2) < o0.
R3
Proof. The proof is analogous to the proof of Proposition 1 in Appendix A of [FHSS12].

Since V € L>®(R?), the function ¢ := /[V]a belongs to L*(R3) and satisfies

1
A —

¢:7 |V‘ KT \/ng?

where VV 1= \/% For fixed R > 0, we decompose ¢ = ¢1 + ¢2 with ¢2 1= X(r,c0)(| - [)¢-

Then, it is clear that e’ll¢; € L2(R?) for any § > 0. We also set Uy := X[R,0) (| - DVIV]
and Uz := X[R,o0)(| - NVV. Then, we have

2= ~Ur (A= Kr)"' Uag2 + £, f=-Ui(A=Kr) ' VVor.
Let us first show that ¢®llf e L2 (R?). This amounts to showing that the operator

T = —lUy (A= Kp) 7t VVe ™!

is bounded. To see this, let ¢ € L*(R3) and estimate

T2 = /Rd dz /W 4y X (oo (@) IV @) YV (1) SE-MDGA (@ — y)up(y)

< WVl 918 [ do xiram (s [V [ dy 010 G =) P

2
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By Theorem 6.2.11, the last factor is bounded by [|G}||2s as long as ¢ is small enough,
while the third factor is bounded by ||(1 4 |- |?)V||2 times

1
d -
(/]Rff x’l—i—‘x’Q

which is bounded independently of R (it actually tends to zero as R — 00). We conclude
that

2 1/2
X[Rm)(lw!)) ,

1T lloe < CIVIZ N+ P)VIL G2 25-
Since ellp; € L2(R3), this proves that ¢’l'lf € L2(R?). In a similar manner, we see that

MU (K = X) " Ue ™Mo

2
<IVIL I+ | PVIL 163as [ o

1

1/4 1
- < =

for R large enough. This implies

-1
el = <1 + Uy (A — KT)—1U2¢>2> el f,

Part (a) now follows from the Neumann-series. To prove part (b), we note that since
V € L*®(R?), we have | - [Ya € L*(R3). The claim for the gradient term follows from
integration by parts and the fact that o € H?(R3). O

6.4 The Phase Approximation Method for K7 o —V

The exponential decay estimate of Theorem 6.2.11 enables us to set up a phase approx-
imation for the resolvent of K7 o — V. This, in turn, helps us to prove the asymptotic
expansions for eigenvalues and spectral projetions.

6.4.1 Preliminary estimates

As a preparation, we need to recall following result, which is proven in Lemma 3.4.2 (or
2.4.4) for the free resolvent kernel
1

: 6.4.1
S T ovE (6.4.1)

see (3.4.2), and we restate it here for the readers convenience.

Lemma 6.4.1. Let a > —2. There is a constant C, > 0 such that for t,w € R, we have

|11t < Ca ft, )5, (6.4.2)
where
jw[ + [t + 4l
ftw) = (6.4.3)
(ol + (¢ + p)-)?
and x_ := —min{x,0}. Furthermore, for any a > —1, there is a constant Cq > 0 with
i lia + |t +

10Vt < o fltw)dtE [1 g AL 6.4.4
H| Vg Hl a f(t,w) |w| + (£ + p)— ( )
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In particular, Lemma 6.4.1 implies

sup [[|1-1°9" [l + |- 1°Vg" ] < oc. (6.4.5)

we e

Furthermore, we need to provide an estimate on the L'-norm of G7 and VG7, which
we do now.

Lemma 6.4.2. Let z € p(Kr). For any k € Ny, we have
- 167 | 11 sy < Cr 1GF 2. (6.4.6)

Furthermore,
- 1*VGF L1 ms) < Chs (1 + HQ%IIQ). (6.4.7)

Proof. Aslong as 0 < § < 36" < 160(z) (with &o(z) from Theorem 6.2.11), we have

[ g = [ aw e B0E G
R3 R3

, 1/2 , 1/2
< </ FPRG, —26)|a}) (/ de & |x||g:zp(x)’2)
R3 R3

Since ||G#||s < C||G#|l2 by Theorem 6.2.11, this proves (6.4.6).
Furthermore, Lemma 6.2.7 shows that

dw 1
KT—P2+M:/‘

2ni T
By

whence K7 — p? + u has an exponentially decaying integral kernel K and, by (6.4.5), we
have ||| - [FK|j1 < oo for all k& € Ny. For suitably chosen v € p(p? — p) (for example
v = —u — 1), the resolvent equations therefore imply
Gr=9r+(z—v)Gr«G7
=9"+ 9"« KxGr+(z—v)g" G + (2 —v) ¢" * K« Gr + G,
where ¢¥ is the resolvent kernel of the Laplacian in (6.4.1). When we differentiate, the
derivative falls on ¢g”. Furthermore, the factor |- |¥ can be distributed via the inequality

(3.4.36) among the terms in the convolution. An application of Lemma 6.4.1 and (6.4.6)
shows (6.4.7) and completes the proof. O

Finally, we incorporate V into the estimates.

Theorem 6.4.3. Let V € L?(R?) N L>®(R3) and let z € p(Kr — V). Then, for every
k € No, the operators 22" (k) and Z;‘é(k) associated to the kernels

2V (kiwy) = lo =y 167 (@), Zrv(kiz,y) = o —y[f [VoGy" (2,9)],  (6.4.8)

respectively, are bounded operators which satisfy the estimate

127" (®0)lloo < CrllGill2 (1 + 167" ll2.0)- (6.4.9)
12250 oo < Cr (14 19512) (14 167" l2.00)- (6.4.10)
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Proof. By the resolvent equation
RV =Re+ REVREY,
we have 232" (k) = 23, (k) + 2525 (k) with
25 (kiz —y) = |z —y|* Gi(z —y)
2y (k)= o=l [ duGila =) V() 6 (@)
By Lemma 6.4.2, Zfl(k, -) is an L'-function whence, by Young’s inequality, we conclude
1271 (K)lloe < CillGFl2-

We claim that Z;g(k) is a Hilbert-Schmidt operator with a suitable norm bound. To
see this, we estimate

220 (kyw,y) < 2(’“_1)*/

du |z — ul* G5 (x — u) V(u) G5 (u,y)
R3

4+ ok=1)+ / du G&(z — ) V(u) |u — y[* ngﬂ’v(ua y). (6.4.11)
R3

The Hilbert-Schmidt norm squared of the first term is bounded as

// dxdy
R3 xR3

Since [|G7 |1 < Ck||G7]|2 by Lemma 6.4.2, we conclude the claimed estimate for this term.
Similarly, the Hilbert-Schmidt norm squared of the second term in (6.4.11) is bounded as

// dzdy
R3xR3

Since || |- [¥G2" [l2.00 < Cx 1G22 |5 < CrlIG5" [|2,00, this term satisfies the same estimate.
The estimate for Z;‘é(k:) goes along the same lines, except that we have to replace
11+ 1*G% [l by [[]-[*VG7]1 < Cr(1 + [1GF|l2), see Lemma 6.4.2. O

2
k: 7V
< FGFIR IVIZNGE 13 00

/ du |z — ul*G3(z — u) V(w) G2 (u,y)
]R3

2
knzV
<IGHIFIVIB N - PG5 1B e

/ du Gi(x —u) V(u) [u — y|*G3" (u,y)
RS

6.4.2 The comprehensive phase approximation method for Kr 5 —V

We are now in position to set up a phase approximation for the operator K7 Ao — V. Recall
that g;’l:(x, y) in (6.1.2) denotes the kernel of the resolvent R;’L; = (2— (Kra—V))™ L.

The core of the phase approximation method due to [N02, pp. 1290] is the noninte-
grable phase factor, sometimes also called the Wilson line, defined by

T 1
Dp(z,y) := —/ A(u) - du:= —/0 dt A(y+t(x —y)) - (x —y). (6.4.12)

Lemma 6.4.4. Let A be a vector-valued, and weakly differentiable function such that
DA € Whe(R3;R3). Then, we have

Vo®a (2, y) = —A(z) + Az, y), (6.4.13)

where
1
Ay (z) = /0 dt tcurl A(y +t(x —y)) A (z —y) (6.4.14)

is the transversal Poincaré gauge relative to y € R3.
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Proof. 1t is easy to see that the proof of Lemma 3.4.3 is valid here. O
We define the gauge-invariant version of the free resolvent kernel QQZJV in (6.1.2) by
Siale.y) =PV GV (2 y). (6.4.15)

In the following lines, we investigate the intertwining relation between K7 A and the
operator S:ZF’Z associated to the kernel (6.4.15). First of all, we recall (3.4.14), which reads

(—iV, + A(x)) e®a@y) = i®al@y) (v, 4+ A, (z)) (6.4.16)

and which follows from (6.4.13), where A,(z) is the Poincaré gauge in (6.4.14). We use
the notation

A = —iV + A. (6.4.17)

Since 73 > 0 (diamagnetic inequality [LLO1, Theorem 7.21] or [LS10, Eq. (4.4.3)]), we
find that the speaker path . lies in the resolvent set of 7712% — 1 as well as Tri — L, see

Definition 6.2.5. Hence, for each w € W, , we infer from (6.4.16) (by multiplying with the
respective resolvents from the left and the right) that
(w—ma —p) ! ol ®a(@y) _ (iPa(zy) (w—7a —p)~ L
Yy
Hence, by Lemma 6.2.7, we conclude that
KTAe@A(%y) — oi®a(zy) Kra .
) Y
Thus, a straightforward computation shows that
z,V 2,V
(z = (K14 = V)) Sta=1-Tra; (6.4.18)
where TzfX is the operator associated to the kernel
Tin (2,y) = €*2@D (K 5, — Kr)RFY |(2,9). (6.4.19)

The next result shows that this operator is bounded with a suitable norm bound.

Lemma 6.4.5. Let V € L*(R3) N L>®(R?) and let A satisfy Assumption 6.1.1. Define
M(A) = max{\ curl Al oo (gsy , || curl(curl A)| oo msy , || curlA\%oo(R3)}. (6.4.20)
Then, there is a continuous function
D:p(Kr—V)—Ry (6.4.21)
such that the operator ’FﬁX corresponding to the kernel in (6.4.19) is bounded by

|75x ], < € D) m(a). (6.4.22)
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Proof. By Lemma 6.2.7, we have

» » dw 1 1
[Kra, — Kr]R7Y = [m, - PR + - fr(w) 5
‘“-&- 2mi

2,V
w— 12 w—p? Ry
A, p

Here, ‘M is the speaker path in Definition 2.8.4. We call 77 the first term and 73 the
second. Let us start by estimating the term 7;. Writing it out, we obtain

Ti(@y) = [—idiv Ay(2) = 2iA,(2) -V + A, (@)] 65 (2,y). (6.4.23)

We use (3.4.21) and (3.4.22) so see that

Tite, )] < M) | (o = ol + o = 5) 167" (2] + |2 = ] V.07 (z.0)]

Estimates for these terms have been provided in Theorem 6.4.3.
Let us move on to the term 75. It reads

Tao) = [ o prw) [((w—ka) 7 = - ko)) REY] a0

,‘+271'1

Using the resolvent equation, we write this out as
(w — /~€Ay)_1 — (w — ko) !
= (w—ka,) "M [idivA, — 20 A,V + Ay 2] (w — ko)

Hence, we obtain

Ta( )| < C M(A) A WV o)l - [73 v ) + Ty

fy

Here, djw| = dt - |w/(t)| and
Teyiw) = [ au [ a0 |68, ol lu—u] 199" (= )] 65" (0.9)

T (z, g5 w) = /

du / dv |GR, (@ )] (lu =yl + Ju = y*) 19" (= 0)] 167" (v, 9)].
R3 R3

Estimates for these functions are provided in Lemmas' 3.4.5, 6.4.1, and Theorem 6.4.3.
This finishes the proof. O

Corollary 6.4.6. Let V € L?(R3) N L®(R3), assume that A satisfies Assumption 6.1.1.
Then, there is a continuous function Mq: p(Kp —V') — Ry such that the following holds.
If z€ p(Kr —V) and 0 < M(A) < Mo(z), then z € p(Kr.a — V) and there is a bounded

linear operator ’7~7_,'3’X such that

2,V oz V Fz,V
RT7A_ST7A+T A-

)

Furthermore, there is a continuous function D: p(Kp — V') — Ry such that ’7’TZX satisfies
the estimate

Hﬁf,‘( ‘OO < C D(z) M(A).

'We concretely use the first estimates of (3.4.37) and (3.4.34), which do hold for G 4 replaced by
G# and A, being the Poincaré gauge of A satisfying Assumption 6.1.1. The reader may consult the proof
of Lemma 3.4.5 to verify this claim.
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Proof. Define the function Mg by

1
2 )
where C'D(z) is from (6.4.22). Then M, is continuous. Furthermore, by hypothesis and

Lemma 6.4.5, the operator 1 + 'TTZX is invertible and we may solve (6.4.18) for R;X to
get

CD(2) Mo(2) = (6.4.24)

RTA_S;X—’_Z ( ZX) :

n=1

The bound on the operator norm of the second term is given by the Neumann series and
reads

- z 2z, V" 2 > 1
> sia(TX)| < epe M) IR 1L Y 5
n=1 o0 n=1

Here, we used, by a pointwise estimate on the kernel, that SZ TA lSa bounded operator

with norm bounded by | R%" ||so. We also used Lemma 6.4.5 and (6.4.24). This completes
the proof. O

6.5 Asymptotics of Spectral Projections and Eigenvalues
of KT,A -V

The goal of this section is to prove stability of the spectral projections corresponding to
eigenvalues of finite multiplicity of K+ — V under the perturbation A, as long as

M(A) = max{M(A), | DA (s } (6.5.1)
is small, where M(A) is from (6.4.20).

Theorem 6.5.1. Let V € L*(R3) such that |- [FV € L®(R?) for k € {0,1,2}. Let X be an
isolated eigenvalue of finite multiplicity m € N of K1 —V and let PY. be the corresponding
spectral projection. Then, the following statements are true:

(a) X is stable in the sense of Kato [K66, Section VIII.1.4], i.e.,

(i) There is € > 0 such that for every z € Bo.(\) \ {A\} the following holds. There is
Mo (z) > 0 such that whenever 0 < M(A) < Mo(z), we have z € p(Kp o — V).

(i) RTA — T\’,T strongly as M(A) — 0 and as ®(z,y) — 0 pointwise in x,y € R3
for all z € Ba-(A) \ {A}.
(iii) There is Mo > 0 such that if 0 < M(A) < My, we have

rankPrKA =m

where

The integral has to be understood as a complex contour integral with a positively
oriented contour along 0B ().
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(b) There is Mo > 0 such that if 0 < M(A) < My, we have

IPr A —Prlloo + ||7TA2A(,P¥,A — PF)|loo < C M(A).

(c) Let \i(A), ..., A\n(A) be the (not necessarily distinct) eigenvalues of (Kp,a — V)P:‘p/,A.
Then, there is Mo > 0 such that for all 0 < M(A) < My, we have

INi(A) — A\ < CM(A), i=1,...,m.

(d) Assume that the lowest eigenvalue ny of Kp —V is simple and denote the spectral gap
above np by kr > 0. Then, there is Mg > 0 such that whenever 0 < M(A) < My the
lowest eigenvalue of KT a —V is simple and there is a uniform spectral gap above it.
In particular, if E¥ denotes the ground state projection corresponding to nr, then

1 -
Kra —V 2Py + 5 rr (1-PF) - C M(A). (6.5.2)

For the proof, we need the following auxiliary statement.

Lemma 6.5.2. Let (P,)nen be a sequence of projections in a separable Hilbert space H
and let P be a projection in ‘H with finite rank m € N. If P, — P in operator norm, then
rank P, = m for all sufficiently large n.

Proof. Assume for contradiction that, for each k& € N, there is ny > k such that
(a) rank P,, >m+1 or
(b) rank P,,, <m — 1.

Since one of the cases (a) or (b) is admitted infinitely often, we may rule out both of them
separately. Let ¢; € ran P, i = 1,...,m form an orthonormal basis for ran P. In case (a),
let @y, € ranP,, with ||¢n, || =1 and (¢p,,¥;) =0foralli=1,...,mand all k € N. It
follows that P,, = 0 and thus

1= HwnkH = HPlewnkH = H(Pnk - P)wnkH < Hpnk - PH n—>_0<>> 07

a contradiction. In case (b), for each k € N, thereisani € {1,...,m} such that P, ¢; = 0.
Hence, one of i € {1,...,m} is hit infinitely often. Without loss, assume that ¢ = 1. This
means that P, Y1 = 0 for all £k € N. As above, we get

1= [[all = [Pl = I(P = Puunll < 1P = Buy | 2225 0,

again a contradiction. It follows that there is N € N such that for all n > N, we have
rank P, = m. O

Proof of Theorem 6.5.1. Let us start by proving the three statements in (a). First of all,
since A is an isolated eigenvalue of K — V', we may pick € > 0 such that z € p(Kr — V)
for all z € Ba.(A) \ {\}. Corollary 6.4.6 shows the existence if My(z) > 0 such that such z
also belong to p(K7,a — V') provided A obeys 0 < M(A) < My(z), whence (i) is proved.
Let 1 € L?(R®) be arbitrary. Then

it - i, < i sl

S — R;V¢’]2.
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The first term can be bounded by C' M(A) ||¢| using Corollary 6.4.6. For the second
term, we have

Hence, we may bound the factor with the exponential by 2 to obtain an integrable domi-
nant. Pointwise convergence of the integrand follows from the hypothesis. The dominated
convergence theorem then yields (ii).

To show part (iii), we first prove that VRZT " — VRZY and R "WVo—= RZYV in
norm as M(A) — 0 uniformly for z € 0B:(\). We write the proof only for the second
convergence, the first is analogous. To start out with, let M} be defined by

2

siho RV = /R s

[y (£20 - 1) (@)
R3

1
sup CD(z) Mp ==,

(6.5.3)
2€0B(\) 2

where C'D(z) is from (6.4.24). Then, M} > 0 because dB.()) is compact and D(z) is
continuous.
We write in a similar fashion as above

fritav - RtV < iy - siv] +

SEWV - R;VVHOO

The first term can be bounded by C||V||ccM(A), using Corollary 6.4.6. For the second
term, we investigate the kernel to get

z 1% z,V i x
V@)SEK (@9~ V)G (@.0)] < V) 0 ~1]165Y (@),
Now, we use the bound
a2 )| < C DA (minfla], o]} [z = y] + o — yl?). (6.5.4)
which follows from the assumption A(0) = 0, and obtain

V()SiA(@.9) ~ V(g7
<CIDA oo (Il Voo e =yl 1G5 (@ )| + [V loo |2 = 41?197 (2, )])-

The estimates for these functions provided by Lemma 6.4.3 are continuous in z. Therefore,
there is M3 > 0 such that if 0 < | DA < M2, we have

N |REAV = 87aV|_ < ClIDA|.

We conclude that

S |RZAV - RFV| + [VRIA - VRV _<cM@4)  (655)

provided 0 < M(A) < Mg := min{M}, M2}. In particular, uniform operator norm
convergence as M(A) — 0 follows on dB. ().

We use (6.5.5) to prove estimates on the spectral projections. Since K7 o has no
eigenvalues, we may write

dz % dz v dz v
Py z/ — RY :/ —— REW RS _/ R7AV RS
T,A 9B.(\) o7 T,A 9B.(\) 27 T,A T,A 9B.(\) 27[_1 T,A T,A-
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We claim that the operator in the integrand converges to R?VVRé, as M(A) — 0. For,
Z,V z Z,V z Z,V Z,V z Z,V z z
REaVRia—Ry VR = {RT,A V - Ry V} Ria +R7 [V Ria — VRT} :

Since R7 a is bounded uniformly in A, see Corollary 6.4.6, we conclude convergence of
the integrand in operator norm by (6.5.5). This proves the first part of (b) and (iii) of (a)
by Lemma 6.5.2.

The next part of the proof is devoted to the second part of (b). Similarly to the above,
our starting point is

dz 5 ; . ;
ma(Pla —PL) = / = (7A RFAV Ria — A R V RE)
dB:(\) Tl
dz 2 2,V
= RN [VRA - VR
/835(» 5. TARTA [ T.A T]

d
+ / = [7& RNV —ma RZY V} R, (6.5.6)
3Be(>\) 271 ’

By expanding with the resolvent equation, we have
TARZA = Ta Ria [1+ VREL].

The first operator is bounded by 1 since it is a function of Wi. Hence, the first term of
(6.5.6) is bounded of order M(A) according to (6.5.5). The delicate term is the second.
Here, we apply the resolvent equation to get

ma (R3A —RZ)V = mAREL (Kra — Kr)REY V.
We are going to show that

sup [[(Kr.a — K7)R7Y Voo < C M(A). (6.5.7)
2€0B: ()

To see this, apply the integral representation Lemma 6.2.7 to K7 Ao — K7 once more. This
gives two terms, one is

A —p* = —idivA+ A -p+ |A]%

Since || div Aljsc < M(A), there is nothing left to prove for this term. For the other terms,
we use A(x) < ||[DAl||x| as well as the triangle inequality |z| < |z —y|+ |y|. This implies
that we need to provide a bound on

(lyl+ 2 = yD IVGZY @ VW) + 1y + o = y*) 197" (@ ) 1V ()]
< Wloo + 1+ PVIloo] (IVG7Y (@, )] + 197" (2,9)])
1V oo (2 = 9l VGRY (2,9)] + 2 — yI* 197" (2, 9)]),
which gives rise to a bounded operator, whose bound is uniform on 9B:()), as can be

deduced from Theorem 6.4.3. As for the second term in the integral representation. The
resolvents in the integrand of the contour integral read

e P
wHp—7mq wHp—pr  wHp—73 w - p — p?
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Here, we proceed similarly. However, we need to use the triangle inequality once more to
reach V. Once we have estimated

|z < | —ul + Ju—y| +|y] z* < 20z — ul® + 2Ju — y|* + 2|y,

we are subject to showing that

1 2 2 1 z,V
2 REV (a
o Pl RV @)

< M(A [nvnoo // dusdus [GE ()" (un — 02)] G5 (2, )

[ 1V lloo + 111 1PV o] // durduy |G (2, uw)
x [wcw(m —ug)| +1G" (1 = u2) |15 (uz, )]

WVl [[ | durdus (G (o un)[(fus — wal + fuz — DI VG 1 o)
R3 xR3
(=l o+ fua = )6 (= ) ]G5 (w2, )

gives rise to a bounded operator with uniform bound on dB.(\). The estimates for this
to be proven are provided by Lemmas 3.4.5 and Theorem 6.4.3. This proves (b).
Now, we prove part (c). By the residue theorem and Corollary 6.4.6,

dz dz 2V dz ~V
Kra—V)P} :/ 2 RY / — 287 +/ 2T
( ) T,A OB.(\) 27Tl TA 9B.(\) i T,A 9B.(\) 27 T,A

Since the last operator is bounded of order M(A), we are left with investigating the first
term. If o;, 2 = 1,...,m are the orthonormal eigenfunctions corresponding to A, then it
has a kernel given by

/a . 2 Si% (2,y) = A PAED S o)y (y)

) 2mi =
= AP} (z,y) + A (A )Za,

It remains to use the estimate (6.5.4), so that |®a (z,y)| < C||DA|o(|2* + |y|?) and

m

oA () 1|Z|a, [ei ()] < C IDAllo Y [lles(@)] las(w)] + o ()] [yl w)]]

=1

We infer that the Hilbert-Schmidt norm of this kernel is bounded by

// dxdy
R3 xRR3

2
3 // oyl o) o () ) )] < (32 1ol o)

2,7=1

2

(@)] | (y)]

These norms are finite by Proposition 6.3.1. Hence, we have shown the asymptotics

|(Kra = V)PEa - ”’¥Hoo < CM(A). (6.5.8)
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By the min-max principle [S14, Theorem 4.12], if A\j(A) < --- < Ay (A) are ordered
increasingly, we have the characterization

M(A) =inf{ max (p, (Kra —V)PYap): M C L*(R®),dim M =i }.
peM, |lpll=1 ’
From this and (6.5.7), we immediately deduce part (c).

To obtain part (d), let x > 0 denote the spectral gap of Ky — V' above its lowest
eigenvalue 77, i.e., kK = N — nr, where ni. is the next-to-lowest eigenvalue. Also let eOA
and ef* denote the lowest and next-to-lowest eigenvalue of K7.a — V. Then, part (c) shows
that, for M(A) > 0 small enough,

e — e =r+ (e —np) — (e —nr)

—

> 6= left = np| = e —nr| > 5~ C M(A) > ok

If B% A denotes the ground state projection of K7 o —V, we conclude
1
Kpra -V Z=2nr E¥,A T3 “(1 - 2¥,A) + (ef - 77T)2¥,A'

An application of part (b) now shows (6.5.2). O
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Chapter 7

Preparation of Exponential
Estimates on the Adiabatic
Theorem in Extended Quantum
Lattice Systems

7.1 Introduction

7.1.1 How it came to this chapter

In spring 2019, I had the opportunity to travel to the University of British Columbia
(UBC) in Vancouver, Canada, for a research visit, which lasted four months. During the
stay, my guest advisor Sven Bachmann and I started the project on proving exponential
estimates for the adiabatic theorem in [BDF18a|. Unfortunately, we could not finish the
project in due time and planned to complete it in a second visit in 2020, which was then
canceled due to the COVID-19 pandemic. Consequently, this project is still lying on my
desk waiting to be completed and the progress we made so far forms the content of this
chapter. As the time of my PhD studies is coming to an end, I feel that this thesis is a
good opportunity to present the state of the project. I am also happy to hereby comply
with a corresponding request by Stefan Teufel in Tiibingen.

Since discussions on a regular basis are hard to organize between Sven and me due to
the physical distance and the time shift, I am grateful for several fruitful discussions with
the postdoc researcher Amanda Young, who is currently on the leave from Technische
Universitat Miinchen.

It is needless to say that I plan to undertake another attempt to bring the project to a
successful conclusion in the remaining time after the submission of this thesis but I have
to see if time permits enough commitment.

7.1.2 Exponential estimates via optimal truncation

Mathematically, the intention has been to prove exponential error estimates for the adi-
abatic theorem that has been proved in the work [BDF18a]. We have in mind using a
similar strategy to the one presented in the paper [HJ02], namely to recursively provide
an explicit estimate for the adiabatic error in the expansion after the n*® step and then
perform an optimal truncation argument. We will be somewhat more detailed below on
what we mean by an optimal truncation argument. This goal has not been reached yet
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but we believe that the content of the chapter is helpful to understand the problem and
needed to be applied in one way or the other by anybody in the future, who wants to
complete the work.

Let us explain a bit further why we did not yet manage to prove the aimed result.
When we began the project at the UBC, it soon became clear that the desired estimate
would not be possible to prove within the by now standard locality setup that has already
been used in [BMNS12] and has worked its way through countless publications in the busi-
ness of quantum lattice systems in the meantime. We only mention the recent publications
[BDFL21; NSY19; NWY21] and point out to the reader the references therein as examples
for communities using this framework. The reason why this setup fails in the context of
our problem are the badly behaved “continuity” estimates, as we shall call them. Namely,
when an operation like the commutator is applied to a pair of local Hamiltonians (some-
times also called quasilocal operators), the question is: What are the locality properties
of the commutator provided the corresponding properties of the initial Hamiltonians are
known and can we relate them quantitatively? In other words, if G, G2 are the initial
Hamiltonians, such a quantitative relation would be given by an estimate of the type

G, Gl lin < Cingin([ ) [[Gllin 1G2]lin- (7.1.1)

Here, || - ||an and || - ||in are two possibly different initial and final norms, which should best
be related in a convenient way and Ci, sin([-,-]) > 0 is a constant independent of G; and
(2. We shall call (7.1.1) a “continuity estimate” for the operation [-, -] for obvious reasons.
The problem is often not to find such a constant but rather to gain precise control of it
in that we have a formula at hand which is easy to work with. Additionally, the constant
needs to behave well enough for the operation to be applied over and over again in an
iterative procedure like the adiabatic expansion.

We remark that one is tempted to choose the operator norm || - || for || - ||in and || - ||n
but the reader familiar to extended quantum systems will immediately realize the problem
of the volume dependence of this choice and the necessity of a norm that measures the
“locality” of the local Hamiltonian. We will comment on this problem further below.

It turns out that the standard machinery mentioned above behaves too badly under
repeated application of such operations and the constants that are stacking on the way
grow much too fast. It is difficult to explain this phenomenon more precisely at this point
without any notation at hand but we will provide some details below in Subsection 7.1.3.3.

When we sat in front of the problem in Vancouver, we realized that before we could
even think about actually performing the adiabatic expansion in the manner of [BDF18a,
Lemma 4.3], we were forced to go back to the very beginning of the theory and tidy up the
setup of locality within our quantum lattice system. After we defined the new norm, the
first item on the list was then to provide a Lieb—Robinson bound for Hamiltonians that
have a finite local norm. We realized that, within this new setup, it is actually possible to
gain a pretty simple proof of a Lieb—Robinson bound even for tree graphs, which we shall
present in Section 7.3.

In Section 7.4 we will introduce the map Z, which is the “generator of the spectral
flow”, “local inverse of the Liouvillian”, or “weighted integral operator”, depending on the
convention within the respective community. This operator is a central tool in solving
the Schrédinger equation in a locality preserving fashion and it requires the fact that the
underlying Hamiltonian has a spectral gap. Under the assumption of a gap, we show that
it provides an inverse of the map G — [H, G|, where H is the Hamiltonian. In order to do
this, we have to construct a new weight function which depends on the gap and satisfies an
estimate in terms of our explicit decay functions. We are aware of and will not participate
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in the debate whether the restriction of an open gap is too severe for realistic models to
be true. Instead we will just stick to this assumption and see how far we get with it. It
seems that already the (unsolved, after all) problem of this chapter in the presence of a
gap is difficult enough and I encourage the reader to provide improvements in the gapless
direction.

The continuity estimates are contained in Section 7.5, starting with the (multi-) com-
mutator. We further provide a well-behaved explicit estimate for the operation Z, showing
the locality preserving property. For us, the main technical announcement is that we are
able to provide the first explicit locality estimate for arbitrary high derivatives of Z(G),
provided the Hamiltonian for the underlying time evolution and G are smooth. To the
best of my knowledge, such an estimate is not known in the existing literature.

As an addendum, we also point out in Section 7.6 how an analyticity property of the
Hamiltonian H allows to transport estimates on H to higher derivatives of H.

Unfortunately, to the present day, we were not able to perform the adiabatic expansion
in its full generality in the sense of providing suitable estimates for the operators that are
constructed iteratively. However, we present a sketch of a concept that in our opinion has
the potential to provide the desired result when all ingredients are taken into account.
We demonstrate this in Section 7.7 with a toy estimate that discards the involvement of
derivatives.

The reader should keep in mind that this chapter has the character of a working note,
which means that the proofs may look a bit overdetailed sometimes. In particular, it
should be noted that, in contrast to the previous chapters on BCS theory, one of the
central interests in the endeavor here is the size and dependency of constants. For this
reason, statements are always as explicit as possible and there is no “constant C' that is
allowed to change from line to line” in this chapter.

7.1.3 Basics of quantum spin systems
7.1.3.1 Lattice systems and their shape

The prototype of a lattice system is, as the name suggests, the lattice Z¢ with its graph
norm! |z|; := Y%, |z;|. The reason why I don’t like this picture so much is that it suggests
the notion of a “dimension” describing the shape of the lattice, namely d. However, it
turns out that the dimension is not so relevant in this chapter in the sense that we never
choose a basis for any space. Furthermore, this notion is not available for tree graphs
and these are the reasons why I would rather like to think of the more general notion of
“growth relations” of the cardinality of a set in terms of its diameter. In this spirit, Z¢
would be of polynomial growth with the power d and a tree graph would be of exponential
growth. We will comment on this a bit further below.

That is why, in general, a lattice system for us will be a countable metric space (T, d)
with the graph metric. The ball of radius n € Ny about the point « € T" is denoted by

B, (z) = {z el:d(z,z) < n} (7.1.2)
and a set Z C I' has a (possibly infinite) diameter, which we denote by

D(Z) := diam(Z) := sup{d(x,y) tx,Y € Z}. (7.1.3)

LA graph is the tuple (T, €) of I' with a set of edges £& where an element e € £ connects two elements
z,y € I'. The graph metric d(x,y) is then defined as the cardinality of the smallest subset of £, which
connects z and y. If T' = Z%, the standard graph metric is given by the 1-norm | - |;.
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The set of finite and nonempty subsets
F():={ACT:0<[A] <oof (7.1.4)

plays an important role throughout this chapter, where |A| is the cardinality of the set A.
Typically, to fix the shape of the lattice to be polynomial, we make assumptions of the
following kind: There are constants £ > 0 and d € Ny such that for every Z € F(I"), we
have

1Z| < k(1 +D(2))4. (7.1.5)

This means that I' has a polynomial growth of degree d, or is d-dimensional. Obviously,
a tree graph violates (7.1.5).

7.1.3.2 The quantum setup

We raise a quantum system upon I' by associating to each vertex or lattice site x € I' a
so-called on-site Hilbert space H,. Furthermore, to any subset A C I" (finite or infinite),
the Hilbert space Hp = @, cp Ha is associated. Then, we also define the algebra of
observables Ay := B(H,), which consists of the bounded operators Hy — Ha, eqipped
with the usual operator norm || - ||. There is a canonical embedding A < A/ if A C A/,
which is defined by A — A ® ®gcana 1 € Ap and which we use without comment. We
also define the set of local observables by Aj.c := Upc F() Ap. For a local observable
A € Ao, we may define its support by the smallest set X € F(I') such that A € Ay, i.e.,

supp(4) := ﬂ{X eF(l):Ae .AX}. (7.1.6)

Interesting quantum effects start becoming visible in the infinite volume limit, that is,
when operators are considered that have an infinite support. This fact can be dealt with
in two different ways:

(1) We can try to define all objects in infinite volume as limiting objects of their finite
volume correspondents.

(2) We try to restrict to a finite volume and execute the theory in such a way that the
quantities of interest survive the infinite volume limit.

It has turned out that option (1) suffers from the fact that several central objects such
as the Hamiltonian do not possess a nice representation in the infinite volume and can
only (if at all) be abstractly extended. However, we should not overlook that several other
quantities can indeed be extended. Nevertheless, option (2) is the method we will pursue.
Therefore, all objects are introduced in finite volume and the theory is never allowed to
depend on this finite volume.

To get started, an interaction is a map ®: F(I') — Ajoc, which assigns Z — ®(Z) with
®(Z) € Ayz. It is easy to see that the space of interactions inherits a complex vector space
structure from the spaces of bounded operators via the canonical embedding. A sum of
local terms

Y. (2 (7.1.7)

ZeF (D)

is then an operator which has infinite operator norm unless ® is compactly supported,
meaning that there is an R > 0 such that ®(Z) = 0if |Z| > R (example: nearest neighbor
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interactions). This raises the need for a locality setup, since the operator norm of a term
®(Z) in (7.1.7) typically grows linearly in |Z|. Therefore, we need a different measure for
the “size” of such an object, which encodes the fact that realistic interactions in quantum
lattice systems merely feature nearest neighbor interactions in the most probable case and
interactions of multituples of sites are suppressed with growing number of involved sites.

7.1.3.3 Norms

Mathematically speaking, the “size” of an object like (7.1.7) is expressed in terms of a
norm. This is the point where is becomes technically delicate because the whole theory
is very semnsitive to the number of symbols and notions that are used in the definition of
the norm. Therefore, there is inevitable need to keep this formula as concise as possible.
To express the suppression of terms coming from large sets in the sum (7.1.7), we need
a bounded, non-increasing, positive function (: [0,00) — (0,00) that is logarithmically
superadditive, i.e., for x,y > 0, we have

((z+y) = ((z)¢(y) (7.1.8)
In practice, ¢ is a rapidly decaying function. The norm that we propose then reads
[e(2)]
|@[|¢ = sup (7.1.9)
=S D D))
r€EZ

It should be noted that a norm which needs to be uniform in the lattice I' must have a
point x € I which it is “attached to” and which is then suped over. Otherwise, we would
sum over all subsets in the lattice and even if we restrict to sets Z € F(I"), we immediately
realize that the number of sets of a given fixed diameter is heavily dependent on the shape
of the lattice then.

Let us compare our definition to the one in [BDF18a], which reads

P = sup ZIN1®(2)|, F(r):=Q+7r)"D (7.1.10
[Plle,n = SU (e, y)) Sl ZZCFI @), F(r):=1+r) ( )
T YyeZ

In our opinion, (7.1.10) suffers from three facts that trigger a lot of problems:

1. The measure for locality is determined by two different parameters that are not
comparable: a natural number N € Ny, which indexes a volume moment |Z|V for
a finite subset Z of the lattice, as well as a rapidly decaying function ¢, which
by the factor ((d(z,y))~! in the norm likewise indicates decay. It turns out that
there is need to unify these decay parameters so that the local norm would only be
determined by just one parameter. Since |Z| and d(z,y) are incomparable, however,
we decided to replace d(z,y) by the diameter D(Z). In this way, the quantities |Z]|
and D(Z) become comparable — provided we make a suitable assumption on shape
of the lattice, like (7.1.5) — and we do not need the volume factor |Z|" anymore,
which had kept arising in each operation in the setup of [BDF18a]. This turns out
to cure the theory to a large extent and further makes it possible to leave away one
point of x,y € Z, which even more simplifies the business.

2. The existence of the decay function F', whose shape limits the theory to polynomially
growing lattices from the very beginning, and whose so-called “convolution property”
is used to prove a Lieb—Robinson bound, is a big problem in practice. We get rid

June 17, 2022 305 Marcel Maier



7.1. INTRODUCTION

of this function completely. In the case of interest, the reader may have a look at
Section 7.8, where we present a continuity estimate for Z in the framework of the
old norm in [BDF18a], which we obtained before we realized that iterating Z with
the help of this estimate is highly problematic on its own. This illustrates very well
the problematic behavior of the function F', when it comes to precise continuity
estimates and the proof shows that it is somewhat clumsy to work with the norm in
(7.1.10).

3. The abstract class of rapidly decaying functions ¢ makes it difficult to prove concise
estimates. We choose an “explicit” class of rapidly decaying functions ¢, namely
the stretched exponential decay functions e ?*" for b > 0 and 0 < s < 1. Since s
is basically fixed throughout the theory, the norm effectively becomes determined
by a single positive number b > 0, which in our opinion purges the theory further
and enables us to prove short, handy, and well-behaved continuity estimates for the
relevant operations.

7.1.3.4 Preliminary note on the adiabatic theorem and optimal truncation

So far, we have discussed locality setups for general quantum spin systems. Before we
introduce the setup we will work with in the context of the adiabatic theorem, we take a
somewhat closer look at the adiabatic theorem itself. The adiabatic theorem is a statement
about the approximation of the time evolution of a state p(u) given by a Hamiltonian
H(et), where € > 0 is the small adiabatic parameter and p(u) is initially given by a state
po- The adiabatic parameter ¢ measures the “slowness” of the variation of H in time
compared to the hopping it induces on the physical space, i.e., the system has a “slow”
and a “fast” degree of freedom that are separated by the scale €. The time evolution takes
place according to the (adiabatic) Schrodinger equation

i< p(u) = [H(u), p(u), 0(0) = po. (7.1.11)

Here, we have already performed a rescaling of times u = et. The rescaled time is thus
u € [0,1], which corresponds to the physical time ¢ € [0,£7!]. The theorem has a long
standing history which we will not repeat here (see [BDF18a] for details), and has been
proven in various different contexts and classes of problems.

Let po = Py be the ground state projection of H(0) and let P(u) be the ground
state projection of H(u). A type of question one would then typically like to address is
how much p(u) differs from P(u). In other words, are the operations “take the ground
state projection” and “evolve according to (7.1.11)” commutative? Or, if we start with an
instantaneous ground state and evolve it according to (7.1.11) for a time u, is the resulting
state equal to P(u) and, if not, how large is the error? The “classical” adiabatic theorem
usually should answer this question in the following manner: We have

sup |[p(u) — P(u)|| < Ce. (7.1.12)
s€[0,1]

As pointed out earlier, the problem is that the constant C' in (7.1.12) typically grows
linearly with the number of lattice sites involved in the support of H so (7.1.12) becomes
meaningless in the infinite volume limit, as long as € is nonzero, even if we restrict to finite
volume initially. Therefore, to be able to prove a reasonable analogon for quantum spin
systems, we have to replace the left side of (7.1.12) by a volume independent quantity.
The revolutionary idea that has been introduced successfully in [BDF18a] is to
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1. consider a finite volume A and carry out the theory on the finite volume, proving
uniform estimates in |A|.

2. do this by relaxing the topology from the operator norm to expectation values of
observables with finite support within A. These do not probe the whole quantum
system but only a small region.

The reader is referred to [BDF18a] for a thorough introduction into the business of the
adiabatic theorem in the context of extended quantum systems and to [BDF18b] for further
explanations around the topic.

Let us briefly sketch what we call an optimal truncation argument. Typically, under
the assumption of a Hamiltonian that has an analytic extension to a complex strip around
the real axis, (7.1.12) can be improved to

[p(1) = P(D)]| < Cpe™, m €N, (7.1.13)

in terms of a constant Cj, that depends on m as C,, < m". The function f.(x) := %",
which can be written as f.(z) = exp(xlog(ze)), then has a unique global minimum at
z(e) := (ee)~! with value

o1

fe(a(e)) =e =, (7.1.14)

which is exponentially decaying as ¢ — 0. When we successfully deal with the subtlety

that z(e) is not an integer in general, we can therefore choose m € N in (7.1.13) optimally

in terms of € to improve the error to exponential decay in 7.

7.1.4 The setup of locality for this chapter

We assume that the dimension of the on-site Hilbert spaces H,. is uniformly bounded, that
is,

supdim H, < oo.
zel’

7.1.4.1 Interactions and the new norm

We are in position to introduce the locality setup suitable for the adiabatic theorem.

Time-independent setting. An interaction on I is a family & = {(PA}AEJ:(F) of maps
dN: F(A) — Ay, which assign Z +— ®*(Z), where ®*(Z) € Az. We denote the set of
interactions by B. An interaction ® € B is self-adjoint if ®*(Z) is self-adjoint in Ay for
all A € F(I') and Z C A.

A family of operators G = {G*}ac F(r) is called a local Hamiltonian if there is an
interaction ®¢ € B such that for all A € F(T'), we have

Gh =" a4 (2). (7.1.15)
ZCA

The set of local Hamiltonians is denoted by £. Note that & € B such that (7.1.15) holds
is not unique. A local Hamiltonian H € L is self-adjoint if every interaction &y € B
such that (7.1.15) holds is self-adjoint. For the sake of readability, we will mostly omit the
dependence on A in the rest of this chapter, since this does not cause any confusion.
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It is easy to verify that B and £ are complex vector spaces with the usual operations
that are inherited from the space of bounded operators.
With the help of the stretched exponential decay functions

ba®

Xsp(T) i=e "7, 0<s<1l, b=0, z2>0, (7.1.16)

we define the local norm of an interaction ® € B as

et

|®||sp:= sup sup E
AeF(T) weh joi Xsp(D(Z))

Z>x

(7.1.17)

Then, let us define the set of (s, b)-localized interactions by
Bop:={®€B, 0]y < oo}

If G € £ such that (7.4.1) holds for some ® € B}, then G is called (s,b)-localized and the
set of (s, b)-localized Hamiltonians is denoted by L. Since ®¢ is not unique, the term
|G||s» remains undefined but equals, per convention, ||®¢/||s, provided an interaction has
been specified previously or is clear from the context.

Lemma 7.1.1. For each 0 < s < 1 and b > 0, the functional || - ||sp is a norm on By,
and (Bsp, || - ||sp) @ a Banach space.

Proof. Homogeneity and triangle inequality are inherited from the operator norm. Assume
that ||®||s;, = O for some interaction ®. Then, for all z € A, we have [|[®*(Z)|| = 0 for
every set Z C A that contains z. If a nonempty Z’ C A is given, choose an arbitrary
point 2’ € Z' and obtain ||®*(Z')|| = 0. This proves that ®*(Z’) = 0 for every Z' C A,
whence ® = 0. The completeness property of By is inherited from the completeness of
B(Hy). O

Remark 7.1.2. Since x5p, > Xsp, Whenever by < by, we have that b — ||®||, is a strictly
increasing function on [0, 00) with values in R U {oo}. Therefore, if there isan 0 < s < 1
and a b > 0 such that || @, < oo then, either there is by > 0 such that limg, ~, || @[5, = oo
or we have limp 7 [|®||sp = 00. In any case, we may assume without loss of generality
that

[®]|sp > 1. (7.1.18)
Let us denote the class of s-localized interactions by

By := ] Bsyp, 0<s<1, (7.1.19)
b>0

and denote the corresponding classes of local Hamiltonians by L,. Furthermore, define
the classes of (stretched) exponentially localized interactions by

£ =B, S:= J B, (7.1.20)

0<s<1

respectively, and write L¢ and Lgs for the corresponding sets of local Hamiltonians.
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Time-dependent setting. Since we will be concerned with analytic interactions of
time, we consider an open subset I C C. A time-dependent interaction is a map ®: [ — B
and we denote the set of time-dependent interactions by B(I). A time-dependent local
Hamiltonian is a map G: I — £ such that (7.1.15) holds for G(u) for every u € I. The
set of time-dependent local Hamiltonians is denoted by £(I).

For 0 < s <1 and b > 0, we define the local norm of an interaction ® € B(I) by

2]

Lsp = sup || P(u)||sp (7.1.21)
uel
and the set of (s,b)-localized time-dependent interactions is defined by
Bop(I) = {® € B(I), [|@]|1,5 < oo}.

Likewise, we conclude that || - || 7,5 is @ norm on B; (1) and (Bsy(1), || - ||7,s,5) is @ Banach
space. We also define the symbols Bs(I), Ls(I), E(I), S(I), Le(I), and Ls(I) as the
obvious analoga to the symbols defined in (7.1.19) and (7.1.20).

An interaction ® € B(I) is called holomorphic if for every A € F(I') and Z C A the
map

ur— o(w)*(2),

is holomorphic on I. For any set X'(I) of time-dependent interactions (or local Hamilto-
nians), we write XP°(I) for the corresponding set of holomorphic interactions (or local
Hamiltonians).

7.2 Technical Preparations — growth conditions

In order to prove the adiabatic theorem, we will need a lattice system with polynomial
growth. However, there are many results which hold in higher generality. Therefore, we
present here various growth conditions on the lattice I' that will play an important role
throughout the chapter.

7.2.1 Abstract growth conditions

Assumption 7.2.1 (Abstract volume growth). For 0 < s < 1 and b > 0, we assume that
the constant

Vs(0) :== sup |Z| xsp(D(2)) (7.2.1)
ZeF ()

is finite. Here, |Z] is the cardinality of Z € F(I') and xs; is from (7.1.16).
Let us remark several facts about the constants in (7.2.1). First of all, we have
Vs(b) 2 1, (7.2.2)

since Vi(b) = {z}| xsp(D({x})) =1 for every z € I'. We also have V;(b) — oo as b — 0.
For k£ > 0, we put

Vakld) = Va(7) = 5 121, (P2) (7.2.3)
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For b > 0 and k < K/, these constants satisfy V 5 (b) < Vi (b) and, by (7.2.2),
Vie(b)* < Vi (b)¥. (7.2.4)

The next growth condition is somewhat similar to the summability of the function F
in [BDF18a].

Assumption 7.2.2 (Abstract F-norm growth). For 0 < s < 1 and b > 0, we assume that
the constant

Fy(b) := sup > |Bn(2)] Xxsp(2n) (7.2.5)
zel p=0

is finite. Here, By(z) is the ball of radius n about z defined in (7.1.2) and x,; is from
(7.1.16).

We note that
Fy(b) > 1, (7.2.6)

since F(b) dominates the term n = 0 in the sum.

7.2.2 The decay functions x,,

Lemma 7.2.3. For any 0 < s < 1 and b > 0 the function xsp in (7.1.16) satisfies the
following properties:

(a) (i) xsp ts bounded, positive and monotonically decreasing. If b > 0 then xsp is
strictly decreasing.

(it) xsp s logarithmically superadditive, that is, we have Xsp(z +vy) = Xs,5(2)Xs0(Y)
for every x,y > 0.

(b) Forallk >0,b>0andx >0, define fsip(x) := xkx&b(x). Then, with the convention
00 =1, we have

I fs kbl oo myy = fs,k,b((b%) ) = (%)

(c) Forallk >0, any b/ > b, and t > 0, we have

/toodm zF Xs,p () < F(l i 1) (k)

S se

o |5

Here, I is the standard I'-function.

(d) For every d € Ny, we have

. ()
sup max{l,n}* xsp(n) << \seb

n€No 1 otherwise.

(e) For everyt >0, we have
eibt < Es,b Xs,b(t)

with Esp = exp(b(1 — s) ST3).
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Proof. Part (a) (i) is clear. To see logarithmic superadditivity, use that f(z) = z° is
concave. We may deduce f(x) > %er (0)+ xiﬂ/f(x—l—y) > x%ryf(x +y) for x +y > 0 with
x4y >0 (if z =y = 0, then clear). Adding up these inequalities for = and y, we obtain
f(z)+ f(y) = f(z+y) so that superadditivity of x,; follows. We continue with part (b).
It is easy to see that f; has a unique maximum, which, by the first derivative test, is

located at (%/bs)"/*. To prove part (c), write

[ et v @) = [ et (@) X (0) xeo(a).
t t

We estimate as the last factor as xsp(x) < Xxsp(t). For the first two factors, we apply
part (b). We are thus left with the integral, which we carry out on [0,00). Perform a

substitution 7(z) = ax® so that dax = %# 7+71dr. Then,

00 11 [ ., (s 1 1\ 1
[Tty =0 [Carrtmer ST Ly 2

S as S a;

Apply this for a = % to get the claim. Part (d) follows from maximizing the function
bx b(z—z%) e~ %% and
s—l)

max{1, 2} (z) for z € [0,00). For the last part (e), we write e % = e~

estimate the maximum of g(z) = ¢~?@=2°), Consequently, ¢.(z) = —bgs(x)(1 — s =

so that the maximal value is gs(si) = exp(b(1 — 3)31%8). O

7.2.3 Concrete growth condition

Assumption 7.2.4 (Concrete polynomial growth condition). Suppose that there are x >
0 and d € Ny such that for every Z € F(I'), we have

1Z| < k max{1,D(Z)}%.

Lemma 7.2.5 (Concrete estimate on Vs(b)). Suppose that Assumption 7.2.4 holds. Then,
Assumption 7.2.1 holds and if bs < d, we have
d

v <s (%)

seb

Proof. Let Z € F(I'). By assumption, we have
Z] xsp(D(2)) < & max{1,D(Z)}" x(D(Z))
We take the supremum on both sides and arrive at

Vi(b) <  sup max{1,n}? y,u(n).
n€eNp

By Lemma 7.2.3, the right side is finite and if bs < d, we have
d ¢
1,n}¢ <(—)°
sup max{l, n}"xs(n) (Se b)
This finishes the proof. O

Lemma 7.2.6 (Concrete estimate on Fs(b)). Suppose that Assumption 7.2.4 holds. Then,
Assumption 7.2.2 is satisfied and if b < 4 and bs < 2d, then

d
s

F <nr(i ) (1) (207
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Proof. By assumption, we have

o0

Fs(b) < k Z Xs’g(Qn) max{1, 2n}% stg(2n).
n=0

Therefore, Lemma 7.2.3 implies

o0

Fo(b) < (seb) Z %

Since X, is a monotonically decreasing function, we have

o0 1 oo
D Xp(2n) <1+ 2/ dz x, b (),
n=0 0

which in combination with Lemma 7.2.3 implies

Ry <l gr(02) (5)°](2%)

since bs < 2d. Since 1+1/s > 2, we have I'(141/s) > 1. By the assumption b < 4, we infer

1< %1‘(14— )(%)

from which the claim follows. O

1 d
s s

@ =

7.3 Lieb—Robinson bound

7.3.1 Time-independent setting

The first thing we want to prove with the new norm is a Lieb—Robinson type bound for
the evolution

Ti(A) = et A 1H (7.3.1)
where A € Ax and H € L is a local Hamiltonian.

Theorem 7.3.1. Let Assumption 7.2.1 be true, let X,Y C A and let A € Ax, B € Ay.
Let also 0 < s < 1 and V/ > 0. Assume that H € Lgy is self-adjoint. Then, for any
® € By such that (7.1.15) holds, any t € R, and any 0 < b < b, we have

(eb Vs p,1 (b =) [t _ 1) gs,b(X7 Y)} .

Here, 6xy =1 if X NY # 0 and §xy = 0 otherwise. Furthermore, for k € N and a > 0,
we set the Lieb—Robinson velocity to be

A),B]|| <2 |A]|l ||IB o
1[7:(A), Bl || < 2 [|A]l || B]] 5X’Y+V571(b’—b)

2| Pl

Vs,a,k(b) = Vs k(b)a (732)

)

where Vs 1,(b) is defined in (7.2.3). Finally,

D xspld(@,Y)) X[ <Y,
xeX

Do xspld(X,y)  [X]> Y],
yey

gs,b(X’Y) = (733)

312 PhD Thesis



CHAPTER 7. EXPONENTIAL ESTIMATES FOR THE ADIABATIC THEOREM

Proof. The method of proof for this result is inspired by the proof of [NSY19, Theorem
3.1]. Let us agree on the decomposition H = ) ;) ®(Z) and call f(t) := [r(A), B].
Then, we have

/() =i[m((H, A]), Bl = =i Y [B,[0(®(2)),m(4)]].
ey

Now, make use of the Jacobi identity [A, [B,C]] + [B, [C, A]] + [C, [A, B]] = 0 to get

PO =110, ¥ n@@)]+i 3 [n4.Bm@@)]).

ZNX#D ZNX#£D

Solving the homogeneous equation amounts to evaluating the Dyson series for the new
time-dependent Hamiltonian K(t) := 3=~ x.p7(®(Z)). This gives a unitary solution
operator U(t, s) so that with g(t) := 13" 7 xg[7(A), [B, 7t(®(Z))]] we have

_ /O ds U(t,s)" g(s) Ut s).

We conclude that

It
IF @1 < £ +/0 ds [lg(s)]|

< ||[A,B]||+2 E |®(Z ds |A] .

With the definition

ol | [7(A), B]|
Cp(X.t) .= — HUe2), =1
B(Xo0)= sup ST S Al

we obtain

[¢]
Ca(X.) < Ca(X.0)+2 3 (D) [ ds Cu(zes).
ZNXAD 0
Iterating this gives the expansion

2t))*
Lk Z Z Z CB(Z,0) HHCI)

ZlﬂX;lé@ Z2021;é® ZNZy,_ 1#@

Cp(X,t) < Op(X,0) + fj (
k=1

We observe

2B XnY #0,

0 otherwise.

Cp(X,0) g{

Hence, when we define

SOy Y e

Z1INX#D ZoNZ1#D ZpyNZy_ 170 i=1
ZkNY #0)
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we obtain

(2[t)*

Cp(X,t) <2|B| dxy +2| Bl Y ar(X,Y). (7.3.4)
k=1

We omit the index s from the notation in the following and claim that
an(X,Y) < Vit — b)* L |@||F g5(X,Y). (7.3.5)

To prove this, let us assume without loss that | X| < |Y| (otherwise interchange the roles
of X and Y in what follows). Then, going for induction, we bound the case k = 1 as

aX )= Y [B@))<Y % ”‘I’ w(D(2)).

ZOX 40 veX ZCA X
ox
Zny#0 ZNY #£0

Since x € Z and ZNY # (), we conclude that D(Z) > d(x,Y’). Hence,

[2(2)]
Y) < g(Xb(d(%Y))ZEC:Am < [[®lls %Xb(d(xvy))v
Z>x

which is bounded by (7.3.5) since ||®||, < ||®||y. Furthermore, we have

H‘P 21 || T

a1 (X,Y)< D) Y / xw(®@(z) > - 3 llez
xeX Z1CA Xb ZaNZ1#0 Zyy1NZp#£0 1=2
A Z)H,lﬁY;ﬁ@

Since the last factor is exactly ar(Z1,Y), we may apply the induction hypothesis and
relabel Z; by Z to obtain

a1 (X, Y) < |@F Vi —0) 1Y Y ”q) )) v —5(D(Z))
g
x> xs(D xb(d(2,Y)).
z€Z

Since x,z € Z, we obtain D(Z) > d(z,z) and subsequently d(z,z) + d(z,Y) > d(z,Y)
which, by the logarithmic superadditivity, implies that

Xo(D(2)) xo(d(2,Y)) < xp(d(z,2) +d(2,Y)) < xp(d(2,Y)).

Then, the sum over z € Z yields a factor of |Z|, which, together with xy_4(D(Z)) gives
V1(b' — b) for an upper bound. All in all, we conclude,

2(2)]

a1 (X, V) < [|B]E Vi — )% S xo(d iy

+ b 2 el ) 3 S )
Z>x

Bounding the last term as the (k+ 1) copy of |®||y the induction is complete and (7.3.5)
is proven. Looking back at (7.3.4), we have shown that

o] 1 , k
Co(X.) < 2Bl By + p——pr > 2120V~ )] (X, Y)],

which by definition of Cp(X,t) yields the claim. O
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Corollary 7.3.2. Let Assumption 7.2.1 be true, let X, Y C A with d(X,Y) > 0 and let
Ac Ax and B € Ay. Let also 0 < s <1 and V/ > 0 and assume that H € Ly is self-
adjoint. Then, for any ® € By such that (7.1.15) holds, any t € R, and any 0 < b <V,
we have

2
Vs (b —b)

)

17:(A), Bl < min{| X[, [V} |A]l | B] (¢" V=01 — 1) x4 (d(X, ),

where Vs 1 (b —b) is given in (7.3.2).
Proof. Obviously, gs4(X,Y) < min{|X|, |Y|} x4(d(X,Y)). Apply Theorem 7.3.1. O

7.3.2 Time-dependent setting

To start out with, let 7 C R be an interval. For a local Hamiltonian H € £(I), let U(t, s)
be the unique strong unitary solution [NSY19, Proposition 2.2] to

d
@U(u,v) =—iH(u)U(u,v), U(v,v) = 1. (7.3.6)
Consequently, we have U(u,v)™! = U(u,v)* = U(v,u) for all u,v € I and
d
@U(u, v)* =1iU(u,v)* H(u)

Let A € Ax. With this, we define the Heisenberg dynamics 7, ,(A) as
Tuw(A) == U(u,v)" AU (u,v).

Theorem 7.3.3. Let Assumption 7.2.1 be true, let X, Y C A and let A€ Ax, B € Ay.
Let also 0 < s < 1 and b’ > 0. Given an interval I C R, assume that H € Lgy(I) is
self-adjoint. Then, for any ® € By (I) such that (7.1.15) holds, any 0 < b <V, and any
u,v € I, we have

| (s A), B < 2 A 1B {3y + (Va0 1) g (0,

Vs1(b' —b)

Here, 6xy = 1 if X NY # 0 and éxy = 0 otherwise, and g5y is defined in (7.3.3).
Furthermore, for k € N and a > 0, the Lieb—Robinson velocity is defined as

21D o p
= 20y ), (737)

Vs.a.k(b) :

where V1, (b) is defined in (7.2.3).

Proof. The method of proof for this result is inspired by the proof of [NSY19, Theorem 3.1].
Let ® be a time-dependent interaction such that the decomposition H(u) = Y ;-5 ®(Z,u)
holds, where ®(Z,u) := ®(u)(Z), and for fixed v € I define f,(u) := [7y(A), B]. Then,
by (7.3.6) and a short calculation, we have

fo(w) = ilruu((H, A, Bl = =i > |B, [run(®(Z, 1)), 7un(A)]].
ar

Now, make use of the Jacobi identity [A, [B,C]] + [B, [C, A]] + [C, [A, B]] = 0 to get

filw) = =i| 1@, @(Ze)] 41 5 [rualA) o @(Z,), B,

ZNX#D ZNXF#0D
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Solving the homogeneous equation amounts to evaluating the Dyson series for the new
time-dependent Hamiltonian Ky (u) := 3= 71 x 2 Tun(®(Z,u)). This gives a unitary solu-
tion operator U, (u,w) so that

folu) — fu(w) = /u dr Uy(r,w)* go(r) Uy(r, w) Yu,w € I,

w

with

go() =1 Y [rue(A), [ruu(@(Z,w), B]|.

ZCA
ZNX#0D
Setting w = v, we get
max{u,v}
@I <151+ [ dr .01,

or, in other words,

max{u,v}

| 7w (A), Bl | < || [A, B +2||A||/. dr > B 7u(®(Z, )] |-
min{u,v} ZCA
ZNX#0D

Iterating this up to finite order n € N gives the expansion

7 (A), BUE< I[TA, BL + 2 AL IB] Y 2° ak(u, 0, X,Y) + Ra(u,v, X)) (7.3.8)

k=1
with
uN\v Tk—1/\v k
akw,v,x,n::/ d/ e Y Y Y TTIeErl,
uVo Tk—1Vv Z1CA  ZaCA Zrch =1
ZANX#D ZoNZ17#0 ZNZg_ 170

Z,NY £
where u A v := max{u,v} and u Vv := min{u, v}, and

UAv 1AV Tn AV
Ry (u,v, X) = 2”+2||A||/ drl/ drg - / drp+1
uVv r1Vou Tn VU

X Z Z e Z H [Trn+1,v(q)<Zn+17rn+1)7 B] H 1:[1 ||(I)(Zi7ri)||'

Z1CA ZoCA ZnCA
ZlﬁX#@ Zzﬂzl#@ Zn+1ﬂZn7$®

Now, first we have the bound ||[4, B]|| < 2||A|| || B|| 6x,y. Next, concerning R, (u, v, X),
we have

H [Trkﬂ,v(q)(zn—&-lrn—&-l))?B] H <2 ”(D(Zn—&-larn—l-l)H HBH

This allows us to bound the integrand of the error term R,, in the following way. We omit
the index s from the notation in the following and claim that

n+1
Yoo > IT el <ol vi)™ 1X]. (7.3.9)
Z1CA ZnCA =1

Z1NX#D Zn+1NZn#0D
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Going for induction, the case n =1 is bounded as

o> 1R(Z, )| 19(Z, 7o)

ZlﬂXi(DZQﬁZl?é@
| 2(Z1,m)|l ,7“ H
<y ¥ 124 IS

2€X Z1CA xv (D €21 ZoCA X (
Z12x 21€29

1 ®(Z2, m2) |l Z2ﬂ°2 |
D(Zs) )

On the right, we may take away the norm ||®|7,. Then, the factor x,(D(Z1)) |Z1] is
bounded by V;(b). Evaluating the second norm, we arrive at the claim (7.3.9) in the case
n = 1. Inductively, we have

n+1
oo Y T 1)l
Z1CA ZnCA =1

Z10X7é® Zn+1mZn7é@

<3 x LG o) i, vier 2

2€X Z1CA X6(P
Z12>x

The similar strategy to the case n = 1 readily yields (7.3.9). All in all, we conclude the
bound of the remainder term to be

(2 [|®llrp Vi() [u = v))"*

2 (b
Ry(u,v,X) < = | X [|A]| || B]| (n+1)! ’

Vi(b)

which vanishes as n — oco. Similarly, we bound the k*" coefficient ay(u, v, X,Y). Here, the
only difference is that we have the additional constraint of Z, N'Y # (). Assume without
loss that | X| < |Y|, otherwise interchange the roles of X and Y in what follows. We claim
that

u —
axn, 0, X,¥) < )5y Vi — i T S (7.3.10)
reX

We start the induction again by the case k = 1 and

uNv
(oY) = [ 4 ¥ ez
uVv ZCA
ZNX#0
ZNY #0D
Then,
un CI)Z
werxy)< [ oy ¥ BRI ),
uVv xeX ZCA Xb
Z>x
ZNY #0

Since D(Z) > d(z,y) for any point y € Y, we have D(Z) > d(z,Y), s

uAv

(w0, X V)< [ dr 0l 3 xe(d@ V) < @ a0l 3 xdla, V),

Vo zeX zeX
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The case k =1 is proven. Supposing the claim is true for k, we get that

uAv
(o XY) < [ a5 S ez
uVv z€X Z1CA
Z12x
r1Av TR AV k+1
></ dr2---/ A S0 o Y LIz
r1Vu TEVY Z3CA Zpi1CA i=2

ZoNZ1 70 Zy1NZk 20

Since the second row is equal to ag(ri,v,Z1,Y), we apply the induction hypothesis and
obtain

k / k—1 unv r1 — U’k
ap+1(u, v, X, Y) < [[@f7 5 V1 (0" — ) T
uVu .
(I) Zl,Tl
3 3 o o D(21) Y n(P(Z) (. Y):
zeX Z1CA Xb/ 21€721

Z12x

Since x, z1 € Z1, we get D(Z1) > d(x, z1). Then, the logarithmic superadditivity, together
with the triangle inequality d(z, z1) + d(21,Y) > d(x,Y) yields

xb(D(Z1)) xp(d(21,Y)) < xo(d(z, 21) + d(21,Y)) < xp(d(z,Y)).

The right-most sum gives a factor of |Z1|, which, together with xy_(D(Z1)) yields an
upper bound by a copy of Vi(b' —b). Bounding away the norm [|®||; s, we arrive at the
bound

uAv T—’L)k
e lu, 0 XY) < ol i -0 [ ar PR S (e ),
uvvu : reX

Integrating out the last integral finally gives (7.3.10) for k£ + 1. Looking back at (7.3.8),
we have shown that

bV —b _
| [ (A4), BY || < 20| Al BIl | oxy + 55 ba (¥ — b)[u — v[}*

b(X7 Y) )
k:l

which yields the claim. O

Corollary 7.3.4. Let Assumption 7.2.1 be true, let X, Y C A with d(X,Y) > 0 and let
Ac Ax and B € Ay. Let also 0 < s <1 and b/ > 0. For an interval I C R, assume
that H € Lgy (1) is self-adjoint. Then, for any ® € By (1) such that (7.1.15) holds, any
0<b<?, and any u,v € I, we have

2 min{|X|, |Y|}
Vs (b —b)

| [Tu(A), B || < JA|| [|B]] (b Vera W =00 lu=vl _ 1)y 1 (d(X,Y)),

where Vs p, 1 (b —b) is given in (7.3.7).

Proof. Obviously, gs,(X,Y) < min{| X/, |Y|} xs5(d(X,Y)). Apply Theorem 7.3.3. O
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7.4 The map 7

In order to solve the adiabatic Schrodinger equation (7.1.11) given by the Hamiltonian H,
it is unavoidable to have a tool at hand which inverts the operation G +— [H,G] for
certain operators G. Note that such a property cannot hold for all operators G since every
function of H lies in the kernel of this map. The inverse property should be compared to
the work [HJ02], where the resolvent of H at the lowest eigenvalue was considered as a
bounded operator on a proper subspace of the underlying Hilbert space — the orthogonal
complement of the eigenfunction corresponding to the eigenvalue. The important point is
that we need to invert G — [H,G] in a locality perserving manner. This is done by the
map Zs , as we shall see now.

7.4.1 Definition of Z; ,

Let G, H € L, assume that H is self-adjoint, and for 0 < s < 1 and v > 0 let a function
Wy € LY(R) be given. Then, we define

T (G) = /]R dt Wi, (t) €™ G e 11, (7.4.1)

We claim that if G € L, and H € Lg, then Z, o (G) € L,. In other words, (7.4.1) defines
amap Zs~: L; — Ls. We shall show this in Section 7.5.2.

For an interval I C R and time-dependent Hamiltonians G, H € L(I), the map Z;
extends in a natural way to a map Zs ,: Ls(I) = Ls(I) via the pointwise definition by the
same formula (7.4.1).

Therefore, Z, , is a “locality preserving” map, which is a very important property in
the business of quantum lattice systems.

7.4.2 Inverse property of 7, ,

The second important property of Z, - is that it provides an inverse of the commutator.
This depends on the parameter v that we did not use so far and that plays the role of the
spectral gap of H.

Definition 7.4.1 (Gapped Hamiltonian). Let I C R be an interval. Let H € £(I) be a
self-adjoint time-dependent local Hamiltonian. We call H gapped if and only if for every
A € F(T') and u € I the spectrum o(H”(u)) admits the decomposition

o (M) = S () U A (w), (7.4
such that X3 (u) and $4(u) are separated by a uniform spectral gap ~y, that is,
v = inf{dist (S (u), Bt (w)) - A € F(T), ue I} >0. (7.4.3)

Proposition 7.4.2. Let I C R be an interval, let G,H € L(I) be two time-dependent
local Hamiltonians and assume that H is gapped with uniform spectral gap v > 0. Let P
denote the spectral projection of H onto the spectral patch ¥o. Then, for any 0 < s < 1,
there is a function W, € LY(R) such that the following statements hold pointwise for all
u€l:

(a) If G satisfies the offdiagonal condition

G=PG(1-P)+(1-P)GP (7.4.4)
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then
G=—iH, L, ,(G) ]. (7.4.5)

(b) We have
(G, P~ i[[Z.1(G) , H], P| =

Proof. The proof is given in [BDF18a, Proposition 4.1 (a), (b)] and uses that W, is a
function that satisfies W (&) = \/;——;5 if |€] > 7. We explicitly construct such a function
in the following. For the required property, see Lemma 7.4.5 (b). O

7.4.3 Construction of the function W,

In a first step, we are going to construct a function w,, for 0 < s < 1 with rapid decay
and whose Fourier transform’

_ 1 .
By (6) 1= = /R dt e € w, (1) (7.4.6)

is compactly supported in the interval [—v,7]. A comprehensive method to construct
such functions with a desired bound by a given rapidly decaying function has been used
in [BMNS12, Lemma 2.3] and we utilize this method to construct such a function for
our x s for every 0 < s < 1. We point out to the reader that such a function cannot
exist for s = 1 since an exponentially decaying function has a Fourier transform with an
analytic continuation to a complex strip around the real axis. Since we require the Fourier
transform to have compact support as well, it thus vanishes identically by the identity
theorem.

Lemma 7.4.3. Let 0 < s < 1 and define a(s) := m Set an(s) = % for each

n > 1. Then, we have Y_,~ an(s) = 3 and the infinite product

a

defines a nonnegative, even function ws~ € L*(R). We choose cs - so that |wsHllL1@)y = 1.
Furthermore, the following statements are true:

(a) Consider the function

—
|
w
SN—
¥
~
»
N———
[—

fs(t) :=exp [log(t) (2 + 25 — 5% — C12

and let £(s) € (0,00) be the unique solution of

s —s? —s
log(&(s)) = 22 (1— 3)2(2 ) 5(15) -1

Then, for allt € R, we have the estimate

Ws~(t) < sy Ds X pug(s)(71)-
where

(4)2—32(2-9) 2—s4+(1—s)log(2¢(2—9))
Dy = o —vims f(€(s)°), po(s) = :
(2¢(2—5)) ((2-s)
!Note that, in contrast to the papers on BCS theory in Chapters 2 and 3, we choose here the unitary
Fourier transform.
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(b) The support of Ws is contained in the interval [—v,].

Proof. First, note that @ = m Hence, it will be convenient to express all quantities
in terms of this ratio. The product converges pointwise (actually uniformly on compact
subsets of R) as each factor is a member of [0, 1]. Hence, the sequence of partial products
is monotone decreasing and bounded from below by 0. For every N € N, we have the

estimate
—2s (N|)4—2s

2
Slna .
ot o T (SHO0Y o o 0

Employing Stirling’s formula N! < v4nr N (%)N (the 4 in the square root instead of 2 is
just to get the upper bound), we get

wsﬂ(t) < (471')2_8 Can N2—s N(4—2s)N e—(4—23)N (CL(S) t)_2N.

Without loss, assume that ¢ > 0, otherwise consider [t|. Now, choose N := |5 - S)t - | and

use that 2&7;2) —1<NK % to get

(t)*® (yt)*® (vt)*® (vt)*®
ws(t) < 2 08(5EE) 202-9) 505 1or( () (209 (5 )
(4m)2=5¢s
o o235~ D) log(als) 1)

—1) log((v)* =)

. o 2(-00° .
Multiplying and dividing the last factor by e (=G , and rearranging the

right-hand side, we obtain

o(d=s)slog(vt) —(4—s)log(2((2-9)) 41(251) (7t)* log(7t) efﬁ(vt)slog(%(%s))

e T (0" g2(2-5) 21-9)log(a)
2(2—s)

T (229

ol(4=s)s+2(1—s)] log(7t) e—%(vt)s log(71)

X e [4(2 s)+<(2 D) log(2¢(2—s5))] ('yt)s'

From this, we conclude that

o~ (t 2(2 s)
(4;‘0)277(36)377 = (2<( ))4 s fs(’}/t) Xs,uo(s)(’yt)

It remains to estimate the maximal value of f;. Since the exponential is monotone, fs
attains its maximum at e9m»x where gmax is the maximal value of

(1_8)2 s
@’

Since g(t) — —oo for t — 0 as well as for ¢ — oo, it has a maximum £(s) € (0, 00).
However, the critical equation

gs(t) :=log(t) (2 + 25 — 5% —

(2+2s—5%)C(2—s) 1
(1—s)? §(s)®

log(£(s)*) = ~1. (7.4.7)
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has at most one solution since the left-hand side is strictly increasing in £(s)*, whereas the
right-hand side is strictly decreasing. This proves part (a). To prove part (b), note that

1 o0 e [T _ sin(at)
Wor /OO dr e 22 1_gq(7) = pran

sin(az)

Hence, the Fourier transform of = = is an amplified indicator function on the interval
[—a,a]. By the lemma below, the support of @ws, is thus contained in [-2S,25] with
S =Yl an(s) = 3. O

Lemma 7.4.4. Let 0 < a < b and let f, € L°°(R) with supp fp C [=b,b]. Then 1_q 4 * fp
has support contained in [—(a + b),a + b].

Proof. Compute
b

(]l[fa,a} * fb)(‘x) - / dy ]l[fa,a] (1‘ - y)fb(y>

—b
If r < —(a+b)and y € [-b,b], then x —y < —a — b+ b= —a. Hence, 1|_, 4 (z —y) =
for all y in the integration range. So, the convolution is 0. Likewise for x > a + b. O

The following is our version of [BMNS12, Lemma 2.6].
Lemma 7.4.5. Define

/ dr w () t>0,
t

Ws,v(t) = t
—/ dr wsy(r) t<0.

Then, the following statements hold:

(a) W is a bounded, odd function with

1
loo = Ws4(0) = =.

Hst’y 2

(b) If |§] =, then
— i
W =——.
(c) For every 0 < pu < po(s) and any t € R, we have
csy Ds T'(Y/s) ( 2
v s fo(s) — p

where cs, and Ds are from Lemma 7.4.5.

/s
W (1)) < )Xo D),

(d) Forr >0 and T >0, define

Isn o (T) := /T dt t" W, ~(t).

Then, for each 0 < 1 < po(s) and T > 0, the estimate
IS,'Y,T(T) < Dls,w,r (N) XS,,LL(’YT)

holds, where

Cs DS F(I/S)Q r r ( 4 ) 21_7‘
5 _ Coy rNs 4 ) 7.4.
IS,W(M) A2 52 (se) po(s) — p (4
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Proof. Part (a) is proven by 2W, 4(0) = ||ws |1 = 1. Part (b) follows from an integration-
by-parts argument. We have

raa= i el e [l

C L Pt [ Ly
v - T w ’I" T w r
2mi§ Jo dt J; o 27r1£ o

Since ws, € LY(R) with |lws |1 = 1, we conclude that

o~

Wsn(f) - =

i

7ame * Vg 2ol

Since W = 0 outside [—7, 7], see Lemma 7.4.3 (b), the claim follows.
We prove part (c). Inserting Lemma 7.4.3 (a), we obtain

o0

o0
|W8,7(t)‘ < /| d¢ ws,w(f) < Cs,st/ll d¢ Xs,p0(s) «/5(5)~
t t

Applying Lemma 7.2.3 (¢) with r = 0, b’ = po(s)y®, and b = pu~y* gives the claim. Likewise,
we obtain part (d) by applying part (¢) to p/ = p+ tols)=pt ) £ We get

CS DS F(I/S) 2 1/5 /‘OO
I (T) < =20 At t" s s (t).
(1) ~ s (MO(S)—M') . X,u’v()

Applying Lemma 7.2.3 (¢) with & = 4" and b = v*u and evaluating the rates, we get

W= M = up(s) — p' and the claim. O

7.5 Continuity estimates for several operations

7.5.1 Commutators

Let Go,G1 € £ be two local Hamiltonians and let &g, € B, i = 0,1 be given such that
(7.1.15) holds. Then, we define an interaction for [G1, G| on the set W C A by

(I)[Go,Gﬂ(W) = Z [(I)G1(Z1)>(I)G0(ZU)]' (7'5'1)
Zo,Z1CA
ZoNZ17£0D
ZouZ =W

This implies (g, ¢,] € B, whence [G1,Go] € £. By induction, this implies an interaction

for multi-commutators as well. For local Hamiltonians Gy, ..., Gy € L, we put
(badck"' adg, (Go) (W) = Z ad‘I’Gk (Z) " ad(I’Gl(Zl)(q)Go (Zo)). (7.5.2)
ZQ,...,ZkCA
ZinJy_y Ze#0 Viz1
Uf:o ZZ:W

Analogously, we then have éadck---adcl (Go) € B and adg,, - --adg, (Go) € L.

Remark 7.5.1. We can think of much more complicated configurations of commutators
of Gy, ...,G} than the operator

adg, ---adg, (Go) (7.5.3)
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and we will, indeed, encounter and deal with them when we estimate the higher deriva-
tives of Z, 4 in local norm in Subsection 7.5.4 below. However, the commutators there
appear with additional operations that have to be dealt with simultaneously so that the
commutator estimate we present here would not be applicable there. Therefore, an esti-
mate on the configurations like in (7.5.3) is sufficient for our purposes and we keep the
digression readable by restricting to such configurations. It becomes clear from the proof
that Theorem 7.5.2 also applies to every other configuration of k£ commutators.

Theorem 7.5.2. Let Assumption 7.2.1 be true, let k € N, 0 < s <1, and b/ > 0. Assume
that Go,...,Gy € L. Then, for any 0 < b <V, we have adg, - adGl(Go) € Lsp and
the interaction in (7.5.2) satisfies the estimate

1Padgs, - ades, (o) llsp < 4° Var(V = )" HH‘I)GeHsb'

where Vs 1,(b) is from (7.2.3).

Proof. We omit the index s throughout since it does not play any role. Let bg,...,b; >0
be such that 0 < by, < by_1 < --- < by < bg < V. We claim that

k
Hq)adckn-adGl(Go)ku < 4k H(I)Gpoo H ‘/i(bl - bifl) H(I)Gz‘Hbi—r (7'5'4)
=1

If this is true, we may choose b = by, as well as bg = V', and b; —b;_1 = %. Consequently,
we have Vi(b; — b;—1) = Vi(b/ — b). Using that b;_1 < ¥ for alli = 1,...,k, we conclude
the theorem.

It remains to prove (7.5.4) per induction. We start with &k = 1. Let € A be given
and estimate

Z||ﬂI>adC,,1(<;0>(Z)II<2 5 16, (Z0)]] 1®c, (Z0) | (7.5.5)
o x(D(2) o znen Xo(P(Z1)) x4(D(Z))
73z ZoNZ1#0

ZoUZ13x

Here, we used the logarithmic superadditivity of x; as well as D(Z) < D(Zy) + D(Z1).
Now, we get two terms, the terms with x € Zy and the ones with x € Z;. For the case
x € Zy, we get the upper bound

) @6, (1)l H‘1>Go <y H(I)Go )Xb/ DY Y H@Gl )

zozzcn Xo(P(21)) xo(D Zyon X' scz0 7o Xo(P

Zoﬂzl#@ Z03$ Z13z
Zodx

Bounding away the norm [|®q, ||p < [|[Pq, ||y, we get a factor of |Zp|, which, together with
Xt —b(D(Zy)) is bounded by Vi(b' — b). We are left with the norm ||®¢, |- Hence, the
total bound for this case is 2V (V) —b)||®q, |ly | P, ||l The case x € Z; produces the same
bound again. We arrive at (7.5.4) for the case k = 1 with by = b’ and b; = b.

The induction argument is now straightforward. Assume that (7.5.4) is true for k — 1
and let by < bp_1 < -+- < by < by < b be given. Then, by case k = 1, we get

[Padg, -+ adg, (Go)llse <4 V1(0k = be-1) 196, Moy [Padg, - ade, (Go)llbes-

Applying the induction hypothesis proves (7.5.4). O
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7.5.2 An estimate for 7, ,

In this section, we prove the locality estimate for the map Zs , defined in (7.4.1). We do
this in two steps, the first of which is an estimate on local observables. In the second step,
we extend this to local Hamiltonians.

7.5.2.1 The map Z;, on local observables

For each Z C A and n € Ny, define the n' fattening of Z to be
Iy = {z € A :dist(z,2) < n} (7.5.6)

For a local observable A € Ax, where X C A, define

A%, (4) = [ dt W (t) Ex () (7.57)
where Ez(B) = firlfnc gfz) is the normalized partial trace. Furthermore, for n > 1, set
A?N(A) = /Rdt Ws,'y(t) (EXn (1e(A)) — EXn,l(Tt(A)D (7.5.8)

ihen, A (A) = 0 for all n sufficiently large, since A is finite, and supp(Af , (A)) € X,NA.
Iso,

Ton(A) = D AL (A), (7.5.9)
n=0

where the sum is indeed finite.

Lemma 7.5.3. Let Assumption 7.2.1 be true, let ' > a > 0 and assume that H € L4 4.
For any X C A and A € Ax, we have

IAZ A (A < [Wa [l 1AL

Let 0 <s<1,v>0, and for any 0 < p < po(s) (with po(s) from Lemma 7.4.3) define

. [a e
S 9 = e . . 1
ol ) = mind £, o ) (7.5.10)

Then, for any integer n > 1, we have the estimate

1AL (A < C23(as 1) [XTIAN X r (0 (27)5
where Ca is given by

4e E,,

A —
Cs,'y(amu) T a V17a72(a/ _ a)

+ 8 DIS,'y,O (/’L)

with D, ., from Lemma 7.4.5, Es 4 from Lemma 7.2.3, and V1 q2(a’ — a) from (7.3.2).

For the proof, we need the following auxiliary result, whose proof can be found in
[BMNS12, Lemma 3.1].

June 17, 2022 325 Marcel Maier



7.5. CONTINUITY ESTIMATES FOR SEVERAL OPERATIONS

Lemma 7.5.4. Let Hi and Ha be finite-dimensional Hilbert spaces and suppose € = 0
and a bounded operator A on H1 ® Ho are such that

1[4, 1@ Bl <e B
for all bounded operators B on Hs. Then
IE(A) @1 — Al <¢

where E(A) = Tryy, (A) is the partial trace.

dlm Ho

Proof of Lemma 7.5.3. The estimate for ASW(A) is trivial. Let n > 1 and decompose
n AN An—1
AL (A) = A7, (A) — AL (A) (7.5.11)
with
AL (A)i= [ @t W) (Ex,(n(4) ~ 7(4)).

Now, for T" > 0 to be chosen, we have

~ T
JAZ (A< [Wislloo / B, (m(A)) = 7 (A) | + 4 Al Lo (T).

For the first term — let us call it 7 —, we use the Lieb-Robinson bound Corollary 7.3.2
with v := V) 41(a’ — a). Note that dist(X, X,,) > n. Hence, by Lemma 7.5.4 (and using
|[Wiqllo = &, Lemma 7.4.5 (a)), the first term 7 is bounded by

T
T<2[X[[A] e“”/ dt ' < — !X\ lA] emet =T,
0

Now choose vT = ”TH to get

T < IX! RV

(n+1)
Make use of Lemma 7.2.3 (e) to obtain e_“2 T < Esa Xn,, (2(n+1)) with 7, in (7.5.10).
Finally, again by (7.5.10), we have that
n+1 vy
ISv'YvO(T) = Isy'YyO( 2,0 ) < DIS,'y,O X&N(@ 2(n + 1)) < DIS,"/,O an,'y (2(n + 1))
Putting everything together, we conclude that

~n 1
1A, (A< 5 O 1XT AN X, (2(n + 1))

From this and a triangle inequality, the bound on AY_ (A) follows, see (7.5.11). O

Corollary 7.5.5. Let Assumption 7.2.1 be true, let ' > a > 0 and assume that H € Ly o.
Let 0 < s <1, 0 < pu < po(s), and let v > 0. For any X C A, any A € Ax, and any
integer n = 0, we have

1A% (A < D5 (@ 1) [X] AN Xa e (agn) (7)-
Here,

D2 (a,p) 1= max{C2 (a, ), [Wir |1} (7.5.12)
where Cﬁv and ns, are taken from Lemma 7.5.3.

Proof. This is unifying the estimates in Lemma 7.5.3. O
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7.5.2.2 The map Z;, on local Hamiltonians

Let G be a local Hamiltonian so that G = Y}y -5 ®¢(Y). To prove that Z; ,(G) is still
local, define

o0
7, ()(Z2) =) Y AL (Da(Y)). (7.5.13)
n=0 YCA
Yo=2
Then, we claim that
> 1,6)(Z) = Lo4(G) (7.5.14)
ZCA

holds. To see this, let us use (7.5.9) so that
G)= > > AL (Pa(Y
YCAn=0

We insert 1 = )", 1y, (Z) and interchange the order of sums. This is allowed since only
finitely mans terms in the sum over n are nonzero, see (7.5.9). This implies

= 303 3 ) AL (@)
ZCAn=0YCA
This proves (7.5.14).

Theorem 7.5.6. Let Assumptions 7.2.1 and 7.2.2 be true, let a’ > 0 and assume that
HeLigy. Let0<s<1andl >0 such that G € Lgy. Let 0 < p < po(s), v > 0,
and 0 < a < d'. Then, for any 0 < b < min{d,ns~(a, )} with ns, in (7.5.10), we have
Ts~(G) € Ly and the interaction in (7.5.13) satisfies the estimate

191, (@) llse < D2y (@, 1) Vaa (V' =) Fu(sy(a, 1) = b) [ sy,

where DSAﬁ(a,,u) is from (7.5.12).

Proof. Let x € A be given. Again, we suppress the dependence on s. The object to be
estimated is bounded by the logarithmic superadditivity and monotonicity of x;, as well
as the inequality! D(Y,,) < D(Y) + 2n. We get

1%z, @ ()l ||A ()]l A" (@q(Y))|l
chA xo(D(Z)) S ZZEMZO YEC:A xo(D(Y) + 2n) nzo Xb(2 Ych »(D(Y))
A Y=2 Yn2ox

For the resummation, we fix Y and n € Ny. Then there is a point = € B,(z) N Y. Hence,
Y is hit if we sum over all € B, (x) and Y’ C A containing Z. Using Corollary 7.5.5, we
obtain the upper bound

Z |’¢Ig’7( (Z DAZXn b 2n Z Z | | )!j)G )”) Xo/— (D(Y))

son (D)) F€Bn(x) YCA
Z3x Yoz

Let z,y € Y with d(z,y) = D(Y). For any 2’ € B,(z) and v/ € B,(y), it follows that ',y € Y.
Furthermore, d(z',y") < d(z',x) + d(z,y) + d(y,y’) < D(Y) + 2n. Maximizing over z’,y’ € Y,, shows
D(Y,) < DY) + 2n.
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At this point, we estimate |Y| xy—s(D(Y)) < Vi(b' — b). Subsequently, we can take away
the norm ||®g||y to conclude that

1®7, () (2)] o0
S LGP < DA VI =) Bl S |Ba(@)] xys(2n).
n=0

24 u(D(2))
Z3z
The last term is bounded by F(n — b) in (7.2.5), which finishes the proof. O

7.5.3 Outlook on the first derivative of 7, ,

In this section, we take a look at the derivative of the map Z; ,(G) with respect to u. For
this purpose, we need to introduce the following map. For two local Hamiltonians G, G,
define

TurlGr.Ga) =i [ e Wi(t) [ ' [r(G), (6], (7.5.15)

To compute the derivative, we make use of Duhamel’s formula (see [F])

1
dieitH(“) = it/ d) eMH (W) H(u) el (1= NEH (u) (7.5.16)
U 0

Note that this expression carries a A <> 1 — A symmetry. With this, we compute

1
dil.s,"/(G) _ IS,’Y(G) + 1/ dt t WS,"/(t) / d) |:ei)\tH(u) H(’U,) ei(lf)\)tH(U) G(u) e*itH(U)
u

R 0
- eitH(u) G(u) e—i(l—)\)tH“ H(u) e—i)\tH(u)}

=T, (G) + Ts(H, G). (7.5.17)

Now, a local norm bound for Js, would imply that %ISW(G) is a local Hamiltonian
if G is and we would have a local norm bound in terms of G and its derivative.

To prove this, we could actually decompose J; - in a rather straightforward fashion and
prove a local norm bound. However, to understand higher derivatives, more is necessary.
Namely, we need to understand the n*® derivative of 7;(G), which is complicated in general.
With each derivative, there is a chain of integrals of derivatives of H coming into the game,
which need to be estimated. Therefore, we need a general procedure to write down the
terms that arise in the n'® derivative of Z, . (G) and we set this up the next section. This
allows us to prove that all derivatives of Z; ,(G) are local Hamiltonians and we prove a
local norm estimate.

7.5.4 The derivatives of Z ,

When it comes to higher derivatives of Zs,, we need a system of notation to phrase
what this derivative looks like. It should be pointed out that it is screamingly clear how
to — order by order — compute this derivative from the previous section. But for our
purpose it is necessary to develop a framework that is sufficiently close to a closed formula.
Eventually, we investigate the form of terms arising and use a rather rough upper bound
to the number of these terms to arrive at a norm estimate.
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7.5.4.1 Occurring terms in higher derivatives

In this section, we develop a notation that describes the form of the terms that arise in
the higher derivatives. This means that the order 5 € Ny of derivative is fixed and that
we investigate one of the terms occurring in the formula for the derivative.

As a motivation, let us briefly describe how the terms that we look at below come
about. If we look closer to the computation we did in (7.5.17), it is not hard to believe the
general building strategy for the terms. Namely, either we derive the local Hamiltonian
inside or we insert a commutator with an integral over H in front of the local Hamiltonian
in question. The integral defining 7, , plays a minor role here, it is rather the 7;(G) that
is responsible for the complex structure of the terms. Hence, we have to be able to deal
with different types of integral chains, mixed with commutators.

For an interval J C R we denote the space of continuous sections J — L by S;(L).
We will decompose the construction of a term in the derivative into small building bricks
and every operator that we define in the following can be realized as a map £ — L or
S;(L) — S;(L). However, the way our proof is written, we cannot use the locality bounds
of the intermediate steps elegantly because we need to decompose the integral operator
with the weight function W, and the time evolution 7 simultaneously. This may be
improved in the future. Therefore, we give a locality bound only for the final operator,
which encodes one term in the derivative. The decomposition into local observables and
the locality bound for the intermediate steps are left as an exercise to the reader.

Definition 7.5.7 (Primitive operator). Define the linear operator J: Sj(L£) — S;(£)
by

7@ = [ a G

0

Definition 7.5.8 (Time evolution). (a) For G, H € L, we define the time evolution op-
erator 7: L — S;(L) by

T(G)(t) == (G) =" Ge .
(b) For m € N, we define the pullback of the time evolution as
(S5 > S4(L)) — (L™ = Ss(L))
by
T (R)(Gr, ., Gon) 1= R((G), ., 7(Gm)).
Example 7.5.9. 7°(J): £ — S;(£) with

(T)(G) = /0 "t ().
Note that this operator appears in the definition of J;, in (7.5.15).
Definition 7.5.10 (The valley operator). (a) For ¢ € Ny define the “valley” operator
Ve 85(L)F — 8,(L)
by
Vo(Go) == Go
and

Vf(g(% s 7g€) = VZ—l([\j(g())a gl]a g2; ceey gf)
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(b) For m € N, 1 < p < m and ¢ € Ny, we define the pullback valley operator

Vet (S0 = 85(£)) — (Ss(L)™ = 8,(L))

VE(R)Grs s Gp1,Ghs -1 Gy G-+ Gim)
= R(Ql, G, VUG GhiGo) Gt - gm)

Examples 7.5.11. (a) Vi: S;(£)° — Sy(L£) with

V4(g07 glv g27 g3’ g4) = adfO. dty adftl dto ad

0

Ga(t2) Gs(t1) g4(.)

¢
Jo? dtg ad G1(t3)

f;g dty Go(ts)
The interpretation of the valley operator is that we have a stacking chain of commu-
tators and integrals of length 4.

(b) V;’Q(Vg)i Sy(L)> — S;(L) with

(Va20V2)(G0, - --,Ga) = adfo‘ dt; ad G3(t1) Ga(e)

t ad ¢
Jobdta Go(ta) ~ [yl dtg ad Ga(t2)

1‘52 dt3 1 (t3)
The pullback valley operator inserts a valley of depth 2 at position 2 of the valley Vs.
(c) 7*(V3): J Sy(L) with

T*(V3)(G0a Gi, G27 G3) = adfO' dt; ad T, (G2) T'(G3)'

87
Jot dto ad Tty (G1)

J32 ats 744 (Go)
(d) 7*(V500V1): L* = S;(L) with

7 (V390 V1)(Go, G, Go, G3) = ad e g1, ad 0, (Go) To(G3).

t ad ¢
Joldta 745 (Go) [yt dtg 74, (G1)

Definition 7.5.12 (The mountain range operator). Let F(Np) denote the set of sequences
¢ = (y)men, with entries ¢, € Ny, where only finitely many entries are nonzero, and let
6] := 35, £y, denote the £1-norm of £ € F(Np). Let also

- £=0 (7.5.18
my = .5.18)
max{m € N: {,, #0}, (#0,

i.e., = (fo, ce ,EW,O, .. ) = (fo, ce ,gmé).
For ¢ € F(Np), we define the mountain range operator

W S0 — §5(2)

by
W(G) =g
and
W=V, g, (W b))
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Examples 7.5.13. (a) We claim that W21 : S;(£)% — S;(L) is given by

W2D(G, ..., Ga) = ad e ar, Go(t1) 22 ary aa Gs(11) 94(%):

. ad .
]52 G1(t2) 151 dtg Go(t2)

We read this as follows from the left to the right. At position 0, we have a starting
chain of commutators and integrals of length /3 = 1, at position 1 we have a chain
of length /1 = 2, and at position 2 we have a chain of length /5 = 1. The remaining
operators Gs and G4 have to be inserted into the remaining slots. Alternatively, we
can think of this as £ = (1,2,1,0,0) because we may always attach zeros.

The above formula is true because
WGy Gy =W (go, Vo (91, V1(G2,G3), 94))

and

V1(00,V2(61.%1(62.69).61)) = |7(60). 7 ([760). 1702, 6] ) . 0.

(b) ¢:=(2,2,0,1). We have

WE20D(Gy. .., Gs) = Vs (Go, Va(Gr, G, Vi (T3, Ga)), s )

which equals

([760). 7(17(01). 62)). [7(@).61]]) . G5
Therefore,

W(272’071) (g0a ceey g5)

= adfo' dt; ad Ga(t1) Gs(e).

¢ ad ad
Jotdta Go(ta) — [t dtg ad Galta) [yt dty G3(t1)

¢
Jo? dt3 G1(t3)

Definition 7.5.14 (Generalized weighted integral operator). For 0 < s < 1, v > 0, and
¢ € F(Ng), we define Z¢_: LI — £ by

Iﬁ,},(Go, e ,G|g|) = iw /Rdt Wsﬁ(t) (T* ] W€> (Go ceey G|g|)(t)
Examples 7.5.15 (Consistency check). (a) For ¢ = 0, we have
I (G) = / dt W (t) 7(G) = s ,(G).
R
(b) For £ =1=(1,0), we have

W(Go,G1) = V1(Go,G1) = adfo' dt Go(t) 91(®)-

Therefore, comparing with the definition (7.5.15) of J, -, we see that Z;y,y = Js- This
term appears in the first derivative of Z .

June 17, 2022 331 Marcel Maier



7.5. CONTINUITY ESTIMATES FOR SEVERAL OPERATIONS

7.5.4.2 Estimating Ifﬁ on local observables

We fix £ € F(Ng) and let A; € Ax, for i =0,...,|¢|. For n € NJI™" define
Q8" (Ao, .., Ayyy) =11 /R At Wy () W (O (A0) 1), -, Oy (Apg) (1))
where ©g(A) :=Ex(7(A)) and

On(A) = Ex, (7(4) - Ex, ,(7(4)), nzl,

and where X, is the n'!' fattening of X, as defined in (7.5.6). This implies that
T(A) =) _ On(4)
n=0

and this sum is finite, in fact, since each ©,(A) has support in X, N A. It follows that
Qb (A, ..., Ajg) has support in Uy:‘o Xin, NA and

Iﬁ,},(Ao,...,Am) = Z Qe’n(A(),...,Am),

where in fact only finitely many terms in the sum are nonzero.

Lemma 7.5.16. Let Assumption 7.2.1 be true, let ' > 0 and assume that H € Ly 4. Let
0<s<1,0<pu<po(s), andy>0. For0<a<d, we put

77!:,7(@,,&) = min{%, %(m)s}, keN, (7.5.19)

where V1 q2(a’ — a) is from (7.3.2). Let £ € F(Ng) and let A; € Ax, for i =0,...,]4|.

Then, for everyn € NK‘H, the estimate
¢ L oo+t &
7n PR I . . .
197 (oo A < 7 DI ) TG IA X, 200

holds, where 0! := £y - - Ly, with my from (7.5.18), and

! k
16k e? k s,a + 4k+1 DI
akViga(a —a)k ek(a — a)* &

D¥(a, ) = keN.  (7.5.20)

Here, Es, is from Lemma 7.2.3, and Dy, is from Lemma 7.4.5.

v,k—1

Proof. Let us start with an estimate on thg norms of O, for A € Ax and t € R. We
decompose according to ©,(A4) = ©,(A4) — 0,,_1(A) for n > 1 where

0, (A4) :=Ex, (1(A)) — 7(A).

For n = 0, we have ||©¢(A)|| < ||A]|. For n > 1, we use the fact that d(X, X;,) > n and set
a’ =a+ “/T_a By the Lieb—Robinson bound Corollary 7.3.2, the hypothesis of Lemma
7.5.4 holds with

2

L LAV —a)t
€:= Vila —a") X JA] (e Vraral@=aDl — 1) xy qu(n).
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Since Vi 1(a’ —a”) > 1, see (7.2.2), and with V 47 1(a’ —a”) < Vi g2(d' —a) =: v, Lemma
7.5.4 therefore implies

18 (A) (O] < 26 |X| [ A]| e~ (D=0l
Since 1 < 4ea/, combining these estimates yields

1Ou(A) (D] < 4 [X] A e 1D, (7.5.21)

for any n > 0. To begin the estimate for the integral Q6"(Ay, ... ; Ajg), let us use Holder
to get

'n 2|€|+1 Y
1947 (Ao, ... Ay t/wnmv u|II sup €, (AD)()]

=0 e[ [t]:[¢]]

olel+1 4l

< 2T Lot wasoiie (sup oncanon) ™)

i=0 re[—t],It]

The ¢! arises from integrating over the simplices inside W* and the 2//+1 comes from the
number of terms the commutator generates. Let ¢ € {0,...,[¢|}. Breaking the integral for
T > 0 to be chosen, we obtain the upper bound

>|€\+1

Lt W@ ( swp 0, (400 Ti(T) + TalT),

rel= e 1]
where, with I, ,(T") from Lemma 7.4.5,

T = Waglo [ @t sup 10, (4001,

rel-lih )
To(T) := 212 | Ay 1, 1 (T).

Let us start by estimating 77. Applying (7.5.21) and using ||Ws ||« = 1/2 by Lemma 7.4.5
(a), we obtain

T
Ti(T) < 4161 @ (0+1) | x, 1+ ) 4,10+ / dt 110 e=a" (El+1) (ni—vt)
0

Now, for any k£ € N we estimate the integral to get
T ko—a’ (k+1)n;
/ dt tF e~ (kD) (ni—vt) Tre S e
0 S oa’(k+ 1)
Choose vT := % to get that
/T dt ¢ e—a”(k-&-l)(m—vt) < 1 (&)k e—a”(k—i—l)%
0 = a(k+ 1okt \ 2

2 n; (k'+1) —a”(k—i—l)ﬂ
< a (k + 1)vk+1 (5) € 2.

T* " (k1) (ni o)

T
a" (k+1)vt e

g -
o a(k+ 1)

We consider the function f(t) := te~*!. A short computation shows that f(¢~1) = (ee)~!
is the maximal value of f. Applying this to e =a” —a = %

N ni\ k 2k ng
(J efa”T) < e~k 3
2 (a/ — a)kek
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Finally, we estimate e~¢" 7 < B ka X, ka (2n4) by Lemma 7.2.3 (d) and note that we have
743
E, ko = E¥ . By the choice of nfﬁ(a, 1), we conclude that

(MY gll+1 o/ (l1+1) 9 pli+t
1(%) S a (| + 1) ol (@ — o)l ell+1

(T 416141 .
‘XZ| ”AZH XS,(‘€|+1)77|5€‘W+1(2nZ)‘

Finally, apply Lemma 7.4.5 for r = |[¢| and obtain

n; v
fs,wel(%) S Do (1) X e+1) iy (@ 2”@) S Doy (1) X g1y e (210)-
It follows that
n,
To(50) <22 Dp () 414 x a4 (205).
2v S,

57,14 s,([4)+1)n

Collecting the two terms 77 and 72 gives the final estimate

1
[l+1 Ter+1
(L ar e ( s g annl) )

€[~ [t ]
1
< (DR T x5 4y X i1 (20).

Multiplying all the bounds completes the proof. O

7.5.4.3 Estimating Ifﬁ on local Hamiltonians

Let us agree on the following interaction for Ifﬁ(Go, ., Gyy), where G, ..., Gy € L:
(I)Zgw(GOwme)(W) = Z Z Z Qb ((I)GO (}/0), cey (I)Gll\ (ifw)) .
Zo,...,ZWCA neNKH‘l Yo,..‘,YmCA
Zin L ZmADViz1 Yin;=Zi
UM‘ ZZ—W
(7.5.22)

As we convinced ourselves a lot of times by now, we then get

> Pr (o) (W) = I (Go, ..., Gjy).
WA

Theorem 7.5.17. Let Assumptions 7.2.1 and 7.2.2 be true, let ' >0 and H € Ly 4. Let
e FNp),0<s<1,and0< pu < po(s). Lety >0 and 0 < b < nLé‘yH(a, w), where
nfﬁ(a,p) is from (7.5.19). Assume that Gy, ...,G)y € Lsy. Then Is,'y(G()? o Gly) € Ly

for any 0 < b < b and the interaction in (7.5.22) obeys the estimate

e+ e
H(I)I‘-’W(Go, 5Gep) Hsb ST a0 Ds’iy‘ |+1(CL,,U,)
||

€] +1
% Vs,2(|€\+1)(b/ o b)2(|€|+1) F, (n';f‘v“(a 1) )

where Dg’vk(a,u) is from Lemma 7.5.16, V; 21(b) is from (7.2.3), and Fs(b) is from (7.2.5).
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Proof. We omit the index s throughout. Let x € A. Then, we need to estimate

1®zeqo...c, 0 W) DRI+ 14l
Z ( O(D(Wl}l))) < /! Z H Z Xn\4|+1 n;)
Wz Xb Lo ZygyCA xo(D =0 nieNo
i—1 .
20Uy ZnAOViZL Z il |®c, (V)] (7.5.23)
LJV| ZiZZWBx YiCA
Yi,ni:Zi

Let us explain the strategy. We are going to resum this in the following way. Since x lies
in the union of all Z’s, there is a permutation of |¢| + 1 elements, o € S}y 41, such that
the following holds. There is an index o(0) € {0,..., ||} such that x € Z,(y). Then, since
Zs(0) has nonempty intersection with a new set Z,(1), this set is hit by summing over all
points in Z, ) and all sets Z, (1) containing that point. The next set Z,(y) is attached to
the union Z, ) U Z5(1), so we sum over all points therein and sets Z,y) that contain this
point. Continuing this procedure and relabeling the Z,;) as Z; for all i, we arrive at the
following upper bound for (7.5.23), leaving out the constants in front:

DD Xgaa(2n0) Y D Yol [@a, (Yol

O'ESM|+1 no€Np ZoCA  YyCA
Zo3z Yo,ng=%0

DD Xgan(m) Yo Y Mll®q,,, (V)]

21€Z0 n1€Ng Z1CA YiCA
Z1321 Y1,n, =21

Z Z Xn|1|+1(2n2) Z Z ‘Y2| H(I)Ga(g)(Y?)H (7'5‘24)

290€ZoUZ1 no€Ng ZoCA  YoCA
22322 Yo ng =22

1
> Z Xyl (2n5) D > Wl e, Yig)l m

Zw‘eUlj:‘O Z, njg €No ZigCA Y CA Xb(D(U] —0 7 ))

Z103%1e Yiein o =2jel

Now, we are in need of decay factors in terms of the increasing unions. These are con-
structed as follows:

1 1
= v | D
(DU, Z)) Xb/(D(U'f:OZj))Xa+1< (
1

<]I 1 ) Xy (D(joo Z,>>

i Xv (D(Y3))xw (2

Here, we used the logarithmic superadditivity and D(U‘jio Zj) < ZWOD(Zi) as well as

D(Z;) < D(Yi) + 2n,. For the bound on the last factor, we just omitted the sets that are
of no interest anymore.

The next step consists of resumming the fattenings. We know how to do this by just
summing over all points in the n-ball of points that lie in the fattened set and sets that
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contain this new point. This yields the following upper bound to (7.5.24)

Z Z Xyplti+1 —pr (2100) Z Z Yol H(I)GG(O)(Y)H

X v (D(Yo,n0))

o€S|¢+1 n0€No €Bn, (2) YoCA xv (D(Yo)) St
Yooz
il [®a, ., ()]l
Z Z Xn\e|+1_b/(2n1) Z Z /(D(()lf))) X o= (D(Yo,no UY10,))
21€Y0,ny n1E€N ;1637”(2'1) chi\ Xb 1 [e+1
EED

(7.5.25)

> Do Xyer_y(2n0-1)

|e]— 1y nip—1 €N
zej-1€U; Ly Yim, M-S0

x 2. 2.

52\716371‘[‘,1(2\&71) Yjgl-1CA

Y1l 196,01, Y- 1
X (P(Yjg-1)) = (D(Jyo Yin;))

Yio—132¢)-1
’Yé\’ H(I)Gaue\)(y\f\)n
3 Yo Xy (Cng) Y 2. xv (D(Yje)))
z\e|€U‘j£:|51 Yin; n1¢|€No Z\4|EB”|“ Gie) TZIBCZ‘/;
1|

N (P(U Y )

At this point, we start estimating the last row of (7.5.25). First,

1£]

Yigl X or—s ((Um)) Vig1(0' —b).

Also, note that Vig (b —b) < Va(gan) (b — b)2, see (7.2.4). Taking away the norm
|9, e lbs the volume |By, (z))], together with the sum over nyy gives F(nld+1 — o).
The total bound for the last row of (7.5.25) is thus

£-1
U Yin ‘ (01 =) Vaqepny (0" = ) [ @iy ly-

The first factor is passed on to the second to last row and we obtain

[¢]—1

UY”J

1¢]—1

X b ( (U Y,nj>> Va(ej+1) (0" — b)*.

IZH-l

[Yie—1l

Now, the procedure continues, so that the final bound for the second to last row is

€]—2

U Yjn,
=0

F(WM—H - b,) ”(I)Gg(m—u e V2(|€H—1)(b/ - b)2'

Collapsing (7.5.25) in this way to the first line, this provides [¢|+1 copies of Va(j+1)(b'—b)?,
as well as |¢] + 1 copies of F(5!“*1 —#'), and all the norms. The last step is to note that
|S|¢j41] = ([€] + 1)!. This proves the claim. O

336 PhD Thesis



CHAPTER 7. EXPONENTIAL ESTIMATES FOR THE ADIABATIC THEOREM

7.5.4.4 Estimate on the derivatives of Z, ,

As a Corollary to Theorem 7.5.17, we finally obtain an estimate on the norm of the
derivatives of Z, .. We start with a representation formula for the derivative.

Lemma 7.5.18. Let 5 € N, 0 < s <1, and v > 0. Let G,H € L(I) be (8 — 1)-fold
differentiable time-dependent local Hamiltonians. Then

ds-1 _
WZS:’Y(G)(U) = > 3 Nsug Ifﬁ(H(‘h)(u),“" H@) (), Glao 1)(u))’

LeMp_1 geNlItI+1
lal=5
(7.5.26)

where Ng o, € N and

My = {g EFMN): 0SB, S b =140, i= —1,...,mg}. (7.5.27)

m=0

We point out that if we wanted to give a formula for Ng,, we would need to under-
stand more precisely how the terms in the derivative are built. Certainly, the multinomial

coefficient
51 _ (-
go—1,q1,...,qq (go—D'qr! -+ g

plays a role but there are other mechanics that would need to be captured. We are not
capable of keeping track of this at the moment. However, we do not expect the bound on
the derivative given below to improve much by taking this into account.

Proof of Lemma 7.5.18. We prove this by induction and we note that the case g = 1
trivially holds with Npg1 = 1. As a preparation for the induction step, we note that
(7.5.16) implies

S1(@) = 7(C) + W (), 7(O). (7.5.28)

Furthermore, for £ € F(No), m =0,...,[(|, and G, Gy, ...,G|g € L, we have

(Vi1 oWH(Go,...,Gm-1,G, G, ..., Gy)
=WHXGo,...,Gm-1, Vi(G,Gn), Gus1,-..,Gjg)
= W‘Pm(z)(Go, e ,G|g|),
where
gom(ﬁ) = (50, cois 1, by +1,0, by, - ,€|g|)
For differentiable Hamiltonians Gy, ..., G|, (7.5.28) therefore implies
d , 14| , )
d7(7* o W")(Go, ..., Gpy) = Z (7" o W) (Go, .., Gy - - Glgy)

u m=0

+ (T* Owwm(z))(Gl, . .,Gm_1,H, G, - ,Gm)
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and this implies
, 14|
IS,’Y(GO""’GW ZZS’Y Go,... G ,...,Gw)

+z¢jm< N(Go,...,Gme1, H,G ..., Gly). (7.5.29)

d
du

Suppose (7.5.18) holds for some 5 € N. In view of (7.5.29), it is sufficient to show that
if £ € Mg, then ¢, (¢) € Mgy for all m =0,...,|¢|. It is obvious that |p,,(¢)] < S+ 1.
We have to verify that

(2
ngm(@j >1+1, i==1,...,mg (-

For ¢ = 0,. — 1, this is clear per definition of ¢,,(¢). Since m
i=m, mg+1 we have

om(d) = Mg + 1, for

ngm ]_1+Ze + Z 0 1_1+Z£ +(i—1)=1+i. (7.5.30)

j=m+2

Thus, ¢m(¢) € Mp41 and this completes the proof. O
We agree on the interaction for (%%ISN(G) which is given by the decomposition
(7.5.26) and (7.5.22).

Theorem 7.5.19. Let Assumptions 7.2.1 and 7.2.2 be true, a’ > a > 0, and 3 € N. For
an open interval I C R, assume that H € Ly 4(I) is a (8 — 1)-fold differentiable local
Hamiltonian. Let also 0 < s <1, 0 < pu < po(s), v >0, and 0 < V' < nfﬁ(a,y), where
nfﬁ(a,u) is from Lemma 7.5.16. Let G be a (8 — 1)-fold differentiable local Hamiltonian
with GY) e Lsy(I) forall0 < j < f—1 and assume that H e Lsy(I) for1<j<p—1.

Then, %I (G) € Lsp(1) for any 0 < b < b and the estimate

.

<D W (a, 1) DIEDPW —0) Fo(n = V)" N (H, G)(u)

Is W(G) (U) S,b

holds for all uw € I, where

DM (a, p) := 2+ 64 sup

-1
[ e Esq
keN

ak Viaz2(a —a) a—a

1 [Con DI (1s)2\* 4 T
M A G) - e
vk Ho(S 1% se

with V1 q2(a’ — a) from (7.3.2), Esq from Lemma 7.2.3, ¢s~, Ds, and po(s) from Lemma
7.4.3,

El

DI —p) = B (B— 1)1 (B— 1) Viap(t/ —b)*°,

and

Naps(H,G)(u) = sup sup [|GO D (u)|,
0<j<B—1 geNitl
lal=8

Ju)lsp - I1HY) (u)]]sp. (7.5.31)
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Proof. The goal is to obtain an upper bound on the number of terms in the derivative in
(7.5.26) and to apply Theorem 7.5.17 in the worst possible case. Let us start by counting
the number of terms (7.5.26). If T3_; symbolizes the total number of terms in (7.5.26),
the first observation is the fact that each derivative falling on a 7:(G) causes two new
terms, see (7.5.28). Pretending that each term in the (8 — 1)t derivative has the form
Iﬁﬁ(Gl, .oy Glg41) with [£] +1 = B (which is not the case, many ¢’s have |[(| + 1 < j,
see (7.5.26)), this leads to the upper bound Tg < Ts_; 23. Obviously, we have Ty = 1.
Define Sg := 263!, We claim that Tg_1 < Sg—1 for each B € N. To see this, note that
So=2°0l=1, ie Ty < Sy. Assume that Tz_1 < Sg—1 for some 3 € N. Then,

Ts <Tp-128<S5-128=2"1(3—-1)128=2pB!=5;.

It remains to apply Theorem 7.5.17 to all of the terms in (7.5.26). This gives an upper
bound of the form

|

X
< (0] + 1) D (@, 1) Vi) (0 = b)) Pl —¥) Ny 5(H, G).

Tt (H(a) ,,,,,H(qlf\),a(q(rl))

Now, a straightforward computation using the definition of D?, of Dy, and the

877 )
subadditivity of the A root shows that

v,8-1

11 -1
D3 (a, 1) < 5 (8-1) % DEW(a, p).

Since, by definition, Dgf/(l) > 2, we may estimate

m‘ =
—
)

\
=
)
IS
=
B
=
S~—
=

Q
DS,”YB(G’ Iu’) < 2

Together with the factor 26~1(8 — 1)!, we get the total claimed bound. O

7.6 Analytic time-dependent interactions

7.6.1 Derivatives of analytic Hamiltonians

In this subsection, we show how analyticity of an interaction enables us to relate local
norms of derivatives of a Hamiltonian to the norm of the Hamiltonian itself. To do this,
fix an interval I C R, let § > 0 and we consider the complex fattening

Is:={ue C:dist(u,I) < d0}. (7.6.1)

We recall that Bgf)al([(g) is the space of holomorphic interactions in B ,(I5) and U;f’al(lg) is
the space of local Hamiltonians with interactions in B9 (I5), where 0 < s <1, a > 0. In
the following, we abbreviate the norm of ® € Bl9!(I;) as

I1®lls.5.a == [®lz5.5.a-

A version of the following Lemma in the one-particle case has been proven in [HJ02,
Lemma 3.1].
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Lemma 7.6.1. Define B(0) = 1 and B(k) = k¥ for any integer k > 1. Let 0 < s < 1 and
a > 0. For § > 0 suppose ® € Bhd( 5). If there are k € Ny and a constant Cs 4 > 0 such
that ®© satisfies

18(u) o0 < Caa BE) (6 — dist(u, 1)), wer,
then
| (u)|ls.0 < Cs.a B(k+1) (5 — dist(u, 1)1, uels.
In particular, ® € B (I5).

Proof. We omit the index s and write ®(Z,u) := ®(u)(Z). First of all, for all Z € F(T')
we have that ®(Z,u) has support in Z, since by continuity of Ez, we have
O(Z,u+h)—®(Z,u)

: B[ Zu+h) —B(Zu) -
Eo[b(2,u) = Jim “AOEUE N ZREO_ ) — &(Z,u).

Let first £ > 1. By Cauchy’s integral formula, we have

b(Z,u) = 2; /77 dv i(f’:)é,

where 7(t) = u + rel is the circle with center u and radius r = %((5 dist(u, I)). For
v € 1, we have

0 —dist(v, I) > 6 — dist(u, I) —r = kr.
Thus, for v € n,
[®(v)]la < Cq k* (6 — dist(v, )% < Co kF (kr)™* =Cy r7F
It follows that for z € A

Szl _ 17 s R
> o Sl ) e

zoa Xa(D(2)) 27 zch Xa
Z>x Z>x
g 1 ke . _
<Cyr® 2= Cor F 1 =, (k+1D)F (6 — dist(u, )"+,

This proves the claim for £ > 1. For k = 0, we use the same argument with radius
r = «a(d — dist(u, I)) for any o < 1. Then,

d(Z, 2| ®(n(t 1
5 B Loy [ 1800 g, L (5 i, 1y
i xo(D(Z)) ~ 27 0 r Q@
Z3zx
Since this is true for all o < 1, infing over « yields the claim. O

Corollary 7.6.2. Leta > 0, 0 < s < 1, and 69 > 0. Let H € E?f’al(lgo). Then, for all

k € Ny, we have that H® ¢ EE?(}(L;O) with ® ) = (IJEL?) and, for all 0 < § < &g, and
u € Is, we have

k . _
19 ()5, < || @ 550,50 B(k) (8 — dist(u, 1)~*
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Proof. By definition, || ®x(u)|lsa < [|®H|s0,5,4- Hence, the claim holds for £ = 0. The
induction is now driven by Lemma 7.6.1. O

Corollary 7.6.3. Let e N, 0 <s<1,a>0, and let H € E};f)al(lgo). Then, for each
0< <y and u € I, we have

Niag(H, H)(u) < (8 = dist(u, 1)) B(B) |®mll5, 0
where Ny q.5(H, H) is from (7.5.31).
Proof. We have

'/\/;ﬂ,ﬂ (H7 H) (u) = Sup sup ||H(fIO)(u)
0<j<B—1 geNit+l
lgl=8

s,a HH(ql)(u)HS,a T HH(qj)(U)HS,a‘

Without loss, we may assume that ||®g||s,s,0 > 1, see (7.1.18). By Corollary 7.6.2, we
therefore obtain

) J
Noas(H,H)(u) < sup  sup [|@p|}t}, (6 —dist(u, 1))~V ] Ba).
=1

X d0,8,a
0<j<B—1 geNit1
lal=8
Since B(g;) < %, we have HLO B(q) < !4 = B(B). The bound readily follows. O

7.7 Concept for the adiabatic expansion

In the following, we present the concept of the adiabatic expansion that should be good
enough for an optimal truncation.

— WARNING —

In this section, the digression is mostly informal and by lacks mathematical
rigor.

7.71 Frometod

For this explanation, let us fix a local Hamiltonian H € L;, that determines our time
evolution and let us fix 0 < b < a. This is the decay parameter for the class By, which the
counter-diabatic driving unitary U, is aimed to belong to. Indeed, the interaction for U,
will depend on b and U, € Ly is the condition that we want to be satisfied, together
with a traceable bound on the A,’s.

The main observation is that the adiabatic expansion is dependent on the shape of
the lattice whereas the adiabatic parameter ¢ > 0 is not. However, in disguise, € models
the step size that we go from order to order so that this is a problem when it comes to
error estimates. The solution is that we go from the given adiabatic parameter € > 0 to
another parameter §(¢) > €, which depends on the dimensionality of the lattice, such that
d(e) — 0 as € — 0 but not as fast. The adiabatic expansion will feature the new parameter
0 instead of e.

We want to prove an optimal truncation result, i.e., we want to perform the adiabatic
expansion for arbitrary n € N and then choose the optimal n depending on . In the
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situation of a polynomially growing lattice, we can expect the optimal truncation to be
roughly located at

1
Nopt = W, (771)

where ¢(d) depends on the dimensionality of the lattice.
Suppose A, p: Ry — R, is a sufficiently smooth and monotonically increasing func-
tion that models the shape of the lattice. Then, the quotient

0
Aa_b((S*l/é(d))

vanishes in the limit 6 — 0 and by the inverse function theorem, there is a 6. > 0 such
that
Oc

— == (7.7.2)
Agp(6271)

For this reason, our goal is therefore to provide the adiabatic expansion for n € N and
an arbitrary adiabatic parameter § > 0 with the quotient

0
Aa,b(n)

and eventually choose the optimal n so that by (7.7.2), we actually solve the adiabatic
equation.

Before we state the result, let us perform a toy calculation, which makes the concept
a little more concrete. Assuming that

d
Aa—b(m) ~ Vzl/l(d) (CL — b) ~ xW7
which holds by Lemma 7.2.5, we have

6 1+L
which by (7.7.2) implies that

sf(d)

§ ~ e THUD (7.7.3)

This means that we lose a little bit of decay in our end result, since ¢ tends to 0 slower
than €.

7.7.2 A new Ansatz for the expansion

With the decomposition (7.7.2), we formulate a new lemma, which features the constant
A,_p in the counter-diabatic driving. We remark again that we do not solve the adiabatic
equation unless n is equal to the optimally chosen ngpt in (7.7.1).

Lemma 7.7.1. Let 6 > 0 and for n € N let A(n) > 0 be given. Let I be an interval, let
H € L1(I) be a gapped self-adjoint local Hamiltonian in the sense of Definition 7.4.1 and
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let P denote the spectral projection onto the spectral patch ¥g. Then, there are self-adjoint
operators Ay, 1 < a < n, such that

* i - o
Hn,6 = Un,5 P Unﬁv Un,é = GXP<A(n) Z d Aa)7
a=1

solves

5 .
i — Hn =|H Rn 5 Hn 5
i Agny o [H + R, 5,11, 5]

where Ry, 5 is of the order gl

Proof. We essentially repeat the computation in [BDF18a, Lemma 4.3]. Drop ¢ from the
notation. Then

5. 5. 5 : 5
i I, =i u,PU+i——U,PU,— —U,[K,P|U,
PN RN RNy Ay P
J . )
= [H L] + i U, U — -2 U, KU* + (U, HU* — H), I, |.
H.IL] + [ U U = 5 + )
Here, we used that UnU;; = ‘—UnU; and [U,HU,,I1,] = U,[H,P|U, = 0 as well as
P =i[K, P], where K := 7 ,(H). Next, we write the second commutator as
i g0y KU! + (U,HU! — H), 11 ]
) . )
=Unl|i—F— *n_iK H-U H n7P ,
U [1A(n)UnU Koy K+ H = UsHU, P|U;

Let us make use of the following expansion: For self-adjoint operators S and T, A € R,
and n € Ny, we have

o IAS 1 giAS _ Zn: (—1)FAF
= k!

A An . .
+ (=it /O dA; - /0 A1 e A5 adTHH(T) e 7 nn1S 0 (7.7.4)

adlé(T)

The proof an induction argument and left to the reader. Consequently, we have

(—i)*
!

o ad%(H) + hpt1(9)

UHU =)
k=0
with
1 A1 An . .
Bg1(8) = (—i)"H / d\; / dAg - / dXyp1 e 1S ad Tt () ePee1S (7.7.5)
0 0 0
Furthermore, Duhamel’s formula (see [F]) reads

1
A is() _ i/ A el(1=V5(W) §(y) S,
du 0

whence

1
iU, = — / dhe™ 9 §eAS
0
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and, by (7.7.4) applied to n — 1, we obtain

n—1
iUNU =)
k=0

with

gn+1 (5

n+15/ d)\; / d>\n+1 e_i>‘"+15adg(5)ei>‘"+1s

ik(_1)k+l

RCESIR ad%(S) + 07" gny1(0)

(7.7.6)

Then, inserting S = ﬁ Yo _10%A,, we get

n

UyHU, = Z MA (Z 5 adAa)

where hy,41(6) is defined in (7.7.5),

8) =: > 6*Ha + hys1(5) + hnga (),
0

+ hn—i—l

a=

H, ::Z Z ada, ---ada; (H), 0<a<n,
im0 ¥ * e
lil=cx
and
Pni1(6) = Z = > ady, ---ada, (H).
ICZO ]GNk
|7|>n+1

In the same manner, we obtain

T TRT = ik( 1)k+1 S a e J A -1
1UUn = Z (k+ 1! A(n)k+1 (; 0 adAa) <3215 Aj) +07 qn+1(9)
n—1
= Z 6aQa + 5_1 dn+1 (5) + 5_1 q~n+1(5),
a=1
where ¢,+1(0) is defined in (7.7.6),
12 k‘A W AMmE Z ada, ---ada, (4;), 1< a<n, (7.7.7)
jENFK
ljl=c
and
Gn+1(0 162 k'A Z sldl adA ~-ady,, (Ajl).
jGNk
l71=n
With the definition @ := — K, we obtain
)
i—UU, — —K+H—-UHU,
A(n) A(n)
= 30 0B~ Ha) = ua(0) = Foa(8) + s () + G ).
a=1
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Hence, the lemma follows if we can choose A, in such a way that it solves the equation

Qa—l :l
—Hy, P| =0,
{A(n)
for all « =1,...,n. Let us prove this by induction. The case o = 1 reads
K i 1
S _(_ A, H]),P|=—-———|K —i[A,H]|,P
0= [ ~ e 1) 7] -~y [ - 0.7
This is solved by choosing Ay := Z,,(K) for any 0 < s < 1. Suppose now that
Aq,...,As_1 have been constructed. Then, isolating the dependence on A,, we have
Ho= — A H] 4+ ——1
with
e,
Ly := Z W Z adAjk “'adAJ'l (H). (7.7.8)
k=2 jeNk
|jl=c

Then, we need to solve the equation

Qa—1 i 1 } 1 :
— _ A H - —L P|l=—— _1— Lo —i|Ay, H|, P
Ay~ Ay A Kyt A(n) Qa1 = Lo = iAo, H, P).
which is solved by choosing
Ao =T (Qa—-1 — Lq). O]

7.7.3 Inductive estimate on A, pretending that (), =0

In the preceding section, we have constructed self-adjoint operators Aq,..., A, in an in-
ductive procedure. We assume that the Hamiltonian H has an interaction ®y that belongs
to the decay class Bj o for some a’ > 0 and a spectral gap v > 0 as in Definition 7.4.1.
In the following, we want to show that this further implies that Aq,..., A, are local
Hamiltonians, which satisfy a certain decay estimate.

To do this, let us make some preparations. Fix the following parameters arbitrarily:

0<s<1, 0< < po(s), 0<a<d. (7.7.9)

Since, by Theorem 7.5.6, Z, , maps into the space By, where b < 1, (a, 1) with 75, (a, )
in (7.5.10), the decay classes of the A,’s are capped at 7, (a, ).

The goal we should have in mind is to prove an estimate for A,, at a given decay rate
by < nsy(a, ). In order to achieve this, we throw in points b,, @ = 1,...,n, according to

by <bp_1 < -+ <by<by <bg:=nsy(a,p),
see also Figure 7.1 below, where the b; are equidistantly distributed, i.e., if

S 9 - bn
Osrm(a, 1) = M5y (@ 1) = bn. (7.7.10)

n
then

778,7(617 N) — ba

" =04 ynla,p), a=1,...,n. (7.7.11)

bafl - ba = @s,'y,n(ay ,u),
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Furthermore, we introduce a number ¢ € N, which is representing the number of operations
that it takes to construct A, from A,_1. Therefore, we insert

bo = b <) < p@ <o < p@ =p,_, (7.7.12)
in an equidistant fashion, i.e., we have

. 5 ba_ - ba S n ) .
b — pli=) — 1q _ O, q(“ “), i=1,...,q. (7.7.13)

In this digression, we have ¢ = 2 but this may change when we take ),_1 into account in
the future. The construction is summarized in Figure 7.1. From now on, we write n and

bt b2 — l’)f,f’)

(e e

Figure 7.1: The differently chosen b,’s.

©,, in place of (7.5.10) and (7.7.10) for the sake of readability.
For constants C1, Co, C3,Cy, C5 > 0 to be chosen, we assume that b, is such that

0, < mm{sile . Cy, 04} (7.7.14)

and we want to show inductively that then, for all @ =1,...,n and 0 < b < b,, we have

@)03(0&2) (Q)Cs(a—i-l)'

H ||b Cl ( @n ®n

(7.7.15)

We are going to show (7.7.15) for o = 1 at the end. Let us assume that (7.7.15) holds for
every 1 < j < a—1 and we are going to show (7.7.15) for b = b, since it then trivially holds
for 0 < b < b, as well by the monotonicity of the norm || - ||,. We emphasize that we do
this under the assumption that @, = 0, where @, is defined in (7.7.7), so that derivatives
are not going to play any role. This amounts to the assumption A, = —Z,(La), where
L, is defined in (7.7.8). Furthermore, we work under the polynomial growth condition
Assumption 7.2.4 as well as the following proposition.

Proposition 7.7.2. Let p > 1. Then, there is a constant D, > 0 such that for any o € N,
we have

e
5% et < Dy
k=2 jeNk

|j]|=cx

We postpone the proof of Proposition 7.7.2 to the end of this section and start with the
induction argument. We note that Theorem 7.5.6 as well as (7.7.11) and (7.7.13) imply

14allb = 1Zs (La)llby < D F(n = ba) V(05 = ba) || Lall,00

«

= D* F(a©y) V4(On) ||Loch§11)-
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Here, D? is from (7.5.12). Furthermore, by the triangle inequality and Theorem 7.5.2, we
have

n

[ Lall,m < Z k;'A AT > llada;, ---ada,, (H) |,

jENF
|J|

k V; (b(2)

«

4% Vi,

< Zf— > 45 le - 1A e 15,

k! A(n o o
k=2 " jGNk

l7|=c

We note that Vk(b(z) - b(l)) = Vir(On) and use [|H||,») < [[Hlla. Then, we apply the
induction hypothesis (7.7.15) and obtain

C1 Vgro(O))"
[Aallo, < D® F(a©n) Vy(©) CF [|H]la Z k'ﬁ
(s 41\ C3(1+2) Cy Ik C3(]k~+2) C4 Cs5(j1+1) Cy\Cs(ikp+1)
3 (GO (et (Cyeinsn Gyt 7
jENkK
li|=c
The term in the sum of the second line in (7.7.16) equals
CQ Cs(a+2k) 04 Cs(a+k) Cai Cai . .
(@771) (GT”) g g G 'Jk)203- (7.7.17)
The last factor is bounded by o?“3* whence (7.7.16) and (7.7.17) yield
C CSOé C C5Cv
A 2 4
|4allb, < D Fla®n) Va(®a) CF 181 (52) ™ (57)
A8 (C1 Var(On))* (Cran 203k (Cu\Cok ~ cyjy .y
X ,;2 T A(n)F1 ( o, ) (@771) Zk Gk (7.7.18)
jEN
lil=a
Since O, , see (7.7.14), Lemma 7.2.5 implies
dgk \4¢ CykN\Cs
V(On) < m(se @n) <n( 5 ) (7.7.19)
provided that C5 and C5 are chosen such that
d d
Cy =2 Cs> > (7.7.20)
se s
For p > 4 to be chosen, we define
. Con\2C3 ,Cy\C5\*”
A(n) = <01  ( o ) (G—n) ) . (7.7.21)

Then, a short calculation using that p(k — 1) > k for k > 2 shows that (7.7.19), (7.7.20),
and (7.7.21) and the hypothesis (7.7.14) imply

e (G (G e
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since k < a < n. We combine (7.7.18) with Proposition 7.7.2 and obtain

Cy

Csa
@—) L (1.7.22)

4k Co a\ Csa
A o 2

[Aallbe < Doy D™ F(a©y) Ve(On) CF (igg ﬁ) I1H]l (@771) (
We have F(a©,,) < F(0,) and, by Lemma 7.2.6 and (7.7.14), F(0©,,) is bounded by

() <rterlie ) () (@) <2teree ) (€)1 (§)° r

with the choice

C4 = 4q, 05 = é (7724)

When we apply (7.7.19) with k£ = 1, (7.7.23) implies

Aalb, < 2% 2T (14 2) Doy D* (sup ) il o

Cy a\ C3(a+2) s Cy\ Cs(a+1)
x ( 5 ) (@7) (7.7.25)
Therefore, if C' is chosen such that
4k
C1>2% 20 (1+ )chD (sup )||H||a, (7.7.26)

then (7.7.25) implies (7.7.15) for a.
We close the induction by showing that (7.7.15) holds for « = 1. By Theorem 7.5.6
applied twice, we obtain

1
[Aslln, = 1Za (K)o < DA Va6 = b1) Fn = b1) K]0
as well as
: 1 2 1 .
1Kl = e (B0 < D V(b = 00) F(n = b)) 1] 0

Combining these estimates, we have

. (._.)n 2
[Avlls, < (D2)? | Hly Vy(©n)? F(j)

When we apply (7.7.19) with £ = 1 and (7.7.23) with a = 1, we arrive at

4], < (25 W2 DAT(1+ %)) 1|, (CQ) (gi) . (7.7.27)

Thus, in light of (7.7.20) and (7.7.26), we make the choices

Cq = 9% I€2F(1 + %)DA max{\/ ||H||,7 , Dey (Sup &~ ) ||HHa}

and

4d

Cy:= —
3 357

whence (7.7.27) implies (7.7.15) for o = 1.
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Proof of Proposition 7.7.2. Consider the function
f2(x) = 2P (o — )P, 0<z<a. (7.7.28)

This function is symmetric about x = /2 and since (f?)'(z) = f2(z) p [log(x) —log(a — z)]
for 0 < z < «, we conclude that f? is strictly decreasing on [0,/2). We claim that

a—1
> f26) <min{2+ 47, af 2(1). (7.7.29)
j=1

To see this, the left side is bounded by 2 f2(1) + (o — 3) f£(2) due to the monotonicity
of f2. On the one hand, we further have (a — 2)fP(2) < 4P fP(1), which proves the first
bound, while on the other hand, the monotonicity implies

2 f2(1) + (a = 2f2(2) = a f2(0) — (@ = 2)(F2(1) = F2(2)) < a F2).
This proves (7.7.29). For 2 < k < a we claim that

Shi= >0 P <min{2+ 47,0} f2(1). (7.7.30)
JENF
li=a

We prove this by induction. Since 5212 = Z;’:ll fP(j), the case k = 2 is (7.7.29). By the
second case of the induction hypothesis (7.7.30), we further have

a—k a—k a—1
ST = S MISE < S P @) () < 3 FG).
j=1 j=1 j=1

Here, we used that (a—75)f2_.(1) < (a—7)P®7). A further application of (7.7.29) proves

a—j

(7.7.30). Summing (7.7.30) over k completes the proof. O

7.8 An Estimate on 7 with the Old Norm

In this section, we want to demonstrate a fairly sharp estimate for Z on a local Hamiltonian,
while using the “old” norm defined in [BDF18a], see also (7.1.10). The estimate is based
on working out the precise constants in [BMNS12, Lemma 4.7 & Theorem 4.8], while using
the stretched exponential decay functions x1/,; defined in (7.1.16) (as opposed to the decay
class that had been used in [BMNS12]). This estimate is not usable for us for the business
of proving exponential estimates. However, since, to the best of my knowledge, there is
no such explicit estimate in the literature, I found it instructive to put it in. It should be
said, however, that one does not have to go as far as to estimate Z to realize that, with
the norm in (7.1.10), exponential estimates are out of reach. Already the commutator
estimate presented in [BDF18a] are far from good enough. I am aware of unpublished
notes by Felix Rexze! on commutator bounds which look somewhat better but are still
not good enough to satisfy our needs.

Warning. The notation is not streamlined to the previous section, since it refers to a
version of the notes where s = 1/2 was fixed! No proof-reading was done in this section.

!Felix Rexze used to be a Master’s student under the supervision of Stefan Teufel at the University of
Tibingen in 2018.
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We denote the Banach spaces that are defined upon the norm (7.1.10) by By, x or Ly n
for the respective classes decaying according to Fy(r) = F(r)xs(r) with the decay function
F(r)= (1+r)=@+,

For a local observable A € Ax, we define the operators A?, n € Ny as in (7.5.7) and
(7.5.8), whence Z(A) satisfies the decomposition (7.5.9). The interaction ®(g) for a local
Hamiltonian G is chosen as in (7.5.13), so that >_, -, ®7(¢)(Z2) = Z(G).

We start with estimates on the local observables A™ and we derive them under the
assumption of a Lieb—Robinson bound.

Assumption 7.8.1 (Lieb-Robinson bound). We assume that there is an a > 0 and
K,,vq > 0 such that the following holds. For each A € Ax, each B € Ay and each t € R:
If dist(X,Y’) > 0, then

[ (A), Bl < Kq |F 1 [|A]| |X| e®®el=dYD | By
where

|F'||1 := sup Z F(d(zx,z)).

zel zel

Lemma 7.8.2. For any X C A, A € Ax and integer n > 0, we have the estimate
[A"(A)]| < Ca Al 1X] xn(n)-

Here, Cp := max{Ch, |W, |1} with

5a
IR 2K e
n:= \/imln{a, E Ua}, CA = maX{a—Ua 5 80[,\/}.

Proof. The estimate for A%(A) is trivial. Let n > 0 and decompose
A"(A) = A™(A) — A"1(4) (7.8.1)

with
Ay = [ @t W (0)(Ex, (n(4) - ().

Now, for T' > 0 to be chosen, we have
- T
JA™(A)]| < W o / |t [T, (m(A4)) = 7(A) | + 4141 1,(T)

For the first term — let us call it 7 —, we use the Lieb-Robinson bound Assumption 7.8.1.
Note that dist(X, X,,) > n. Hence, by Lemma 3.2 in the equivalence paper (with ¢ — the
finite dimensional case) (and using ||[W, | = 3, Lemma 7.4.5 (a)), the first term 7 is
bounded by

1A [X] emetrmvel),

T
K, || F
T < Ky Dp 4] x| e [ arert <SP
0 a

a

Now choose v, = ”TH to get that

a
_ KullFlhe
a

a

T Al ] 8 04D,
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(n+1) a

Utilizing Lemma 7.2.3 (d), we may bound e™* 2 < e4X%(n + 1) and conclude that by

the choice of n

5a
K, ||F|1 e+
_ K|

a

T [ XTI X (n 4 1)

Finally, again by the choice of 7, we have that

n+1 ol
L) = 1(%5, =) < O xa (5, (04 D) < o xaln 1),

Putting everything together, we conclude that
~ 1
1A (A < 5 Ca [XT A Xy (n + 1)

From this and a triangle inequality, the bound on A™(A) follows, see (7.8.1). O

Theorem 7.8.3. Let 3 := /3 and let b > 0 such that fb < n. Let N € N be given. If
there is b/ € (b,b+ 1) such that V' < n and G € Lgy n+1, then I(G) € Ly n and the
estimate

122 llo,v < Cz(d,Ca) Dz(d, N,b' = b) [|®cllgy,n+1

holds. Here, F is the fired function F(r) = (14 7)) and the two constants Cz and
D1 are given by

Cz(d,Cp) := Ca 66 37! max{x?, k| F||:}

and

2\/6d(N+2))2d(N+2) 1

/ . ..N
Dz(d,N,b' —b) =k ( (0 — p)2d(N+2)+4”

[§]

Lemma 7.8.4. Forr >0 let F(r) = (14 7)Y, Then, for any 0 <e <1 and r > 0,
we have the inequality
1

Fler) < o+

F(r).

Proof. We have

F(er):(1+r)d+1_(1 1+7r )d+1< 1

F(r) 1+er eeltr = edtl

Lemma 7.8.5. Lete >0 and £ > 0. Fort > 0, define
foe(t) = (1+ 1) V2,
Then

%)26

[ feelloo(o,00)) < 4 \€E
1

N
™
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Proof. The first derivative reads

foelt) = (148 teVE [0 = e(1 4 1) (7.8.2)

1
Nk

This has a zero at

i -
€ €
provided that £/= > 1. If this is violated, then one can easily check that f; (1) < 0 so that
fre is monotone decreasing and has its maximum at 0. On the other hand, if ¢/ > 1 holds
with strict inequality, we immediately see that /g > 1. Taking the derivative of the term
of f;. that stands in brackets, we get

1
Vito

In the borderline case, the solution ¢y = 1 to (7.8.2) becomes unique and inserting 4 and
4= into fé}e shows that g is a saddle and that f; . is monotone decreasing. The maximum
is thus located at 0. ]

g

flolto) = = fiorelto) [+ 5 (14 )] <o

Assumption 7.8.6 (Abel partial sum formula). Let (a,)n>0 be a sequence of real numbers
and for any ¢t € R define
Lt)
A(t) := Z .
n=0

Let z < y be real and ¢ € C''[z,y]. Then

ly] Y
> and(n) = AW)oly) - A@)oe) ~ [ du AW ().

n=[z]

Lemma 7.8.7. Under Assumption 7.8.6, the following holds. Let k € Ny, b > 0 and
t>0. Then

[e.9]

1
Z n* xp(n) < PlEs] (2k + 3)! max{1, b2t}**1 xu(2).
n=|t]+1

Proof. Let a, = n* for n > 0. It follows that

Let ¢(t) = e Vi, We have ¢/(t) = —be V% L. Then, since A(t)¢(t) > 0, by Assumption
7.8.6 for t < y, we get

ly) b (Y ;
Z nk o=tV < hHl bV 2/ du u*t2 y(u).
n=[t] '

Taking the limit y — oo, we have y**1e™®v¥ — 0 and applying Lemma 7.2.3 (a) yields

- . 2
/t du uF 2 yp(u) < paRrs (2k +3)! max{l, P X ().

Multiplying by % gives the claim. O
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We are now in position to give the proof of Theorem 7.8.3 and remark that this is
essentially a simplicitation of the proof of [BMNS12, Theorem 4.8], where we work out all
the constants explicitly.

Proof of Theorem 7.8.3. Let x,y € A be given. The object to be estimated is

Yo 12Nl @)l< Yo Y Y Ml A" (@e(Y)]
Z>{z.y} Z>{z,y} n=0 5}//CA

n=

<KDY ™YY AN @a(Y)]l-
n=0 YCA
Yn3{$1y}

Now perform the resummation. If Y and n € Ny are fixed, then there are points = €
B,(z)NY and y € B,(y)NY. Hence, Y is hit if we sum over all ¥ € B,,(x) and y € By, (y)
and Y’ C A containing 7 and 7. Using Lemma 7.8.2, we obtain the upper bound

> IR (2)] <

Z2{z,y}
> o D (Y)|]
<N Y ) Y FadEg) Y et A2eMI
n=0 F€B(a) YCA Foy (d(z,9))
yE€Bn(y) Yo iz}
<ENCAlPellgy vt D nNxnn) Y Fay (d(Z, 7). (7.8.3)
n=0 ZEBy, ()

yEB, (v)

Now split the sum over n at ng := |e @J for some 0 < € < 1 to be chosen. Then, for
0<n<ngand Z € By(z) and y € B,(y), we have the estimate

d(z,y) < d(z,7) +d(7,y) + d(y,y) < ed(z,y) + d(7, 7).

Hence, d(Z,y) > (1 — e)d(x,y). The part 0 < n < ng in (7.8.3) is thus bounded by

) no 4N +2) ) d(.%‘,y) d(N+2)+1
K23 0N B (1 - )d(e,y)) < & (1 + 2) Faw (1 — ) d(z, y)).
n=0

Now, use Lemma 7.8.4 to bound F((1—¢)d(z,y)) < (1—¢)~ D F(d(z,y)) and decompose
x according to xgy ((1—€)7) = X 7=% g (7) X\/gﬁ(b/fb)(i) X\/gﬁ(b’fb)(i)' Then utilize
Lemma 7.8.5 with b’ — b < 1 to estimate

d(N+2) 2v/2 d(N + 2 2d(N+2)
(14 5" X iz o (3) < (224D
2 5 (b=0)\2 Vi—ce(t =D)

as well as

r r 2v/2 2
<1+§)X¢§<b—b'>(§) S (me (b’—b)) '

It follows that the part 0 < n < ng from (7.8.3) is bounded by

K2 2V2 d(N +2) \2N+2) 9\/3 2
(1—e)dt! (\/ﬁe(b’—b)> (me(b’—b)> F = g(d(z,y)).
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For n > nog+ 1 in (7.8.3), using n > pb’, we read off the bound

o0

Z Xﬁb’ Z Fﬁb/ HF”U{ Z nd<N+2)+1F5b(n)xﬁ(b/_b)(n). (784)
n=ng+1 2€B,(z) n=ng+1

geBn (v)

Now, we have Fgy(n) < (Q/s)d‘HFf 51)( (z,y)) by Lemma 7.8.4. It follows that (7.8.4) is
bounded by
e S (14 )42 1
\/ggb( (z,9)) > (1+n) X g —b) (n) ( +n)X6(b;—b) (n) X g —b) (n)

€ n=ng+1

Again, we employ Lemma 7.8.5 with b — b’ < 1 to estimate

6d(N +2) ) 2d(N+2)

d(N+2) , <
(1 + n) Xﬁ(b;b) (n) = (e,@(b’ _ b)

and

2
1+ mxawn () < (=55 )

Then, we make use of Lemma 7.8.7 with £ = 0 to bound

3 2 B(b' —b)y/mo\2\ _Bo-t)ymg 22 33
X s <6bl=——) (1 +(——=—"—) Je 3 —7—-
. an s (mb' - b>> (+(F—=7)) o2 (/ — b)?
In the last step, we used that the function f(t) = (1 +t*)e ! is bounded by 2/e. Finally,
equating the two decay rates \/¢/2 = /1 —e, we obtain the optimal choice ¢ = 2/3.
1

Collecting everything, since 1= = g = 3, we obtain

(N+2)
(2\/6d(N+2)>2dN+2( (2%6 ))2

® N d+1 P ,
1Pz(c)llo.n < K7 Ca3™ |06 gy v et/ —b) e (t/ —b

6d(N+2) 2d(N+2) 23 2 22 33
+HF||1”< B(b’—b)) (eﬁ(b’—b)) eBZ(b’—b)Q]

Since 2v/6 > 7! 6 and b’ — b < 1, we may extract Dz(d, N,V — b) and obtain

26 2 2233 )
(B2 + (Go)" 2| maxte. 1.

Elementary estimates using e < 3 and 32 = 3 provide C7 and the theorem. ]

1Dz llo.v < Dz CaA3™ ||l gy v41
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Appendix A

Local Trace Theory

In this appendix, I want to present the results and methods, which helped me to under-
stand traces per unit volume. Nothing in this appendix is new and sources are explicitly
referenced. The chapter is intended to be a source to look up elementary facts for the
reader, who is new to the topic of local traces. I expect the reader to be familiar with
basis notions of von Neumann—Schatten classes. In case of need, the reader may consult
a comprehensive course on mathematical quantum mechanics I have taken, including an
introduction to trace ideals [S16].

A.1 Standard Traces

We start by a proof of Holder’s inequality, which is robust enough to be applied for the
local trace case as well. Furthermore, we review Klein’s inequality, which is a basic but
widely used and important relative entropy inequality.

The set of smooth and compactly supported functions is denoted by Cg° (RY). The
Schwartz space S(R?) consists of all smooth functions, which, together with their deriva-
tives, decay faster than any inverse power at infinity.

Let H be a Hilbert space. The space of bounded linear operators H — H is denote
by B(H). We denote the space of compact operators by S®°(#H), equipped with the usual
operator norm. For 1 < p < oo we define the p'" von Neumann-Schatten class SP(H) as
the space of compact operators A for which

JAJZ = tr(|AP) < .

SP(H) is equipped with the norm || -||,. It is shown in [S16, Section A.3] that any operator
which belongs to SP(H is compact) and in [S16, Section A.4] that SP(H) is a Banach
space. The latter is surprisingly hard to show.

We assume the reader to be familiar with basic facts on compact operators like existence
of polar decompositions and the Schmidt decomposition.

A.1.1 Holder’s inequality

First, we prove Hadamard’s three line theorem from [RS75, Appendix to IX.4].

Lemma A.1.1 (Hadamard’s three line theorem). Let S :={z € C:0 < Rez < 1} be the
open strip and p: S — C be bounded and continuous, analytic in S with

lo(2)] < My Rez=0
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and
[p(2)] < My Rez = 1.
Then |¢(2)| < Mg™R2MEe? for all z € S.
Proof. Since @(z) := p(2) M ' M * satisfies the hypothesis with the bounds
My =1= M. (A.1.1)

we may as well assume (A.1.1). If ¢(2) — 0 as |z| — oo, z € S, we choose a compact set
K C S so that |¢| < 3 outside K. Then || < 1 in K follows from the maximum modulus

22—
principle. Otherwise, consider ¢, (z) = cp(z)eTl. Then, for Rez € {0, 1},

22—
|eTl‘ = ‘exp{l [(Re 2)?> =1 — (Im2)* 4 2iIm 2 Re z”‘ — en((Re2)?~1-(Imz)?)
n
B ef%(1+(1mz)2) Rez =0
e~ (Imz) Rez=1
< 1.

Hence, |pn(2)] < 10on S and ¢,(2) — 0 as |z| = oo, 2 € S. We conclude that |p,(2)] < 1
2

for all z € S and since e“ 7 — 1 as n — oo, we conclude that lp(z)| < lforallze S. O

Proposition A.1.2 [RS75, Appendix to IX.4, Prop. 5]. Let 1 < p,q < oo and p,q
be Hélder conjugate. If A € SP(H) and B € S4(H), then AB € SY(H) and |AB|j; <
1Allp - 1 Bllg

Proof. Let A = U|A| and B = V|B| be the polar decompositions. Let S ={z€ C:0 <
Rez < 1} and, for z € S, define

F(z) := tr(U|AP*V|B|70—2)).
Then, F' is well-defined and bounded since
[ < U1 - [HAP= - VA e (1B - BT
Now,

IA[7 | < [JAPR |- [[[A[P™ | < sup  sup  [#*°] < oo,
0<s<1L e[ Al All

Similarly for B. Continuity and analyticity in the strip are clear. Furthermore, for y € R,
|Fiy)| = [ te(UA[™V|B|7'%|B|7)| < te(|B|7) = || BI]
and
|F(1+iy)| = te(UIAP|APV]B7)| < tr(|A]P) = || A1,

since ||AB||, < ||Al|p||Blloc for any 1 < p < oo (here used p = 1) by the min-max-principle.
By Hadamard’s three line theorem, we infer that

[ tr(AB)| = [F(Yp)| < [|Allpl1Bllq- (A.1.2)
Finally, by cyclicity of the trace and (A.1.2),

tr(|AB|) = tr(\/V|B]2V*|A]2) = tr(y/V|B[2V* - |A])
<Y VIBEV[allAlly = [ Allpl1Bllg- =
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Corollary A.1.3 (Generalized Holder’s inequality). Let 1 < p,q,r < oo such that we
have p~t +q ' =r~!. Let A€ SP(H) and B € S4(H). Then AB € S"(H) and

|AB|l- < [|AllpllBllq (A.1.3)
holds.

A.1.2 Peierl’s and Klein’s inequality
For an interval I C R and bounded and measurable a function f: I — R define
Si(H) ={A€S®(H): A= A" o(A) C 1, f(A)eS'(H)}

Theorem A.1.4 ([C09, Theorem 2.9], Peierl’s inequality). Let I C R be an interval,
f: I — R convex and A € S}(’H) Let {up}nen be any ONB of H. Then

S F (s Aun)) < tr(F(A)) (A.1.4)
n=1

and equality holds in (A.1.4) if and only if u, is an eigenvector of A for alln € N. If f
is strictly convex, then equality in (A.1.4) holds only in this case.

Proof. Let A =371 Anlen){en| be the Schmidt-decomposition of A. Then

tI‘(f(A)) = Z<un7 Z Zf szaun
n=1 n=11=1
3 3 )\ 7y n = 3 3 iy Un un,A %
>3 1 (Z i)l n;f(;«o o, Agi)
= Unp, iy Un A 7 = unyAun .
3 ({1 St ) ) = 32 St Au)
Moreover,
S FlnAed) =3 FO00) = 3 FO ) = 3 lon F(A)pr) = tr(F(A).
=1 =1 =1 =1

Suppose that f is strictly convex. Then, since A; # 0 for all ¢, u; = ¢; is the only possibility
for equality. O

Corollary A.1.5. Let I C R be an interval and f: I — R convex. Then
D S}(H) — R
A t(f(A))
is convex and @y is strictly convex if and only if f is strictly convex.

Proof. Let t,s € [0,1] witht+s =1 and A,B € S}(’H) Let (¢n)n be the eigenbasis
for tA + sB. Replacing f by |f| (convex!) in the following computation shows that
tA+sB € S}(’H) By Peierl’s inequality (A.1.4), we get

G+ 5B) = 3 F(gm (LA + 3B)on)) = 3 F(tlom Agn) + 5 Bion))

n=1 n=1
<D tf((ons Apn)) + 5F ({on, Beon)) (A.1.5)
n=1
< ttr(f(A)) + str(f(B)).
Furthermore, (A.1.5) is strict if and only if f is strictly convex. O
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Lemma A.1.6. Let f: I — R be a convex function. Then for all s,t,u € I with
s <t <wu, we have

F(0) ~ 1) _ Fw) ~ f(s) _ flu) — f(1)

X ~
t—s U— S u—t

(A.1.6)

Proof. Set x = u — s and let n > 0 such that s + nx = t. Equivalently, t = un + s(1 — n)
orn= % Then, the definition of convexity gives

F@) <nf(u)+ @ —=n)f(s)
so that

f(&) = f(s) <nf(u) —nf(s)
which, in turn, is

f&) = fls) _ flu) = f(s)

~
t—s uU—S

In the same manner, we obtain

u—t

fu) = f@) = (L =n)f(u) = (1 =n)f(s) = [f (u) = f(s)]. -

u—S

Theorem A.1.7 ([C09, Theorem 2.11], Klein’s inequality). Let I C R be an interval
and f: I — R convex. Let A, B € S}(”H) Assume that the right-sided derivative f! is
bounded on o(B) and that A — B € S'(H). Then

w(f(4) — [(B) - FL(B)(A— B)) > 0. (A.17)
If f is strictly convex, then equality holds in (A.1.7) if and only if A = B.
Proof. Let C := A — B so that for 0 < t < 1, we have that
B+1tC = (1—1t)B+tA.

Since |f] is convex, B + tC € S}(H) for 0 < ¢t < 1. Define ¢(t) := tr(f(B + tC)). By
Corollary A.1.5, ¢ is convex. Since t =0- (1 —¢) 4+ 1 - ¢, we infer that

p(t) < p(0)(1 —1) + (1)t (A.1.8)
or, equivalently,
p(1) = ¢(0) > M. (A.1.9)

Applying (A.1.6) with s = 0 and ¢ < u, we see that

p(t) = 9(0) _ ¢(u) —¢(0)
t = U

so that the right-hand side of (A.1.9) monotonously decreases to ¢/, (0) as t \, 0. But
¢’ (0) = tr(f,(B)(B — A)). Plugging in, we get (A.1.7). If f is strictly convex, then ¢
is strictly convex if and only if C' # 0 (see Corollary A.1.5). This is equivalent to (A.1.8)
being strict for all 0 < ¢t < 1. By the monotonicity of the right-hand side of the (A.1.9),
this, in turn, is equivalent to (A.1.9) being strict in the limit ¢ \, 0. Hence, (A.1.7) is
strict if and only if A # B. d
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A.2 Periodic Operators and Bloch—Floquet Direct
Integrals

A.2.1 Hilbert space valued functions

In this section, we follow [RS80], Section II.1, Example 6 (p. 40, 41), as well as Problem
12 (p. 64).

Definition A.2.1. Let H’ be a separable Hilbert space and (M, ) a measure space. A
function f: M — H' is called measurable iff m — (y, f(m))3y is measurable for all
yeH.

Lemma A.2.2. Suppose that f,g: M — H' are measurable. Then m — | f(m)|3, and
m— (f(m),g(m))y are measurable.

Proof. Let (¢n)n be an ONB of H' and for a.e. m € M write

(f(m), g(m))ger = D (f(m), on){pn, g(m)).

n=1

For a.e. m € M set

U (m) =Y _(f(m),en){en, g(m)).

n=1
Then V¥ is measurable M — R as usual. Furthermore, for a.e. m € M, by Holder,

[e.9]

[(f(m), g(m)) = Tn(m)] < D [{f(m),n){en, g(m))]
n=N-+1

<<Z

n=N+1

[e.e]

g enf) (3 lowatmy2)

n=N-+1

The expressions on the right-hand side are bounded by || f(m)|| and ||g(m)||3, respec-
tively. These, in turn, are finite for a.e. m € M since f(m),g(m) € H' for a.e. m € M.
Hence, for a.e. m € M, we conclude

N—oo

[(f(m), g(m)) — U (m)| —— 0.

So that m +— (f(m), g(m)) is a pointwise limit of measurable functions and thus measur-
able. Set f = g to conclude for m — | f(m)||3, . O

Definition A.2.3. Let H' be a separable Hilbert space and (M, u) a measure space.
Then, we define H := L?(M, u; H') as the set of all (equivalence classes of p-a.e. equal)
measurable functions f: M — H’ such that

WM:AﬂWM%MWKw-

We also write

2
7—[:/ H' dp.
M
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The set H becomes a Hilbert space via

(g = /M<f(m),g(m))w du(m).

Lemma A.2.4 [RS80, Problem 12, p. 64]. (a) Let (vk)ken be an ONB. Let g € H. Then,

N

> ok 9N 222 g
=1

in H and if f € H is another function, then

G =3 / ), k) (ks g(m) e dpa(m).
k=1

In particular,

I£11% = Z Kok FOD a2 a0 (A2.1)

(b) If L>(M, 1) is separable, then so is H.
Proof. (a) We have that

2

| y  dutm).

2
9= (ks g(-))er

k=1

= /MHg( i:: (@rs g(m)) 3 o

The integrand is bounded by 4||g(m)||3, which is integrable and since pointwise con-
vergence holds by the usual Hilbert space techniques, we conclude by dominated con-
vergence. Furthermore, we have

(f.g) = / Z (k> g(m)) dp(m).

Call ¥y (m) the partial sum in the integrand for a.e. m € M. We intend to apply
dominated convergence to prove that

Feahre= [ Jim W) dutm) = Jim [ W) dutm).

N—oo M

We must provide an N-independent integrable dominant for Wy. We have

vl < (S 100207 (S ewatm ) <ol - oo

The right-hand side is integrable since f, g € H. Thus dominated convergence applies.

(b) Let (fu)n € L?(M,p) be an ONB and let (or)r € H' be an ONB. We claim that
{ fnk} (m,kyenz is an ONB for H. First of all, note that for (m, k), (n,£) € N?, we have

oo frpe) o = /M<fm<m>sok,fn< eekdim) = [ Fulm) fu(m)dutm) i, )

= ([ fr) 20, 0) (PR POV 1 = 5(m,k),(n,€)'
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Hence, {fn®k}(m,k)en2 is an orthonormal set. Furthermore, for any f € H, we have
fFm) = ow, f(m))weor = > <fn, <‘Pkaf(')>H’>L2(M#)fn(m)‘Pka
keN keNmeN ’
ie.,
f = Z Z <fn7 <80k7 f(')>H’>L2(M7M)fn<Pk-
keNmeN

Let’s show that the right-hand side converges in ‘H. By (A.2.1), we have

53 (o 0 SO

k=1m=1

= 3D (I lon FON )y (o Cor PO

k,k'eNm,m’'eN

- Z Z ‘ fm7 Spkv >’H’>L2 ,,u,)’ - Z ” Splﬁ H’HLQ(MM - HfHH < 0.

k=1m=1

2

H

L2(M <fm90kafm’90k’>

This completes the proof.

A.2.2 Different notions of measurability
We follow [RS80], Appendix to IV.5 (pp. 115).

Definition A.2.5. Let (M,.A) be a measurable space and let E be a Banach space. Let
f: M — E be a function.

(a) f is called strongly measurable if and only if there is a sequence of functions f,,: M —
E such that f,(m) — f(m) in norm for a.e. m € M and each f, takes only finitely
many values, each value being taken on a set in A.

(b) f is called Borel measurable if and only if f~!(C) € A for each open set C in E (in
the metric space topology on E).

(c) f is called weakly measurable if and only if ¢(f(m)) is a complex-valued measurable
function for each ¢ € E'.

Proposition A.2.6. Let f: M — E be a function.

(a) Let (fn)n be a sequence of Borel measurable functions such that fn,(m) — f(m) in
norm as n — oo. Then f is Borel measurable.

(b) If f is strongly measurable, then f is Borel measurable.
(c) If f is Borel measurable, then f is weakly measurable.

Proof. (a) Let C' C E be open. Define Cy, := {e € E : B%(e) C C} for k € N. Then we

have C' = Jjen Ck- Furthermore, for a.e. m € M and all k € N, there is IV, € N such
that for all n > Ny, we have f,(m) € B% (f(m)). Hence

=UJU U N £

keENNeNn>N

which is measurable.
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(b) The approximating sequence is Borel measurable. Then apply (a).

(¢) The natural Borel o-algebra on E (generated by open sets) makes ¢ € E' Borel mea-
surable in the above sense, since ¢ is continuous. Then, the composition of Borel
functions is a Borel function.

O

Lemma A.2.7. Let (M, A) be a measurable space and f: M — C be measurable. Then,
there is a sequence (fn)n of simple functions with |f,(m)| < |f(m)| and fr,(m) — f(m)
for a.e. me M as n — oo.

Proof. By treating real and imaginary part and positive and negative part separately,
we may assume that f is real-valued and f > 0. For given m € N and ¢ > 0 choose
n=n(m,e) € Nsolarge that n := 2 <. Fori=1,...,nset AP := f~1([(i—1)n,in)) and
aj == (i — 1)n. Define f,, := 371" aj'la». For almost every m € M, there is m € N such
that | f(m)| < m which means m € A} for some ¢ =1,...,n so that (i —1)n < f(m) < in.
Hence, f,(m)=a} =n(i —1) < f(m). Furthermore,

[f(m) = fa(m)| = f(m) —n(i = 1) <in—in+n=mn<e,
which concludes pointwise convergence. O

Theorem A.2.8 [RS80, Theorem 1V.22]. Let H be a separable Hilbert space and (M,.A)
a measurable space. Let f: M — H. Then the following statements are equivalent:

(a) f is strongly measurable.
(b) f is Borel measurable.
(c) f is weakly measurable.

Proof. By Proposition A.2.6, it suffices to prove that (c) implies (a). Assuming (c), fix
an ONB (¢,,)n, C H and define a,, := (¢, f(+))n. By hypothesis, the a,’s are measurable
complex-valued functions. By Lemma A.2.7, there is a sequence (ap m)m of simple func-
tions with |ap m(m)| < |an(m)| and anm(m) — an(m) for all n € N and a.e. m € M.
Define fy := 27]:[:1 ap,NYn. For given ¢ > 0 and n € N a.e. m € M choose N € N so
large that |a,(m) — an,n(m)|? < 5. Then, for a.e. m € M, we have

1) — In(m)]? = Zm )P4 S Jan(m)P

n=N-+1

622”—1— Z |an(m \2N_>—°o>a. O
n=N+1

A.2.3 Decomposable operators

We follow Section XIII.16 in [RS78] (pp. 279). Let (M, 1) be a measure space. A function
A: M — B(H') is called measurable if and only if m — (¢, A(m)) is measurable for all
@, € H' (i.e. weakly measurable). By L>(M, u, B(H')) denote the space of measurable
functions A: M — B(H') with

| Alloc := esssup [|A(m) gy < oo
meM
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Definition A.2.9. A bounded operator A on H = | ]3 H'dp is decomposed by the direct
integral decomposition if and only if there is 2 € L>°(M, u, B(H)) such that

(A)(m) = 2A(m)y(m)

for almost every m € M and all ) € H. In this case, we call A decomposable and write

S2]

A / A(m) dpu(m).
M

Theorem A.2.10 [RS78, Theorem XIII.83]. If A € L (M,u,B(H')), then there is a

unique decomposable operator A € B(H) such that (Ay)(m) = A(m)p(m) holds for all

v e H and a.e. m e M.

Proof. For uniqueness note that if A, B € B(H) are two such operators, then we have
(A)(m) — (By)(m) = 0 for all » € H and a.e. m € M. Thus A = B. For existence let
Y € L2(M, i, H') and let {ng}reny be an ONB for H/. Then

oo

A(m)y(m) = (nw. (m)) 2 2A(m)my, (A.2.2)

k=1

for a.e. m € M since A(m) is a bounded operator for a.e. m € M. Now, A(m)ny is weakly
measurable. Hence, for all V € N,

N

pn(m) = (v (m))2A(m)m,

k=1

is weakly (and hence, strongly) measurable by Theorem A.2.8. Moreover, for N, K € N,
we have

N 2
/ o (m) — o (m)|> dyu = / me) S (s d(m)ne]| du
M M k=K+1
N 2
<t [ | X vtmm an < A% - o2
M e—K1+1
N 2 N
S ] = 3 e v )P < o)) (A23)
k=K+1 k=K+1

for almost all m € M and all N € N by Bessel. Now, Z]kV:KH(T]k,l/J(m)Mk — 0 as
K,N — oo by (A.2.3) and it is in L'(M,u). Hence, by dominated convergence, we
conclude that (¢xn)nen is Cauchy and hence, converges to a limit ¢ € H. But that limit is
equal to A(m)y(m) for almost all m € M by (A.2.2). Hence, Ap(m) := A(m)y(m) defines
an L%-function M — 7/, that is, an element of . Also, using dominated convergence
again,

JAu1? = [ Jim o () d < 12012 P
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So, A is bounded and [|A]| < [|2||co. To prove the converse inequality, let o, 8 € H' and
let f € L'(M, u). Decompose' f as f = gh with g,h € L*(M, p) and [|f|]3 = ||1[3 = || f}1.
Set ¥ := Ga, ¢ = h3. Then

] /Mf<m><a,m<m>ﬁ> du\ = (6, Ag)| < |41 - [l @l

— ([ rgomaran) " ( [ nemati,an)

= [[A[l- Nl - 18I 11

Since L>°(M) is the dual of L!(M), it follows that
[(c, A(m)B)| < ([ Al - [lexl] - 18] O

Theorem A.2.11 [RS78, Theorem XIII.84]. Let H = ff; H' dp where (M, ) is a o-
finite separable measure space and H' is a separable Hilbert space. Let A be the algebra of
decomposable operators whose fibers are all multiples of the identity. Then A € B(H) is
decomposable if and only if A commutes with each operator in A.

Proof. (=) trivial.

(<) Since p is o-finite, we can finde a strictly positive F' € L'(M, 1) so that v := Fu
has unit mass. To see this, let (Ay), € M with ,cy An = M and 0 < p(4,) < oo.
Define F|4, :=27"u(A,) L. Then,

/du—/qu Z/ 27" u(Ay) Mdp =Y 27" =

neN neN

Let H := fM ‘H' dv. Then, the map U: H — 7—~l, Ug = F~'2¢ is unitary since
[ 1wty av = [ 1FE gl F = gl
M M

and UAU! = A. Hence, we may suppose without loss that fM dp = 1. Choose an
ONB {7 }ren for H' and let Fy be the element of H with Fj(m) := n; for almost
all m € M. The F}, are orthonormal since || A = 1. Moreover, any ¢ € H has
an expansion ¢ = 30, fiF, with fi € L2(M, 1 C) and [l = S22, |1l (see
Lemma A.2.4 (a)). Define functions agy,: M — C by AFi(m) = > 2, age(m)Fy
for almost all m € M. Choose a countable dense subset D in H’ of vectors ¢ of the
form ¢ = SN | g and define ® := SN | o Fj, (whence ||®[|3 = ||¢|l%). Then,
for any f € L>®°(M, u,C), setting A(m)gp := 3222, SN | apare(m)ng, we obtain

N N oo
> fm)arAF(m) = > Y f(m)agag(m)Fy(m)

1 k=1/¢=1

N
> fm)agage(m)ne = f(m)2A(m)p

1k=1

() () (),

"For example, set g := |f|"/? and h := 1/, - Ly f0}-

A(f®@)(m) = f(A®)(m)

B
Il

Ttllﬂg
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since fly € A. Moreover, we get

Z Z agage(m

k=1/¢=1

N 2
Z agage(m)| du(m)

k=1

IACf ) (m)]|* =

2
- / Fm)PY
M

leN

< A2 / Fm)? - ]2 du(m)
e / 1 (m) 2 dpa(m zw

Hence, by duality, using [|®(13, = [[¢l13, = 3311 [ax|?, we have
[2A(m)ell < Al - |2l = [[A]l - llell

for almost all m € M. Hence, 2(m) may be extended to a bounded operator on H'
for almost every m € M and A € L>°(M, B(H'). Then, let B be the corresponding
decomposable operator and let v € H have the form ¢ = ny:l fuFr with fi €
L?(M, ). Then

N N
m) =Y fr(m)(AFy)(m Zn m)ne = A Z
k=1 =1

A (m) = (Bo)(m).

Since such v¢’s are dense, B = A. To see density, let ¢ € H. Then, )(m) =
k=1 fr(m)me for certain fp(m) € C and a.e. m € M. For all / € N, we have

(ne, (m)) = fe(m). Hence,
2 2 2 2 _ 2
[ fel / [fe(m)|” dp = / [(ne, b (m))] du</M||¢(m)H dp = [l9]".

Thus, f; € L?*(M, u) for all £ € N and ¥y || fell* = ||¥]|* (monotone convergence
and Parseval). Finally, for N € N, we have

-,

Here, the integrand goes pointwise to 0 as N — oo and is bounded by |[[1)(m)
which is integrable. We conclude by dominated convergence. O

Definition A.2.12. Let L (H') := {A: D(A) — H' : A = A*} denote the set of self-
adjoint operators in H'. A function A: M — L (H') is called measurable if and only
if the function m ~ (2A(m) + i)~! is measurable. Given such a function, we define an
operator A on ‘H = ff/a[ H' dp with the domain

2

> fulm)Fip(m)

k=N+1

Y- f: TeFy du.
>

I

D(A):{wE’Hmb(m)ED( ) a.e. &:/ |A(m H2du<oo}.

Remark A.2.13. The foregoing definition makes the following sense. If A: M —
Lsa(H') is measurable and (m) € ran((2A(m) +1)~!) for almost every m € M, so that
there is an n(m) € H' with (A(m) +1i)~In(m) = ¥(m) a.e., then
2A(m)ep(m) = A(m)(A(m) +1) " n(m)
= (A(m) +1)(2A(m) + ) tn(m) —i(A(m) +1)~'n(m)
= n(m) +i(A(m) +1)~n(m)

is measurable. Thus, the definition of D(A) makes sense.
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Theorem A.2.14 [RS78, Theorem XIIL.85 (b)]. A self-adjoint operator A on H has the
form fj\e; 2A(m)dp if and only if (A+1)~! is a bounded decomposable operator.

Proof. (=) By assumption, there is a function 2: M — Lg,(H') such that g(m) :=
(2(m) +1)~! is measurable. We may define

G = /]j g(m) dp.

To show is that G = (A +1)7!. Let ¢ € H, then (Gv)(m) = (A(m) +1) "1 (m) i.e.
(Gy)(m) € D(™A(m)) a.e. Furthermore, since

A(m)(Gy)(m) = A(m)(A(m) +1) "' (m) = 1 (m) — i(A(m) + 1)~ 9 (m)
= ¢(m) —i(Gy)(m),

we have that 2(m)(Gv)(m) is square integrable (since ¢ € H and G is bounded (by
1)) so that Gy € D(A). Since A = ffj 20(m) du, we obtain

(A +1)Gy)(m) = (A(m) +i)(A(m) +1) " 9 (m) = ¢(m).

Thus, G is a right-sided inverse of A 4 i. Furthermore, let ¢) € D(A) and compute

(G(A+1)p)(m) = (A(m) +1) " (A(m) + D)pp(m) = ¢(m).
Thus, G is also a left-sided inverse and hence the inverse of A + 1.

(<) By assumption, there is a measurable function g € L (M, u; B(H')) such that

(a7 = [ glm)dp.

M

First, we note that (A—i)~1 = | ﬁ; g(m)* dp. This follows from a standard computa-
tion. We claim that g(m) has dense range and is injective almost everywhere. To see
this, let ¢ € H with ¢(m) € ker(g(m)) a.e. Then 0 = g(m)p(m) = ((A+1)"Lp)(m)
so that (A+1) !¢ = 0 which means ¢ = 0 since (A+1)~! is injective. Hence, g(m) is
injective almost everywhere. If ¢ € H' with ¢(m) € ran(g(m))* almost everywhere,
then, for all ¢ € H.:

0 = (ip(m), g(m)p(m)) = (g(m)*p(m),v(m)) = (A —1)"'p,¥)(m)

so that ¢ € ker((A —i)~1). This implies ¢ = 0 so that ¢(m) = 0 almost everywhere.
Hence g(m) has dense range in H'. Hence, define D(d(m)) := ran(g(m)) and

on D(A(m)). Then A(m) is densely defined. We claim that A(m) is self-adjoint
for almost every m € M. To see this, first note that 2A(m) is symmetric: For a.e.
m € M pick ¢(m),(m) € D(A(m)) = ran(g(m)) so there is some n(m) € H' with
P(m) = g(m)n(m) = ((A+1)~"1n)(m). This implies that ¢ € ran(A +1)~! = D(A).
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Analogously, p(m) = g(m)&(m) for some {(m) € H'. Hence,

{p(m), A(m)ip(m)) = (E(m), g*(m)[g(m) ™" — i]g(m)n(m))

= (€(m), g"(m)[L — ig(m)ln(m)) = (€, (A =)7L = i(A +1)"]n) (m)
= (& (A-) A+ = 1A +D) ) (m)

= (A—i)_l[A—l+1](A+ i)~t)(m)

= (& [ +i(A = )TN(A+ 1)) (m) = (§(m), [1 +ig" (m)]w(m))

= ([1 —ig(m)]&(m), v (m)) = ([g(m)~" — ilp(m), $(m))

= (A(m)p(m),d(m)).

To show that 20(m) is even self-adjoint for a.e. m € M, let n(m) € H' and set
Y(m) := g(m)n(m). Per definition, »(m) € D(A(m)) and

(A(m) +1)3p(m) = (9(m) ™" —i+1i)g(m)n(m) = n(m).
Hence, ran(2A(m) + 1) = H'. For ran(2A(m) — i), we proceed analogously, using that
(A+D(A-D)T=A—-i+2)(A-1)=1+2i(A—i)!
implies that
g(m)* = g(m)[1 + 2ig(m)"]. (A.2.4)
If 1(m) € ran(g(m)) so that ¥ (m) = g(m)n(m), we have that
g(m)*[1 = 2ig(m)]n(m) = g(m)[L + 2ig(m)*][1 — 2ig(m)ln(m) = P(m). ~ (A.2.5)

The last equality follows from an easy computation involving the first resolvent
equation showing

[1 — 2ig(m)][1 + 2ig(m)*] = [1 — 2i(A + 1) ')[L + 2i(A — i)~ !](m) = 1(m).

Hence, ¥(m) € ran(g(m)*). Thus, interchanging the roles of i and —i and the stars,
we obtain ran(g(m)) = ran(g(m)*). Hence, if £(m) € H' and p(m) := g(m)*£(m),
we have p(m) € D(2(m)) and

(A(m) — i)p(m) = [g(m)~" = 2i]g(m)*&(m)
= [g(m) ™" — 2i]g(m)[1 + 2ig(m)"]&(m)
[L = 2ig(m)][1 + 2ig(m)]§(m) = &£(m).

Thus, Ql( ) is self-adjoint for almost all m € M. This now enables us to define
A= fM m) du. Let us show that D(A) = D(A). To see this let ¢» € D(A). Then

P(m) € D(Ql( )) = ran(g(m)) a.e. so ¥(m) = g(m)n(m) for a certain n(m) € H'.
We obtain that

A(m)e(m) = [g(m)~! —ilg(m)n(m) = n(m) — iv(m). (A.2.6)
Since 1 € H and [, [|2(m)y(m)||* du < oo by definition of D(A), we infer that 7 €

(
H. Hence, ¢ = (A +1i)~tn € D(A). Reversely, let 1) € D(A) so that ¢ = (A +1)"n
for some n € H. Then 1p(m) = g(m)n(m) so that ¢(m) € D(™A(m)) for almost all
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m € M. Furthermore, (A.2.6) says that 2A(m)i(m) is square integrable over M.
Hence, 1) € D(A). Finally, we have that

(Ay)(m) = (A(A+1) ") (m) = (n — i(A —1)""n)(m)
= n(m) —ig(m)n(m) = g(m)~"Y(m) — i (m) = A(m)y(m)
= (Ay)(m). O

Theorem A.2.15 [RS78, Theorem XIII.85]. Let A: M — Leo(H') be measurable and
assume that A =[5 9(m)du. Then

(a) The operator A is self-adjoint.

(b) For any bounded Borel function F': R — C,

(c) XA € a(A) if and only if for all e > 0,

u({me M :o(@(m))N(A—e,A+e)#0}) >0
(d) X is an eigenvalue of A if and only if

p({m e M : X\ is an eigenvalue of A(m)}) > 0.

(e) Suppose that B: M — Lg(H') is measurable and B = fﬁ; B(m)dp. If B is A-
bounded with A-bound a, then, almost everywhere, B(m) is A(m)-bounded with A(m)-
bound a(m) < a. If a < 1, then

@
A+B= /M (A(m) +B(m))dp

is self-adjoint on D(A).

Proof. (a) First, A is symmetric so it suffices to prove that ran(A £i) = H. Let g(m) :=
(A(m) +1i)~t. Then g(m) is measurable and ||g(m)| < 1 almost everywhere. Hence,
we may define G := ff; g(m)dp by Theorem A.2.10. Let n € H and set ¢ := Gn.
Then ¢(m) € ran(g(m)) = D(A(m)) a.e. and

[RA(m)p(m)[| = [|A(m)g(m)n(m)|| < |[n(m)]]

is square integrable since ||A(m)g(m)|| < 1 a.e. Hence, ¢ € D(A) and (A+ i)y =
whence ran(A + 1) = H. Similarly, g(m)* = (A(m) —i)~! is measurable (compare

a.
(A.2.4) and (A.2.5)) and thus ran(A —i) = H.

(b) By Theorem A.2.14, we have

52

(At+1)" :/ @A(m) + 1) dp.
M

The first goal is to extend this to resolvents at points A € C with Im A # 0. Set

gx(m) := (A(m) — A)~'. As a preparation, we note that

A+D)A-NT=UA-2A+G{+N))A-N=1+{+N)A-N!
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and we get an analogous equation for A and —i interchanged. We obtain
M+GE+NA- )L -(+NA+D) ) =A+D)A- N A-NA+i) =1

By interchanging again, we see that 1 — (i + \)(A +1)~! is invertible and the inverse
is 1+ (i+ A\)(4 + A\)~L. Exactly the same computation holds for g(m) in place of
(A—X)~!forall A € C\R. Thus, 1—(i+\)g;i(m) is invertible. Then, a straightforward
computation using that

D
1— G4+ A+ = /M 1 — (i 4+ N)gi(m) dy

shows that

D

M= G+ A) A1) = /M 1+ (i 4+ Ngi(m)] "L dp.

This implies that

D

(A=-N""= /M ga(m) dp.

for every A € C\ R. Now, for € > 0, a,b € R with a < b and ¢t € R we set

1 b 1 1
e (t) '_m/a P S

A straightforward computation shows that sup,<q [|fe,a//cc =2 for all a,b € R, a < b
and € > 0 and that

e—0

hE,a,b(t) ’ ]l[a,b] (t) + ]l(a,b) (t)
for all t € R. Together with
5 s
Ljosp](t) == iz (£) L(ams5-5)(8) == Lz (2) (A.2.7)

we see that, using dominated convergence, for all a,b € R, a < b and all ¢ € H:

. 1 2

g iy [ (100 (0m) ) = S s s8m))om)| - = 0.
Hence, define G, by

(&)
Gt = /M 10 (2 (m) () dp.
Then, (A.2.7) implies that
Loy (A) = = lim lim (A = L tim tim [ A (@(m))(m) d
[a,b) ~ 9 61~I>% 61_% €,a—0,b—0 ~— 9 5%5% " €,a—3,b—0 m m)dp

-
= /M Ligp) (M) (m) dp = Gopi

for each ¢ € H. Hence, 1j,4)(A) = Guptp. Since half-open intervals generate the
Borel o-algebra B(R), this proves the claim for 1;; for each U € B(R). Finally, for F
bounded and measurable, choose a sequence of simple functions F;, with ||F'—F},| — 0
and use dominated convergence again using that sup,, || Fy|ec < 00.
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(c) We apply part (b) to 1(x_. xys). Then, the claim follows from the fact that we have
[T (m)dp = 0 if and only if T(m) = 0 a.e.

(d) This is similar to part (c) by using 1yy}.
(e) If [[BY|| < al|Ap[| + bl|¢], then
|B(A+1ik) Y| < al|A(A+ik) 7| + b]|(A+ik) Y| = a+ bk~

Hence, ||B(m)(A(m) +ik)~|| < a + bk~! for a.e. m € M. For given € > 0 choose
k(m) > 0 so large that bk(m)~! < e. Then, for ¢p € D(A(m)):

1B (m)pl| = [[B(m)(A(m) + ik) ™ (A(m) + k)|
< (a+ o) A(m)P] + (a + e)k(m)[[¢].

Hence, since € > 0 was arbitrary, B(m) is 2((m)-bounded with 2(m)-bound a(m) < a.
If a < 1, then Kato-Rellich implies that 2((m) + B(m) is self-adjoint on D(A(m))
almost everywhere. Since

1 1 1 1

Aom) T B £2 - Am) T3 (B T @) )T B 71 A2

we infer that m +— A(m) 4+ B(m) is measurable by using part (b) for (m) and B(m)
with f(t) = (t + 3)~'. Thus, we may define

(&3]
G = /M A(m) + B(m) du.

By Kato-Rellich, we know that A 4+ B is self-adjoint on D(A). This implies that
D(A) = D(G). Linearity of the direct integral then implies G = A + B. O
A.2.4 Direct integral decomposition of L?(R%)

In this section, we want to decompose the space L?(R%) into a (constant fiber) direct
integral with respect to a certain lattice (the lattice of periodicity of the Hamiltonian),
where the fibers consist of the L?-space over the unit cell of the lattice. Consider a basis
{ai,...,aq5} € R?% and let

d
I:=T(ay,...,aq) := {Zniai:nieZ, izl,...,d} C R?
i=1

denote the lattice spanned by the vectors aq,...,aq as well as its closed unit cell
d
C:=C(ay,...,aq) := {Z)\iai o<, i= 1,...,d} C R4,
i=1

Introduce the corresponding dual lattice
" ={zecR%: (x,n) € 27Z Vn e T}.

It is known that T = T'(af,...,a}) with af,...,a € R? chosen in such a way that
(a7, aj) = 2md;; for all i, j =1,...,d. The dual unit cell is given by C* := C(a], ..., a}).
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Lemma A.2.16 [RS78, Lemma to Thm XIIL.88]. Let {ai,...,aq} and {b1,...,bq} be
two bases in R and let T' = T'(ay,...,aq) and A = T'(by,...,bg) be the two lattices in RY
generated by these bases. Denote the unit cell of ' by C and the dual unit cell of A by L*.
Let H' = L?(C) and

SO
o !/
[l T

Then, U: L*(R?) — H given, for f € S(R?), by

d
(Uf)g(l') = Z e*i(&Z:lzl nzb1>f (.’L‘ + Z niaz‘), (A29)
nezd i=1
for 0 € L* and = € C, is unitary. The inverse U*: H — L*(RY) is given by
. : (0,50 niby) d¢
(U g) (x—l—;maz) = /* e\ Lai=1 """ ge(x) VOI(E*) (A210)
forx € C and n = (ny,...,ng) € Z¢. Moreover,

@
U(—A)U* = / (—A)p O}f.

where (—A)g is —A on L?(C) with boundary conditions

Vip(), V(e + ai) = V().

o(x +a;)=e

Remark A.2.17. (a) In [RS78], the authors have set A := Z¢ so that £* = [0, 27)?. One

then gets the statement with b, = n for all n € Z?. We wanted to stress that one

may choose both lattices independently. The fact that [0, 2m)? is the parameter set

for the decomposition has nothing to do with the periodicity of the original operator
one wants to decompose. This is only encoded in T

(b) In view of the Fourier transform for periodic functions, one may also set A :=T.

Proof. For n € 7% set a, = 2?21 n;a; and b, = Z‘ij:l n;b;. Since f € S(Rd), we have
that sup,cpa |22 f(z)| < C for some constant C' > 0. If x € T, then there is n, € Z? with
Gn, +x = 0. Thus,

Z e_i<9’b”>f(a: +ay)

nezd

< Z ’x+an|_2'|$+an‘2'|f($+bn)|+’f(0)|

<C ) Jrtan (A.2.11)
neZ\{ng}

Otherwise, we have

Z e*i<9’b">f(x +ay)

nezd

< Z ’1‘ +an‘72 ' |x + an’2 ’ ’f(w + bn)‘
nezd
<C Y | +an % (A.2.12)

nczd
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Now, let € R? and choose n € Z% so that |n;| > 2|z;|. Since all norms in R? are
equivalent, we have ||y > ¢4|2|s for some cg > 0. Writing z = Y4, z;a; yields:

d

> (i —ni)ag

=1

>cd max |z; —n;| > —d ma \nz\

|z + an| = max 5 ;

Using the equivalence of norms again, we have |n|o > ¢4|n|s for all n € Z? and some
¢q > 0. Hence, (A.2.11) and (A.2.12) converge. Next, we prove that U is isometric. Set
V := Vol(L*) and compute

do
WUFI2, = / / ~i(0ba) ¢
eZd

Z / dx f x4 an)f(z+ ap) i@ e~ 1(0,bm—bn)

« V
m,nezZd £

> [Iara)f= [ 1@k

Here, we used Fubini and the fact that

2

flz+ap)| dx

nezd

40 —i0bm—ba) _
e V n,m;

which can be proven using the transformation rule. Let us verify that U* is indeed the
adjoint of U. We compute

gan / V g@: Uf L2(C / /dl’ge Z e eb" x—l—an)

nezd

/MJ% x)el0n) - f(x + an) = (U*g, f)r2(ga)-

nezd

Thus, we finish the proof by showing that also U* is isometric. We have

2
|U*g))? = / U*g(y)? dy = Z/U* (y + an) dy = z/ 00 gy ()| ay
iyt st r* V
d9 d9’
D R R e R B I T 3

nezl
Here, we used that

S 00— vs(9 — ¢),

nezd
which may be verified by testing against a function. It remains to show the decomposition

of the Laplacian. Let A := fﬁ(—A)g%e and let f € S(RY). Then (Uf)y € C(C) for all
0 € L* and for 5,k =1,...,d we have

(U f)o(x + aj) = Z e_i<9’b">3kf(l' +ap + CLJ') = Z e_i<97b">6ke_iejf(x +ap)

nezd nezd

= (U f)o(x).
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Hence, (Uf)s € D((—A)p) for all § € £* and

U(-A = > T OMIAS) (@ + an) = (=A)o(U fo ().

nezd

In particular,

de
N0 ol 55 = =2 laage

so that U f € D(A). Reversely, let » € D(A), then ¢y € D((—A)p) and

“( do *
0> [0l S = [ 1Al e
Hence, U*y € D(—A). O

A.2.4.1 Direct integral decomposition of bounded periodic operators

We follow Now let A be a bounded operator on L? (]Rd) which is periodic with respect to
the lattice I'. Per definiton, this means that AT, = T,A for all n € I'. Here, T;, denotes
the translation operator by 7. Writing (A.2.9) a bit differently as

U= Y e Xy 5

nezd

we can compute, using the periodicity of A:

UAfo= > e 1Ot Af = > e MOk ATY = A. > e Ok .

nezd nezd nezd
Define the (6-independent) #'" fiber of A by

Ag: L*(C) — L?(C)

(A.2.13)
f— Al f.

Being a little sloppy, we obtain (UAf)s = Ap(U f)g and so the direct integral decomposi-
tion
do

AU* = A
vav Y Vol(£*)’

(A.2.14)

This definition is not correct, since it suggests that one could restrict the operator A
successfully to the “invariant subspace” L?(C), which we cannot. However, the picture is
correct and in the following, we only want to give the proper proof of the Bloch-Floquet
decomposition of periodic operators. To do this, we use the Bloch-Floquet-Zac transform
instead. We use the same lattice I' = A from now on. Introduce

Ly (RY) :={f € Lie(RY) : f(z —7) = f(x) VY €T, ae. x e R}

This becomes a Hilbert space via the inner product

(fr9) 12, (ra) ZZ/Cf(LU)Q(iU) dz
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We want to define “A” on Lger(Rd). To do this, let f € Lper(Rd). Then, a simple

argument by dominated convergence shows that f =3, . T))1c f where T, is the notation
for translation by 1. We have that 1cf € L?(R%), since f € LIOC(Rd). Define

Aperf = TyAlcf.

nel’

This definition is independent of the chosen cube C due to the periodicity of f and A. For
each n € I', we immediately get that

TnAperf = Z TnTl,A]lcf = Z TVA]le = Aperf
vel vell

so that Aperf is periodic. Furthermore, Ape, is bounded, since

HApeer%ger =31 A]lcf = Y (T,Alef, T, Alcf) 12
nel’ per n,vel
= > (AT,lcf, AT, 1cf)
n,wvel
< D AP I1Tie fllzzey - 1 Toief llrze) = IIAIIIIfII%ger-
n,vel

The last equality follows from

Z 1Tyl fllz2e) = (/ T, ]1cf\2dx> — (/ 1 1e(z — B n)\zdm> 1/2

nel’ nel’ nel’

= Iz

per

This means that Aper is bounded as an operator Lper(Rd) — Lger(Rd) with || Aper|] < [|4].
To prove that the Bloch-Floquet theory really decomposes A, we use a slight variant of
the decomposition above. The Zac transform has a little better periodicity behavior and

is defined on S(R%) C L?(R?) by

)= Z 0@t £ 4 ). (A.2.15)
nel’

Writing = ¢ — v uniquely by ¢ € C and v € ', we obtain

(UAf)o( Ze‘(’“H’Af (x+n) = ZAeIGHT’ flx+n)= ZAe”“ v f (e — v+ 1)
nel’ nel ner
=Y AT Tc(e? f)(z) = Y T, Alc(e” f)(z)
nel nel’
= Aper (Z Tn]lCeie.f> (x) = Aper(Uf)G(x)'
nel’

Hence, setting Ag = Aper for each 6 we obtain that A is indeed decomposable by the
direct integral decomposition. In this sense, we will canonically identify Lper(]Rd) with
L?(C) and consider A as decomposable as in (A.2.14).
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A.3 Local Traces

Let (M, i) be a measure space, H' be a separable Hilbert space and H = f fj H' dp. Let
A € B(H) be decomposable. Note that the function m +—— tr(2(m)) is measurable as
a limit of measurable functions, see Lemma A.2.2. We say that A is locally compact,
A € SX.(H) if and only if A(m) € S>®°(H') for almost all m € M. We equip S (H)
with the norm || A[[g3) := [|2]|oc. Let 1 < p < co. We say that A is locally Schatten-p,
symbolically A € S? (H), if and only if its local Schatten-p norm

loc

AL e = [ 1) s < o

If this is the case for p = 1, we say that A is locally trace-class and define the local trace
of A by

tripc(A4) := /M tr(A(m)) du.

Theorem A.3.1. Let (M, ) be a measure space and H = f]i‘; H' du. Let A, B € B(H) be
decomposable.

(a) Assume that AB and BA are locally trace class. Then, trioc(AB) = trioc(BA).

(b) The generalized Hélder’s inequality holds: Let 1 < p,q,r < oo such that p~' 4+ ¢~ =
r~! and assume that A € S (H) and B € S _(H). Then AB € S|, .(H) and we have

loc loc

[ABlr10¢ < [|Allp10c - | Bllg,10c-

Proof. (a) If AB is locally trace class, then tr(2((m)%(m)) < oo for almost all m € M.
This makes the result follow from the one about standard traces.

(b) Apply (A.1.3) pointwise almost everywhere and the usual generalized Hoélder’s in-
equality.
O

Analogously to the case of standard traces, for an interval I € R and a function
f: I — R, we define

S},IOC(H) = {A € Slloc(H) tA= A*a J(A) - I, f(A) € Sﬁ)c(H)}

Theorem A.3.2 (Peierl’s inequality — local version). Let (M, p) be a measure space and
H = L\e; H dp. Let A = f;‘; A(m)du € SE.(H) and f: R — R conver. For a.e. m € M
let {un(m)}nen be any ONB of H'. Then

/M i f ((un(m), A(m)uy (m))) du(m) < trioe(f(A)) (A.3.1)
n=1

and equality holds in (A.3.1) if and only if uy,(m) is an eigenvector of A(m) for alln € N
and almost all m € M. If f is strictly convex, then equality in (A.3.1) holds only in this
case.

Proof. Apply Theorem A.1.4 for a.e. m € M and use monotonicity of the integral. If f is
strictly convex then equality holds only if equality holds pointwise for almost all m € M.
By A.1.4, this is true only if u,(m) is an eigenvector of 2(m) for a.e. m € M. O

June 17, 2022 379 Marcel Maier



A.3. LOCAL TRACES

Corollary A.3.3. Let f: R — R be convex. Then

Ds: Sfie(H) — R
A —s trie(f(A))

is convex and @y is strictly convex if and only if f is strictly convex.
Proof. Follows from the corresponding elementwise statement A.1.5. 0

Theorem A.3.4 (Klein’s inequality — local version). Let I C R be an interval and f: I —
R convex. Let A,B € S}’IOC(H). Assume that the right-sided derivative f’, is bounded on
o(B) and that A— B € SL_(H). Then

trioc(f(4) — f(B) = fL(B)(A—B)) > 0. (A.3.2)
If f is strictly convex, then equality holds in (A.3.2) if and only if A = B.

Proof. Follows from the corresponding elementwise inequality A.1.7. O

A.3.1 Application to periodic operators

Let us come back to the periodic operator A € B(L?(R?)) from the previous section.
Assume that it is locally trace-class. Following [PST09], we intend to compute its local
trace and claim that it is equal to tr(1¢A). To do this, we need to fix an ONB of L?(R%)
and see how it transforms under the Zac transform U from (A.2.15). Recall that the plane
wave basis g, (z) := |C|~/*-1c(z)e""®, where v* € T'*, forms an ONB of ran(1¢) C L?(RY).
For a € T', consider

95+(@) = gy (& — @) = [C|” P e ya(a)e™™
This defines an ONB {g5. }ers aer of L%(R?) because of the following. Suppose that

e >0, f € L>(RY) and for each a € T, we find a function g, € ran(lcy,) in the span
of the {gf},+er+ such that |[leiaf — fall < 5. If this is the case, we may define

9l
9= > ner Ja- Then

g
I1f = gllre@ey < Y Meralf — fa)llzmey < Y o] S Cq-c

acl’ ael
The Zac transform of g5 is
Ug,y Z el@(:Jchn (x+n) = ’C|71/2 Z ei@(:}chn)]lCJra(x + n)ei'y*(:erT])
nel’ nel’

= e O o a4 )
If z € C, we obtain that UgS. = e with (e5+)g(z) = |C| =2 el(0+77)(=+) We obtain that

tr(Ale) = > (g5 Alegs) 2wy
y+el™ ael

Recall that 1cgJ. = 5047093*. This implies that

1
tr(Ale) = Y (99, Agd) ro(ray = |C*|/d9 > (U9 )9, Ag(Ug5-)o) 12(c)

y*el* y*el*
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Note that, since Ugg* = eg*, and since (7" )g),+er+ € L?(C) forms an ONB, we obtain
that

1
tr(Ale) = I / dftr(Ag) = triec(A)
C
All this is copied from [PST09]. It follows that for two periodic operators A, B, the

local trace is given by tr(1¢AB). Should A and B have kernels K4(z,y) and Kg(zx,y),
then we obtain

trioc(AB) = tr(1¢cAB) = /dx/ dy Ka(x,y)Kp(y, ).
c R4
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Appendix B

Differential Calculus for
W2°_Functions

All we treat here is taken from [E10] and [S13].

B.1 Lebesgue’s Differentiation Theorem

Lemma B.1.1 (Vitali’s Covering lemma, [S13]). Let x1,...,2, € R? and r1,...,7, >0
and let E C R? be such that E C 'y B,.(z;). Then, there is a disjoint subfamily
I'C{1,...,n}, ice. By (i) N By;(x;) =0 foralli,jel,i#j and we have
E C | Bay, (1)
el
Remark B.1.2. One can prove this in more generality, but the constant “3” does not

remain true. Often it is proved with 5 instead but possibly anything bigger than 3 would
do.

Proof. Without loss assume that 1 > 79 > --- > r, > 0. Choose Dy := By, (x1). Assume
recursively that D1, ..., D1 € {By,(z;)}-, are already chosen. If

k—1
Ik::{lgjgn:Brj(mj)ﬂ UDi:®}2®
i=1

then set m = k—1 and terminate. Otherwise, let £; := min I}, and choose Dy, := B’"ék- (xg,)-
If By, (x;) ¢ {D;}x, for some i € {1,...,n}, then, by definition, there is j < i such that
B, (x;) N By, (x;) # 0 (if not, then 7 would be the minimum of I for some k and B, (z;)
would have been chosen). Since r; > r;, we get By, (x;) C Bs,;(x;) because for y € B, (z;)
and z € By, (z;) N By, (x;) arbitrary, we have

ly — | <|y—ai| + |z — 2| + |z — x| <ri+14+715 < 3ry

Hence, we get Dy, N Dy = ) for 1 < k, ¢ < m with k # ¢ by construction and

U Br(z) € U Bsy, (w1, O
=1 j=1
Let f € L*(R?) and define the Hardy-Littlewood maximal function by
1
(Mf)(x) = sup ooy | W)l dy
r>0 | Br(2)| JB,(x)

Here, |B| denotes the Lebesgue measure of B C R™.
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Lemma B.1.3. If f € LY(R?), then Mf is lower semi-continuous and thus measurable.

Proof. We want to prove that for 0 < t < oo; the set

Eyi={z e R : (M[)(2) > t} = (M) ((¢,00))
is open. For t < 0, E} = R"™ so the claim there is clear. Let x € E;. Then, by definition
of M f, there is r > 0 such that

1

- d
Bo@)] Jpy TN

Choose " > r such that still
1
| B ()] J B, (2)

Let 2/ € RY with |z —2'| < ' —r. Then B,.(z) C B, (') since for each y € B,(x), we have

[f(y)ldy >t

ly—2 | <|ly—a|+]2 —z|<r+r —r=1

Hence, by the translational invariance of the Lebesgue measure, we get

1
t < dy = / dy
B @) o "V B v
s
y)|dy < (M f)(z")
\BT/ @) /B, @)
Hence, 2’ € Ey and B,s_,.(z) C F;. O

Theorem B.1.4 (Weak type maximal inequality). If f € L'(R?), and t > 0, we have
that

n

o € R (MP)@) > 0 < 5 1oy

Proof. Let K C E; be compact and consider the trivial cover {B,_ (z)}cr, of K. By
compactness, there is a finite subcover. By Vitali’s covering lemma B.1.1, there is a
disjoint subfamily {B,,(z;) le so that K C Ule Bs,.(x;). For each x € E there is an
r > 0 such that

1
_ fly)|dy >t
B@)] o, Y
In other words,
1
B@l<g [ Wl

Hence,

3n k n
m|wzwm\ ) RV R e
’l"z IZ
By the inner regularity of the Lebesgue measure, we conclude that

3n
|Et| = Sup K < — - [Ifllpr me) a

Sy
K compact

386 PhD Thesis



APPENDIX B. DIFFERENTIAL CALCULUS FOR W?>-FUNCTIONS

Theorem B.1.5 (Lebesgue’s Differentiation Theorem). Let 1 < p < oo and f € LY (U),
where U C R? is open. Then, for almost all x € U, we have

lim sup ][ ) — @) dy =0
r\0 By ()

Proof. Let g € C.(R?%). Then g is uniformly continuous. Hence, given £ > 0, there is § > 0
such that |f(x) — ( )| < "7 whenever |z — y| < 6. Fix € R and let » < §. Then

1
Pdy < ——— dy-e=¢
B, / OF W <5 Lo

Hence,

timsup £ 17(y) = S dy =0 (B.1.1)
N0 B (x)

Let f € LY (U). By extending to all of R? with 0, we may assume that f € LI (R%).
Without loss, assume that f € LP(R?). If not, then for k € N, the function f, = f1B,(0)
is in LP(R?). Assume the result holds for f; except for a null set £, C R”. Then, it holds
for f on the complement of the null set ey Ex. For, if 2 € R?\ Upey Bk, and 7 > 0 is
small, then there is kg € N with B, (z) C By, (0). Then, since x ¢ Ej,, apply the result to
fros since fio|B. (@) = flB.(z)- Now, for an arbitrary g € C.(R%) and z € R?, use (B.1.1)
and convexity of ¢t — tP to get

lim sup f F(y) — F(@)P dy < 22~ limsup f 9(y) — g(@) P dy
™0 r(2) ™0 »(2)

+ 4P~ im sup][ |f(y) —g(y)P dy
T\O T( )

+4PH f(2) — g(x)P

<4plsup][ 1F(y) = 9P + 477 f(z) - g(a)?
r(2)

r>0
= 7 M(|f - gP") (@) + £ () — g(a) ]
Hence, if, for given € > 0, we have
fimsup £ |f) ~ f@)dy > ¢
™\ 0 r(x)
Then, M(|f — g|P)(x) > 2?P73¢ or |f(x) — g(z)| > 22P~3c. Now, using the Tshebyshev

inequality, we get

X5l = {2 € R 17(@) — 9@ > 226} < o 1 — oWz

and using the maximal inequality B.1.4 we obtain

_ 34
1x5] = [{o € R : M(If - gP)(@) > 277} | < o - 1 = 9l oy

Putting everything together, we see that

{xeRd:limsup][ \f(y)—f(x)\pdy>€}
™\ 0 By ()

Al = < XT|+ X5

3% 41
22[2 3¢ ||f gHLp (R9)
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By density, we may choose a sequence (g,)n, C Ce(R?%) with g, — f in LP(R?) as n — oo.
It follows that A, has zero measure for every € > 0. Hence,

U4,

keN

{:1: eR?: hlf\sélp][r(x) |f(y) = f(z)[Pdy > 0}‘

so that the claim holds for almost each z € R%. O

B.2 Taylor Expansion

First, we prove the remark on [E10, p. 268] by using elements of the foregoing proof.

First, let u € C'(R%) and z € R%, » > 0. We claim that

£ @y [P ay (B21)

Proof. Fix w € 0B1(0) and let 0 < s < r. Then

s

|u(z + sw) —u(x)| =

d
; Eu(w + tw) dt‘ =

< / |Du(x + tw)| dt
0

/ Du(x + tw) - wdt
0

Hence,

/ u(z + sw) — u(z)| dS(w / / Du(e + tw)| dS(w)dt
831(0) aBl
/ - 1/ [Du( x+tw>|d5(w)dt
9B1 (0 td 1

Letting y = x + tw so that t = |z — y, we obtain that

[ Du(y)| / [ Du(y)|
u(x + sw) —u(x)|dS(w g/ ———dy < ——dy
/631(0)‘ ( )~ u(@)] dSw) B(a) |7 —yl¢! Bi(a) |7 — yl¥!

On the other hand, multiplying the left hand side with s~ and integrating over [0, 7], we
obtain

/ d-1 /8 » (z + sw) — u(z)| dS(w)ds = /B " [u(y) — u(z)| dy

so that all in all, we get

re [Du(y)]

u(y) —u(x)|dy < — —=—dy ]
/Br(:v)| ( ) ( )| d By (x) ‘x_y‘d_l

We are going to use this to prove a Morrey-type inequality: There is a constant C,
depending only on p and d such that for y € B,(x), we have

() — uy)] < Cr'= ( /B » \Du<y>|p) " (B2.2)
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Proof. Let x,y € R z # y (otherwise there is nothing to prove) and call  := |z —y| > 0.
Then set W := B,.(z) N B, (y). We start by noting that

() — uly |—f|u )~ uly) +u(z) — u(2)| dz

][|u — u( |dz—i—][ lu(y) — u(z)|dz

Now, W 2 B:(3(z 4 y)) so that [W| > 2%1|Br(av)| by translational invariance. Hence,
2
applying (B.2.1) and Hélder, we obtain

24 |Du(z)|
u(x) — u(z dz§2d][ u(x dz < ———dz
F lute)  u(2) @ @< G [
p—1

d 1/p p=1
d \Jp,(z) Bo(a) |z — 2| V5

An explicit calculation shows that

1 p—1
- )" =0,
(/T(m) |.'L' _ Z|(d_1)p%1 Z) d,p T

To summarize, we have

][W [u(w) — u(z)|dz < COrt= ( /B ! dZ) o

The same bound applies for y with B, (y) instead of B, (x). Now, note that B, (z)UB,(y) C
By, (z). This implies that one may replace B, (x) (respectively B,(y)) in both estimates
by Ba,(z) and we are done. O

Next, we prove a variant of Theorem 5 on [E10, p. 280].

Theorem B.2.1. Assume that u € Wli’f(U) where U C R is open and d < p < oo. Then
u s twice differentiable almost everywhere in U and its derivatives coincide with its weak
derivatives a.e.

Proof. First, assume that n < p < co. We note that the inequality (B.2.2) extends to all

u € WLP(U) by interior approximation. Let z € U and » > 0 small enough such that
B,(z) CU. For y € B,(x), set

Ly —2) D)y - 2) (B.2.3)

v(y) = uly) — u(@) = Du(z)(y — ) - 5

Note that v(z) = 0. Then, by (B.2.2), we get
1/:,J
W) =) - @l <ot ( [ puPa)
Bar(x)

_ o ( /B , |puCz) = Dute) = DhuGe)(z ) dz) "
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B.3. WEAK DIFFERENTIAL CALCULUS IN R4

For z € Ba.(), let now 9(2) := Du(z) — Du(x) — D*u(z)(z — z). Again, 9(z) = 0. We
obtain by (B.2.2):

Bar(z)

=Cr <]€34T(x) | D*u(w) — D2u(x)\p) "

Note that we incorporated r—%7 into the integral in cost of a constant. Inserting this
above, we get

l/p
lv(z)] < Cr <][ dz - Cr][ | D?u(w) — D2u(m)|p>
Bay () Byr(x)

l/p
= Cr? (]é - | D?u(w) — DQu(ac)|p>

The last expression is o(r?) by Lebesgue’s differentiation theorem B.1.5, since |D?u| €

LY (U). This shows that u is twice differentiable at z and D?u(x) is the second derivative.

Now, it is easy to see that Du(z) is the first derivative. In the case p = oo, note that
VVI?)COo (U) C VVlif (U) for all n < p < oo. Thus, apply the reasoning above. O

B.3 Weak Differential Calculus in R?
Lemma B.3.1. Let v,w: R? — R? be differentiable a.e. Then
V- -w)=(v-V)w+ (w-V)v+vAcurlw+ w A curlv a.e.

Proof. This is a tedious but straightforward computation. Let us call the components
v = Z;.”’:l vie; and w = Z?:l w;e;. The right-hand side is given by

wAcurlv+vAcurlw+ (v- Vw4 (w-V)v =

Oav3 — 032 Oows — O3ws 3 3
=wA | 9301 — Oz | +v A | Oswy — Orws | + Z v; 0w + Z w;O;v
O1v2 — vy Owy — Ogwn i=1 i=1

wo01v2 + w3013 + v201w2 + v301w3 + V101w + w0101
= | w3ov3 + w1 GV + v302w3 + V102w + V20awa + Walavo
w1 0301 + w0302 + V103w + V203wW2 + V303ws3 + W303v3

w1011 + wed1 v + w301v3 v101Ww1 + V201 we + V301 W3
= | w102v1 + w202v2 + w302v3 | + | v102w1 + V2O2wa + V302w3
w103v1 + w2d3v2 + w3d3v3 v103w1 + v203w3 + v303W3

81(1)1’11}1 + vowg + ’Ug’wg)
= | Oa(viwy + vows + v3ws) | = V(v - w) O
63(’0111}1 + vowsg + v3w3)

Proposition B.3.2 (Product rule for W1>(R9)). Let f € WH(R?) and g € H'(RY).
Then f - g € H'(RY) with weak derivative

V(fg)=(Vf)-g+f-(Vg).
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Proof. Since f is weakly differentiable, for every v € C°(R3), we have

Agsg'vvdx:_ég(vg)'”dx' (B.3.1)

By density, this extends to all v € H}(R?) = H'(RY). Now, since f € Wh®(R?), f is
almost everywhere classically differentiable and we have V(fv) = Vf - v + fVv almost
everywhere. Since v has compact support and f,Vf are bounded, we conclude that
fv € HY(R3). Thus, fv is a valid test function in (B.3.1). Therefore, we obtain

_/Rd(vg).fydgc:/Rdg‘V(fv)da::/Rdg~(Vf)-vdx—l—/Rdg-f-(Vv)daz.

Thus,
fg-Vvda::—/ (f-Vg+Vf-g)da.
Rd Rd

Hence, fg is weakly differentiable with V(fg) = fVg+ V f-g. Furthermore, since f,Vf €
L>®(RY) and g, Vg € L?(R?), we have that fg,V(fg) € L>(R?). Thus, fg € H'(R?). O

Proposition B.3.3 (Chain rule for W1(R9)). Let f € WH°(R?) and g € C*(R) such
that g € L¥(R). Then go f € WH(RY) with weak derivative

Vigof)=(g'0f)-VF.
Proof. Since g € C1(R), for every t € R, we have
t

o) =90+ [ (a5

Denoting F := g o f, it follows that for almost all z € R%:

f(=)
/ g'(s)ds
0

Hence, F € L>®°(R%). Since f is classically differentiable almost everywhere, we obtain
VF(z) =g (f(z)) - Vf(x) for a.e. x € R? by the classical chain rule. Then VF coincides
with the weak derivative of F' a.e. Furthermore, |VF(z)| < [|¢|loo - [|Vf]loo < 00. Hence,
F € WHe(RY). O

|F(2)] < [9(0)] + < 9O + 19" lloo - 1f @) < [9(0) + llg'lloo - 1 loo

June 17, 2022 391 Marcel Maier
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