N
N

N

HAL

open science

Non-equilibrium dynamics of many body quantum
systems

Loic Henriet

» To cite this version:

Loic Henriet. Non-equilibrium dynamics of many body quantum systems. Quantum Physics [quant-
ph]. Université Paris Saclay (COmUE), 2016. English. NNT: 2016SACLX036 . tel-01525432

HAL Id: tel-01525432
https://pastel.hal.science/tel-01525432
Submitted on 20 May 2017

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://pastel.hal.science/tel-01525432
https://hal.archives-ouvertes.fr

o
universite

PARIS-SACLAY

ECOLE
POLYTECHNIQUE
UNIVERSITE PARIS-SACLAY

NNT : 2016SACLX036

THESE DE DOCTORAT

DE L’UNIVERSITE PARIS-SACLAY

PREPAREE ECOLE POLYTECHNIQUE

Fcole doctorale n°5H64

PIF Physique de I'Ile-de-France
Spécialité de doctorat : Physique

par

Loic Henriet

Dynamique hors équilibre de systémes quantiques a N-corps.

These présentée et soutenue a Palaiseau, le 8 septembre 2016.

Composition du Jury :

BENoOIT DougoT
JONATHAN KEELING
WILHELM ZWERGER

PHILIPPE LECHEMINANT

= = = = £

LAURENT SANCHEZ-PALENCIA

Mme. KARYN LE HUR

M. MARCO SCHIRO

Directeur de recherche
UPMC

Professeur

University of Saint Andrews
Professeur

TU Miinchen

Directeur de recherche
Université de Cergy-Pontoise
Directeur de recherche
Ecole Polytechnique
Directeur de recherche
Ecole Polytechnique

Chargé de recherche

(Président du jury)
(Rapporteur)
(Rapporteur)
(Examinateur)
(Examinateur)
(Directrice de these)

(Membre invité)







Remerciements

Je remercie tout d’abord les rapporteurs, professeurs J. Keeling et W. Zwerger, d’avoir
accepté de lire et de porter un oeil critique sur mon manuscrit. Je tiens aussi a re-
mercier les autres membres du jury d’avoir accepté d’assister a ma soutenance.

La plus grande reconnaissance va a Karyn Le Hur, qui a constamment suivi avec
soin mon parcours de these. Ses idées toujours excellentes ont su guider mon effort,
et sont a l'origine de beaucoup de ce qui est présenté dans ce manuscrit. Merci pour
la confiance qu’elle m’a accordée.

Merci & tous les membres du Centre de Physique Théorique pour leur accueil et
leur gentillesse. Je remercie particulierement mon parrain Christoph Kopper pour sa
gentillesse et sa disponibilité, ainsi que Bernard Pire qui nous avait soutenu Lucien
et moi lors de notre tentative de mise en place d’un séminaire pour les doctorants et
post-doctorants du laboratoire. Un grand merci a Fadila, Florence, Jeannine, Malika
ainsi qu’a Danh, David, et Jean-Luc pour leur aide. J’aimerais aussi souligner ma
reconnaissance envers 1’Ecole Polytechnique, et j’en profite aussi pour remercier tous
les professeurs qui ont influencé mon parcours et m’ont poussé a poursuivre en these.

Merci a Peter Orth et Zoran Ristivojevic pour leur aide précieuse au début de
ma these et leurs conseils pour aborder un probléeme scientifique. Leur contribu-
tion au développement de approche stochastique présentée dans ce manuscrit est a
souligner particulierement. Il est aussi important de mentionner que cette technique
a été élaborée suivant les idées d’Adilet Imambekov, que je n’ai pas eu le plaisir de
connaitre. J’ai aussi eu 'opportunité de pouvoir travailler en collaboration avec An-
drew Jordan et je le remercie pour sa gentillesse et ses idées éclairantes. J’ai aussi
beaucoup apprécié travailler avec Guillaume Roux et Marco Schird, et les remercie
pour cette chance. Je salue aussi Guang-wei Deng et le remercie pour le dialogue que
nous avons pu lier entre thériciens et expérimentateurs lors de notre collaboration. Ces
années de thése m’ont aussi permis d’intéragir avec de nombreux groupes de recherche
et je tiens a remercier les universités de Bale, Cologne, Heifei, Orsay, Princeton, Stony
Brook, Ulm, ainsi que I’Ecole Normale Supérieure, le CEA-Saclay et 'ICFO —et plus
particulierement Christoph Bruder, Darrick Chang, Sebastian Diehl, Jean-Noél Fuchs,
Guo-Ping Guo, Susana Huelga, Christophe Mora, Olivier Parcollet, Frédéric Piéchon,
Dominik Schneble, Pascal Simon, et Hakan Tiireci. Je remercie aussi les organisateurs
de lécole Physique mésoscopique au Québec et du GdR CNRS & Aussois, U'Institut



Canadien de Recheche Avancée, et les organisateurs de Qlight 2016 en Créte.

Sur un plan plus personnel, je remercie Camille, Michele, et Marco pour les dis-
cussions que j’ai pu avoir avec eux. Merci a tous les anciens et actuels membres du
groupe: Peter, Zoran, Alex, Tianhan, Loic, Kirill, et Antonio avec qui j’ai eu le plaisir
de collaborer pendant son stage de master.

Merci a tous mes amis, et a ma famille.



A Cécile,






Contents

Introduction 11
1 Spin-Boson models 13
I Rabi model and applications . . . . .. .. ... ... ......... 13
11 Rabi Hamiltonian in cavity quantum electrodynamics . . . . . 14
Ila Chargesinabox . . . .. ... .. ... .. ...... 14
L1b Cavity Quantum electrodynamics setup . . . . . . .. 14
Ilc Weak-coupling regime and Jaynes-Cummings physics 16
1.2 Rabi Hamiltonian in circuit quantum electrodynamics . . . . . 17
I1.2.a Artificial atom: the Cooper pair box . . . . . . .. .. 18
I.2.b Cavity: The superconducting resonator . . . . . . . . 19
I.2.c Strong coupling regime beyond the RWA . . . . . .. 21
L3 Many-body physics in large circuits . . . . . ... ... ... 23
[.3.a Arrays of cavities . . . . ... 24
L.3.b Driven-dissipative problem . . . . .. .. ... .. .. 24
L.3.c Mean field quantum phase transition in the adiabatic
regime. . . ... .o 26
I Ohmic spinboson model . . . . . .. ... ... ... ... ....... 28
II.1  Modelling of dissipation . . . . . ... ... ... ... ..... 29
II.2  Quantum phase transition and relation with Kondo model . . . 29
II1.2.a Polaron ansatz and quantum phase transition . . . . . 29
I1.2.b Relation with Kondo model . . . . . . . ... ... .. 31
I1.3  Circuit quantum electrodynamics: semi-infinite transmission line 33
I1.4  Spinboson model in a cold-atomic setup . . . . . .. ... ... 34
II.5 Non-equilibrium dynamics and NIBA equation . . .. ... .. 37
2 SSE equation and applications 39
I SSE Equation in the case of one spin . . . . . . ... .. ... ... 40
L1 Feynman-Vernon influence functional . . . . . . . .. . ... .. 42
1.2 “Blips” and “Sojourns” . . . . . . . ... ... 44
1.3 Stochastic unravelling . . . . . . ... ... oL 47
I Properties of the SSE equation . . . . . ... ... ... ... ..... 48
1.1 Non-unitarity and trace preservation . . . . . . . .. ... ... 49
II.2  Dynamical sign problem . . . . . . ... .. ... .. ...... 49
I1.3  Formulation in terms of a Stochastic Master equation . . . . . 50



CONTENTS

II.4  NIBA fromthe SSE . . . . . . ... ... ... ... ...... 50

II.5  Relation to other methods . . . . . ... . ... ... .. .... 51

IIT  Application : dynamics in the quantum Rabi model . . . .. .. ... 51

III.1  Strong coupling regime . . . . . . . . ... ... ... ..... 92
III.1.a  From the Jaynes-Cummings regime to the adiabatic

Tegime . . . . . ... 52

III.2  Drive and photon losses . . . . . . ... .. .. .. ... .... 52

III.2.a  Polariton w-pulse . . . . . . ... .. ... ... .... 53

IV Application: dynamics in the ohmic spinboson model . . . . . . . . .. 55

IV.1  Free dynamics and comparison with Bethe Ansatz results . . . 56

IV.2  Coherent-incoherent crossover around a =1/2 . . . ... ... o6

IV.3 Landau-Zener transitions . . . . .. ... .. ... ... .... 58

IV.4  Mean field Landau Zener transitions in a dissipative spin array 58

IV.4.a  Mean-field approximation in the SSE framework . . . 58

IV.4b  LZ transitions : Array . . . . . . .. ... ... ... 61

Dynamics of two coupled spins in an ohmic environment 65

1 Extension of the SSE framework to two spins . . . . . ... ... ... 65
I Nonequilibrium dynamics and quantum phase transition in the dimer

model . . . .. 70

IIT  Synchronization . . . . . . . ... . ... .. 74

III.1  First mechanism . . . . ... ... ... ... ... .. .... 75

III.2  Second mechanism . . . . . ... ... .. .. .......... 7

Dissipative topological transition 81

1 Topology of aspin 1/2 . . . . . . ... .. L 81

I1 Chern number and Berry curvature. . . . . . . ... ... ... 82

1.2 Relation with topological properties of condensed matter systems 83

1.3 Coupling to an environment . . . . . . . . . .. ... ... ... 84

IT  Shifted oscillators approach to the transition . . ... ... ... ... 84

IIT  Experimental protocol . . . . . .. . . ... .. .. ... ... ..... 86

IV Dissipative Spin dynamics and topology . . . . . . . ... ... .. .. 89

IV.1  Results for spin dynamics . . . . . ... ... ... ... .... 89

IV.2 Radiative cascade of photons and effective magnetic field . .. 91

V  Toulouse point and critical behaviour. . . . . . .. ... ... ... .. 92

VI Entanglement entropy and effective thermodynamics . . . . . . .. .. 94

Hybrid electron-photon systems 97

I Nanoengine from quantum vacuum fluctuations . . . . . . . .. .. .. 98

I.1 Analysis . . . . . . 99

1.2 Rectified current . . . . . . ... .. L 101

I.2.a Coupling to an ohmic environment . . . . . . . . . .. 101

I.2.b Coupling to a resonator . . . . .. ... .. ... ... 104

1.3 Heat engine characteristics . . . .. ... ... ... . ..... 106

14 Conclusion and discussion about higher order terms . . . . . . 108

II  Experimental evidence of SU(4) Kondo physics in a DQD device . . . 110



CONTENTS

II.1  SU(4) Kondo physics in a DQD device . . . . . ... ... ...
I1.2  Light-matter coupling and Input-Output theory . . . . . . . ..
I1.3  Experimental results at the charge degeneracy point A: Phase

and Amplitude of Reflected Microwave Signal . . . . . . . . ..
II.4  Interpretation of the experimentals measurements . . . . . . .
II.5 DC electron transport . . . . . . . .. . ... ... ... ....
11.6 Evolution of the microwave response with temperature . . . . .

Conclusion and perspectives
Appendices

A Derivation of the Feynman Vernon influence functional
1 Path integral representation of the propagators Pand @ . . . . . . . .
I Stationary trajectories with Lagrange equations . . . . . . . .. .. ..

B Alternate derivation of Feynman-Vernon influence functional

C Blips and Sojourns decomposition
I Diagonal elements of the spin density matrix . . . .. ... ... ...
1.1 Contributions Jx k. r¢ - - - -« o
1.2 Contributions Jk,E,f,f .......................
II  Off-diagonal elements of the spin density matrix . . . .. ... .. ..

D Sampling of stochastic variables and convergence
I Fourier series decomposition . . . . . . .. ... o0

127
128
130

133

135
135
135
136
136

139
139

I  Definition of the stochastic fields in relation with autoregressive processes141

IIT  Cutoffs and control parameters in the SSE framework . . .. ... ..

E Additional developments on Blips and Sojourns re-writing
I Expressionsof My and M5 . . .. ... o oo
I Scaling regime . . . . . . . ... .

F Non-adiabatic response and topology
I Chern number and evolution of (¢*) with 8 . . . ... ... ... ...
II  Proof of Eq. (4.18) using time-dependent perturbation theory . . . . .

G Other heat engine setup

141

143
143
144

147
147
147

149



10

CONTENTS



Introduction

Modern experimental platforms now allow to control and monitor interacting quan-
tum systems in a precise manner. Motivated by quantum information purposes, these
platforms are also of great interest to explore many-body quantum physics. The un-
precedented control over the system’s parameters permits indeed to devise and tune
desired Hamiltonians. This ability to emulate complex many-body Hamiltonian mo-
tivates the development of precise theoretical predictions to better understand the
physical phenomena underlying the system’s dynamics. Most experimental setups
also involve periodic pumping of energy into the system, as well as dissipative effects,
fostering the development of specific theoretical tools to tackle the dynamics in out-
of-equilibrium conditions.

In Chapter I we introduce the class of Spin-Boson models and focus in particular
on the Rabi model, the ohmic spinboson model, and their lattice versions. The Rabi
model considers a two-level system coupled to a quantized harmonic oscillator and de-
scribes the simplest interaction between matter and light. Its lattice version describing
a set of interacting light-matter systems opens the door to many-body physics with
light. The ohmic spinboson model was first introduced to describe dissipative effects on
a two-level system. In this description dissipation is modelled by a bath of quantized
harmonic oscillators, and many-body effects of the bath notably induce a dissipa-
tive quantum phase transition at large spin-bath coupling (see “Many-Body Quantum
Electrodynamics Networks: Non-Equilibrium Condensed Matter Physics with Light”).

In Chapter II, we derive a Stochastic Schrodinger Equation (SSE) describing the
time evolution of the spin-reduced density matrix for Spin-boson problems. We test
this framework and recover known results for the dynamics of the Rabi model (see
“Quantum dynamics of the driven and dissipative Rabi model”) and the ohmic spinbo-
son model. We also compare the SSE approach to other known methods and present
the limitations related to the SSE.

In Chapter III, we extend the applicability of the SSE to the case of two spins
coupled to a common ohmic bosonic environment. We investigate the dissipative
quantum phase transition induced by the bath, and study the quenched dynamics in
both phases. We also focus on bath-induced synchronization effects between two spins
with different frequencies (see “Quantum sweeps, synchronization, and Kibble-Zurek
physics in dissipative quantum spin systems”).
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In Chapter IV, we study the influence of an ohmic environment on the topological
properties of a two-level system measured with a dynamical protocol. We show in par-
ticular that the bath induces a dissipative topological transition at strong coupling,
and we investigate the properties of this transition.

In Chapter V, we focus on hybrid devices coupling quantum dots and lead elec-
tronic degrees of freedom to light. We first introduce and study theoretically a nano
heat-engine setup consisting of a quantum dot coupled to fermionic (electronic) leads
and different Left /Right bosonic environments (see “Electrical Current from Quantum
Vacuum Fluctuations in Nano-Engines”). We show how zero-point quantum fluctu-
ations stemming from bosonic environments permit the rectification of the current.
Then we present and interpert the results of a recent experiment studying a double
quantum dot setup coupled to a resonator. We establish a link between the light
measurements and the formation of a SU(4) Kondo bound state at low temperatures
(see “A Quantum Electrodynamics Kondo Circuit: Probing Orbital and Spin Entan-
glement”).
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(2015).



CHAPTER 1

Spin-Boson models

In this chapter, we will intoduce the Rabi model and the ohmic Spinboson model
as paradigmatic models to describe respectively light-matter interaction and decoher-
ence. We will put a particular emphasis on the investigation of many-body physics
phenomena related to these models. In the Rabi case, this notably includes the pos-
sible realization of arrays of interacting light-matter elements, giving access to exotic
phases where light behaves as a quantum fluid. In the ohmic spinboson case, many-
body effects play naturally an important role and trigger a dissipative quantum phase
transition at large coupling. Realizing dissipative arrays may allow to facilitate the
investigation of this transition.

I Rabi model and applications

The Rabi model had been originally introduced to describe the effect of a magnetic
field on an atom possessing a nuclear spin [1,2]. Nowadays, this model is applied
to a variety of quantum systems in relation with strong light-matter interaction. It
follows indeed naturally from the general description of a set of spinless point charges
interacting with the quantized electromagnetic field. The Rabi model turns out then
to be a paradigmatic model to describe cavity quantum electrodynamics experiments
(cavity QED), in which an atom is placed inside a microwave or optical cavity. The
introduction of cavity QED experiments and the derivation of the Rabi model in this
context will be exposed in section 1.1, following the general description provided in
Refs. [3,4].

In Sec. 1.2, we focus on the description of so-called circuit quantum electrodynam-
ics experiments (circuit QED), describing the interaction of an artificial atom made of
superconducting materials with microwave photons. These systems permits to repro-
duce the physics of the Rabi model on chip, with a very large light-matter coupling.
Recent experimental progress in this field allows now to envision the creation of larger
circuits composed of a large number of coupled light-matter elements, which are of
particular interest to investigate many-body phenomena with light.



14 CHAPTER 1. SPIN-BOSON MODELS

1.1 Rabi Hamiltonian in cavity quantum electrodynamics

I.1.a Charges in a box

We consider a set of charges placed inside a three dimensional box of typical length
L. The Hamiltonian describing these charges in interaction with the electromagnetic
field reads in the Coulomb gauge [3] H = Hiin + Hr + Veour, with

2
Po — 9aA(ry
Hiin = Z % (1.1)
Moo= Y hwal,axn (1.2)
k n=1,2

In Eq. (1.2), r,, and p, are the position and momentum operators of the particle «
with charge g, and mass m,. The vector potential A(r,) is described by a set of
bosonic operators alT( , and ay , corresponding respectively to the creation and the

annihilation of a photon in the mode k with energy Awy and polarization n € (1,2).

h ik.r —ik.r
A(ra) = Z Z V 2eowic L3 (ak’ne o —l—aLne ) a) Clens (1.3)

k n=1,2

The frequencies wy , are quantized in relation with the boundary conditions imposed
by the box, and the vectors ek, correspond to the two possible polarizations for
the transverse vector potential. The kinetic term Hp;, in Eq. (1.2) will describe
the interaction between the charges and the electromagnetic field through the vector
potential. We remark from Eq. (1.3) that the vector potential grows as the size of
the box we consider decreases. In the case of a small box the vector potential exists
only as a superposition of a discrete set of modes. This interesting case led to the the
design of cavity quantum electrodynamics experiments, where an atom placed inside
a cavity interacts resonantly with the confined electromagnetic field.

I.1.b Cavity Quantum electrodynamics setup

In a typical cavity QED setup, the atom is chosen such that the transition energy A
between a reference state |g) and an excited state |e) is close to the energy fiwg of one
of the first modes of the confined light, in the microwave [5] or optical regime [6]. The
joint evolution of the light-matter system inside the cavity will result from this resonant
interaction, and the effect of higher harmonics will be neglected. The wavelength
corresponding to the resonant mode under consideration is much greater than the
atomic length-scale, so that one can safely replace the kinetic term Hy;, in Eq. (1.2)
by

Hin =3 [P — 42 A (1.4)

2m
a «

where we define r = 0 as the position of the atomic center of mass. This simplification
is known as the long-wavelength approximation. Expanding Eq. (1.4) then leads to a
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sum of three terms,

T i i ( q“"“) A0+ i AO)" (1.5)

2m 2m 2m
« @ « @ « @

In most cavity-QED experiments, the last term on the right hand side of Eq. (1.5)
can be neglected due to the smallness of the electromagnetic field [4]. The atom-field
coupling is captured by the second term of Eq. (1.5) which can be understood better
in terms of the dipole of the atom. Following Ref. [7], we write

Po _ ¢
E = ﬁ [Hahra] , (16)

where H,; would be the Hamiltonian describing the atom without its interaction with
the electromagnetic field. Introducing the dipole operator

d= anrm (1.7)

one can then write

4. A(0))”
2me,

Mo =3 22— L d] A0 + Y (18

- 2mey  2h

[0

As stated previously, the atomic degree of freedom can be effectively described by a
two-level system composed of the states |g) and |e). The dipole operator is off-diagonal
in this basis, as the atom is neutral. We call d = (e|d|g) the dipole matrix element
between the two atomic states and we reach the Hamiltonian

A
5 0 A 1 0 d
— 2 _ § = - n T § T
"= < 0 _% ) ! n 2 26071(410L3 ( —d: 0 ) (a”+an) + - h/‘uoa‘naﬂ'
(1.9)

Considering only one light polarization and after a rotation in the atomic subspace,
we reach the Rabi Hamiltonian,

A 1
HRabi = 502 + ga”(a+af) + hwo (aTa+ 2) (1.10)
where the light-matter coupling strength g reads

dA
9= vV 260hw0L3 '

In Eq. (1.10), 0* and o* belong to the set of Pauli matrices,

a’”:(? é) ay:<(3 BZ> UZ:<(1) 01). (1.12)

(1.11)
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I.1.c 'Weak-coupling regime and Jaynes-Cummings physics

The typical value of the light matter coupling in 3D optical [6] or microwave [5] cavity
QED setups is of the order of g/(hwg) ~ 10~7. In this range of parameters and for
low detuning |A — fuwg|/(hwg) < 1, Eq. (1.10) can be simplified further with the
application of the rotating wave approximation (RWA). This approximation consists
in neglecting the counter-rotating terms, (¢ af+h.c.) where o* = (6% +ic¥)/2, which
do not conserve the number of excitations. This ensures a continuous U(1) symmetry
and an associated conserved quantity, the polariton number N = afa 4+ o+~ (which
counts the total number of excitations, as the sum of light and matter excitations).
The resulting Hamiltonian is the Jaynes-Cummings Hamiltonian #H ;¢ [8],

A 1
Hic = 502 + g (a+a + U_aT) + hwq (aTa + 2) ) (1.13)

The Jaynes-Cummings Hamiltonian is easily diagonalized in the so-called dressed
basis [8]. The ground state of the system consists of the two-level system in its lower
state and vacuum for the photons, while the excited eigenstates |n+) are pairs of com-
bined light-matter excitations (polaritons) characterized by their polariton number.
One has N|ny) = n|ny). These eigenstates form the well-known structure of the
anharmonic JC ladder (Fig. 1.1). More precisely, the light-matter eigenstates satisfy
(with n > 0):

) =11:,0) (1.14)
n—) = —=fnl 2,0 — 1) + an| 12,n), (1.16)

where | |.) and | 1) are the two eigenstates of o* with eigenvalues —1 and +1. The
corresponding energies are:

é

1

Ejpyy = nhwo + 5\/52 + ng? (1.18)
1

Ej,_y = nhwo — 5\/52 + ng?. (1.19)

We have a,, = \/[A(n) — 0] /2A(n), B, = /[A(n) + 8] /2A(n), A(n) = /ng? + 2
and 6 = hwg — A. Let us consider the case of an atom initially excited in an
empty cavity. Such a state is characterized by a wavefunction [¢), which verifies
[(to)) = | 12,0) = aq]|14+) — B1|1—), where ¢y is the initial time. There is initially
one excitation in the system, which will be conserved during the dynamics. As the
initial state is a superposition of the first two polaritons, we will observe an oscillation
phenomenon in terms of the atomic and photonic observables (¢%) and (afa). There
is a periodic exchange of energy between the atom and the field, a phenomenon called
Rabi oscillations.
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[2+)
j2-) — b
~
~
~
— —
|1+> -:-—"— \\\\\\
=) — ~~ ~
\\\ \\
\\\
|(1>_ ._———-_§§‘\\
~\:
L 1 1 1 J
0 0.2 0.4 0.6 0.8 1
g/u)o

Figure 1.1: Jaynes-Cummings polariton ladder for g/wy = 0.2, and evolution of the
energy eigenstates of the Rabi model when approaching the strong coupling limit with
g/(hwg) (we take h =1 for the label of the axis). The energy spacing between the two
lowest energy states decreases as e=9°/(hwo)?,

We have seen that the Rabi model may be used to describe the interaction of the
electromagnetic field with electronic energy levels in atoms. Recent progress in nan-
otechnology and electrical engineering have allowed to transpose this description of
light-matter interaction from atomic physics to mesoscopic physics, with the develop-
ment of the field of circuit quantum electrodynamics. In these setups, optical photons
are replaced by microwave photons, while an association of superconducting elements
effectively play the role of the atom. One important advantage of this class of devices
is that they allow a great control over the system parameters, and one can reach higher
values of the light-matter coupling g/(hwy), opening the way to light-matter physics
beyond the rotating wave approximation. These systems are moreover promising can-
didate to realize arrays of interacting light and matter elements, which would be useful
both for quantum computation purposes and to simulate desired Hamiltonians. Let us
now focus on how the Rabi model effectively describes the physical degrees of freedom
of microwave light interacting with superconducting qubits

1.2 Rabi Hamiltonian in circuit quantum electrodynamics

Superconductivity is a striking phenomenon occuring in certain materials below a char-
acteristic temperature, notably associated with zero electric resistance and magnetic
flux expulsion. It results from the condensation of pairs of electrons [9] (named Cooper
pairs) into a common ground state below a certain temperature. In the superconduct-
ing regime, a nanoscale portion of a superconducting material can be described by a
mesoscopic wavefunction with quantized energy levels, providing an “artificial atom”
of typical micrometer size.
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One key ingredient to describe effectively the physics of electronic levels in an atom
is to provide a non-linear element (typically a Josepshon junction), so that the energy
difference between successive energy levels is not the same. Several types of artificial
atoms/qubits have been proposed in the past few years and we will focus on the exam-
ple of the Cooper pair box [10]. We will focus on the setup proposed in Ref. [11] where
the role of the cavity is played by a section of a superconducting transmission line,
acting like a resonator. Other superconducting circuits known as flux [12] or phase
qubits [13] provide equivalent systems.

I.2.a Artificial atom: the Cooper pair box

The Cooper pair box, shown in Fig. (1.2), is a nanoscale superconducting circuit
which was introduced in Ref. [10]. A mesoscopic superconducting island is connected
on one side to a superconducting electron reservoir through a Josephson junction with
energy F; and capacitance Cy, while the other end is connected to the gate voltage
source through a capacitance C,. In the superconducting regime, one can consider
that all electrons in the island are paired. The superconductor can then be described
by a single degree of freedom: the number n of excess Cooper pairs. Using the natural
basis associated with this observable one can write the Hamiltonian of the system as
a sum of electrostatic and Josephson terms H = Hq; + Hy, with

Her = Ec Z(n —ng)%n)(n] (1.20)
Hy= % (In)y(n+ 1|+ n+1)(n]). (1.21)

n

Ec = (2¢)?/2(Cy + Cy) is the Coulomb energy of an extra Cooper pair on the island
and n, = C4V,/(2¢) is the dimensionless gate voltage. This Hamiltonian H leads
to particularly simple behavior in the charge regime when the electrostatic energy
dominates over the Josephson coupling.

c, ¢y

n

E;

777

Figure 1.2: Cooper pair box.

When n, is a half-integer, the electromagnetic energies of the two states with
[ng] and [ng + 1] Cooper pairs are equal (where |a] denotes the integer part of a).
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The Josephson tunneling mixes these two states and opens up a gap in the spectrum
(see Fig. 1.3). All other charge states have a much higher energy and will be ne-
glected in the following. Near these degeneracy points, the Cooper pair box can be
described as an effective two level system. Let us consider for clarity that the dimen-

Figure 1.3: E(n,ng)/Ec as a function of ng for n = 0 (dashed magenta), n = 1
(dashed red), n = 2 (dashed yellow) and n = 3 (dashed green). The blue and black
lines show the eigenvalues of the total Hamiltonian Hepp (in units of E¢) as a function
of ng. Here E; = E¢/10.

sionless gate voltage n, is close to 1/2, and we restrict the dynamics of the system
to the two states with either 0 or 1 excess Cooper pairs. In this basis, one can write
Hepp = EJ”; — Ec(1 - 2n9)§ up to a constant term, where o* = |0)(1| 4+ |1){(0|
and o* = |0)(0] — |1)(1].

The effective field along the z-direction can be controlled dynamically by the gate
voltage V. A magnetic control of the field along the z-direction is also possible if one
replaces the Josephson junction by a pair of junctions in parallel, each with energy
Ej/2 (see [11]). In this case the transverse field becomes Ejcos(m¢/dg), where ¢ is
the magnetic flux in the loop formed by the two junctions and ¢y = h/2e is the flux
quantum.

I.2.b Cavity: The superconducting resonator

The circuit-equivalent of the cavity consists in a section of a superconducting trans-
mission line represented in Fig. 1.4. In the setup of Ref. [11], the artificial atom is
directly placed at the center of the transmission line. The gate voltage acquires then
a quantum part v, stemming from the fluctuations of the electromagnetic field inside
the transmission line. The electromagnetic Hamiltonian H; in Eq. (1.21) is replaced
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0™
/l/b

Figure 1.4: Schematic and circuit representation of a superconducting circuit quantum
electrodynamics setup. A Cooper pair box with two Josephson elements in parallel
(in green) is placed inside a 1D transmission line resonator (in blue) consisting of a
superconducting coplanar waveguide. Figure from Ref. [11].

by
He = Ec > n— pie _ Ca® 2|n)<n| (1.22)
‘ ~ g 2e ’ '
where ngc represents the direct current part of the gate voltage. When ngc is close to

1/2, the restriction to the two relevant states with either 0 or 1 excess Cooper pairs
gives

o* C o* Cyv\°
e en a2l () IR
g

The second term on the right hand side of Eq. (1.23) couples the two-level system and
the electromagnetic field in the transmission line. For a finite length L (and a large
quality factor), the transmission line acts as a resonator with resonant frequencies.
To show this, we model the transmission line as an infinite series of inductors (see
Fig. 1.4), where each node is capacitively coupled to the ground (see Fig. 1.4). The
system is then well described by the charge and flux operators at node n, @Q,, and ¢,,
(see [14]). These operators obey canonical commutation relations [¢n,, Qn] = 1hdm, p-

The Hamiltonian H7y of the isolated transmission line reads in the continuum
limit

HEO(@ (Ve
Hrr = /L/2 dx (2_0 + T) ) (1.24)

where [ and c¢ are the inductance and capacitance per unit length. The charge neu-
trality imposes that @ have anti-nodes at the boundaries 2 = +L/2. Diagonalization



I. RABI MODEL AND APPLICATIONS 21

leads to [11],
Hrp =Y {mp (hagpa% +1 /2) + hwap_1 (a;pflaQ,,,l +1 /2)} : (1.25)
p=1

where w; = jm/(LVlIc). Even modes have voltage anti-nodes at = = 0, while odd
modes have voltage nodes at x = 0, so that only the even modes participate to the
voltage v coupled to the Cooper pair box at z = 0. If the energy of the mode p = 2
is close to E;, one can neglect the modes of higher energy (note that the last term
on the right hand side of Eq. 1.23 renormalizes wy). After a m/2 rotation in the spin
space, we recover the Rabi Hamiltonian H ras; from Eq. (1.10) for n, = 1/2, with the
identification:

wo = Wwso (1.26)
A=E, (1.27)

0, [hw

These 1D circuit-QED systems allow to reach larger values of light matter cou-
pling g/(fuw) compared to their 3D cavity analogues [11] and constitutes one the most
promising architecture for quantum computation.

I.2.c Strong coupling regime beyond the RWA

Light-matter coupling in these circuit QED experiments can reach g/(hwp) ~ 10~}
[15]. In this regime, the rotating wave approximation breaks down and one must take
into account the presence of the counter-rotating terms (o al + o_a). The effect of
such terms can be understood in perturbation theory, and they give rise to a shift
of the resonance frequency between the atom and photon, leading to an additional
negative detuning in the energies plap (1.18) and (1.19)

§— 0 — g%/ [2(hwo + A)], (1.29)

when A < (hwp) (the levels repel each other). This so-called Bloch-Siegert shift [16]
has been observed in Ref. [15].

Another solvable limit, relevant to the strong coupling analysis of the Rabi model,
is the so-called adiabatic regime [17,18] or ”quasi-degenerate limit” [19-21]. This
regime corresponds to a highly detuned system A/(fwp) < 1 with arbitrary large
light-matter coupling. One can visualize such a limit as a set of two displaced oscil-
lator wells (characterized by the value of 07), whose degeneracy is lifted by the field
along the z-direction (see Fig. 1.5). At A = 0, one can diagonalize separately the
bosonic Hamiltonian, for the two values of ¢, by looking for eigenstates |¢1) with
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eigenenergies F:

[hwocﬁa + gm T aT)} 62) = B |os).

- [(aT - 2ogJo) (ai 230)] [¢+) = Sy <g>2] |p). (1.30)

h,wo 2w0
The operator on the left-hand side of Equation (1.30) can be re-expressed as
D(¥Fg/2wo)ataDT(Fg/2wp), where D(v) = exp[v(a’ — a)] is a displacement opera-
tor [22]. This permits to find that eigenstates |¢1) correspond to displaced number
states

9 (qf_q
g n) = €T 25 (DN = | Ny, (1.31)
2
g
E = N — | — . 1.32
=N ﬁwol (QWO) 1 (1.32)

In Eq. (1.31), |N) is a standard number state. The case N = 0 corresponds to well-
known coherent states.

The lowest order adiabatic approximation consists in considering that the term
A/20% only couples states in opposite wells with the same number of excitations. The
Hamiltonian can then be diagonalized as the number of displaced photons is a con-
served quantity. A system initially prepared in a displaced state of one well would
undergo coherent and complete oscillations between this state and its symmetric coun-
terpart in the other well. The frequency of oscillations only depends on the overlap
between these two states, and one can show that, starting from the N-th displaced
state of one well, this frequency is © = Ae=9 /2(10)” [ [g/(huwy)], where Ly is the
N-th Laguerre Polynomial [18].

In these first two sections, we have explored two solvable limits of the Rabi model:

e The Jaynes-Cummings regime corresponds to the limit g/(fiwg) < 1 where the
RWA holds. The corresponding Hamiltonian (1.13) can be diagonalized in terms
of mixed light-matter excitations named polaritons.

e The adiabatic regime corresponds to the limit A/(fuwp) < 1. In this regime, the
Hamiltonian can be diagonalized in terms of superpositions of displaced number
states.

Between these two clear limits one can use standard numerical methods, which
allow to explore the time-evolution of dynamical quantities. Recently, analytical so-
lutions of the quantum Rabi model have been explored in Refs. [23-26], based on the
underlying discrete Zy (parity) symmetry. Some dynamical properties of the model
have notably been addressed [27] thanks to this exact solvability. The link between
the exact solvability and integrability of the Rabi model with related models such
as the Dicke [28] model have also been studied [29]. Dicke model, which is the N
spins version of the Rabi model, is notably known to exhibit a superradiant quantum



I. RABI MODEL AND APPLICATIONS 23

Cofh) gl X

Figure 1.5: Two displaced wells characterized by the value of ¢®. This correspond to
the limiting case A = 0. At first order in A/(hwy), one can consider that the term
in 0% mixes only states corresponding to the same number of excitations of each well.
The energy splitting resulting from this term will be proportional to A and to the
overlap (N_|N.) = e=9°/2(10)* [, i 10/ (huw)].

phase transition in the limit N — oo [30]. By contrast to the Dicke model, the iso-
lated quantum Rabi model does not exhibit a superradiant quantum phase transition
when increasing the value of g/(hwg). This is illustrated on the left side of Fig. 1.1
where we see that the ground state and the first excited state do not cross when one
increases the coupling g/(fuwy), somehow illustrating the stability of an atom inter-
acting with a quantum field!. This must be contrasted by what would be predicted
by the Jaynes-Cummings model, for which crossings occur when g/(fiwg) increases,
leading to unphysical polariton-like ground state.

1.3 Many-body physics in large circuits

In the past few years experimental progress was accomplished towards the realization
of large arrays of circuit QED elements, where two neighbouring cavities ¢ and j can
be coupled using a capacitive or Josephson of the form J(a; + aj)(aj + a;). Assuming
that the coupling J between cavities is much smaller than the internal frequencies
of the cavities, the coupling turns into an effective hopping term from one cavity
to the neighboring ones. These architectures provide a robust architecture for solid-
state quantum computation because of the unprecedented control over the system
parameters and the low loss level. From a different viewpoint, they open a new way

to explore many-body quantum systems in a precise and controllable manner.

11t is however important to note that the Rabi ground state contains a non-trivial photonic com-
ponent at large coupling.
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I.3.a Arrays of cavities

From this perspective, one model that has been investigated a lot theoretically in the
literature is the Jaynes-Cummings lattice model, which takes the form [31-33]:

Harray = Z’Hfjc —J Z (ajaj + a}ai) — Uetf Z (azai + a?'ai_) , (1.33)
i (3) i

where IH?]C describes the Jaynes-Cummings Hamiltonian in each cavity, introduced in
Eq. (1.13), and the summation is over nearest neighbors. This model has attracted
some attention, for example, in the light of realizing analogues of Mott insulators
with polaritons [34-37]. More precisely, one observes two competing effects in these
arrays. For large values of J, formally the system would tend to form a wave delocal-
ized over the full lattice, by analogy to a polariton superfluid [38], whereas for very
small values of J, the photon blockade in each cavity will play some role. Theoretical
works [34-37,39], have focused on solving the phase diagram at equilibrium in the
presence of a tunable chemical potential fic .

For piery = 0, the ground state at small J would correspond to the vacuum in
each cavity. By changing p.rr and keeping J small, one could eventually turn the
vacuum in each cavity into a polariton state. Simple energetic arguments predict that
this change would occur when Eji_y — piers = Ejg). This result can be made more
formal by using a mean-field theory and a strong-coupling expansion [34-37]. In the
atomic limit where J is small, one then predicts the analogue of Mott-insulating in-
compressible phases, as observed in ultra-cold atoms [40], where it costs a finite energy
to change the polariton number [32,34,41] (see Fig. 1.6). By increasing the hopping
J, one can build an equivalent of the 1)* theory, where 1 ~ (a;), in order to describe
the second-order quantum phase transition between the Mott region of polaritons and
the superfluid limit [35].

1.3.b Driven-dissipative problem

Despite its great theoretical interest, this model is not readily implementable because
no tunable chemical potential exists for photons. Similar to ultra-cold atoms [42,43],
it seems important to be able to engineer an effective chemical potential to develop
further quantum simulation proposals and observe these Mott phase analogues. In
Ref. [44], Hafezi and co-workers proposed to simulate an effective chemical potential
for photons from a parametric coupling with a bath of the form A cos(w,t)Hgp where
Hgsp =3 ;(a; + a;)Bj where Bj; is a bath operator. Considerable attention has been
turned at a general level towards describing both driven and dissipative cavity arrays
in order to realize novel steady states.

In realistic experimental conditions, photon leakage out of the system must indeed
be taken into account. Each cavity is exposed to the vaccuum noise of the surrounding
environment, and energy can leak out from the system. This effect can be addressed
in a microscopic manner by considering a coupling of the inner photonic modes to
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an infinite number of external bosonic modes, so that one must add to the system
Hamiltonian the term (within a rotating-wave approximation) [45]:

> tllly =i [ faally + fyail}] (1.34)
q q

where lfl ({4) is the creation (annihilation) operator of an external boson of frequency
wq. The use of the Heisenberg equations of motion in the Markov approximation, which
assumes that the coupling strength f = /[ f;| and the density of state p =} d(w—wg)
are constant, allows to write the effect of the environment as a imaginary component
' = 27 f?p for the photon frequency [45,46].

In these conditions the system will eventually reach the ground state after a typical
time of the order 1/T". To compensate this relaxation mechanism and access non-trivial
states of matter, energy is often pumped into the system through the intermediary
of an external time-dependent coherent drive on the cavity 4 [47, 48], of the form
Vi(t)(a; + a;f). One important point would then be to understand how the interplay
of drive and dissipation could play the role, or replace, the chemical potential jicr¢ in
Eq. (1.33).

Let us study the effect of this driving term on the non-dissipative Jaynes-Cummings
model (1.35).

Ve ,
?O(ae“"dt + ale~wat), (1.35)

We can get rid of the time-dependent part of the Hamiltonian through a unitary
transformation [¢) = U(t)|yp) with U(t) = exp [iwq(a'a 4+ o10_)t]. The evolution of

Hie =Hic +

1)) is governed by the time-independent Hamiltonian 7—25’,‘;‘/‘4'
A Vi
HQZVA 20 + @oata + g(a+a+a_aT)+?o(a+aT), (1.36)

where A = A — wa and wo = wp — wq. H is the sum of a JC Hamiltonian with renor-
malized energies A and @y, and a time independent driving term. It is convenient to ex-

press the last term of Eq. (1.36) in the dressed basis B = {|g), [1,—), |1, +), 2, =), [24), ...

of the coupled system [49]

a+al = Bi|1,+){g| + eal1, =) (gl

+ Z v+ 1ﬂnﬁn+1 + \/ﬁanan+1] |TL + 17 +><n7 +|

n=1
+ [fﬂnﬂn+l + \/ﬁananﬂ] In+1,—)(n,—|
+ [Vn + Lagi1 By — Vo Busa] In+ 1, =) (n, +|
+ [Wﬂn—&-lan Vnan 18] In+1,4)(n, —|
the. (137)

}
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Driving the cavity induces transition between the dressed states, and changes the num-
ber N of excitations by +1. As can be seen in Fig. (1.1), the Jaynes Cummings ladder
is composed of two subladders of ‘minus’ and ‘plus’ polaritons. Eq. (1.37) illustrates
the fact that the coupling between states of the same sub-ladder is stronger than the
coupling between states which belong to different sub-ladders.

The interplay of drive, dissipation, and lattice effects make difficult the realiza-
tion of an effective chemical potential ji.f¢, motivating the development of numerical
schemes allowing to tackle the real-time dynamics of such driven dissipative models.
One may mention the development of a nonequilibrium extension of stochastic mean-
field theory in Ref. [50], applicable to problems of coupled cavities with rather general
forms of driving and dissipation.

I.3.c Mean field quantum phase transition in the adiabatic regime

Alternatively, one could take advantage of the physical properties of the strong cou-
pling regime to reach non-trivial phases with finite photon density. We have indeed
remarked in Sec. 1.2.c that low energy states of the adiabatic regime correspond to
a superposition of displaced number states for the photons. The non-triviality of
the photon ground state results more generally from the presence of counter-rotating
terms in the Hamiltonian. M. Schiré and coworkers followed this promising route in
Refs. [51,52] where they studied the effect of counter rotating terms on the ground
state properties of Hamiltonian (1.33) without chemical potential. Interestingly, these
counter-rotating terms drive the system accross a Zs parity breaking quantum phase
transition, associated with the disparition of the multiple Mott lobes associated with
Hamiltonian (1.33). We illustrate the mean-field transition exposed in [51,52], for
which the low energy theory in the adiabatic regime corresponds to a transverse field
anisotropic Ising model . We focus on the following Hamiltonian,

H:ZHQGM—ZJ(ai—i—aj)(ajnLa;L (1.38)
J (4,9)
(1.39)

with H féabi given by Eq. (1.10). We keep the general capacitive coupling of the form
(a; +a;r)(aj +a;), which is valid for J/wp not too small. We consider that each site has
z neighbours and study the adiabatic regime characterized by A/(fuwp) < 1 (see Sec.
I.2.c and references therein). We follow Refs. [51,52] and decouple photon hopping at
a mean field level, (a; + az)(aj + a}) = {a; + aD(aj + a}) + (a; + aj)(aj + a}) —{a; +
aI)(a]— + aj-)7 which is exact in the limit 2 — co. We are then left with the mean-field
Hamiltonian,

j A L (9 .
Hir = 575 + (503- + J1/)> (a; + a;) + hwoa;aj, (1.40)

where ¢ = z{(a + a').
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Studying the adiabatic regime characterized by A/(hwy) < 1 allows now to pre-
cisely describe the phase transition. One can visualize the mean-field system as two
displaced oscillator wells (characterized by the value of ¢® and ). This permits to
find that eigenstates |¢p4(v)),

6an () = (FFmTRG) @ =) Ny = |, (1.41)
g Jy\?
Ei n = hwo [N— (ﬁ:%wo - M) ] . (1.42)

As in Sec. I1.2.c, we consider that the term A/20% only couples states in opposite
wells with the same number of excitations, which is the lowest order of the adiabatic
approximation. For all ¢, the minimal energy corresponds to (up to a constant term),

AR — thi) ()

Minimization of J12 4 (H}; p)min (1) with respect to 1 allows to determine the tran-
sition line of the mean-field transition (see Fig. 1.6). One finds a critical line

1/2

(hwo)?

(1.43)

A exp —%
J. <g> = XJ it : (1.44)
hUJO Aexp{—m} 49 (L>2
hwo hwo

The order parameter 1 is equal to zero below J. and we find for J > J.
0] = a(J = J)t/? (1.45)
with

Lo () v+ e [ais] (1- )}

a= . (1.46)

1/2
Aexp[fig2 2] 2
[ J (hwo) .
2350 (1= %) {hmw(ﬁzo)

This analysis was formulated in Refs. [51,52] in terms of an effective transverse
field anisotropic Ising model, where the Ising operators refer to the adiabatic states ex-
posed above. The critical hopping J. at large g/(hwy) is exponentially small, because
the transverse field is renormalized by a Franck-Condon like exponential factor while
the exchange not. In Ref. [53], the authors considered the effect of photon losses on
the phase boundary. Interestingly, photon losses favours the disordered trivial phase
and the phase boundary shows a tip structure above which the critical coupling J.
grows with g/(hwp). A similar effect happens in the opposite limit at large J/(fiwp)
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Figure 1.6: Left: Mean-field phase boundary of the Jaynes-Cummings lattice model
as a function of effective chemical potential (peys — fuwg) (we take i = 1 for the axis
label) and atom-resonator detuning 6/g. Figure from Ref. [35]. Right: Transition line
for A/wy = 0.1 in the case of the Rabi-Hubbard lattice. It reproduces the results of
Ref. [51,52)].

and small g/(fuvg).

We have seen in this section that circuit QED setup permits to emulate quantum
many-body physics with light. In the same perspective, recent interest have turned to
the realization of quantum impurity models, describing discrete local quantum degrees
of freedom coupled to continuous baths of excitations. They were originally introduced
for the description of magnetic impurities in metals. These models are also relevant for
describing transport through quantum dots coupled to metallic leads. Some models of
this kind are not integrable and necessitate complex many-body techniques understand
their properties. Upon variation of a control parameter, such models may exhibit a
quantum phase transition where order is destroyed only by quantum fluctuations.
One paradigmatic model of this kind is the spinboson model, initially introduced to
describe dissipation.

II Ohmic spinboson model

Quantum mechanical problems of interest involving a (effective) two-level system are
widespread in physics and chemistry. We have seen above the example of the Rabi
Hamiltonian, describing transitions between two energy levels of an atom. Other
examples include the description of a nucleus of spin 1/2 (with applications in NMR),
or the inversion resonance of the ammonia molecule. Such two-level systems can be
described by an Hamiltonian of the form,

A
Hros = 0"+ %JZ, (1.47)
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where € denotes the energy difference between the two levels and A is the tunneling
amplitude between these states.

II.1 Modelling of dissipation

In many cases of interest, the description of the system solely in terms of a two-level
system is inaccurate. In practise for a real experiment, the two-level system indeed in-
teracts with its surrounding environment through a term of the form Zye{x,%z} o’y
where Q, for v € {z,y, z} are environment operators. In the following we will focus
on cases where the coupling is non-zero only along one direction, let us say the z-
direction. Provided that the coupling to the environment is sufficiently weak, it is
relevant to describe it as a set of harmonic oscillators with a coupling linear in the os-
cillator coordinates [54,55]. In the following and for the remaining of the manuscript,
we will take the convention & = 1. We reach the spinboson Hamiltonian,

A z € P p )\k t T 1
E ZE + + E w + = 1.4
HSB = 5 o” + 20’ +o - 5 (bk bk) k k bkbk 2 ) ( 8)

where by, (bL) is the annihilation (creation) operator of a boson in mode k with fre-
quency wg. The spin-bath interaction is fully characterized by the spectral function
J(w) =7y, Aid(w — wg). We will assume that J is a smooth function of w, of the
form

J(w) = 2maww} ™% exp (w) , (1.49)

where w, is a high frequency cutoff such that A < w, and the dimensionless parameter
« quantifies the strength of the coupling. A case of particular interest corresponds to
the so-called ohmic coupling which corresponds to s = 1.

II.2 Quantum phase transition and relation with Kondo model

The interaction with the bath plays an important role and affects both the equilibrium
and the dynamical properties of the system. In this section, we focus on the ohmic
spinboson model and investigate how the interaction with the bath triggers at high
coupling a quantum phase transition from a delocalized to a localized phase, in relation
to Kondo physics.

I1.2.a Polaron ansatz and quantum phase transition

To understand better spin-bath effects, let us start by considering the limit e = A = 0.
The model reduces then to a set of harmonic oscillators with finite displacements,
exactly as considered in Sec. 1.2.c. When A # 0, the high frequency modes of the
bath (wp > A) could be treated in the adiabatic approximation fashion developped
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in Sec. 1.2.c. For low frequency modes (wr < A), the situation is however different
and the term A /207 cannot be treated in a perturbative manner. We therefore follow
Ref. [56] (and references therein) and use a multi-mode coherent state ansatz for the
ground state wavefunction,

1

‘wvar> = \/§

([P =14 = NI, (1.50)
where |f) = exp [— >k fk(bL - bk)] |0) (|0} corresponds to the vacuum for all the

oscillators). With this ansatz we do not specify the amplitude with which a given
mode is displaced ab initio, but these coeflicients are determined by minimizing the
mean energy of the system,

A
<wvar‘HSB‘wvar> = _5 €exXp [_2ng
k

Y wfF =D ek (1.51)
k k

We then minimize the variational energy 9f, (Vyar|HsB|¥var) = 0 and find the self-
consistent displacements

/2
wi + Aexp -2, f2

We recover the adiabatic displacement A /(2wy) for bath modes k such as fuwwy, > A.
On the other hand, the displacement tends to zero for low frequency modes if A > 0.

fo=

(1.52)

Bath states now “dress” the spin states, which leads to a renormalization of the
tunneling element A. Let us estimate this renormalized element A,..

A, = Aexp [—;h/ooo dw(wiwr)/h)J

=A, ~ Aexp [—a/ ) dw} (1.53)
A, W
A\ =4
A, ~ A . 1.54
=A, (hw> (1.54)

We see in particular that A, — 0 when o — 1, indicating that the bath may forbid
tunneling between spin states at sufficiently high coupling. The effect of the bath is
then to polarize entirely the spins, by analogy to a ferromagnetic phase. The spin gets
trapped in one of the states | 1,) or | ].).

This result sheds light on the mechanism at the origin of the dissipative quantum
phase transition induced by the bath, which has been seen directly by applying the
Numerical Renormalization Group (NRG) [57-59]. The procedure involves the re-
writing of the partition function using a kink gas representation [58], mapping the
problem on an Ising chain with long range 1/r? interactions. More precisely, the
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partition function at inverse temperature 8 reads at e =0

e} A 2m B S2m S2
Z = Z <2> /0 d32m/0 dSQm_l.../O dsl}"m [{S]}] (155)
m=0

Fm carries the environment influences in the form of “kink” (or charge) interactions
2m j—1
Fm [{sj}] = exp Z Z Wi(s; —si) ¢, (1.56)

j=2 i=1

with in the scaling limit A/w, < 1,

W(r) =2aln 5;% sin (?)

This representation allows to derive valid RG equations following Ref. [60], which
are equivalent to the ones derived earlier in the case of the anisotropic Kondo model
by Anderson Yuval and Hamann [61] and describe a Kosterlitz-Thouless transition.
It is also important to note that expression (1.54) for the renormalized tunneling
element can also be found using an adiabatic renormalization procedure, developped
in Refs. [62,63].

I1.2.b Relation with Kondo model

The dominant contribution to the electrical resistivity in metals comes from the scat-
tering of the conduction electrons with lattice vibrations. This scattering grows with
temperature as more and more lattice vibrations are excited. This results in a mono-
tonical increase of electrical resistivity with temperature in most metals. A residual
temperature-independent resistivity due to the scattering of the electrons with defects
may subsist in the very low temperature range.

A resistance minimum as a function of temperature was however observed in a gold
sample in 1934 [64]. The solution to this problem was formulated by Jun Kondo in
1964 [65], when he described how certain scattering processes from magnetic impurities
could give rise to a resistivity contribution increasing at low temperatures. We present
here the anisotropic' Kondo model, which describes the exchange interaction between
a band of non-interacting conduction electrons with one magnetic impurity. The
quantum impurity is represented by a spin 1/2 and it is coupled to the condution
electrons by an antiferromagnetic exchange coupling. The corresponding Hamiltonian

1The anisotropy is essential to formulate the link with the ohmic spinboson model
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H K is

JL _
HK =VF Z k’C;UCk,g =+ 7 Z (CLTCka —+ CLLCIVTS—F)
k,o k,k’

Iz s
+ ZS % (CLTC’C'T — Clzl,ck/l«) , (158)

where cg, (cLU) is the annihilation (creation) operator of a conduction electron in
mode k with spin 0. We assume a constant density of states p = (2mvr) ™1, where
vp is the Fermi velocity. The term in J, describes scattering of the electrons in
which the spin is conserved while the term in J, describes spin-flip scattering. The
equivalence between the two models can be shown through the kink gas representation
[67—-61,63,66], as the partition function for the anisotropic Kondo model reads

0 2m B—Tc Som —T. So—T,
_pJJ_COS25e) / c /zm c /z c
I = ( dSom dSom_1... ds
ng:o 27_c o 2 o 2 1 o 1
25,\% <& Jé; 7(s; — Sk)
= In |—sin | —L—"22 . 1.
- ) Z n [WTC sin ( 3 >} (1.59)

j>k=1

X exp 2(1+

where 7. = 1/w, and §, = tan=!(—mpJ,/4). We have a correspondence between Eq.
(1.56) and Eq. (1.59) in the scaling regime, with the identification

pJL — Afw, (1.60)
(1+25./m)% = a. (1.61)

It follows that the localized-delocalized quantum phase transition in the ohmic
spin-boson model is equivalent to the ferromagnetic-antiferromagnetic transition in
the anistropic Kondo model. The relationship between the ohmic spinboson model
and the anisotropic Kondo model is due to the fact that the low-energy electron-hole
excitations have a bosonic character and can be interpreted in terms of density fluctu-
ations [62]. The equivalence between these two models notably led to the original un-
derstanding of the localization phenomenon in the ohmic spinboson model [67,68]. The
equivalence between these two models can also be shown through bosonization [69].

The Kondo effect can be considered as an example of asymptotic freedom, i.e., the
coupling of electrons and spin becomes weak at high temperatures or high energies.
In this respect, it embodies a paradigmatic model of quantum many-body physics and
represents the “hydrogen atom” of this field. Being able to engineer either the Kondo
model or the ohmic spinboson model in a controllable manner would then provide a
new perspective on these effects. We will come back in more details on related Kondo
models in quantum dots in Chapter V.
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I1.3 Circuit quantum electrodynamics: semi-infinite transmis-
sion line

Some proposals have focused on the implementation of the ohmic spinboson model in
circuit QED setups. Let us consider the artificial atom introduced in I.2.a. As shown
in Refs. [70,71], the coupling of the circuit to an external resistive environment natu-
rally takes the form of Eq. (4.8) with an ohmic spectral density (1.49). It is possible
to show this by modelling the resistive environment of the circuit by a semi-infinite
transmission line, as shown in Fig. 1.71.

N
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Figure 1.7: Left panel: Circuit of the noisy Cooper pair box. The crosses indi-
cate Josephson junctions. Right panel: Transmission line modelling of the resistive
impedance.

The Hamiltonian of the transmission line can be diagonalized as in 1.2.b (See
Refs. [70,71] for a detailed derivation), and one recovers Eq. (4.8) with an ohmic
spectral function with the identification

A=E; (1.62)
R
- 1.
« Tr (1.63)
oy = (1.64)

vV L()Co ’

where R, = h/ e? is the resistance quantum. The spectrum is dense, as only one
boundary condition holds in this semi-infinite case. The artificial atom is then cou-
pled to a continuum of modes, with a dense spectrum at low frequencies.

LFor convenience, we take the capacitance of the transmission line to match with the effective
capacitance of the mesoscopic structure 1/Co = 1/C; 4+ 1/Cy. The Ohmic resistance R = 1/Lo/Co
can be then adjusted by controlling the inductance Lg.
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Circuit QED setups may provide new ways to measure many-body effects. One way
to experimentally measure the Kondo energy would be to have access to the renormal-
ized parameter A,., for example through the observation of Rabi oscillations. Alterna-
tively, the Kondo energy can be directly measured based on the resonant propagation
of a photon inside the transmission line, as shown in Ref. [72,73]. This proposal in-
volves a periodic driving of the system, which can be treated through the input-output
theory [74]. In the underdamped limit, the analysis of the microwave signal reveals a
manybody Kondo resonance in the elastic power of a transmitted photon.

II.4 Spinboson model in a cold-atomic setup

The ohmic spinboson model can also be realized with cold atomic setup, as proposed
in Refs. [75]. This proposal rely on the use of cold bosons with two different ground
states a and b, trapped by two types of potentials (see Fig. 1.8).

e A rather shallow potential traps atoms in state a. At sufficiently low tempera-
tures, these atoms will form a Bose-Einstein Condensate (BEC).

e A highly confining potential traps atoms in state b. This latter potential can
be produced for example by a deep optical lattice, which would be only seen by
atoms in this state b (see Refs. [76,77] for details about the realization of such a
state-selective potential). Only a discrete set of states are allowed for the atoms
in state b which are trapped in the highly confining potential, forming an atomic
quantum dot.

Figure 1.8: Atomic quantum dot coupled to a superfluid atomic reservoir. The Bose-
liquid of atoms in state a is confined in a shallow trap V,(z). The atom in state
textitb is localized in tightly confining potential Vj(x). Atoms are coupled via a
Raman transition. A large onsite interaction Uy, > 0 allows only a single atom in the
dot. Figure adapted from Ref. [75]
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The description of the collision interactions between the atoms can be done using a
pseudopotential description and introducing effective coupling parameters g, g between
states a and 8 € {a,b}. The collisional interaction may result in a strong repulsion
for atoms in state b. Low energy states of the quantum dot can be coupled to the
condensate reservoir by Raman transitions. Altogether, the Hamiltonian describing
the system H,y, can be written,

Hsys = (_60 + gab/dwa(x”Qpa(x)) bTb + %bTbTbb
+ /de (To(2)yp(2)b" + hec.) + Ha, (1.65)

where W, (z) is the annihilation operator for an atom a at point z, and p,(x) =
Ul (x)P,(x) is the associated density operator. b annihilates a boson in the atomic
quantum dot, with the wavefunction 1/1}:(30) dg is the Raman detuning. The term
proportional to g, describes collisional interactions between the atoms on the dot
and the reservoir. Uy, quantifies the on-site repulsion between different b atoms on
the dot. The last term describes the laser-induced coupling between the two types.

The low-energies excitations of the BEC consist of linear dispersion phonons with
linear dispersion w = v|q|, where v, is the sound velocity and ¢ is the momentum of the
excitation. For a large number of atoms in the condensate, one can then consider that
the atoms b are coupled to a coherent matter wave described in terms of a quantum
hydrodynamic Hamiltonian which reads a zero temperature

=5 [ do (GmloP@) + 21w, (1.66)

where p,(x) = pg + II(z). The phase ¢ is canonically conjugated to II. Hamiltonian
(1.66) can be diagonalized with the introduction of standard phonon operators, leading
to Ha =vs)_, |q\b:f1bq. In the limit of large on-site repulsion Uy, > A, we can restrict
the dynamics to the two lowest energy levels on the atomic quantum dot. After a
unitary transformation S = exp[—ic*$(0)/2], we reach

A, ; o®
Hays = =50 +zq:wqb;bq+< 6+Z/\ by +bl) > R (1.67)

where the coupling coefficients A, read

mlg[v3 1" ( gavp
A, = s abla _ 1) . 1.
/ [ 2Vp, } (mvg ) ( 68)

The dispersion relation above permits the realization on an ohmic spectral function.
As shown in Ref. [78], one could extend this proposal to an optical lattice and consider
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a lattice of well-separated tightly confining trapping potentials, so that atoms in state
b cannot hop from one site to the other. Following the same lines as for the one-
site case, the interaction with the common bath of harmonic excitations leads to the
following Hamiltonian,

M M z
H?B :% ZO’Z — ZKU*P\O-JZ’U; + Z Z /\keikxp (bik + bk) % + Zwkblbk.
p=1 J#p p=1 k k
(1.69)

where M denotes the number of sites of the lattice. Eq. (1.69) constitutes the M spin
version of the ohmic spinboson model. K|;_, notably depends on the characteristics
of the bath and vanishes for g, = 2g4s [78]. Let us now see what are the additional
effects induced by the coupling to a common bath in this multi-spin case with respect to
the single-mode case. This can be studied by applying an unitary transformation H=

— . . . M z ikx: Ak
V~LHV on the Hamiltonian (1.69), with V = exp {% Dok j=105€ k; i‘]—;(bk - bik)}.

The transformed Hamiltonian reads:

M

7 § A €2 — =2y § z _z E

HéMB = 5 (O'jelg] + Uj e Q]) — K{jfmojap + Ojkbzbk, (170)
Jj=1 J#p k

where Q; =i, i—’;eikwi (b, — bT_k) and

QW 1
2 1 + wi(zj—xp)? "

v2

s

Kj_p = Kjj—p + (1.71)

Note that we recover the renormalization of the tunneling element induced by the
bath in this polaron-transformed rewriting. As can be seen from Eq. (1.70) the ex-
citation of spin j indeed comes with a simultaneous polarization of the neighboring
bath into a coherent state |©2;) = ¢*%|0). The tunneling energy is thus renormalized
due to this boson-dependent phase. On top of this effects, the bath also engenders in
this multi-spin case a strong Ising-type ferromagnetic interaction K Il il between the
spins j and p, which is mediated by an exchange of bosonic excitations at low wave
vectors, as demonstrated in Ref. [78]. We saw in Sec. I1.2.a that the critical value .
of the coupling is a, = 1. Due to the strong ferromagnetic interaction between the
spins induced by the bath, this critical value decreases with the number M of sites, as
confirmed in Refs. [79-81].

We also note that the ohmic spinboson model can be realized in systems of trapped
ions, as exposed for example in Ref. [82]. Environment effects in relation with dissipa-
tive critical behaviour have also been studied in the transport properties of quantum
dot systems of carbon nanotubes coupled to resistive environments [83], emulating
tunnel coupled Luttinger liquids [84]. A prediction of this latter model is the ex-
istence of resonance peaks of perfect conductance which narrows when temperature
decreases; which translates to environmental conductance suppression in the case of
tunneling with dissipation [85] (see also Refs. [86-89] which explore the link between
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Luttinger liquid physics). We note related experimental progress studying the back-
action of the environment on the conductance in a tunable GaAs/Ga(Al)As Quantum
Point Contact setup [90].

I11.5 Non-equilibrium dynamics and NIBA equation

Several methods were devised to tackle the spin dynamics in the spinboson model.
Among them, the well-known Non-Interacting Blip Approximation (NIBA) allows to
reach analytical results in the scaling regime characterized by 0 < a < 1/2 and
A/w. < 1. The derivation of NIBA was originally done in Ref. [62] using a path
integral formalism, that we will present in the next chapter. Interestingly, the NIBA
equations can also be derived by using a weak-coupling decoupling over Hamiltonian
after a unitary transformation as shown in Ref. [91].

Let us focus on the non-equilibrium dynamics for one spin initially in the pure
state | 1.), coupled to a bath at equilibrium at zero temperature at time t;. We
compute the Heisenberg equations of motion for the spin operators %, o4 and o_ after
having performed the one-spin version of the unitary transformation introduced in the
previous subsection. Replacing the equations obtained for the transverse elements in
the one obtained for o*, we reach

2 oyt
ox(t) = A dso*(s) [em(t)e*m(s) + 78U FEU) | (1.72)
2 Ji
As 0% commutes with the unitary transformation, one can equally compute its evo-
lution in the two frames. To recover equations of NIBA derived in Ref. [62], Dekker
decoupled spin and bath expectation values and assumed that the time evolution of
the bath operators was governed by the free bath Hamiltonian [91]. This leads to

t

(6=(1)) +/t’dsf(t— $){(o*(s)) = 0, (1.73)

0

where

f(t) = A% cos [1/oodw
T Jo

J(w)
2

w

sinwt} exp [—1/ dwjgs) (1 —coswt)|. (1.74)
T Jo

Eq. (1.73) can then be solved exactly using Laplace transformation. One finds that
(0%(t)) is the sum of a coherent term p.op(t) and an incoherent term p;,.(t) where

Deon(t) = e eosTt. (1.75)

l1-a
The oscillation frequency and the decay rate are characterized by I'/y = cot[ra/(2 —
2a)] while the incoherent behavior dominates the long-time dynamics as it behaves

as (A,t)272%, This incoherent behavior is considered to be an incorrect prediction of
NIBA [63].
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In this chapter, we introduced the Rabi model and the Spinboson model, and their
relevance for modern experimental techniques. We have also seen the need to de-
velop new techniques to tackle the non-equilibirum dynamics in these problems. A
particular case of interest related to the Rabi case consists in the developement of
a numerical/theoretical framework which would allow to take into account drive and
dissipation effects. For the spinboson model, the free dynamics at strong coupling is
already a challenge!.

1 An overview of the different techniques will be provided below



CHAPTER 2

SSE equation and applications

In this chapter, we introduce the stochastic Schrodinger equation applicable to Spin-
boson models. We consider first a spin 1/2 interacting with a bosonic bath, described
by the Hamiltonian

A R Ak
H="F0"+0 2}; 5 (b + bi) + zk:wkbzbk. (2.1)

The coupling between the spin and the bosonic bath is characterized by the spectral
function? J(w) = 7>, A2(w — wy).

In the case of a continuous spectral function, computing the spin dynamics is gen-
erally a challenging task and a very large number of different methods were devised
to this end. At very weak coupling, Markovian master equations permits to capture
qualitatively relaxation and dephasing effects [50,92]. At higher spin-bath coupling,
the influence of the environment on the dynamics becomes more subtle and memory
effects have to be taken into account.

As Hamiltonian (2.1) is quadratic in terms of bosonic operators, one can integrate
out exactly these degrees of freedom in a path integral approach. This technique
was pioneered by Feynman and Vernon [93], and constitutes the starting point of the
well-controlled Non Interacting Blip Approximation (NIBA) [62,63] and extensions to
it [94-97]. Despite great success in the delocalized phase for o < 1/2, this approxima-
tion is for example unable to describe the quantum phase transition occuring in the
ohmic case (see Sec. 11.2).

Numerous analytical and numerical methods were built from the Feynman-Vernon
influence functional and the “Blip” and “Sojourn” development at the origin of NIBA.
This includes stochastic Liouville equations [98-101], Non-Markovian master equations
[102,103], real-time Path Integral Monte Carlo methods [104-107], Quasi-Adiabatic
Propagator Path Integral techniques [108,109] and the Stochastic Schrédinger Equa-

2We will keep the discussion general in this section and will not specify a particular form for .J.
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tion under consideration.

Different approaches following a different path were also devised to tackle the real-
time dynamics in this problem, with for example quantum jumps approaches on the
wavefunction (or stochastic wavefunction approaches) [110-112]. More recently, vari-
ous Numerical Renormalization Group (NRG) techniques [88,113-121], or Multilayer
multiconfiguration time dependent Hartree method [122] were also developped.

We present here the details of the Stochastic Schrodinger Equation method, fol-
lowing our Ref. [123], and we will try to highlight the links with the other method-
s/approaches mentionned above along the derivation.

I SSE Equation in the case of one spin

A state of the system is described by a wavefunction [t¢), which belongs to the Hilbert
space € = €5 ® €, which is the tensor product of spin and bath spaces e€s and eg. This
mixed spin-boson system is conveniently described in terms of density operators, or
density matrices. Considering our quantum system, there is a unique operator p such
that

(4) = tr (pA), (2.2)

for all observable operator A. This operator p is called the density operator, or density
matrix, of the system. We are mainly interested in the dynamics of the spin observ-
ables, and the effect of the bath on their dynamics. It is then convenient to define
reduced density operators ps and pp as partial traces of the total density matrix

ps = treys (,0) ’ (23)
o5 = tres (p) (2.4)

We are interested in the time-evolution of the spin-reduced density matrix ps(t)
for t > tg, where tg denotes the initial time. We assume factorizing initial conditions
p(to) = pp(to) ® ps(to), with the bath in a thermal state at inverse temperature .
Under these assumptions, we can show the following result.
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Stochastic Schrodinger Equation for one spin

The elements of the spin-reduced density matrix at time t > ¢y are given by

los (8)];; = (Z45[ @ (1)), (2.5)

where the overline denotes a stochastic average and |®) is the four-dimensional vector
solution of the Stochastic Schrodinger-like differential equation (2.6),

10| ®) =V (t)|®), (2.6)
with [(to)) = ([ps(to)]; €0, [ps(to)]1o €, [ps (t0)]g1 €, [p5(t0)]2 eik(to))T'

In Eq. (2.6), we have

0 e—h+k _eh+k 0
ehfk 0 0 _eh+k
V= _e—h—k 0 0 6—h+k ° (27)
0 —emh=k  gh=Fk 0

h and k are two complex gaussian random fields with correlations

AOR(E) == Qalt — ) + 1, (2.8)
k(t)k(s) = I, (2.9)
h(k(s) :%Ql(t — $)0(t — 5) + s, (2.10)

where [; for j € {1,2,3} are arbitrary complex constants and

Ql(t):/ dw‘m;) sin wt, (2.11)
0 w
o0
Qa(t) :/ de(L:) (1 — coswt) coth 6—&) (2.12)
0 w 2
Vectors (¥;;| read (X131 = (e7%1,0,0,0); (Zia] = (0,e7"®,0,0); (S| =

(0,0,e"D 0); (Zgs] = (0,0,0,e+®).

The derivation of this result is based on different results related to Refs. [62,63,93,
123-125], which will be exposed below, and can be decomposed into three consecutive
steps:

e Integration of the bosonic degrees of freedom in a path integral formalism [93].
This integration will induce spin-spin interactions, which are long range in time.

e Rewriting of the spin path in the language of “Blips” and “Sojourns”, following
the work of Ref. [62].

e Stochastic unravelling of the bath-induced spin-spin interaction: we decouple
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this spin-spin interaction thanks to the introduction of stochastic degrees of
freedom [98,99,123-125].

I.1 Feynman-Vernon influence functional

Hamiltonian (2.1) is quadratic in terms of bosonic operators, which enables us to
carry out an exact integration of these degrees of freedom in a path integral approach.
This operation typically generates additional spin-spin interactions in time, whose
kernel depends on the spectral properties of the bath. This technique was originally
introduced by Feynman and Vernon in Ref. [93] with an integration over extended
coordinates of the harmonic oscillators (see also Ref. [63]). One can also derive the
result using a coherent-state path integral description. This derivation is done in
Appendix A, and we only reproduce the main steps here. Let {|u)} be the basis of
coherent states of ep, and {|ox)} = {| T2),| 4-)} the canonical basis associated with
the z-axis of €g. The starting point is to express the density matrix pg in terms of the
evolution operator of the whole system U (, to),

ps(t) = tre, [U(t,t0)p(to)UT (2, t0))]- (2.13)

We insert then resolutions of the identity in terms of coherent-state and spin projectors
I= Z/du(@)|v,ak><v,ak|, (2.14)
k

on both sides of p(to) in the expression (2.13). The coherent state measure is defined
by

1 2
dp(u) = ;duwduye_‘“l , (2.15)

with u, and u, respectively the real and imaginary part of u. The main idea is then
to re-express the forward and backward propagators in terms of integrals over bosonic
fields and real-valued spin fields, following the standard path integration procedure.
The resulting action of each propagator can be expressed! in terms of a time-integral
of a Lagrangian £ which has only linear and square dependence on the bosonic tra-
jectories v, and ;. Each action can thus be evaluated in an exact manner by means
of the stationary phase condition,

d oL oL

_—— =, 2.16
dr aqpk 31/}k ( )
d oL  oC (217

dr oy OUy’

with well-determined boundary conditions. A final integration over the endpoints of
the trajectories give the final result that we summarize below.

lup to terms coming from boundary conditions, see Appendix A
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At a given time t > to and for any |oy), o) € {|o1) = | T2),|o2) = | |.)}, the
element of the spin-reduced density matrix between |oy) and |o/) read

(orlosMlos) = lps(to)lkr ik s (2.18)
k,k’

where Jy 1 g, takes the form
Tiwr ppr = / DISID[SA[SA* [ F[S, 2. (2.19)

The integration in Eq. (2.19) runs over all constant by parts paths ¥ and 3’ taking val-
ues in {—1,1} with endpoints verifying o*|oy) = X(to)|ox) and o%|op) = X/ (to)|ow),
o%|loy) = X(t)|oy) and o*|og) = X/ (t)|os). The term A[X] denotes the amplitude to
follow one given path ¥ in the sole presence of the spin Hamiltonian. The effect of the
environment is fully contained in the so-called Feynman-Vernon influence functional
F[2,%'] which reads [93] :

FIE 5] = oA S do iy @ [ (o) 2O SO oy Bl SLDSEA]
(2.20)
The functions L; and Lo read
Li(t) :/ dwJ (w) sin wt,
0
Ly(t) = dwJ (w) cos wt coth -5 (2.21)
0

From Eq. (2.20), we see that the bosonic environment couples the symmetric and
anti-symmetric spin paths

[(E(t) + X' (#)], (2.22)
£t) = 5 [2) -2 @), (2.23)

at different times. These variables take values in {—1,0,+1} and are the equivalent
of the classical and quantum variables in the Schwinger-Keldysh representation. We
have then integrated out the bosonic degrees of freedom, which no longer appear in the
expression of the spin dynamics, but the prize to pay is the introduction of a spin-spin
interaction term which is not local in time. Dealing with such terms is difficult at a
general level. The spin dynamics at a given time ¢ depends on its state at previous
times s < t: the dynamics is said to be non-Markovian. The effective action is reminis-
cent of the classical spin chains with long-range interaction, where time now replaces
space. In particular for an ohmic spectral density given by (1.49), La(t) oc 1/(w.t)? at
long times. When integrated twice, we recover the characteristic In behavior found by
Anderson, Yuval and Hamman [61] when studying the Kondo problem (see II1.2.b).
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Non-Markovian master equations [102,103] can be derived from this Feynman-
Vernon influence functional in the case of excitation number conserving interaction
terms (of the form (o a+o_a')), by integrating out the system variables trajectories.
This point of view requires however to carry out the path integral using Grassman
coherent states after a fermionization of the spin. An interesting open issue left for
further work is to generalize this method in our case of spin-boson coupling with
counter-rotating terms.

1.2 “Blips” and “Sojourns”

The next step is the rewriting of the spin path in the language of “Blips” and “So-
journs”, following the seminal work of Ref. [62]. This technique is also well explained
in Ref. [63].

A,],.l r/:(]B

E:O £=+1

n =0 n=-1
C fm—1 £=0 D
Figure 2.1: Spin states.

The double path integral along ¥ and ¥’ in Eq. (2.19) can be viewed as a single
path that visits the four states A (for which n =1 and £ = 0), B (for which n = 0 and
& =1), C (for which n =0 and £ = —1) and D (for which n = —1 and £ = 0). States
A and D correspond to the diagonal elements of the density matrix (also named ‘so-
journ’ states) whereas B and C correspond to the off-diagonal ones (also called ‘blip’
states) [62,63]. The four states are depicted in Fig. 2.1. As stated below Eq. (2.19),
the initial state of these paths is characterized by the initial spin-reduced density ma-
trix and the final state by [oy) and [07).

A careful examination of Ji p s s in Eq. (2.18) is done in Ref. [62] and in Chapter
“Two-state dynamics” of Ref. [63] in the general case, and presented in Appendix C.
It is however instructive to examine some details of this blips and sojourns rewriting,
and we present below the computation of (1, |ps(¢)| 1.) for a spin starting initially in

the state pg(to) = | T2) (T2 |-

In this case the sum in Eq. (2.18) reduces to a single term as k = k' = 1 from the
initial condition and f = f/ = 1 for the term we seek to compute. To compute the
corresponding Ji 1.1,1, we have to consider all the double spin paths which start and
end in the sojourn state A. One path of this type makes 2n transitions along the way
at times ¢;, ¢ € {1,2,..,2n} such that ¢ty < t; < ta < ... < ta,. We can write this spin



I. SSE EQUATION IN THE CASE OF ONE SPIN 45

\ A
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Figure 2.2: Spin path with initial and final state A - n(t) = Z?ZO T;0(t —t;) in red;
£(t) = Y3" Z;0(t — t;) in dashed blue.

path as £(t) = Zle E;0(t — t;) and n(t) = Z?ZO Y;6(t — t;) where the variables E;
and T; take values in {—1,1}. Such a path is illustrated in Fig. 2.2. The variables
E (in blue) describe the blip parts, and the variables T (in red) on the other hand
characterize the sojourn parts.

Using an explicit representation of the path measure (introduced in Eq. (A.13)),
J1,1,1,1 is given by an exact series in the tunneling coupling A?

o] . 2n t to
(12 Ips(t)Tz>=J1,1,1,1=Z(l2A> /dtgn.../ dty > Fao (224)
n=0 to

to (=141,

The prime in {Y;}" in Eq. (2.24) indicates that the initial and final sojourn states are
fixed according to the initial and final conditions Yo = Y5, = 1. F, corresponds to
the evaluation of F[X, ¥'] for a given path with 2n spin flips, introduced above. Given
this path, we can evaluate Eq. (2.20). First we evaluate the contribution given by L;.

§>k=0 t2j—1

i t s i n taj tok+1
f/ ds/ ds'Li(s — s )&(s)n(s') = — Z fﬂ?k/ ds/ ds'Li(s —§)
™ Jto to m tan

= % Z Em]Qi(taj—1 — tor) + Qu(taj — tant1) — Qutay — tor) — Q1(taj—1 — tors1)]
§>k=0

. 2n
{ -
= ; E :kaQl(tj - tk)7 (2.25)
j>k=0

with @1 the opposite of the second integral of L; with @1(0) = 0. In Eq. (2.25),
variables {; = Eg;_1 and 7, = Yo) denote the values of the j-th blip (starting from
1) and k-th sojourn (starting from 0). Then we evaluate the contribution given by La,
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which contains a self-interaction term,

—i/t:ds/t:ds’Lg(s—s')g( E(s')=—= Z é}&c/tzj ds/tzk ds'La(s — ")

]>k 0 taj 1 tagp—1

gjgj/ ds/ ds'La(s —§)
toj—1 toj—1

- Z =,EkQa(t; — th), (2.26)

]>k 0

with Q2 the second integral of Ly with QQ2(0) = 0. This leads to [62]:

. 2n—1 2n 2n 1 2n
p=ep (= Y Y Qi — t) | exp Z > EiEkQa(t; — t)
k=0 j=k+1 k=1 j=k+1

(2.27)

The functions 1 and @2, which describe the feedbacks of the dissipative environment,
are directly obtained from the spectral function J(w) ,

t) = /OO dw ch;(;) sin wt, (2.28)
0

Q2(t) = /OO dw Ju(;}) (1 — coswt) coth %d (2.29)
0

From Eq. (2.27), we see that the first term couples the blips to all the previous so-
journs, while the second one couples the blips to all the previous blips (including
self-interaction). Blips and sojourns do not have symmetric effects: the index for the
T variables starts at 0 and ends at 2n — 1 whereas the index for the = variables starts
at 1 and ends at 2n. It is worth noting that the last sojourn does not contribute and
the latest coupling period is the blip which lasts from ¢5,,_1 to t2,. We recall that we
provide in Appendix C the general rewriting in this language to compute the other
elements of the spin-reduced density matrix, for any initial condition.

Equations (2.27,2.28,2.29) constitute a more explicit rewriting of Eq. (2.20), but
we are still left with long range spin-spin interaction induced by the bath. Such terms
can be evaluated in certain cases by analytical methods. For example, the authors
of Ref. [62] developped the so-called Non-Interacting-Blip-Approximation (NIBA) to
tackle the dynamics of spinboson models. This approximation is notably justified in
the Ohmic case at weak coupling and/or large temperatures. It assumes that the time
spent by the system in the states B and C (blips) is very small compared to the time
spent in states A and D. Consequently, the interblips correlations of Eq. (2.27) have
little effect on the dynamics and may be ignored. In this limit, analytical results may
be obtained (see [62,63]).
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Real-time path-integral simulation techniques combining Monte Carlo sampling
over the quantum fluctuations = with an exact treatment of the quasi-classical de-
grees of freedom Y were also developped from Eq. (2.27) [104-107].

Here, we follow a different path and use additional stochastic degrees of freedom
to unravel the spin-spin interactions.

1.3 Stochastic unravelling

To decouple the spin-spin interaction(s) in time, we use Gaussian stochastic decou-
pling (or Hubbard-Stratonovitch transformation in function space). Some efforts in
this direction were done previously in Refs. [98-100] and we shall come back to these
results at the end of the present subsection. This stochastic unravelling of the influ-
ence functional will allow us to write the dynamics of the spin-reduced density matrix
as a solution of a stochastic differential equation [123-125].

We focus again on the computation of (1, |ps(t)| 1-) for a spin starting initially in
the state | 1,). Let h and k be two complex gaussian random fields which verify [123]

AR = @slt —5) +1n, (230
k(t)k(s) = la, (2.31)
h(t)k(s) :%Ql(t — )0t — ) + 5. (2.32)

The overline denotes statistical average, 6(.) is the Heaviside step function and I,
lo and I3 are arbitrary complex constants. Making use of the identity exp(X) =
exp(X?/2), Eq. (2.27) can then be reexpressed as:

Fn = ﬁ exp [h(t;)Z; + k(t;-1)Lj-1]. (2.33)

The complex constants [, do not contribute to the average because Ziigl T, =

23221 =; = 0. This step was done in Refs. [124,125] with the introduction of one
stochastic field (which is valid in a certain limit, as we will see later), and with two
fields in Ref. [123]. The summation over blips and sojourn variables {Z;} and {Y;}

can be incorporated by considering a product of matrices of the form

0 e—h+k: _€h+k 0
eh—k 0 0 —ehtk
V = 767h7k O 0 67h+k ) (234)
0 —e h=k  oh—k 0

in the four dimensional vector space of states {A, B, C,D}. This rewriting was origi-
nally introduced in Ref. [126]. Then, the computation of diagonal elements of the we
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get

(12 lps(t)| 1) = i (iﬁ)Qn /t: dtgn.../t:2 dt, f[V(tj). (2.35)

n=0

We remark that Eq. (2.35) has the form of a time-ordered exponential, averaged
over stochastic variables, so that we finally have:

(= lps ()] 12) = (@|®(2)), (2.36)

where (®;| = (e7*{*22) 0,0,0) and |®) is the solution of the Stochastic Schrédinger
Equation (SSE),

i0,|®) = V(1) ®) (2.37)

with initial condition |®;) = (e*(*) 0,0,0)7.

The vector |®(t)) represents the double spin state which characterizes the spin
density matrix. The vectors |®;) and |®y) are related to the initial and final con-
ditions of the paths. As spin paths start and end in the sojourn state A, only the
first component of these vectors is non-zero. The choice of the phases is linked to the
asymmetry between blips and sojourns (see Eq. (2.27)). The contribution from the
first sojourn is encoded in |®;), and we artificially suppress the contribution of the
last sojourn via |® ). This final vector depends on an intermediate time, but we can
notice that replacing (e =*(*2») 0,0, 0) by (e=*®),0,0,0) does not add any contribution
on average. Generalization of the procedure to compute the other elements of the
spin-reduced density matrix for an arbitrary spin initial state is straightforward, and
leads to the general result presented at the beginning of the chapter.

The resolution protocol requires a large number of realizations of the fields A and
k. For each realization, we solve the stochastic equation and the spin density ma-
trix is obtained by averaging over the results of all the realizations. The authors of
Refs. [98-100] used a similar stochastic decoupling directly on the expression (2.20),
before the blip and sojourn rewriting. The stochastic processes relevant in this case
obey correlation relations similar to Eqgs. (2.30,2.31,2.32) where Ly and Lo replace
@1 and @>. They reached an effective stochastic Liouville equation for the density
matrix. This technique has notably been used to compute the dynamics for the Morse
oscillator [101].

ITI Properties of the SSE equation

We characterize some properties of the SSE equation and verify its relevance to de-
scribe the dynamics of an open quantum system.
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II.1 Non-unitarity and trace preservation

As they verify complex-valued correlations given by Eqs. (2.30-2.32), the stochastic
fields A and k are complex numbers and have both a real and an imaginary part.
Thus, the effective Hamiltonian V' for the density matrix is not hermitian. As a
consequence, the evolution is not unitary and the norm of the vector |®) (which
gives the density matrix norm ||p(t)|| = [1/2(1 4 (o (¢))? + (0¥ (¢))* + <O’Z(t)>2)]1/2
when averaged) is not conserved over time. This is not surprising for the description
of an open system subject to decoherence. The time evolution may bring the system
from a pure quantum state with ||p|| = 1 to a mixed state with ||p|| < 1.

The trace of the density matrix at time ¢ is given by e*(")®;(¢) + e#®)d4(t). One
can verify from equations (2.34) and (2.37) that d {ek(t)él(t) + e—k(t)<1>4(t)} = 0 for all

t ifW(t) = 0 (or more simply in the discretized version of the process, if k; — k;_1 = 0).
In order to check that the SSE equation is trace-preserving on average, one needs to
properly define the stochastic processes h and k. This is done in Appendix D, where
we notably focus on the sampling procedure and present two options.

e It seems first natural to take advantage of the translational invariance of equa-
tions (2.30-2.32) and use Fourier series decomposition of the functions @1 and
(2. Fourier sampling constitues our first option and was already introduced in
Refs. [124,125].

e The will to give a precise definition of the stochastic processes h and k lead to a
description in relation with Autoregressive models frequently used in statistics
and signal processing. This constitutes our second sampling method.

We find that the SSE is indeed trace preserving on average, but the trace is however
not constant for each realization, exluding then the interpretation of each trajectory
in terms of a real physical process.

11.2 Dynamical sign problem

The non-unitarity of the SSE equation may lead to convergence problems when in-
creasing the spin-environment coupling. The presence of a non-zero real part in the
expression of the stochastic fields engenders generally an exponential slowing down of
the convergence when increasing spin-bath coupling. This is the well-known dynamical
sign problem occuring for real-time numerical methods. The SSE is not an exception.
In particular cases however, this dynamical sign problem can be dealt with. We will
show below that the SSE method gives reliable results for:

e the Rabi model, even in the strong coupling regime g/wg ~ 1.
e ohmic systems in the scaling limit characterized by 0 < @ < 1/2 and A/w, < 1.

Generalizing its use in other cases such as the sub-ohmic and super-ohmic spinboson
model remains however an open question.



50 CHAPTER 2. SSE EQUATION AND APPLICATIONS

In the general case, one may try to minimize the real part of the fields in the
sampling in order to improve convergence. In particular, the constants are chosen
such that Rh(t) = Rk(t) = 0. It is however not possible to simultaneously reduce the
variance of the real parts at will, as they are contrained by Eq. (2.31). In practice, we
choose a naturally symetric allocation between the two fields A and k& due to Fourier
development.

II.3 Formulation in terms of a Stochastic Master equation

The SSE equation (2.6) can be formulated in terms of spin jump operators dressed
by stochastic fields, by analogy to standard master equations. Considering the matrix

version of |®)
D1 Dy
o= ( o o ) (2.38)

we have more precisely
A
10, P = 5 (eh_kfl)m_ +e "hpo_ — e ho d — e Re_ o). (2.39)
The density matrix p is obtained from (2.39) after a stochastic averaging.

I1.4 NIBA from the SSE

We can recover NIBA equation by considering from Eq. (2.6), using an independence
hypothesis. The equation obtained with this derivation bears similarities with the one
obtained in Sec. IL.5. From Eq. (2.6), one can indeed reach the closed form

A [t
Orlin — vl =~ / d8{¢1(8) [efh<t>—k<t>+h<s>fk<s) n eh(t%k(t)fh(s)fk(s)}
to

— pa(s) [e—h(t)+k<t>+h<s)+k(s> n eh<t>+k<t>—h(s>+k(s)} }
(2.40)

In this form, stochastic operators h and k play the role of the bath operators € of
Eq. (1.72). Taking the stochastic average with an independence hypothesis on the
products appearing on the right hand side of (2.40) leads to NIBA equation (1.73).
The independence hypothesis is equivalent to the decoupling in the expectation values
used to derive NIBA with the Heisenberg equations of motion.



III. APPLICATION : DYNAMICS IN THE QUANTUM RABI MODEL 51

I1.5 Relation to other methods

We show in Fig. 2.3 a table which aims to summarize the links that can be made
between the SSE equations and other related methods based on the same grounds.

Path integral representation of the
spin reduced density matrix elements

Integration of the environment
degrees of freedom

Y
Feynman-Vernon influence functional (93)

Numerical evaluation of the
environment influence
round adiabatic path

Stochastic decoupling Blip and Sojourn
development Integration of the
system degrees
of freedom
Y y
Stochastic Liouville Blip-Sojourn rewriting of Non-Markovian QUAPI
equations (98-101) the influence functional (62) Master equations (102)|| propagator (108)
Monte-Carlo sampling
Stochastic decoupling around quasi-classical
trajectories
StOCh?StiC Schrodinger Non Interacting Path-Integral quantum
Equation Blip Approximation (62) Monte Carlo (104-107)

Figure 2.3: Relations to other methods.

IIT Application : dynamics in the quantum Rabi
model

We test this framework on the well-known Rabi model studied in Section I. We show
that the SSE method gives reliable results in this simple case, even in the strong
coupling regime where the RWA approximation breaks down. We use this simple
example to illustrate that the SSE method also allows to take into account driving
terms and particle losses in an exact manner. The Rabi model corresponds to a



52 CHAPTER 2. SSE EQUATION AND APPLICATIONS

spectral function of the form

J(w) = 1¢%*5(w — wp). (2.41)

III.1 Strong coupling regime

Hamiltonian Hpqp; defined in Eq. (1.10) is obtained from Eq. (2.1) by consider-
ing a coupling to one bosonic mode, after a 7/2 rotation of axis (Oy), generated by
exp(—im/40Y). The identification is complete provided that we change the sign in
front of the transverse field (—A — A).

III.1.a From the Jaynes-Cummings regime to the adiabatic regime

As studied in detail in Ref. [123], the SSE gives correct results in the Jaynes-Cummings
regime. Numerical results at higher coupling are also consistent with the analytical
expression which quantify the effects of counter-rotating terms in perturbation theory,
as can be seen on the left panel of Fig. 2.4. The presence of the counter-rotating terms
in the quantum Rabi model gives rise at second order in perturbation theory to a shift
of the resonance frequency between the atom and photon, leading to an additional
negative detuning § = —g¢%/[2(wo + A)] when A < wp [127]. In Fig. 2.4, we also
show numerical results in the adiabatic regime presented in Sec. 1.2.c, characterized
by A/wy < 1. Starting from the initial state | 1.) ® |0), it is possible to compute
the revival probability of this state, which reads p = exp [—g?/wd|e~ ™0t — 1|2] [128].
This evolution engenders periodic collapses and revivals of (o*(t)).

After this basic test, we use the single-mode case to introduce drive and dissipation
in the SSE framework.

II1.2 Drive and photon losses

It is actually possible to consider both photon leakage out of the cavity and driving.
Photon losses can be incorporated by considering an imaginary part to the photon
frequency. This leads to a change in the coupling functions 1 and Q5 [123].

The effect of a coherent semi-classical drive can be treated exactly by formally
substituting X (¢) by (X(¢) + V(¢)) in the path integral approach. This is simply
reflected by the appearance of a new coupling term. Assuming V (¢) to be of the form
Vo coswgt and beginning the procedure at time tg, the functional F[%, '] is changed
into F[¥, Y] which reads, for ¢ > t¢:

22'Vogftt0 ds ftso ds’ sinwp(s—s’)&(s) cos wds’]

Fin, Y] = el F[, %] (2.42)

The new contribution can be taken into account exactly. For example, if wy # wp, one
subtitutes hy to h with

2:Vogwo { sin [wot + (wo + wa)to] . sin wgqt } (2.43)

ha(t) = h(t) + "%21 — wg wo Wy
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Figure 2.4: Left: (a) JC ladder of polaritons. (b) Absolute value of the Bloch-Siegert
shift [0] versus g/wp, perturbation theory in red [127], and results from our method in
blue (dots). (c¢) Example of dynamics of (¢*) with the initial condition | 1), which
is a linear superposition of |1—) and |14), for quite strong couplings. Parameters
are set to g/wy = 0.7, A/wy = 0.2. The Rabi solution from our method is shown
in dashed blue; within the RWA, the JC solution would rather read (c*(t)) = 1 —

292 sin? (\/g2 + 6215/2) /(g% +6?%) and is shown in red. Right: far detuned or adiabatic
limit of the Rabi model: g/wg from 0.7 (green) to 1.5 (yellow) and A/wy = 0.05. The
system is prepared in the initial state | T,) ® |0) and the revival probability of the
initial state can be computed exactly in this limit [128]. The positions of the maxima
only depend on the cavity frequency wy.

It is also possible to consider the drive term with a RWA-type approximation
Vo/2 (ae™' + ale~i!) which only results for wg # wp in the replacement of 2Vygwo /(w3 —
w3) by Vog/(wa — wo) in Eq. (2.43).

III.2.a Polariton w-pulse

As an application, we present a driven protocol allowing to reach quantitatively a
polariton state in the detuned regime A < wy. We set the drive frequency wy to
match exactly the energy difference between the ground state and the first polariton
(which has a greater “atomic” component, due to the negative detuning). In the limit
of infinitely small drive V/¢g < 1 the dynamics shows complete semi-classical Bloch
oscillations of frequency a;Vp/2 between these two levels; with a; = [(A — 6,)/2A4]*/?
and A = /g% + 2. This is due to the anharmonicity of the Jaynes-Cummings ladder:
E|1_> - E|g> 75 E|2_> - E|1_>. Driving with frequency Wwq = E|1_> - E|g) triggers then
predominantly one-photon excitations, resulting in the photon-blockade phenomenon
(or polariton blockade). As the drive frequency does not match the energy difference
between |1—) and |2—), no additional excitations occur at low drive strength. This
blockade is often quantified by the measure of the quantity ¢ (7) = (a(t)a’(t +
ma(t+7)a(t))/((a(t)at (t+7))(a(t+7)a(t))). For a classical field, one has ¢ (0) > 1
while ¢ (0) < 1 for a non-classical state (with in particular ¢(*(0) = 0 for a single
photon-state). However, the switch-off time 5 necessary to bring the system into the
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state |1—) with this weak drive protocol is typically longer than the decoherence time.
This forbids then such an operation.

o
n

0.0 05 lvl; fl,G 2.0 25 i@ 0.0

1.0 11 12 13 14 14

1.0
t/t,

Figure 2.5: Left panel: Dynamics of the mean number of polaritons (N(¢)) in the
weak-coupling ¢ limit without dissipation. Parameters are g/wy = 0.02, A/wy = 0.9
and Vp/wy = 0.1. From the ground state, the system is brought into a non-trivial
polaritonic final state by driving the cavity. The black dashed line refers to the moment
when the AC coherent drive is switched off. Inset: Standard deviation with the same
parameters. Right panel: Dynamics of (¢*). The blue curve is the ideal dissipationless
case. The dashed red curve is for I' = 107° and the dotted green curve for 5.1074.

One could then imagine to increase the strength of the drive. The price to pay
for an increase of the drive strength is the interplay of the upper levels. The anhar-
monicity of the JC ladder makes it possible to quantitatively reach the first polariton
beyond the linear response limit. We use both the anharmonicity of the JC ladder
(resulting in “polariton blockade”) and destructive interference for upper levels. The
mean number of polaritons (N) = (a'a) + ({(¢%) + 1)/2 and the standard deviation
associated with this observable is shown in Fig. (2.5)-left panel. We check this result
with the SSE approach and study the influence of dissipation (see right panel of Fig.
(2.5)).The order of magnitude of the time ¢ at which we stop the drive enables us
to minimize the effect of dissipation. At weak dissipation (essentially T' < 107%), we
can see that it is possible to realize temporarily an almost pure polaritonic state on
one cavity (it corresponds to an “atom”-like polariton). The protocol that we have
presented here is an analog of a standard m-pulse in terms of polaritons. The more
anharmonic the JC ladder, the more efficient it is. This is not surprising as this driving
scheme becomes exactly a standard atomic 7 pulse in the infinitely detuned limit.

This protocol could be used simultaneously on all the site of a cavity array, to “im-
plement” the system in a non-trivial polaritonic state. If the hopping between cavities
is weak enough, its effect can be disregarded during the rather short time needed to
bring each driven cavity in a non-trivial polariton state [129]. Dealing with the driven
array problem at a general level remains however difficult, and no known protocols
permits to explore precisely the expected out-of-equilibrium Mott physics.



IV. APPLICATION: DYNAMICS IN THE OHMIC SPINBOSON MODEL %)

In this section, we have tested the SSE framework on the well-known Rabi model
and its driven version. We showed that numerical convergence is ensured for the free
dynamics during several periods, until quite large light-matter coupling g/wg ~ 1.
Above this threshold, the dynamical sign problem hampers numerical convergence,
even in this simple case of one mode. The situation is even more problematic for
continuous spectral functions associated with an infinite number of modes. In most
cases, it is not possible to access the long-time dynamics with the SSE. There exists
however situations for which we can overcome this dynamical sign problem, for exam-
ple for the ohmic spinboson model in the scaling regime characterized by A/w. < 1
and 0 < a < 1/2.

IV  Application: dynamics in the ohmic spinboson
model

The ohmic spinboson model is actually the first model on which the SSE framework
was tested, see Refs. [124,125]. In the scaling regime, results presented in Sec. I
simplify and one only needs one unique purely imaginary stochastic field h to access
quantitatively the dynamics, as we show below, following Refs. [124,125].

For an ohmic spectral density given by Eq. (1.49) with s = 1, @1 and Q3 functions
read at zero temperature,

Q:1(t) = /OO dw JO(JU;) sinwt = 2ratan™ ! (wet), (2.44)
0

Qa(t) = /OO dw JUEL;) (1 — coswt) = malog(1 + w?t?). (2.45)
0

We know from the analysis carried out in Chapter I that the characteristic spin-flip
time tg is given by ts ~ 1/A, > 1/A at finite a. For times ¢t ~ t5, Eq. (2.44) then
simplifies to Q1(t) ~ m2a. A more refined analysis, carried out in Appendix D of
Ref. [62], shows that this approximation is well controlled only for 0 < a < 1/2.

Eq. (2.27) is then changed to

2n—1 2n 2n—1 2n

Fo=exp |ima » Y E;Ti|exp %Z > EiEkQa(ty —tr)| . (2.46)

k=0 j=k+1 k=1 j=k+1

We only need field h to decouple the interaction, and the summation over blips and
sojourns in the first term of the right-hand side of Eq. (2.46) can be accounted for by
considering for V' the following matrix,

0 e —eh 0
ei‘n'oceh 0 0 _e—i‘n'(xeh
0 ei‘n'ozefh

(2.47)
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As was stated in Ref. [125], the Fourier coefficients of Q2 in Eq. (2.45) are all
negative, leading naturally to a purely imaginary field h. Similarly, the second sam-
pling procedure presented in Appendix D also leads to a purely imaginary field h.
This simplification enabledthe authors of Refs. [124,125] to study quantitatively the
free dynamics of the ohmic spinboson model in the scaling regime. We can refine this
scaling regime simplification by writing Q1 (t) = 72a + [Q1(t) — m2a]. We take into
account the constant part as exposed above while the remaining part [Q1(t) — m2a] is

decomposed into Fourier series and generates a field k.

IV.1 Free dynamics and comparison with Bethe Ansatz results

We first study the dynamics of the Rabi-Spinboson model of Ref. [123] which describes
the dynamics of the Rabi model with dissipation described microscopically,

A A 1 1
Hp-sp = 50" J”’Zg?k(b’“ +b}) +;wk <bLbk + > +azg(a+aT) + wo <a*a+ 2) .

2
(2.48)
This Hamiltonian Hg_sp would correspond to a spectral function
J(w) = mg20(w — wp) + 2mawe ™ we. (2.49)

After some damped Rabi oscillations, the system relaxes to a final state with (c®) =
0, and (o) which can be compared to Bethe Ansatz calculations [66,70,71,130,131].
Both the short time dynamics and the equilibrium properties are then accessible within
the SSE framework.

We present now an additional analysis carried out close to the coherent-incoherent
crossover zone (around o = 1/2).

IV.2 Coherent-incoherent crossover around o = 1/2

We now focus on the same dynamical problem than in Chapter I Sec. I1.5, i.e. the
time evolution of (0%(t)) from the initial state | T,) ® |0) for the ohmic spinboson
model. It is known that the NIBA predictions concerning the incoherent behaviour of
(c*(t)) are erroneous. By contrast, it is established that the time evolution of (c%(t))
changes from a coherent oscillatory regime for o < 1/2 to a incoherent monotonically
decaying regime for 1/2 < a < 1. The point a = 1/2, also known as Toulouse point,
is exactly solvable and one finds (0% (t)) = exp[—mA? /2w, (t — to)] [63].

Conformal Field Theory calculations [132] predicted a purely exponential decay
for a < 1/2, while corrections to NIBA [133] predicted a incoherent part of the form
—2(1/2 — a) exp[—A,t/2]/[A,(t — 0)]>P =), Recent works [134,135] have focused on
this issue using real-time RG and functional RG techniques. For 1/2 — a < 1 they
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Figure 2.6: Dynamics of (o®) with the initial condition | 1) which is a linear superpo-
sition of the first two polaritons (note the axis difference for the Rabi coupling). We
consider g/wy = 0.01, A/wp = 0.97, w./wy = 100 and several values of o until o = 0.1.
We observe a relaxation towards a non-trivial final state by increasing « and the value
of (o%) is in accordance with Bethe Ansatz calculations [66,70,71,130,131].

found in particular a result in agreement with the presence of an incoherent dynamics,
as (0*(t)) shows only a finite number of zeros.

We show in Fig. (2.7) results obtained with the SSE equation in this region. These

2.5 5 7.5 10
A, (t—t,)

Figure 2.7: Coherent-to-incoherent crossover. Evolution of In [{c*(¢))|. The black
curve corresponds to @ = 0.45, and the yellow curve corresponds to the Toulouse
limit.

results would also suggest that (o*(t)) only vanishes a finite number of times when
approaching the a = 1/2 point. Obtaining reliable numerical results at long times is
however difficult as one needs to reach a very high precision. As stated earlier, the case
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of two spins will be easier to investigate as the dissipative quantum phase transition
occurs for a smaller value of &. We will study the incoherent regime in more details
for this particular case in Chapter 3.

IV.3 Landau-Zener transitions

In Ref. [125], the authors investigated the non-equilibrium behavior of the system sys-
tem under a linear driving term €¢(¢)/20*, when the system is initially prepared in the
ground state of the system. The linear passage, corresponding to e(t) = €g + v(t — tp)
with (v > 0), —eo/A > 1, is known as Landau-Zener problem. Landau [136],
Zener [137], Stueckelberg [138] and Majorana [139] provided an analytical descrip-
tion of this problem in the case of an isolated two-level system subject to a linear
sweep (a = 0). The survival probability p;, that the spin remains in its initial state
after the sweep, is fully determined by the velocity of the sweep v, and we have
p1. = exp[—mA?/2v]. It was shown in Refs. [140,141] that the presence of a gaussian
dissipative bath does not affect the transition probability in the case of the Landau-
Zener sweep for one single spin, as long as the coupling is along the z-direction. This
result was confirmed numerically with the SSE approach in Refs. [125] and [124].

IV.4 Mean field Landau Zener transitions in a dissipative spin
array

We complement this Landau-Zener study and consider now an array of M spins cou-
pled to the same dissipative bath. We note recent progress concerning the dynamical
study of dissipative spin arrays by coupling Matrix Product States and Operators
techniques to quantum trajectories formalism [142,143]. In our case of the SSE, the
problem is not directly tractable numerically and we treat the interactions between
spins at a mean-field level. We will show in that case that the presence of a gaussian
dissipative bath does affect the transition probability. This observation will be ex-
plained by the effect of the Ising-like interaction between spins, mediated by the bath.
We will quantify this effect with the help of Kibble-Zurek mechanism. This study was
done in our Ref. [144].

Let us first show how one can describe mean-field effects in the SSE formalism, to
compute the spin dynamics for the multi spinboson problem described by the following
Hamiltonian,

M M

A . o?

Hip =5 D oy + D) e’ (bik + bk) -t > wibfbr. (2.50)
p=1 p=1 k k

IV.4.a Mean-field approximation in the SSE framework

For clarity, we consider the case where all the spins initially in the state | 1.) so that
M .
ps(to) = [1;21 | 12,5) (12, |, and we seek to compute elements (o¢|ps(t)|o}) at a given
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time ¢ > to, where we define the M-dimensional spin vector |o) = |01, 09, ..,05). The
time-evolution of the spin reduced density matrix can be then re-expressed as,

(ilpslof) = [ DEDS exp {i[Ss ~ Si]} Fis,on. (2.51)

The integration runs over all M-dimensional constant by part paths ¥ and X'
such that ¥;(t) = ¥(to) = +1 for all j and ofoj ) = X;(t)|ojs), 0|0} ;) =
Ei(t)]o% ;). Sx denotes the free action to follow one given M-dimensional spin path
without the environment. This free action contains the transverse field terms, and
the Ising interaction terms. The effect of the environment is fully contained in the
influence functional F5; 57, which reads in this case:

iLy(s—s'@j—a;
-

Lei(s)m(s")—

iLy(s—s @j—a;
-

~ s ’ ) /
ejito ds ff,o ds Ei,j{ £i(8)€;(s )}

Fisz = Gg[z, 2", (2.52)

with &;(s) = [X;(s) — X%(s)]/2 and n;(s) = [£;(s) + X}(s)]/2. We have,

Ly(t, ) = % [Ll (t_ :) I (H ;)}

Lo(t,z) = % |:L2 (t - f) + Ly (t + 5)} . (2.53)

The bosonic environment couples the symmetric and anti-symmetric spin paths
nP(t) = 1/2[X,(t) + X5, (t)] and £P(t) = 1/2[5,(t) — %,(t)] at different times and differ-
ent lattice sites. In Fig. 2.8, we plot the space and time coupling functions £1 (bottom
left) and Lo (bottom right). We see that the bosons induce a long-range interaction
between spins. The maximal effect between two spins separated by a distance x occurs
after a time z/vs, due to the finite sound velocity v, of the excitations.

The last term of Eq. (2.52) reads

ot 25(8) ka2 2_/'(3) e 2
8 Ly as[5, et [, et

Glo, o] = , (2.54)

with p = 2/7 [* J(w)/w. We recover that the bath is responsible for an ferromagnetic
Ising-like interaction between the spins K|, = 1/(2) 17 J(w)/wcos[(z; — x;) /vs)].
We plot on the top panel of Fig. 2.8 the value of Kllj—p with respect to zw./vs, where
x = x; — x; is the distance between the two sites i and j.

The bath is responsible for two distinct types of interactions. The first one is a
retarded interaction mediated by the bosonic excitations, which travel at the speed vy.
The second one is an instantaneous interaction K’, which we already found thanks to
the polaronic transformation in Eq. (1.70).

We now proceed to the mean-field decoupling. The spins are coupled through
three different terms: the instantaneous direct Ising interaction of strength K, the
instantaneous interaction mediated by the bath in G, and the retarded interaction
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Figure 2.8: Top: Evolution of the direct Ising interaction which is induced by the
presence of the bath between two spins distant of x, as a function of zw./vs. Bottom:
Space-time dependency of the coupling functions £y (left) and Lo (right). The bath
induces a long-range interaction between spins.

mediated by the bath whose expression is given by the first term of the right hand side
of Eq. (2.52). We will treat instantaneous spin-spin interactions at a mean field level,
and in the limit w.a/vs < 1, where a is the lattice spacing, we see that the retarded
interactions have no effect between different spins at a mean field level, since we have
ffooo dxLly(s,x) = ffooo dxLs(s,x) = 0. In the following, we then neglect the retarded
interaction between different spins, and only conserve the retarded self-interaction.
Finally the propagation integral can be factorized in a product of individual matrix
elements, so that it is possible to write:

* —iK,. ! ds Sp(s 7227 s 0'; s
O alos®loyg) = [ DE,DELAIE A1 7[5, 5o i W0 03,
(2.55)
where pg, denotes the density matrix of spin p. Ap[¥,] denotes the amplitude to
follow a given path for the spin p in the sole presence of the transverse field. We

have K, = 23777, K}. The remaining term F,[%,, ¥} ] encapsulates the effect of the
bosonic bath on the spin p,

FlS, %) = exp | / as / s L (s~ PP () SLafs - D).
o (2.56)
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We will drop the p index in the following, as all the sites are equivalent in the
mean-field description. Following the same steps as for the one-spin case, we focus on
the computation of (1, |ps(t)| 1.) and reach the same expression than for one spin
(see Eq. (2.27)), with the influence functional being

. 2n—1 2n 277. 1 2n
Fomem |53 S STt )| ew |5 S 5mau 1| o
k=0 j=k+1 k=1 j=k+1
(2.57)
with
2n t;
Q3 = exp 72¢KTZEJ»/ ds(o*(s)) | . (2.58)
j=1 7t

We then reach for (1. |ps(t)| 1.) the same expression as the one obtained in
Eq. (2.36), with the same final vector and |¢) solution of the SSE (2.6), with the
effective Hamiltonian given by (2.34) provided that we add to the stochastic field h
the field h; defined by h(t) = —2iK, ftto ds{o*(s)). We have then reached a self con-
sistent equation, as (0*(t)) enters in the expression of h;(t). The numerical procedure
requires a larger number of realizations of the field h and k compared to the one-spin
case. For each realization, we solve the stochastic equation and {c*(t)) is obtained by
averaging over the results. The effect of (c*(¢)) in hy(¢) is dynamically updated with
the number of samplings.

We use this mean-field method to study the effect of a Landau-Zener sweep si-
multaneously applied to all the spins. It corresponds to adding a term of the form
ij\il €(t)o? /2 with €(t) = e +v(t —to) with (v > 0), —€o/A > 1 to the Hamiltonian.

IV.4.b LZ transitions : Array

Let us first underline that this protocol is different from the dynamical transition of the
quantum Ising model in transverse field with nearest neighbours interactions studied
in the literature [145,146] (and references therein), where the driving parameter is the
transverse field and which can be studied elegantly in k space. Here, we are interested
in the dynamics of local spin variables at a mean field level. A rigorous description of
the dynamics should involve all the energy levels of the system, and their respective
avoided crossings. Our mean-field description greatly simplifies the problem and the
interplay of all the levels is in fact reduced to a single avoided crossing governed by
the local self-consistent Hamiltonian,

H; :gaf + ? — K, (0*(t)) } oi + Z {)\ etk (bT +bk) —i—wkabk] (2.59)

The presence of the Ising interaction K, lead to a change in the final value of
(0#(t — 00)). This effect can be described by a Kibble-Zurek argument [149, 150] in
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Figure 2.9: Left: schematic interpretation of the Landau-Zener sweep for the array in
the framework of the Kibble-Zurek mechanism. The line (AD) shows the evolution of
the bare bias field with respect to time, while the broken line connecting points B and
C represents the effective bias field. The lines are full during the adiabatic stages, and
dashed during the frozen (non-adiabatic) period. Right: Fast sweep (v/A% = 8) in the
array, for different values of « corresponding to K, = 0 (red curve), K, = 2 (green
curve), K, = 4 (yellow curve), K, = 6 (blue curve), K, = 8 (magenta curve) and K, =
10 (cyan curve). We have w. = 100A. Inset: the blue points show the values of (% (t —
00)) with respect to K,./A, corresponding to the parameters of the main plot. The
green squares correspond to a direct Ising interaction of strength K, between spins,
without dissipative bath. Such a long-range ferromagnetic Ising interaction between
spins can for example be the result of the Van der Waals interaction in Rydberg
media [147,148]. The full (dashed) red line shows the expectation value of (o*(t — o0))
with respect to K,./A (K,/A,) deduced from the Kibble-Zurek mechanism.

the case of rapid drive. The single site fast Landau-Zener transition can indeed be
described thanks to the Kibble-Zurek mechanism, which predicts the production of
topological defects in nonequilibrium phase transitions [146,151,152]. This description
splits the dynamics into three consecutive stages: it is supposed to be adiabatic in the
first place, then evolves in a non-adiabatic way near the transition point, and finally
becomes adiabatic again. The impossibility of the order parameter to follow the change
applied on the system provokes this non-adiabatic stage, where the dynamics is said
to be “frozen”. To determine the boundary between adiabatic and frozen stages, we
follow the argument of Ref. [151], inspired by the equation proposed by Zurek in
Ref. [150]. The inverse of the energy difference between ground and excited states
defines a characteristic time scale 7(¢) for the system. Following Refs. [150,151], the
dynamics stops being adiabatic when this time scale matches the time ¢, — ¢, when
t. is the crossing time defined by €(t.) = 0. This argument leads to a characteristic
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energy scale [151]

1/2
e=a/V2{[1+160%/(x2a)]F —1) (2.60)
which sets the limit between adiabatic and frozen stages (see left panel of Fig. 2.9).

The effective field felt by one site is the sum of the bias field €(¢) and the Ising
interaction, and will be denoted e.s7(t). The dynamics always enters in the frozen
stage with (0%) ~ 1, so that we have e.f¢(t) = €(t) — K, during the first adiabatic
stage. At the end of the frozen stage, the spin expectation value has changed, and the
effective field becomes €. rf(t) = €(t)—K,(o*(t)). This leads to a change of the effective
speed at which the frozen zone is crossed through, and ultimately of the transition
probability. This can be seen on the left panel of Fig. 2.9, where we show the evolution
of both the bare and the effective bias fields with respect to time. We can estimate
the renormalization of the effective speed self-consistently thanks to basic geometrical
considerations in the trapezoid (ABCD) of Fig. 2.9 (left panel). The effective crossing
speed is given by

vegs = )+ Eless) (2.61)
te(verr) —tp
The denominator can be simplified by writing that tc(vess) —tp = [to(vefr) — tp] +
(tp—ta)—(tp—ta). We know that (tp—ta) = [é(v) + é(vesr)] /v, and [to(verf) — tp]—
(tg —ta) can be expressed as —K, [1 — (6% (tc,vesr))] /v. Next we suppose that we
can approximate (o7 (tc,vesy)) by (07(t — 0)). Altogether, we get

Veff _ €(v) + é(vesy)
v &) 4 (vess) — 2K, [1 — pra(vess)]

(2.62)

It allows us to know the variation of the effective speed veyy at which the transi-
tion is crossed with respect to the Ising interaction K,.. The spin expectation value
(o#(t — 00)) is then estimated thanks to the Landau-Zener formula, and its evolution
with respect to K, is shown by the red curve in the inset of the right part of Fig. 2.9.

We plot on the right panel of Fig. 2.9 the dynamics obtained with the SSE. We
see in the inset that, at small «, the estimation of the final value of the spin variable
thanks to Eq. (2.62) is correct. However, it breaks down when the dissipation strength
is increased because the assumption (0% (tc, vesr)) = (07(t — 00)) used to derive veyys
is no longer correct. Relaxation processes occur after the crossing of the frozen zone
which lower (0%(t — 00)). This can be seen on the behaviour of the curves obtained
at large values of a (the cyan curve for example), where the spin expectation value
continues to go down during a rather long time after the crossing. The dotted red
curve takes into account the renormalization of the tunneling frequency A, due to the
presence of the bath. The bath is also known to affect the dynamical critical expo-
nent z in similar situations [78], which may also contribute to the devitations observed.

In this Chapter, we introduced the SSE framework and applied it to the Rabi
model and the ohmic spinboson model. In this latter case, the SSE is however unable
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to investigate the quantum phase transition occuring at o ~ 1. As justified in Chapter
1, the critical coupling decreases with the number of spins coupled to the environment.
In the next chapter, we extend the SSE to the case of two spins, which enables us to
compute the non-equilibrium dynamics in both phases.



CHAPTER 3

Dynamics of two coupled spins in an ohmic
environment

We focus in this chapter on a spin dimer coherently coupled to one common bath of
harmonic oscillators:

A & T = ikx, 95 z_z
Hdimer :5;0134»];;)\]66 P (bT_k+bk) §7K0102+;wkb£bk. (31)

We recall that this Hamiltonian can be devised in a cold atomic setup (see Chapter 1
Sec. I1.4). Coupling two CPB to a common semi-infinite transmission line could also
lead to the same Hamiltonian (see Chapter 1 Sec. I1.3). We studied this system in
our Ref. [144].

In this case of two spins, it is possible to reach an exact linear stochastic differential
equation describing the dynamics of the (4 x 4) spin reduced density matrix. The
case of two spins is particularly interesting as the quantum phase transition from the
unpolarized phase to the polarized phase occurs for a smaller value of «, as justified
after the polaron transformation (1.70). While the quantum phase transition was not
accessible with the SSE method in the case of one spin (a, = 1), it will be possible to
investigate this regime for two spins (. ~ 0.2), as shown in Sec. II. Synchronization
effects are studied in Sec. III.

I Extension of the SSE framework to two spins

For the derivation we neglect the spatial separation between sites and consider that
the two spins are initially in the state | 1,) so that ps(to) = | T2, T:)(t:, 1 |- The
time-evolution of a given element = = (01,1, 02 f|lps(t)|o1, s, 02, 4+) of the spin reduced
density matrix can be then re-expressed as,
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2

x:/H (Dx,Dx) H (A[Zp]A[S,)]) FIE1, B2, X, 5]

p=1

<o {i [ dsK[E1(5509) - S]]} (3.2)

to

The integration runs over all paths 31, X, ¥} and ) such that 3 (tp) = Xa(to) =
S (to) = Thlto) = +1 and a3ly.s) = Sp(D)[0p.1), T3los) = Ty(t)lop). As in the
one-spin case, the terms of the form A[X,] denote the amplitude to follow one given
spin path 3, in the sole presence of the transverse field term acting on the spin p.
The last term of the right hand side of Eq. (3.2) comes from the Ising interaction
between the two spins. The influence functional f = F[Xq, Xg, ¥, X4] reads :

P z?,jzl{—wl(rsvE”‘*’;E“S’ BTG | gy (s B2 B DR D) }
x G[$1, %, 5, D). (33)
The additional term G in Eq. (3.3) reads :
) 2 ) 2
t /
. Yi(s (s

G[21,%2, 37, 35] = exp zg/ ds Z# - Z# ) (3.4)

to . f

Jj=1 Jj=1

with = 2/7 [;° J(w)/w = 4aw.. We recover in Eq. (3.4) that the bath renormalizes
the direct Ising interaction between the spins. The term above is indeed similar to
the one coming from the direct Ising interaction K (last term of the right hand side
of Eq. (3.2)). In the following we gather these two contributions in a functional G
which reads

t

G[Z1, 82,21, )] = exp {Z/ dsK; [E1(5)22(s) — 2’1(5)2’2(5)]} ; (3.5)
to

with K, = K + aw, the renormalized Ising interaction.

The paths introduced in Eq. (3.2) can be viewed as one single path that visits
the sixteen states corresponding to the matrix elements of the spin-reduced density-
matrix. We will note £ = {AA, AB, AC, AD, BA, BB, BC, BD, CA, CB, CC, CD,
DA, DB, DC, DD} the set of these states - the states A, B, C and D have been defined
for one spin (see 1.2). The four states AA, AD, DA and DD correspond to the diagonal
elements of the canonical density matrix, while other states correspond to off-diagonal
elements. Let us focus on the computation of (1,1, |ps(t)| T2, 7:), corresponding to
the probability to come back in the state | 1,,71.) at time ¢. Then, both the first and
the second spin path make an even number of transitions along the way at times t? ,
J €1{1,2,...2n,} for p € {1,2} such that tp < ] < 1§ < .. <1, <t We can write
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Figure 3.1: Spin path for the dimer problem- The upper part shows the spin path
in terms of blips and sojourns for the first spin, while the lower part shows the spin
path of the second spin. nP(t) = Z?ZO TEO(t —t;) in ved; EP(t) = 2521 2P0t — t5)
in dashed blue. The system starts in the state AA, jumps to the state AB at s; = 2,
then to the state CB at sp = t}. It finally ends in the state AA at t.

these spin paths as £P(t) = ng’i =20(t — ) and 7P (t) = Z?Z’a TL0(t — t4) where the
variables Ef and Tf take values in {—1,1}. Such a path can be visualized in Fig. 3.1
as a couple of one-spin paths.

(12,12 lps ()] 12, 1) is given by a series in A2

iA 2N t So
sl = X (5) [ v [T 60

ny,mo
SAREY

where N = ny+ns and {so, s1, ..., 82(n1+n2)} is the ordered reunion of the two sequences
{tj} and {t3}. The summation over n; and ny goes from 0 to infinity. The prime in
{Y¥}" in Eq. (3.6) indicates that the initial and final states are fixed according to
Ty = T5 =T, = T3,, =1. The influence functional can be written explicitly in
terms of =¥ and Y% variables:

2
]:nl,nz = (H Q€Q§M€M§> G[O—lv 02701170/2]7 (3'7)
p=1
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with
[ 2n,—1 2n,
QF = exp %Z S =TI~ )], (3.8)
k=0 j=k+1
_1 -1 2n,
Q =exp | — Z > EVERQa (1 — 1) (3.9)
| k=1 j=k+1
I . 2np—1
P~ exp % S ERYIQuE — )| (3.10)

k=0 j:?>17

2ny—1

1 I _
b=exp |~ > ZPERQa(tr - 1)) (3.11)

k=1 Jith >t}

3
3|

In Egs. (3.10) and (3.11), p=2if p =1 and p = 1 if p = 2. Functions @; and
Q2 are defined by Eqgs. (2.28) and (2.29). Terms MY and M5 account for retarded
interactions between the two spins, mediated by the bath. Their expression in terms
of blip and sojourn variables is very similar to the ones of Q) and O} and the principle
of their derivation is the same as in the case of one spin done in Chapter II Sec. I.1.
The situation differs however slightly since the blip variables corresponding to one
spin and the sojourn variable corresponding to the other one can be simultaneously
both non-zero. A detailled derivation in this particular case is provided in Appendix
E. The (renormalized) Ising interaction (in G[1, Xa, 24, 34]) can be expressed in a
convenient way in this description, as we have

D1(5)%a(s) = 21 (s)T5(s) = 2 [ ()67 (s) + n* ()€ (5)] - (3.12)

As for the one-spin case, we can proceed to a stochastic unravelling of the influence
functional (see Chapter IT Sec. 1.3), and we have

2n1 2na
7L1,'fl2 Hexp +k(t21 1 Tzl 1 Hexp ) +k( j— 1) ]9[2172272/172/2]'
J=1

(3.13)

The fields h and k verify the correlations of Eqs. (2.30), (2.31), and (2.32). Eq. (3.6)
together with Eq. (3.13) has now the form of a time ordered product, averaged over
the noise variables.

The summation over the variables {Z7} and {T%}’ for p € {1,2} can be incorpo-
rated by considering an effective Hamiltonian H;(t) for the spin density matrix, acting
on the space £. It can be written as a sum of two terms H;(t) = Uy + Vi(t). The
(renormalized) Ising interaction is contained in the first term Uj, while the second
term Vi (t) accounts for tunneling events.
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U, is a diagonal matrix, whose elements are (U1>i,i = 2K, (ni&? + n?2¢l), where nf
and & are the value of n? and &P for the state in the position i in the set & = {AA,
AB, AC, AD, BA, BB, BC, BD, CA, CB, CC, CD, DA, DB, DC, DD}. The sequence
(Ul)i,i gives explicitely (0, k,—k,0,%,0,0,—k,—k,0,0,k,0,—k, k,0) with k = 2K,..

The 16 by 16 matrix V;(t) accounts for tunneling elements and has the following
form,

w Dpsa Dcooa (O)

A| Dasp w (0) Dp_p

" 2| Dase  (0) W Dpc
(0)  Dpsp Dcsp w

Each term of this matrix corresponds to a transition from one state in £ to another,
induced by one spin-flip. It is written in Eq. (3.14) in a block structure. Each block
is a 4 by 4 matrix that can be given a physical interpretation. The diagonal matrices
correspond to flips of the second spin, the first one left unchanged. As a result the
matrix W (t) has the same structure as in the one-spin case,

(3.14)

0 e*h+k —6h+k 0
ehflc 0 0 *6h+k
W(t) = _e—h—k 0 0 e_h+k . (315)
0 _e—h—k eh—k 0

All the elements of the 4 by 4 matrices on the diagonal running from the lower left to
the upper right are zero, because the corresponding states are not coupled by one sin-
gle spin-flip. The eight matrices Dg_,a, Dc—a, Da—B, Dp—8, Da_sc, Db_c, D—D
and D¢—,p describe spin flips of the first spin (the precise transition corresponds to
the subscript), the second one left unchanged. They read respectively e "% x I,
—eMtF Iy, e R x Iy, —eM R x Iy, —e PR x Iy, e PR x Iy, —e7?F x I, and
e =F x I, (I is the identity). Let us exemplify such transitions thanks to the path of
Fig. C.1. The first transition at s; = t? corresponds to the transition AA—AB. Its
amplitude is given by the term of the first column and the second row of the top left
matrix W. The next transition at sy = t1 corresponds to the transition AB—CB. Its
amplitude is given by the term of the second column and the second row of the matrix
Dasc.

Finally, the dynamics of the 16 dimensional spin reduced density matrix is governed
by an effective SSE with Hamiltonian Hj:

(T2, 12 lps ()] 12, 12) = (Bf[@(D)), (3.16)

where (®;| = (e~2k(2v) 0,0,0,0,0,0,0,0,0,0,0,0,0,0,0) and |®) is the solution of
the stochastic Schrodinger equation

10| @) = H1(t)| D) (3.17)
with initial condition

|®;) = (e2*(*) 0,0,0,0,0,0,0,0,0,0,0,0,0,0,0)”. (3.18)
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Other initial and final conditions lead to a different choice for the vectors |®;) and
|® ), in analogy with the case of one spin. Simplifications also occur in the scaling
regime, as shown in Appendix E.

II Nonequilibrium dynamics and quantum phase tran-
sition in the dimer model

Next, we use the SSE approach to investigate the dissipative quantum phase transi-
tion for this dimer problem and address the non-equilibrium dynamics of the system
both in the unpolarized and in the polarized phase. This problem is indeed well-
known to exhibit a dissipative quantum phase transition [79-81, 153] where the bath
entirely polarizes the two spins by analogy to a ferromagnetic phase. The transition
line can be located thanks to the evolution of the entanglement entropy with respect
to « (see Fig. 5 of Ref. [79]) or to the evolution of the connected correlation function
C = (0jo5) — (0F)(05) (see Fig. 10 of Ref. [81]).

We define the triplet subspace spanned by the three states {|T_) = | |.,1.),|To) =

VB[ tede) 4| Lot ITs) = | fa1a)}, while the singlet state is
|S) = 1/v2][| 12,42) — | 2, 1.)] and remains isolated in the dynamics if A; = As.

We consider that the system initially starts from the state |T5.) at time g, when
spin and bath are brought into contact. We show in Fig. 3.2 the time evolution of
P|Ty)» Pi7,) and pir_y, which are the occupancies of the states |Tp) , [T%) and [T_).

The different panels correspond to different values of « from o = 0.01 (top left) to
a = 0.14 (bottom right). All these values corrrespond to the unpolarized phase in the
range of parameters used (K = 0 and w. = 100).

We first note in Fig. 3.2 a progressive suppression of the Rabi oscillations between
the two states |T) and |T_) when increasing the parameter o. This behavior is simi-
lar to the one observed in the case of the single spin-boson model, where the crossover
from coherent oscillations to an incoherent dynamics occurs at a./2. At high values
of a, the relaxation from the initial state |T.) becomes slower due to the strong ferro-
magnetic interaction, and it is numerically harder to investigate the dynamics in the
zone « > 0.1, due to the time scales involved (other initial states lead to an easier nu-
merical investigation, allowing to determine accurately the equilibrium density matrix
at long times). In the zone a./2 < o < a, we find a monotonic relaxation towards the
equilibrium. In this zone, for the case of one spin, conformal field theory has predicted
that several timescales are involved in the dynamics, leading to a multi-exponential
decay [154] (which has not been seen in NRG [39]). A bi-exponential decay was
found in this case thanks to a multilayer multiconfiguration time-dependent Hartree
method [122]. Other studies have predicted more complicated forms for the relaxation,
without any pure exponential decay (see for example the results of Ref. [155] obtained
with renormalization group methods).

We are then able to locate the phase transition from the divergence of the associ-
ated time scale. The transition line is shown on the center panel of Fig. 3.3, together
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Figure 3.2: Dynamics of the dimer model in the unpolarized phase: the dashed yel-
low line represents pjr, ), the full red line represents p;r_y and the dotted green line
represents pg). From the top left to the bottom right, we have o = 0.01, o = 0.02,
a=0.04, a =0.06, a =0.08, « =0.1, « = 0.12 and , @« = 0.14. The system starts in
the state |T) for all the plots. We have taken w./A = 100 and K = 0 for all plots.

with the previous results obtained with a time dependent Numerical Renormalization
Group (TDNRG) method [79], or with a Quantum Monte-Carlo (QMC) method [81].
This plot corresponds to a vanishing direct Ising interaction K = 0, and different
values of w.. Here, for two spins and at small to intermediate times, we obtain results
which are also consistent with a bi-exponential relaxation, as shown on the left panel
of Fig. 3.3. The phase diagram of the system with respect to the parameter K is
shown on the right panel. The full blue line shows the phase transition line between
the polarized and the unpolarized phase, while the dotted red line shows the crossover
line from coherent to incoherent Rabi oscillations in the dynamics [79].

Next, we show results concerning the dynamics in the polarized phase (o > a.),
corresponding to a quantum quench across the critical line, from o = 0 to a > a.
Some theoretical studies have focused on this question in spins [156-158] or bosonic
systems [159-161]. For example, at K = 0 and « = 0, the initial state of the system
is given by |¢) = |—2) ® |—2) = 1/2(|T}) + |T_)) — 1/v/2|Tp). The associated spin
density matrix is
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Figure 3.3: Left panel: evolution of In(pr,)) at a = 0.14, for A/w. = 0.01 (yellow
line-top) and A/w. = 0.05 (blue line-bottom), and bi-exponential fit (dashed black
line). Middle panel: Critical line with respect to Aj/w. at K = 0 (green dots and
full green line) and comparison with the results obtained in Ref. [79] (TDNRG) (red
triangles and red dashed line) and Ref. [81] (QMC) (blue squares and dotted blue
line). Right panel: Critical line with respect to K for A/w. = 0.01 (blue points and
full blue line). Above the line, the system relaxes to a polarized steady-state. The red
dots and the dotted red line show the location of the crossover line from coherent to
incoherent behaviour for the spin oscillations.
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After a sudden change of the parameter «, the system is in a nonequilibrium state.
We compute the spin dynamics for different values of o > «, and for different values
of A/w.. We find numerically that the system evolves towards the final density matrix

1
lim ps(t) = B , (3.20)

t—o00

S o o
o O oo
o O oo
_ o O O

corresponding to a statistical superposition of the states |T4) and [T_) (up to an error
of around 10~%). We find moreover that the spin dynamics is universal in the polarized
phase, in the sense that it does not depend on o and K. More precisely, we find that

AQ(t—to)]’

- (3.21)

Py () = sy (£) = poexp [—

as shown in Fig. 3.4, for a quench from a = 0 to a > a.. pj1_y(t) (p—4)(t)) is the
probability to find the system in the state | 1,,).) (] ,1)) at time ¢, given by the
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Figure 3.4: Universal dynamics of the dimer model in the polarized phase. The system
starts in the nonequilibrium state described by the density matrix of Eq. (3.19), and
relax towards a statistic superposition of |T) and |T_). The parameters are oz = 0.2,
we/A = 100 (red points); o = 0.25, w./A = 50 (right pointing green triangles);
a = 0.22, w./A = 80 (left pointing blue triangles); o = 0.3, w./A = 20 (black
squares). Taking K # 0 gives the same exponential relaxation.

diagonal term of the density matrix [pg]e2 ([ps]ss). The strong bath-induced Ising
interaction and the orthogonality between the polarized state seem to provoke a rapid
evolution independent of the other external parameters.

We also remark that, in the unpolarized phase, the value of (0f05), is non-zero
due to the strong ferromagnetic interaction mediated by the bath. We compute this
quantity as the limit of trp[ps(t)ofos] at long times, and plot its evolution with
respect to « for different values of w, in Fig. 3.5. At very small A/w, we have roughly
(0505)eq = awe/+/ (aw,)? + A2, which would be the equilibrium value of this quantity
in a two-spins Ising model governed by the Hamiltonian

H; = % (of +0%) — K.0i05, (3.22)
where A, = A(A/w:)*/1=%) is the renormalized tunneling element obtained by an
adiabatic renormalization procedure.

There are notable deviations with respect to this toy-model, especially when A /w,
becomes larger (A/w. > 0.02). In this case, the adiabatic renormalization procedure
is no longer valid, as the bath and spin degrees of freedom evolution time scales are
not well separated. The assumption of fully polarized bath states associated with one
given spin polarization no longer holds and we need to refine the analysis, for example
by using a variational technique on the ground state wavefunction following the ideas
of Refs. [56,80]. We write the Hamiltonian of the system in a displaced oscillator basis
deﬁ>n}ed by the four states {|Bt+) @ | 12,712),[Bo) @ | T2,42), |Bo) @ | 12, 12), |By) @1 12
,42)}, with
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) = [Texo |25 (5 - ) | 130 (3.23)
k

3 = TTeww |22 (- 0)| 10 (3:24)
Lew ]2

where |Bg) is the ground state of the bosonic bath taken in isolation at zero tem-
perature. fj are variational parameters with fi # Ar at a general level. With this
ansatz we do not specify the amplitude with which a given mode is displaced ab initio,
but these coefficients are found by minimizing the free energy of the total system.
The displacement from the equilibrium position of a given oscillator may then depend
on other parameters. Following Ref. [80], we find self-consistent equations for the
bath-induced Ising interaction K, and the renormalized tunneling element A,

~ 0 2
A, = Aexp {a/ dw@e*‘“/““ , (3.25)
0 w
K = / G (w)[2 = Glw)]e !, (3.26)
0
K2+ A2+ K,
Gw) = . (3.27)

[

2
T

K2+ A2+ K, + =

We plot the corresponding evolution of (¢§05)cq = K, /\/(K,)? + A2 with respect
to « for different values of w. in Fig. 3.5. We find a good agreement with the exact
results given by the SSE method as long as A/w. remains small (A/w. < 1). We
notably recover a change of the concavity of (¢f03)., with respect to «, as shown in
the inset of Fig. 3.5 where we plot the evolution of the second derivative of (6§03)cq
for A/w. = 0.2. This feature cannot be recovered by the adiabatic renormalization
procedure, but we see that this effect is far more pronounced in the results of the SSE
than in the variational treatment. The dynamical adjustment of both the bath and spin
degrees of freedom can thus explain some features of the results obtained numerically,
especially at small A/w. < 0.1 but this variational approach fail at quantitatively
describing the regime of strong coupling and the dissipative quantum phase transition.

III Synchronization

Synchronization phenomena occur spontaneously in a wide range of physical sys-
tems [162]. Here we quantitatively describe driveless synchronization mechanisms
between two spins 1/2 with different bare frequencies, which are coupled to a common
bath of harmonic oscillators. A comparison between classical and quantum regimes
for this kind of problems without dissipation was recently done in Ref. [163].
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Figure 3.5: Equilibrium value of (c{03) as a function of a for A/w. = 0.01 (green
circles), A/w. = 0.05 (yellow right-pointing triangles), A/w. = 0.1 (red left-pointing
triangles) and A/w, = 0.2 (blue squares). We have K = 0. The lines correspond to
the value predicted by a toy-model of two interacting spins with tunneling element
A, and Ising interaction K, obtained thanks to a variational procedure. Parameters
are A/w, = 0.01 (full green line), A/w. = 0.05 (yellow dashed line), A/w. = 0.1
(red dotted line) and A/w. = 0.2 (blue mixed line). The inset shows the evolution of
02 (0%03) with a for A/w, = 0.2. The sign of this quantity changes when increasing

Q.

III.1 First mechanism

We first consider the dynamics of two interacting spins whose dynamics is governed
by Haimer in Eq. (3.1), with different bare oscillation frequencies A; and As (with
A1 > Ag > 0). We focus on the free dynamics of the dimer starting from the same
initial state | 1., 1,).

The bath-induced Ising interaction will tend to synchronize the oscillations of the
two spins. We quantify this effect, thanks to spin-spin correlations in time and com-
pare the case of direct versus bath-induced interaction. We denote by K, the effective
strength of the interaction between the spins. In the case of a coupling through the
bath we identify K, = aw, while we have K, = K in the case of a direct Ising inter-
action. Some efforts were done to study this effect in Ref. [79].

Let us first consider the case of direct Ising interaction K. A quantitative descrip-
tion of this type of synchronization can be done by studying the time-evolution of
(c503). The system starts in the state | 1.,1.), so that (¢705)(tp) = 1 at the initial
time. We define the synchronized regime as the region in the parameters space for
which (0§03) stays positive at all times. We show in Fig 3.6 the synchronization phase
diagram with respect to Ax/A; and K,/A; = K/A;. In the region I (in white), the
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1/4 1/2 3/4
K’I'/Al

Figure 3.6: Synchronization phase diagram in the case of direct Ising interaction K, =
K. Region I (in white) corresponds to the unsynchronized regime : (0f03) vanishes
periodically. The yellow star shows the point for which we compare direct and bath-
induced interaction (see text). Region II (in blue) corresponds to the synchronized
regime : (o505) > 0 at all times.

two spins are not synchronized and the correlation function (c¥03) changes sign peri-
odically. In the other region (region II in blue in Fig. 3.6) (cjo3) always stays positive.
For K,/A; > 1/2 the Ising interaction dominates and the dynamics is synchronized
for all values of Ay. When As approaches Ay, the two spins have comparable oscillat-
ing frequencies and the synchronization is then easier. It necessitates a smaller value
of K, /A; for the two spins to synchronize.

The dissipative case, for which the interaction originates from the interaction with
the bath, shows a similar phase diagram. There are however notable differences in
the unsynchronized regime close to the transition line. In this region, the interaction
with the bath leads to an effective synchronization after a short time unsynchronized
dynamics. To exemplify this effect, we focus on the spin dynamics at K,./A; = 0.4
and As/A; = 0.1 in both cases. These parameters correspond to the yellow star in
Fig. 3.6. The evolution of (¢7) and (¢{o3) is shown in Fig. 3.7 in both cases. We
remark that in the case of direct Ising coupling (panel a), there is no synchronization
transition as (0jo3) changes sign periodically. By contrast, we remark that (c§03)
only vanishes a finite number of times (see panel b). After this short time behaviour,
the system enters a synchronized regime for which (o{03) no longer vanishes and tends
to a non-zero equilibrium value corresponding to a polarized equilibrium state.

This synchronization effect is the sole consequence of the Ising-like interaction
between spins mediated by the bosonic bath. In this respect, it could be understood
qualitatively by a comparison of the dynamics to the one corresponding to two free
spins coupled via an Ising interaction. Next, we present another synchronization
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Figure 3.7: Panels a and b: time evolution of {¢fjc3) for a direct Ising interaction
interaction K, = K (panel a) and for a bath-induced interaction K, = aw. (panel
b). Panels ¢ and d: time evolution of (¢}) and (c%) for a direct Ising-like interaction
K, = K (panel c¢) and a bath-induced interaction K, = aw. (panel d). We have
KT/Al = 04, AQ/Al = 0.1 and We = 20A1

mechanism induced by the presence of the bath, which cannot be interpreted as the
effect of an effective interaction between the two spins.

I11.2 Second mechanism

We consider a system of two spin 1/2 with different frequencies, whose relative motion
is coupled to a common environment. We find that, under certain initial conditions,
the joint dynamics of the two spins enters a dissipationless synchronized regime when
the coupling to the environment is increased.

A synchronization regime was recently observed in Ref. [164] in the oscillatory
dynamics of a mixture of bosonic and fermionic species. In this paper, the authors
suggested that the appearance of synchronization was due to the coupling of the
relative motion of the two clouds to a dissipative environment. Here, we build a toy
model related to this problem by restricting the dynamics of each species to only two
motional states. The resulting Hamiltonian is given by

A A Mg
H= 21 1+ 720'2 1‘72 + Z |: 0'2 ?(bk + bz) —i—wkb,tbk , (3.28)

A1 # Ay are the two bare frequencies of the two species. K denotes the interaction
strength between the two spins. We assume that the relative motion of the two species
is coupled to an external bath. As before, we consider the case of ohmic dissipation.
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We should take into account a larger number of motional states to fully describe the
system of Ref. [164]. But this simplified toy-model is sufficient to exhibit a synchro-
nization effect, as shown below. This toy-model would rather a double well problem,
which could also be implemented in a cold-atomic setups [75,78].

(o7 1))
(o7 (1))

(of ()
(o5 ()
(o7 (1))

20 40 60 80
At

Figure 3.8: Dynamics of (of) and (03) for different values of o. From left to right
and top to bottom, we have o = 0.005, o = 0.01, a = 0.015, a = 0.02, o = 0.025,
a = 0.03, « = 0.035, @« = 0.05 and a = 0.06. We have As/A; = 1.1, w. = 20Ay,
T =0and K =0.

Fig. 3.8 shows the dynamics of the two spins, with initial state | T,,71.) for in-
creasing strengths of the system-environment coupling (from left to right and top to
bottom). At very weak coupling (a < 0.02), we observe an asynchronous decay of the
two spin oscillations towards an equilibrium state with (o5) = (05) = 0. Interestingly,
we remark that the damping of the oscillations is temporarily smaller when the oscil-
lators are in phase (see top left panel between At = 50 and At = 80), signaling the
onset of synchronization. In this regime of very weak coupling, the life-time of the
oscillations diminishes with «. Then, above a certain coupling strength, we observe
the appearance of long-lived synchronized oscillations of the two spins. In this regime,
the two spins oscillate at the same frequency and these oscillations acquire an infinite
life-time. We plot in Fig. 3.9 the evolution of the observed frequencies of the oscilla-
tions, obtained by Fourier analysis, with respect to the coupling strength «.
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Figure 3.9: Ratio 7 = w$P® /wSP® of the two observed oscillating frequencies with respect
to a. Same parameters as in Fig. 3.8. It seems that the frequency of the synchronized
oscillations corresponds to the smallest frequency.

Other initial conditions do not lead to the same synchronized regime, signaling the
presence of an attractor in the phase space.

One could wonder if Markovian dissipation could be at the origin of a similar ef-
fect. We provide now evidence that it is not the case for a thermal bath. We show in
Fig. 3.10 the joint dynamics of the two clouds for the same protocol, at a = 0.02, and
with different values of the temperature.

(o} (1))

25 50 75 100 25 50 75 100 0 25 50 75 100
At At At

Figure 3.10: Dynamics of (o) and (03) for different values of 5. From left to right,
we have =5, 8 =25 and § = 1. We have A;/Ay = 1.1, w, = 20A;, o = 0.02 and
K = 0. We do not observe a synchronization of the oscillations.

We see that increasing dissipation (meaning lowering ) only leads to a faster decay
rate, without synchronization between the two spins. It seems then that the quantum-
ness and coherence of the bath is important for such an effect to arise. Interestingly,
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the Ising interaction does not seem to be a key ingredient in this synchronization ef-
fect. A change in K modifies the critical coupling at which synchronization occurs,
but does not modify qualitatively the collective behavior.

A more precise analytical investigation of bath effects would be necessary to un-
derstand the mechanism at the origin of this synchronization phenomenon. This pre-
liminary numerical result constitutes however a strong hint that coupling two spins to
the same quantum environment may have drastic effects on their joint dynamics. In
particular, synchronization seems to appear at a rather low value of the coupling «.

We studied in this chapter the dynamics of two spins coupled to a common ohmic
environment. We investigated the dissipative quantum phase transition induced by
the bath, as well as many-body synchronization effects. The dissipative transition is
associated with a suppression of spin coherence, quantified by the vanishing of off-
diagonal elements of the spin-reduced density matrix. One could then wonder how
the bath modifies the intrinsic properties of the phase-space accessible for the spin,
and in particular its topology.



CHAPTER 4

Dissipative topological transition

In this Chapter, we will study the effect of an ohmic environment on the topology of
a spin 1/2. After a brief introduction on the topological and geometrical properties
associated with a spin 1/2 and their importance for condensed matter systems, we
will study the deformation of the Berry curvature induced by the presence of the
environment by using a variational ansatz for the ground state. In this framework,
we identify a divergence of the Berry curvature at § = 7/2 when « = 1/2. Then, we
investigate the transition with a non-equilibrium protocol where the spin is subject
to a time-dependent drive. This dynamical protocol was introduced in Ref. [165] and
allows to have access to the Berry curvature through a measure of the spin observables,
because the non-adiabatic response of a slowly driven quantum system depends on the
geometry of its instantaneous ground state. We describe quantitatively the features
of the bath-induced transition with the SSE method. The so-called Toulouse point
at a = 1/2 being exactly solvable, we recover analytically the trivial topology at this
point and study the dynamical scaling of the Chern number at the transition within
Keldysh formalism. We also study the evolution of the final Entanglement entropy
of the system with « and introduce an effective thermodynamical description of the
transition, which appears then as a temperature inversion point.

I Topology of a spin 1/2
Let us consider a spin-1/2 in a magnetic field, corresponding to the Hamiltonian
1-
Hrrs = *idﬁ, (4.1)

where d = (H sin @ cos ¢, H sin @ sin ¢, Hy + H cos§)T. We show in Fig. 4.1 the orien-
tation of the equilibrium Bloch vector for all the values of 8 € [0, 2w when ¢ = 0. The
behaviour of this vector changes depending on the sign of Hy— H. When Hy < H, we
see that the angle between this vector and the vertical axis goes from 0 to 27 when 6

goes from 0 to 2w. By contrast, this angle goes from 0 to 0 when 6 goes from 0 to 27
when Hy > H.
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Figure 4.1: The red circles are parametrized by (H sin 6, Hy+ H cos6) with H # 0. We
have Ho/H = 0 (left), 0 < Hy/H < 1 (middle) and Ho/H > 1 (right) and the black
dot shows the position of the origin in each case. The arrows show the orientation of
the Bloch vector for each value of 6. The vertical component is given by (0%)¢, while
the horizontal component is given by (o).

For any 27 periodic Hamiltonian in terms of a given variable 0, the Bloch vector is
the same for § = 0 and # = 27 up to a phase factor. The way it winds when 6 varies
from 0 to 27 is characterized by a relative integer n € Z (which counts the number of
turns around the way). In our case characterized by Hamiltonian (4.1), one has n =1
for Hy < H and n =0 for Hy > H.

I.1 Chern number and Berry curvature

A more rigorous characterization can be done with homotopy theory, as exposed in
Ref. [166], by considering a group G of transformations between possible equilibrium
Bloch vectors. In our case, a suitable group GG would correspond to the two-dimensional
rotation group SO(2), which is a continuous group with a well-defined topology. One
can show in particular that to each loop in SO(2), is associated a relative integer
essentially equivalent to the relative integer n that we introduced above!. The contin-
uous path parametrized by € from 6 = 0 to 6 = 27 defines a loop in SO(2), and the
cases Hy/H < 1 or Hy/H > 1 correspond to a different value of n. Let us now make
a link with the widespread notions of Berry curvature and Chern number.

The Berry curvature is a local quantity (in terms of the variables 6 and ¢ intro-
duced in Hamiltonian (4.1)) which characterizes the local geometry of a state upon
infinitesimal variation of 6 and ¢. The Berry curvature Fg¢ associated with a state
lg) is defined by

]'—¢9 = 3¢A9 — 59A¢, (4.2)

where A, and Ay are called Berry connections and defined by
Ay = (glidy9), (4.3)
Ag = (gli0slg). (4.4)

Formally, the fundamental group of SO(2) is the additive group of integers Z
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The Berry curvature is a gauge-independent quantity, which equals to Fyg = 1/2sin6
when we chose |g) to be the ground state of Hamiltonian (4.1) for Hy = 0. The Chern
number C' is an integer, which characterizes the global topology of the system, and it
is related to the Berry curvature as

C = /0 " dé /O i dOF 4. (4.5)

In our precise case, Fy¢ is independent of ¢. For Hy = 0, we recover C' = 1. By
contrast for Hy > Hy, we find C = 0. The Chern number matches exactly with the
relative integer n introduced above to describe the evolution of the Bloch vector when
0 goes from 0 to 27 at ¢ = 0. We show explicitly in Appendix F.I that we have for
Hamiltonian (4.1)

C = . (4.6)

1.2 Relation with topological properties of condensed matter
systems

We illustrated the notions of Berry curvature/connections and Chern number over
this simple example of a single spin in a magnetic field. These definitions are how-
ever very general and non-trivial topological effects arise for any Hamiltonian with
periodic properties in terms of a given variable. These notions play in particular a
very important role in the investigation of electronic properties in crystalline solids,
such as the integer quantum Hall effect [?,167], as the periodicity of the cristalline
potential leads to a periodic invariance of the Hamiltonian in terms of the reciprocal
wave-vector. Let us for example consider a general simple model of non-interacting
electrons on a lattice, where there is a gap between energy bands and the Fermi energy
lies in one gap. Each energy band is characterized by a given Chern number upon
variation of the reciprocal wave-vector. These topological invariants have a striking
physical manifestation, as the Hall conductivity o, of this so-called Chern insulator
model is given by

2
e
Oy = ﬁ ; Com (47)

where C, denotes the Chern number of the band «, and « runs over the filled bands.
This is the famous Thouless-Kohomoto-Nightingale-den Nijs (TKNN) formula [168]
which can be shown by the application of Kubo formula. In this context, one may
see Hamiltonian (4.1) as a single-particule Hamiltonian of the simplest class of Chern
insulators with only two bands.

Recent experiments have focused on the realizations of topological phases with
photons in artificial systems [129] together with developments in ultra-cold atoms.
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While in nature this is achieved by a magnetic field coupled to charged particles, arti-
ficial gauge fields have been realized with ultracold atoms in optical lattices [169,170]
and photonic systems [171]. We may think of a topological phase of noninteracting
particles as characterized by a bulk topological invariant which necessarily implies the
existence of edge states protected against backscattering at the system boundary. The
lure of optical lattices and photonic systems is that band topology, which underlies the
characterization of quantum Hall-like phases, as well as edge state transport, can be
probed. Moreover, a strong magnetic field at a suitably chosen filling in the presence
of interactions leads to the fractional quantum Hall effect.

1.3 Coupling to an environment

An interesting question that emerges naturally concerns the effect of a quantum dissi-
pative environment on the topology of the spin. To describe dissipation, we will work
in this Chapter with Hamiltonian H = Hrrs + Haiss, Where

2N Ak 1
k k

One can give a first answer by considering the two phases of the ohmic spinboson
model. Above a critical coupling strength o, ~ 1, the spin is known to be in a localized
phase associated with a loss of coherence [62,63], with vanishing off-diagonal elements
of the spin-reduced density matrix. In such a phase, spin tunneling is forbidden and
the spin is trapped in a polarized state along the z-axis. The possible equilibrium
Bloch vectors in such a localized phase cannot be mapped one onto the other by con-
tinuous transformations of the Hamiltonian, thus corresponding to a trivial topology.
We expect then a change of the system topology induced by the presence of the bath
at large coupling. To understand better the effect of the bath, let us develop a varia-
tional approach in relation with the polaron ansatz introduced in Sec. 11.2.a.

II Shifted oscillators approach to the transition

In this Section, we explore the topological transition by using a variational ansatz
for the ground state. At weak dissipation, one may indeed safely approximate the
ground state |g) of Hamiltonian H for a given 6 in the “shifted oscillators” picture
[56,62,63,66,172] (or polaron picture), by
1 i
19) = —== [pe ™| 1) ® Ix1) +dl L) @ Ix1)] (4.9)
VPTtq

where states |x4) correspond to multi-mode coherent states. These states, as well as

the real numbers p and ¢, are determined a posteriori by minimizing the energy of the
system. By contrast to the ansatz introduced in Sec. I1.2.a, here we do not fix p and
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q but determine them variationally. Due to the symmetry of the Hamiltonian, p and
q do not depend on ¢.

Coeflicients p, ¢ and states |x1)) = exp [Zk gi(bk - bL)] |0) are determined vari-
ationally by minimizing E = (g|H|g) with respect to p, ¢ and the sets of real numbers
{ f,;r} and { f,f} It is also important to note that the displacements associated with

different spin polarizations may differ in absolute value ( f,j #* f,f in general). Here |0)
denotes the vacuum with all oscillators in equilibrium. As the ¢ dependency is solely
contained in the phase factor of Eq. (4.9), we work at ¢ = 0. We have,

-t Ecosﬂ( > — ¢*) + Hpgsin fe™ > (fz;fi)Z JFZ)‘ ( *fa - 2f¢)
=7 P —q Pq kkpk afx
(4.10)
- S () | (a1
E
Minimizing F with respect to f,I and f,i gives for all k,
P2\, + 2p2fgwk — pqH§ sin 9(f,I - f,i’) =0 4.12)
— @\ + 262 flwy, + pgHSsin0(f] — f1) =0 (4.13)
(rl-ri)’
where § = e~ 2» P . Minimizing F with respect to p or ¢ gives the same equation,

namely

Hésin@[qZ—pQ} + 2pq Hcos9+z>\k(f,l+f,f)+2wk( ,12— ,iQ) = 0.
k 2
(4.14)

Solving self-consistently the set of equations determined by Eqs. (4.12-4.14) allows
to compute p and ¢ and their evolution with respect to @ for different values of c. This
ansatz allows to reach convenient expressions for the Berry connections, as we have

2

. p
Ay = (gidy|g) = ———, 4.15
o = (9li04|9) PR (4.15)

Ag = (glidslg) = 0. (4.16)

One then easily compute the Berry curvature Fg¢ according to Eq. (4.2), and we
show its evolution with respect to 6 for different values of « in Fig. 4.2. We see that
the environment gradually deforms the manifold spanned by the ground state upon a
variation of 6. This corresponds to a Berry curvature which becomes more and more
peaked around 6 = 7/2 as « increases. At o = 0.5, the Berry curvature diverges for
6 = /2 corresponding to a division of the ground state manifold into two separate
parts, and signaling the topological transition. This divergence is related to the or-
thogonality between bath states associated with the different spin polarizations.
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Figure 4.2: Evolution of the Berry curvature Fyg with respect to 6 for a = 0 (black),
a = 0.1 (yellow), o = 0.2 (blue), @ = 0.3 (green), o = 0.4 (red) and o = 0.5 (magenta).
We have H/w, = 0.02.

Above o = 0.5, this variational method does not give physical results. This first
approximate equilibrium study suggests that the system undergoes a dissipative topo-
logical transition around « = 1/2. Next, we study dynamically the transition.

IIT Experimental protocol

Recent circuit-QED experiments [173,174] have shown that it was possible to probe
geometrical and topological properties of artificial spin 1/2 systems with a dynami-
cal protocol. This protocol relies on the Adiabatic Rapid Passage (ARP) technique,
widely used in the magnetic resonance community to invert the population of two-level
systems [22].

It consists in devising Hamiltonian (4.1), where 6(t) = v(t —to) grows linearly from
8(to) = 0 to O(ty) = m and ¢ is stationary, for a spin starting from the initial ground
state | 1.). When v/H is small enough, the dynamics becomes nearly adiabatic. At
Hy = 0 for example (case of the standard ARP protocol), the Bloch vector spirals
around the field, following a characteristic cycloid curve from north to south pole. For
simplicity we take ¢ = 0 in the following. The dynamics is conveniently described in
the rotating frame, using a rotation U(t) corresponding to a rotation of axis (Oy) of
angle vt. Defining |¢/(t)) = U(t)|1(t)), the Schrédinger equation gives,

0, [U) (1)) = Hrrs(t)]v(t))
0 (1)) = [iUUT + UHrLsU| |0/ (1)) (4.17)

Heyy

The dynamics of |¢)’(t)) is governed in the rotating frame by Heyp = —Ho?/2—vo¥ /2.
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Starting from [¢’(t9)) = |[¢(to)) = | T2), we find that |¢'(t)) rotates around the ro-
tation vector €} = (H,0,v). We recover that the dynamics is static in the rotating
frame when v/H — 0 (adiabatic limit). The non-adiabatic response is characterized
by the angle of Q with the z-axis, and we find in particular that it leads to a non-zero
expectation value of (¥ (t)) whose amplitude is proportional to v.

The key point is that the non-adiabatic response of a slowly driven quantum system
can be related to the geometry of its instantaneous groundstate, as shown in Ref. [165].
Measuring the non-adiabatic response provides then a way to probe the geometrical
and topological properties the system. As shown in Refs. [165,175], we have

H/25in0(t)(0(t)) = vFy—oo(r) + 0(0/G), (4.18)

where Fy, stands for the Berry curvature of the isolated system and G denotes the
energy difference between ground and excited states. This result can be shown in time-
dependent perturbation theory, as shown in Refs. [165,175]. We explicitely provide
this derivation in Appendix F.II. This can also be seen as an application of the time-
dependent version of the Hellmann-Feynman theorem [176].

(0 Ho) = 10 (1|0 |) (4.19)

As 0y = v0y and |[¢) = |g¢) + o(v), where |g;) is the instantaneous ground state of
Hamiltonian Ho, Eq. (4.19) estimated at ¢ = 0 gives immediately the result.

As an example, we show in Fig. 4.3 (left panel) the dynamics of (o (¢)) for v € {z,y, 2z}
during a sweep from the north pole to the south pole with Hy = 0. We see that
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Figure 4.3: Left: Spin variables (0*) (black), (¢%) (yellow) and (¢¥) (red) and their
time-evolution during the sweep. We have Hy = 0, H = 1 and v/H = 0.04. Right:
Measured Chern number C™ with respect to Hy/H for v/H = 0.04.

(oY) # 0 during the protocol. From its measurement, we have access to

T = 50 500 (0 (1), (4.20)
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where f;’},(t) is the measured Berry curvature. From the Berry curvature of the ground
state at parameters (6(t), ¢), we can access the measured Chern number (note that
Fyo is independent of ¢),

tro
Cp = / dt; sinvt(a¥(t)). (4.21)
to

This technique was recently used in circuit QED experiments [173,174], where
measurements of the transverse spin components were achieved using 7 /2 tomographic
pulses. From the time integration of (o¥(t)), the authors accessed an estimation for
the Chern number C™ for each value of Hy and addressed quantitatively the Haldane
topological transition occuring at Hy = H. We show in Fig. 4.3 (right panel) the
corresponding evolution of the measured Chern number C™ with respect to Hy/H for
v/H = 0.04. We do not observe a clear jump of the measured Chern number C™ at
the transition, but rather a continuous evolution. This feature is due to the fact that
we can no longer use pertubation theory in the vicinity of Ho/H = 1 (used to derive
Eq. (4.18)). In this region, when 6 is close to 7, the energy difference between ground
and excited state is very small.

It may be noticed that one can reach an even more convenient expression for C™
using the Heisenberg equation of motion for o, (¢*(¢)) = —H sin §(¢t){c¥(t)), to derive
the dynamical generalization of Eq. (4.6),

om _ 10°(t0)) = (o*(ty = to +7/v))
2
We recover easily that C™ =1 at first order in v/H, as we find from Eq. (4.17)

+o(v/Q). (4.22)

v

(o%(ty = to +7/v)) = - 5 ()

1+(%)200s(vH2+”277> 35)
4.23

Equation (4.6) and (4.22) allow to understand that topology is robust to the en-
vironment at weak coupling and in the adiabatic regime v/H — 0. In this regime,
one may safely approximate the ground state |g) of Hamiltonian H by the “shifted-
oscillators” ansatz, Eq. (4.9). For # = 0, one has p = 1 while ¢ = 1 for § = 7.
From Eq. (4.22), we then deduce that C™ = 1 at weak non-zero dissipation: the
environment do not affect the topology of the spin, and the Chern number stays equal
to one. This argument is quite general and could be generalized for other kinds of
environments, such as non-ohmic spectral densities or fermionic baths. As long as the
system-environment coupling is weak enough to write a wavefunction of the form of
Eq. (4.9), the global topology of the spin is protected. It should be noted that an
additional random dephasing noise on the variable ¢ would not change the result as
well, as long as (¢) remains a constant. A study of this exact problem was realized
in Ref. [177], where the authors used a Bloch-Redfield pertubative approach to com-
pute the spin dynamics. They notably confirmed that the ohmic environment does
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not affect the measurement of the topological properties at low coupling. This result
must be contrasted with the one obtained in Ref. [178], where the authors studied the
effect of an ohmic bosonic bath on the Berry phase acquired by the spin for a path
characterized by a variation of ¢ at fixed #. They showed in this precise case that
the environment affected the Berry phase, which is a local observable. Here, we will
confirm that, despite having effects localy on the Berry curvature, the environment
does not globally affect the topology of the spin at low coupling.

When the coupling strength gets larger, entanglement grows between spin and
bath and a quantitative study is necessary. Below, we investigate numerically this
high coupling region with a Stochastic Schrodinger Equation approach.

IV Dissipative Spin dynamics and topology

IV.1 Results for spin dynamics

We show in Fig. 4.4 the evolution of the spin variables (¢”(t)) at Hy = 0 for v/H =
0.08 when one progressively increases the coupling to the environment.
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Figure 4.4: Spin variables (c%) (black), (¢”) (yellow) and (o¥) (red) and their time-
evolution during the sweep, with v/H = 0.08. From left to right and top to bottom,
we take a = 0.05, a = 0.15, a = 0.26, = 0.3, @ = 0.34 and = 0.36. In the
low coupling regime o < 1 we recover the two different frequencies for the dynamics
v and v H? + v2, as shown by the description in the rotating frame (Eq. (4.17) and
discussion below).

At greater values of «, the bath strongly affects the spin dynamics. Here are the
main conclusions that we draw from Fig. 4.4:

e Below o ~ 0.15, (0%(t)) shows a complete oscilation from +1 to —1, leading
to a measured Chern number C"™ = 1. The continuous change from +1 to —1
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becomes however sharper when one increases the coupling to the environment
from a = 0 to a ~ 0.15, as can be seen from the first two top panels of Fig.
(4.4).

e Above o ~ 0.2 the bath progressively leads to decoherence: we remark that
the length of the spin at the end of the protocol is no longer equal to 1. This
is associated with a final value of (0*) greater than —1, and a Chern number
0 < C™ < 1. Around a ~ 0.35, the bath completely destroys the spin coherence.

e Above this value, the bath ultimately leads to a final spin expectation value
(o*(ty =to + m/v)) > 0 associated with a restoring of the coherence.

The measured Chern number C" can be computed by looking at the non-adiabatic
response of the spin (0¥ (t)) (or equivalently from the final value of (¢*)), and we show
its evolution with respect to « for different velocities in Fig. 4.5, left panel. Increas-
ing the coupling to the bath triggers a continuous transition from C"™ =1 to C"™ = 0.
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Figure 4.5: Left: The main panel shows the evolution of the measured Chern number
C™ with respect to « for v/H = 0.08 (black), v/H = 0.06 (red), v/H = 0.04 (blue),
and v/H = 0.02 (green). The inset zooms on the region around o = 1/2, and the
dashed lines represent predictions based on the mapping with a non-interacting reso-
nant level valid at oo = 1/2 (see Sec. V). Right : Evolution of C™ with respect to «
and Hy/H for v/H = 0.08.

Interestingly, this transition becomes sharper at low velocities. More precisely, we
get C"™ — 0 when o — 0.5 for all velocities. The numerical behaviour suggests that
the point a = 0.5 constitutes the asymptotical critical value when v/H — 0. In this
complete adiabatic limit, C" would exhibit a jump from a C"™ = 1 phase toa C" =0
phase. We also show in Fig. 4.5 the complete phase diagram with the evolution of
C™ when both o and Hy/H varies.
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IV.2 Radiative cascade of photons and effective magnetic field

We give now a simple physical picture to account for the evolution of the spin observ-
ables in Fig. 4.4 at large spin-bath coupling. Driving the spin at velocity v leads to the
emission of bosons of frequencies close to v, which in return affect the spin dynamics.
From Eq. (4.8), we indeed see that the boson coherence h =Y, A\ (by + b,t) acts on
the spin as an effective field along the z-direction. At sufficiently high coupling, the
quantitative number of bosons emitted induce a large negative value of this quantity h,
which compensate the field along the z-direction and force the spin to point upwards
at the end of the dynamical protocol.

To make the discussion more quantitative we study numerically the toy model

Hioy = vb'b+ %<UZ> (b+0'), (4.24)

where we extract (o®(t)) from the SSE results, and we take A = v2av. We plot in
Fig. 4.6 the absolute value of the boson-induced field felt by the spin at the end of the
dynamical protocol (h) = \/2(b+ b)(t; = to + 7/v) as a function of «, for different
values of the velocity. For a given velocity, the final value of the boson-induced field

0
0 005 01 015 02 025 03 035 04 045
«

Figure 4.6: Absolute value of the boson-induced field |(h)|/H felt by the spin at the
end of the dynamical protocol as a function of , for v/H = 0.08 (black), v/H = 0.06
(red), v/H = 0.04 (blue), v/H = 0.02 (green).

grows in modulus with «. Above a certain coupling strength this field compensates
H, which is responsible for the positive value of (c*(ty = to + 7/v)) > 0. From Fig.
4.6, we confirm that this simple toy-model gives a correct estimate for the coupling at
which (0%(t; = to + m/v)) changes sign (or equivalently, the coupling for which one
gets C™ = 0.5) for the velocities considered.

In this section, we showed that the contact of the spin with a many-body quantum
environment destroys the spin topology at high coupling. We studied this topologi-
cal transition within a dynamical framework, which could be readily implemented in
modern quantum simulation platforms. We provided a basic dynamical interpretation
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of the transition in terms of a radiative cascade of bosons, whose feedback strongly
affects the spin dynamics. By analogy to the dissipative transition, one can consider
that the bath makes the system more “classical” at high coupling and destroys the
topology of the quantum state. In particular, this finding does not seem restricted
to our dynamical protocol but seems rather to have a link with equilibrium proper-
ties, as the effect subsists and becomes sharper when v/H — 0. This fact, already
suggested by the results of the “shifted oscillators” analysis, will be confirmed in the
next Section where we will show that this topological transition is indeed well-defined
thermodynamically. More specifically, we use the exact mapping between the ohmic
spinboson model at @ = 1/2 and Toulouse Hamiltonian [61, 63,69, 179], describing
an isolated electronic level uniformly coupled to a bath of spinless electrons. We will
confirm that the point & = 1/2 indeed corresponds to a trivial topology and we will
also study the scaling properties of C"™ around a = 1/2 at non-zero velocities within
Keldysh formalism.

V  Toulouse point and critical behaviour

Toulouse Hamiltonian reads

He =Y echer +ead'd+ VY (c,td + chk) , (4.25)
k k

where ¢, denotes the annihilation operator of an electron with energy ¢;,. We assume a
constant density of states over a bandwidth D, and d corresponds to the annihilation
operator of the isolated electron of energy €4. V' quantifies the hybridization between
the isolated level and the surrounding electrons. The equivalence between the two
models in the limit H/w. < 1 can be shown by an explicit computation of the partition
function [62,180], or with bosonization [69]. One has the following correspondence,

D
4w,
(—H cosf) = eq. (4.26)

(Hsinf) =V

The two cutoffs can be related by D = 4w, /7 [66]. This model is exactly solvable, and
we have at equilibrium [66, 181],

) = 2 s e
us 7H sin? 0

o | () ()]} s

When 6 varies from 0 to 27, the equilibrium Bloch vector describes a curve with trivial
topology due to the symmetry m — 6 < 7 + 6 of equations (4.27) and (4.28). This
statement is true for all H/w, and remains valid in the limit H/w, — 0 where Toulouse
Hamiltonian is equivalent to the ohmic spinboson model. This confirms that the point

(4.27)

Hsinf
T _ 9
(0%) = 2| T2
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a = 1/2 of the ohmic spinboson model corresponds to C' = 0. In this limit H/w. — 0,
one gets (0*) = +1 when 6 < 7/2 and (0%) = —1 when 0 > 7/2.

For the dynamical protocol 8(t) = v(t — o), the quantity (o*(¢)) can be related to
the occupation of the central level (d'd(t)). Such a quantity can be computed with
Keldysh non-equilibrium techniques in an exact manner, following Ref. [182] where the
authors investigated the time-dependent transport for Hamiltonian Hr in Eq. (4.25).
From the equations of motion, we have

o (did) =iV [@d) —{dfen)] . (4.29)
k

The computation of the right hand side of Eq. (4.29) can be performed exactly within
Keldysh formalism, and we reach an expression similar to the one obtained by the
authors of Ref. [182] for the lead currents (see Eq. (42) of this reference),

t
dy(d'd) = —T(#)(dld) — / def(e)/n / AT (11, )%m {0967 (1) } . (430)
to
In Eq. (4.30), f denotes the Fermi distribution and one has

It 5) = %V(t)v(s), (4.31)

G (t,5) = —i0(t — 5) exp [—i / t dued(u)} exp [—; / t duF(u)] , (4.32)

and we identified T'(t) = T'(¢,¢). One can solve Eq. (4.30) and we recover that
(d'd)(t; = to + m/v) — 1 corresponding to C™ = 0, in the validity limit of the
correspondance H/w,. < 1 . Next we explore the region where u = (1/2 — a) < 1.
Deviations from the exact mapping point result in a additional term H; in Hp, of the
form [69]

He=U) <c,1ck/ - ;) (d*d - ;) . (4.33)

kK’

In Eq. (4.33), one has U = 7 (1 — v2a) = mu + o(u). To go further, we assume that
the main contribution of Eq. (4.33) comes from the terms with & = k&’ and we decouple
the interaction in a mean-field manner. This results in a time-dependent shift of the
chemical potential for the electrons depending on the level occupation (d'd)(t), which
can be accounted for in the resolution of Eq. (4.30). We find numerically a linear
behaviour in terms of u, C™(u) = S(v)u, where 5(v) is proportional to H/v. We show
in fig. 4.5 the corresponding linear predictions, obtained with a one-parameter fit.
This linear dependency can be interpreted in the light of the Fermi-liquid behaviour
of the ohmic spinboson model, or its Kondo analogue [183]. In this description, the
local susceptibility x = —04_(0*) is known to be constant with respect to d,. As
shown above, a deviation v > 0 from the point & = 1/2 may be seen as a shift of the
electronic level energy by a factor proportional to u, or equivalently a shift of d, in



94 CHAPTER 4. DISSIPATIVE TOPOLOGICAL TRANSITION

the spinboson description. This argument would confirm then a linear dependency of
(0%(ty = to + m/v)) with respect to u, and thus the scaling C™(u) = fu. The form
of B(v) o< H/v bears similarities with the dependency of x o< 1/Tk in the anisotropic
Kondo model, which diverges at the antiferromagnetic-ferromagnetic transition oo = 1.

We confirmed in this Section that the point o« = 1/2 corresponds to a trivial
topology, and studied the scaling of C™ close to the transition point. It is instructive
to study in more details the evolution of the entanglement between spin and bath
when increasing .

VI Entanglement entropy and effective thermody-
namics

For completeness, we study the entanglement between spin and bath at the end of
the dynamical protocol. To this end, we introduce the entanglement entropy [184]
E = —Tr|[pslog, ps|, where pg is the spin-reduced density matrix. 0 < & < 1 quan-
tizes the degree of entanglement between the spin and its environment. For a pure
state, spin and bath can be factorized and one has £ = 0. On the contrary, the case
&€ =1 corresponds to a maximally entangled state. We plot on the left panel of Fig.
(4.7) the evolution of the final entanglement entropy (i.e. the entanglement entropy
at the end of the dynamical protocol) with respect to « for v/H = 0.08. We remark
that the entanglement progressively grows between spin and bath to reach a maximal
value of £ =1 at the coupling for which (c*(t; = to + m/v)) = 0. This correspond to
the point for which C"™ = 0.5 in Fig. 4.5, and when the boson-induced field exactly
compensates the field H in the radiative cascade picture. As shown in Fig. 4.5, this
coupling tends to 1/2 when one decreases the value of v/H.

Another interesting related quantity is the spin length S = ((6®)24(c¥)%+(c*)?)1/2
at the final time, which goes to zero when £=1. One can also indeed interpret the
spin reduced density matrix at the end of the protocol as the one of an isolated spin in
thermal equilibrium, with effective Hamiltonian and temperature determined by (%),
(o¥) and (0*) [185]. More precisely, we interpret the spin reduced density matrix as
the one of a factorizable state p = ps ® pp where the spin is in thermal equilibrium
with a bath at temperature T*.

Treating the system within this analogy allows to define an effective temperature
T*, whose evolution with respect to « is shown in Fig. 4.7. For a > a,., we find
negative temperatures, which is not surprinsing as the protocol leads to population
invertion. Negative temperatures have notably been realized in localized spin sys-
tems [186,187], and were recently measured experimentally for motional degrees of
freedom in a cold atomic setup [188].

Interestingly, this effective temperature diverges at the transition and one has the
leading behaviour 7% /H o (a — ) ™1, independently of v/H. This scaling behaviour
is intimately related to the scaling of (o%) (or C™) at the transition, see Section V.
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Figure 4.7: Final entanglement entropy (Left panel), and final spin length (right panel)
for v/H = 0.08. Inset: Effective temperature with respect to a. We have H/w. = 0.01.

This critical behaviour may be of interest for future experimental studies.

In this Chapter, we showed theoretically that a single spin 1/2 coupled to an ohmic
bosonic environment undergo a topological transition at a spin-bath coupling o = 1/2.
We first provided a discussion of the transition in the “shifted oscillators” picture, and
we found that the bath gradually deforms the spin ground state manifold. At o = 1/2,
the Berry curvature becomes infinite and this singularity signals the dissipative topo-
logical transition. Beyond the characteristic vanishing of the off-diagonal elements of
the density matrix, decoherence is thus also responsible for global changes in the spin
space topology.

Then, we investigated this transition in a dynamical protocol, by focusing on the
non-adiabatic response of the slowly driven spin, which is known to be related to the
geometric properties of the ground state [165]. The use of the SSE method enabled us
to study quantitatively the progressive deformation of the system topology for various
values of the drive. We complemented this findings by analytical and numerical argu-
ment close to the point @ = 1/2, where the ohmic spinboson model can be mapped
onto the exactly solvable Toulouse Hamiltonian. Beyond its theoretical interest, an
experimental evidence of this transition seems accessible in state-of-the-art experimen-
tal platforms.

As exposed in Chapter I, this model can be engineered in cold-atomic or circuit
QED setups, which are great platforms for the exploration of many-body effects. In the
next Chapter, we focus on recently developped hybrid platforms interfacing mesoscopic
electronic physics with circuit QED elements.
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CHAPTER D

Hybrid electron-photon systems

Recent years have seen the developments of experimental setups and theory proposals
interfacing superconducting circuits with the quantized electronic levels of quantum
dots [129,189-212]. These hybrid platforms offer a new way to address interaction
effects between photons and electrons on-chip, and typically involve an electronic
nano-circuit, such as a single or double quantum dot (DQD) coupled to source/drain
leads and to an electromagnetic resonator.

In a non-extended system like a quantum dot coupled to metallic leads, interac-
tions play an important role. This can be understood physically as the charge tends
to be localized on the nanostructure. The Coulomb interaction hinders the flow of
charges through the nanostructure for a small quantum dot, as incoming electrons on
the quantum dot do not have enough energy to change the charge on the dot. This
results in the suppression of the conductance through the device, with the exception
of the charge degeneracy points in which two different charge occupations on the dot
become degenerate in energy, a phenomenon named Coulomb blockade. Taking into
account the many-body interaction of the quantized dot levels with its surroundings
is necessary to describe accurately the strong correlations induced by these charging
effects [213].

Coupling these many-body electronic systems to microwave light provides then a
new manner to probe many-body phenomena, or devise new nanotechnology devices.
Experimental groundings have notably triggered substantial work linked to thermo-
electrics [214-224], with possible applications for energy harvesting and cooling. The
subject of quantum thermodynamics has then been rapidly growing in interest [225].
In Sec. I, we explore the possibility of rectification of electrical current from quantum
vacuum fluctuations in the specific case of electrical transport through a quantum dot,
and its use as a nano-heat engine, following our Ref. [212].

These hybrid systems are also of fundamental interest as platforms to explore ex-
otic quantum impurity physics with light and matter [46]. In Sec. II we present
evidence for exotic Kondo correlations in the microwave response of a DQD-cavity
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coupled to leads, a unique signature of many-body quantum impurity physics with
light, following our Ref. [226].

I Nanoengine from quantum vacuum fluctuations

We consider the system displayed on the left of Fig. 5.1. The left and right electronic
leads contain electrons at the same temperature 7', tunnel coupled to one another via
a quantum dot, which is described with coupling capacitances Cp,Cg. The system is
in the Coulomb blockade regime, with the lowest unoccupied quantum dot level at an
energy Ey above the electrons chemical potential. Additionally, this system is part of
an electrical circuit with finite impedances Z; and Zr connected to the system via
the capacitances C'f and Cf, respectively.

Naturally, no current is rectified when the system is put in state of overall zero
temperature 7' = 0 and without electric bias: it is necessary to give some energy to
the system for a current to flow. We consider the case where the electrons in the
two leads are in thermal equilibrium, both at the same small temperature 7. Some
electrons are then thermally populated into the energy of the quantum dot level.

Cr Cr

Ve —AHOH

Figure 5.1: Quantum vacuum nano-engines with a quantum dot in the Coulomb block-
ade regime. Left: circuit. Right: pictorial representations of the tunneling processes
at stake - the lateral parts correspond to the energy diagram of the electrons in the cor-
responding lead and the central part represents the energy levels of the quantum dot.
The straight dotted arrows represent a tunneling event from left to right, associated
with curvy arrows which correspond to photon emission.

Giving some energy to the system is however not sufficient to induce a current.
We also need to break the spatial symmetry in order to favor one direction of tun-
neling events with respect to the other. This can be done by coupling the leads to
zero temperature electrical circuits with different impedances Zy and Zg (or the same
impedance but with different coupling capacitances Cr, and Cr). As seen in Sec. 11.3
of Chapter I, the impedances can be modeled by a chain of LC oscillators, which when
quantized, behave as a system of quantum harmonic oscillators, whose frequency w;
depends on the impedance and inductance of the chain. The vacuum energy of the
chain is By = (1/2) Y, hw;', and leads to fluctuations of the charge (or voltage) on the

LWe restore the £ in this section.
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plate of the coupling capacitor to the quantum dot [227]. If the impedances coupled
to the two leads are different, the fluctuations of the vacuum will break Left/Right
symmetry, giving a preferred direction for the particles to flow - thus giving current
rectification, without the application of a bias voltage across the system.

1.1 Analysis

We let ¢, be a fermionic annihilation operator on the left lead of momentum k, sim-
ilarly, d and ¢, describe electrons on the dot, and the right lead. The system Hamil-
tonian is, up to a constant term and assuming spin-polarized electrons,

H = Z(ek + evL)c};ck + Z(eq + evR)chq + E.d'd+ Hy, + He, (5.1)
k q

Hpy, is the Hamiltonian of the environment in isolation and vz g are the quantum
voltage induced by the presence of the Left/Right environments. We define the zero
of energy as the Fermi level of the leads. FE. > 0 is the charging energy of this
level, which corresponds to the difference of energy when the dot is charged, versus
uncharged [228,229]. The external impedances are coupled to the electrical circuit
through coupling capacitances, allowing then an efficient thermal isolation.

The tunneling terms are He = >, tra(diey + h.c.) + Zq(tdchd + h.c.). Here, tgq
is the tunneling matrix element onto the dot from the left lead with momentum k,
tqq is the tunneling matrix element from the dot to the right lead with momentum
q. Hpp = Zle{L,R} > fwon (bL’lan + 1/2) describes the environmental degrees of
freedom. The voltages on the tunnel junctions are related to the bosonic degrees of
freedom by v; = >, )‘nvl(bjm + bp1). The effect of these quantum voltages on the
tunnel junctions and coupling capacitors can be conveniently taken into account by
a unitary transformation U = exp(i¢r Y, c}ick +ipRr Zq c};cq). This transformation
H — U~'HU has the effect of eliminating the voltages on the bare system Hamilto-
nians and putting a phase on the tunneling elements,

tka — traexp(idr), (5.2)
tdq — tdq exp(fiqSR). (53)

Here, we have introduced the phase ¢; = (e/h) ), )\ml/wn,l(bn,l—bl’l)/i forl € {L, R}.

We treat the problem within the so-called P(E) theory [85], assuming that tun-
neling on and off of the dot can be described with tunneling rates described within
a golden rule picture in perturbation theory. This assumes that environments re-
lax faster than the tunneling time scale rates. In this picture, we do not take into
account the backaction of the electrons on the excitations of the impedances. The
tunneling rates are thus controlled by the probability of the electrical circuit to ei-
ther absorb or emit a photon. We recall that within a golden rule picture, the
rate of transitions I';_,; between an initial state |¢) and a final state |f) is given



100 CHAPTER 5. HYBRID ELECTRON-PHOTON SYSTEMS

by iy s = 2m/h x |(f|H|i)|?6(E; — E;), where H is the Hamiltonian describing the
system and E; and E; are initial and final state energies.

We seek first to compute the tunneling rate from the left lead to the dot in the
golden rule framework, and summing over all the possible final bath states. This
tunneling rate T 1, (the subscript L denotes the Left lead, and the index + refers to
a positive direction chosen to be from left to right) is given by

2m e i
Ty =—vVe / def(e)[tr]* > [(Ble'**]0)[*5(e + 11/2 — Ea — By + Ejg)),
> |B)
(5.4)

where v, and V7, denotes density of state and volume of the lead L; state |B) is an
arbitrary one-excitation bath-state with energy Ejpy and |0) is the vacuum. We have
included the possibility of a bias V' (1 = eV') on the system. We use then the identity
§(E) =1/h [ expliEt/h] and reach the following expression

21 &
Ton =uiViltl [ def(OPu(e+ /2~ Ea)

27

TVl [ " defle+ Ba— /2Py (o) (5.5)

where the function Py, is defined by

oo
PUE) = (1/h) [ atetP S (Bleie o) 1 Pl ol ),
o |B)

(ei9L (1) e=idL (0))
= (1/h) / dtetBt/hekr(®), (5.6)

In Eq. (5.6), k(t) = ((6r(t) — ¢1£(0))¢L(0)) is the lead correlation functions taken in
isolation!. A similar type of calculation holds for the right lead, and for the negative
direction (from right to left), and one generally gets T4 1, = Ty 1(E4) with the Ty
function defined as

T, () =To,L / def(e+QF p/2)Pr(e), (5.7)

To.n(9) = Toe [ def(e FOF u/2)Prle), (5.8)

where Ty ; = 2m/h|t;|?v,V,. From Egs. (5.7) and (5.8), one remarks that the P func-
tions can be interpreted as the probability of the electrical circuit to either absorb or
emit a photon (see Ref. [85] for a detailed description).

Now that we have the expressions of the tunneling rates, we can compute the
current flowing through the device for different kinds of environments.

1We could go from the first line of Eq. (5.6) to the second line because the bath is gaussian.
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I.2 Rectified current

I.2.a Coupling to an ohmic environment

We first consider the case when the external impedances are ideal Ohmic resistor
described by the frequency-independent impedance Z; = R;. The lead correlation

function reads [85]
* dw R, w
Ki(t) :/ —2Re {] (e7™ —1),
0o W Ry

(5.9)

where Ri(= \/L;/Cf) is the impedance of the transmission line coupled to the lead !
(see also Chapter I Sec. 11.3) and R, = h/e? is the resistance quantum. Let us define
a; = Ry/R; (we will mainly consider the regime a; > 1). In this ohmic case, we have
at long times [85] k;(t) = —(2/a)[In(ay Ect/mh) + im/2 + 7], where 7, is the Euler
constant.

This form of k; gives a P;(F) function which vanishes for negative energies and has
a power-law divergence for small positive energies [85],

_ 27

P(E) = 61“(3); Cyg)i . (5.10)

This from of P;(E) enables us to calculate the tunneling rates T4 j,

_27e kgT ay Qtp/2
Ty (Q) = —Tp e ot (7T B ) "Lis (—eiB? )

OLLEC or
2
_2ve (kT *r £Q4p/2
Ty () = ~Tyre 4 (” b ) TLia (—e),
’ ’ arkE. aR

where Li,(z) is the Polylogarithm function.

Non-resonant sequential tunneling Let us first assume non-resonant sequential
tunneling of electrons, as described in [230]. Physically, a whole process participating
to the current corresponds in this case to two distinct and successive photo-assisted
tunneling events. An incoming electron first hops from one lead onto the dot while
emitting a photon. Later, this electron exits the dot to the other lead while emitting
another photon. These two tunneling events are considered independently. The total
current results then from the net inbalance of electrons going from left to right and
from right to left. The steady state current is then given by [230],

_ o e (BT r(Ea) — T 1(Ea)T- r(Ea)
Ty (Eq) + Ty r(Eq) + T- 1 (Eq) + T- r(Eq)

I (5.11)
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We recover that I = 0 when the bare tunneling rates and the impedances are equal.
In this case, T+7L(Ed) = T_,R(Ed) and T_,L(Ed) = T—i—,R(Ed)-
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Figure 5.2: Rectified current with respect to Ey4/kgT at zero bias. The dashed blue
and the full blue curves correspond respectively to the non-resonant and the resonant
case of the setup displayed in Fig. 5.1(b). We have kgT = 0.125E,, af, = 5, ag = 30,
T'yp =0.125E.. We do not calculate the current at temperatures of the order or greater
than the charging energy®. Inset: Evolution of the maximum value of the current Iy,
at the resonance with respect to E./kpgT.

Resonant sequential tunneling As the quantum dot is well isolated from the
external environment, it might be relevant to address resonant transport processes
through the device. The transmitted electron can indeed coherently bounce back and
forth between the two barriers and interfere constructively before it exits, as illustrated
in Fig. 5.3. This case permits Fabry-Perot type resonances between the two junctions
forming the quantum dot [231].

In the case of a simple isolated double barrier, the transmission amplitude ¢+ from
the left to the right side results from all the possible paths with a given number of
reflections between the two barriers,

tt = trtr + tLrRrLeietR + ...+ tL(rRrLew)"tR + ...

trtr
= T (5.12)

where 6 is the phase acquired during one round trip between the two barriers (note
that we have tT = ¢7). In our case, each tunneling event can be associated with the

1Above this threshold, the description we made is no longer accurate as the other levels of the
quantum dot must be taken into account.
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tLr\ étR

1 er =81~ Epc)

Figure 5.3: Resonant tunneling process. An incoming electron tunnels onto the dot
while emitting a photon. If the resulting energy is close to a resonant energy of the
quantum dot, the electron can coherently bounce back and forth between the two
barriers before exiting the dot.

emission of one photon. Let €, be the initial energy of the electron, and ep its energy
at the end of the process. During the tunneling process, emissions of photons are
possible in the left and in the right lead. Let 2 be the energy of the electron after the
first tunneling process and the eventual emission of photons in the left transmission
line. We can write

tz(EL,Q) =1t X Z<B|€i¢L|OL>5(6L—Q—E‘B>) (5.13)
|B)

ther, Q) =tr x Y _(Cle "|0g)(er + Ejcy — Q). (5.14)
C)

Making use of Eq. (5.12), we get:

tT(ep,er, Q) = tZ(eL,Q)tE(eR, Q) + tz(eL, Q)rRrLew(Q)tE(eR, Q) + ...
_ tZ(EL,Q)tE(ER,Q)

e (515)

The transmission probability v (e, eg) associated with this process is given by

*

’y+(€L,ER) :/dQ t+(€L,€R,Q) [t+(€L,€R,Q)]

|to[trl? i
- [ a0 7 % ) Bl 0L (er — 2 - Big)
1= rrrrei®@)| i)

x Y " [CleR(0R) 0 (er + Ejcy — Q) p . (5.16)
C)

The last two terms of Eq. (5.16) can be reexpressed thanks to P(E) theory (see
above), and the denominator can be simplified by using the Lorentzian approximation
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[231]. A similar expression holds for the negative direction. We integrate now over
the lead electron energies, we get the following expressions for the total transmission
probabilities I'+

_ Ty, ()T r(2)
It — /dQ (TO,L;TO,RY . (thEd)2, (5.17)
_ T ()T r(Q)
I~ = [ do Lo . (5.18)
/ (TO,L;TO,R) _,'_(Q—hEd)2

where T4 ;(Q) are given by Egs. (5.7) and (5.8). In the following, we consider
that the Left and Right junctions are identical. The total rectified current is I =
(e/h) (Tt —T7). It corresponds to a resonant sequential tunneling associated with
the emission of two photons.

Results are shown in Fig. 5.2. We notice that the rectified current is maximal at
a dot energy of the order of the temperature. The value of this maximal current also
depends on the charging energy of the dot. The inset shows then the evolution of the
maximum value of the current with respect to E./kgT (for E./kpT > 2). We notice
that the current decreases with the charging energy, as expected from the power law
evolution of P(E).

I.2.b Coupling to a resonator

Let us consider the case where the lead [ is now coupled to a zero-temperature resonator
of frequency w; = 1/,/L;Cf (composed of an inductance L; and a capacitance Cf).
We then have

ki(t) = = (e7™' —1). (5.19)
where Z; = \/L;/Cf. This allows us to reach the following expression for F;(F),

zZ

P(E)= 2,4 (%) ¢ Fa §(E — khw,). (5.20)
The left and right tunneling rates given by Egs. ( 5.7) and ( 5.8) read

Zr
Ry
!

k
Ten(Q) =Tor Y~ ) ™ T f(khwy, + Q) (5.21)
k

k
ZRr .
<R]‘:,> e” T f(khwr T Q). (5.22)

Tin(Q)=Tory,
B
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Figure 5.4: Rectified current with respect to the temperature, and the cavity frequency.
We have F07L = FO’R = Fo, Ed/l—‘o = 6, ZR/Rq =0.5.

These rates take into account tunneling events with the emission of several photons,
and the ratio Z;/R, determines the dominant processes occuring in the device. We
will mainly consider small values of Z;/R, where one-photon processes are the most
relevant.

The best situation corresponds to very asymmetric configurations, where one of
the two cavities is suppressed. In this case, the coupling to a frequency-selective
cavity leads to a rectified current substantially greater than in the case of two stan-
dard resistances in a highly asymmetric configuration. We have then photon-assisted
tunneling and current rectification without any drive on the cavity, in contrast to
Refs. [232-234]. We study the dependence of the rectified current with respect to the
temperature and the cavity frequency in this highly asymmetric case, where only the
right lead is coupled to a cavity. In this case, the current is simply given by

e/ T2
- /dQPgTO_Ed)Q £ (Q) f (hwp — Q) — £ (=Q) f (hwr + Q)] (5.23)

The rectified current is written in Eq. (5.23) as a difference of two terms, which
are products of two Fermi functions. At zero temperature both terms are zero (be-
cause one of the Fermi function is zero in both terms), and no tunneling events can
occur. In the limit of high temperature, the flattening of the Fermi functions erase the
asymmetry of the setup introduced by wg, which also leads to a zero rectified current.
There exists an optimal lead temperature between these two limits, for which current
is maximal.

In Fig. 5.4 we plot the rectified current with respect to the temperature and to
the cavity frequency. In this case of one-photon processes, we naturally find that the
resonance occurs at a temperature 7' such that kg1 ~ hwgr. For greater values of
Zr/ R, this resonance is shifted to a greater value of the temperature T', which can
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be estimated by kg1 ~ khwg, where k is the number of photons of the dominant
process at this value of Zr/R,".

The heat engines can be characterized thanks to two physical quantities which are
the maximum power that can be generated, and the efficiency of the engine. Next, we
consider briefly the different characteristics of the engine.

1.3 Heat engine characteristics

The generated power is given by the product I xV. When I > 0 and V' < 0, the device
produces power: the generated current flows against a load potential. In Fig. 5.5 we
plot the evolution of the resonant current with respect to an external bias field at
different lead temperatures. We see that the increase of the temperature has two ef-
fects: it leads to a drop in the conductance, and to the appearance of the zero-voltage
rectification current. We show the maximum power that can be generated in the inset
of Fig. 5.5.
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Figure 5.5: Rectified current with respect to an external bias at different lead tem-
peratures, ranging linearly from the limit of zero temperature (full cyan curve) to
kT /Ty = 3 (full red curve). We have taken the resonant case of the setup displayed
in the Fig. 5.1 (and adjusted the value of E;/kpT at small bias). Inset: generated
power with respect to the external bias. We have ay, =5, agr =30 and I'g = 0.125F,.

We plot in Fig. 5.6 the maximum power as a function of temperature. In the
single cavity case it exhibits a peak at a given temperature, while on the other hand
the power generated by the circuit coupled to ohmic impedances is increasing with
temperature. In all cases we must consider thermal energies which are smaller than

1The photon number follow more precisely a discrete Poisson distribution. We would however
need to take into account higher energy levels of the resonator for a more complete description.
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the level spacing of the dot. Above this limit, our calculations no longer hold.

Py /(T5 /h)

2 4 6 8 10
ky T/T,

Figure 5.6: Maximal power Py; with respect to kgT/Tg. The red curve with down-
pointing triangles and the blue curve with circles correspond respectively to the res-
onant and the non-resonant case of the setup displayed in Fig. 5.1. For these setups,
we have E. /Ty = 20, ar, =5 and ag = 30, and E, is adjusted to maximize the power.
The green curve with squares corresponds to the case of one cavity, and wgr and Ey
are adjusted to maximize the power.
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Figure 5.7: Efficiency of the engines with respect to kT /Tg. We use the same color
and symbol legend as in Fig. 5.6. Parameters are unchanged.

The efficiency is given by n = IV/(IV — J), where —J is the heat expelled to the
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cold environment, which is then given by the sum of all the energy carried by the
emitted photons. The heat currents associated with the tunneling events are

Jr(Q)=Tor / def(e £ QF p/2)Pr(e)e, (5.24)
Ten(®) = Ton [ def(e% 2 n/2)Pa(e)e (5.25)

Defining J(Q) = J4 () +J_ 0(Q)+ J4+ (Q) + J+ r(Q2), the emitted heat current
is simply given by J(Ey) in the case of non-resonant tunneling, while it is

- o

F0L+F0R) +(QfEd)2

(5.26)

in the case of resonant tunneling. We plot in Fig. 5.7 the efficiency of the Nano-engines
with respect to kgT/Ty. Interestingly, we remark that the efficiency of the setup dis-
played in Fig. 5.1 is similar for the non-resonant and the resonant case.

Another heat-engine setup is introduced in Appendix G.

1.4 Conclusion and discussion about higher order terms

We explored in this section coherent transport phenomena in a quantum dot device.
We notably discussed resonant tunneling processes leading to current leakage out of
the device.

When the dot levels are strongly coupled to the surrounding environment, high-
order tunneling processes become relevant. One very interesting example of the impor-
tance of high-order tunneling terms comes from the realization of the Kondo model in
such quantum dot devices, occuring when the quantum dot has an average occupation
close to an odd number of electrons. In a regime of low temperatures, the effect of
spin-flip processes occuring via intermediate states with double or zero occupancies,
which are illustrated in Fig. 5.8, becomes important. One may formally derive the
Kondo Hamiltonian from the standard Anderson Hamiltonian, and restricting the dy-
namics to the single occupied states. This link was achieved in Ref. [235] by J. R.
Schrieffer and P. A. Wolff, with the help of a unitary transformation. The derivation
starts from the standard Anderson Hamiltonian,

Ha = Z ekcggcka + Z eddeg + Ungrngy + Zt [c;mdg + df,c;w . (5.27)
ko o ko

The operator ¢, annihilates an electron with spin ¢ in mode k, and the operator d,
annihilates an electron on the dot with spin o. The last term in the right-hand side
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Figure 5.8: Spin flip scattering involving a quantum dot in light grey and one reservoir
lead in blue. The top panels show processes with zero intermediate occupancy, while
the bottom panels show processes with double intermediate occupancy.

of Eq. (5.27) describes the hybridization between the dot and the lead. We take a
tunneling term ¢ independent of k for simplicity. At sufficiently low temperatures, pro-
cesses described in Fig. 5.8 become highly relevant. The idea developped in Ref. [235]
to describe this effect is to seek an effective low-energy Hamiltonian derived from H 4
in the subspace of ng = 1. This can be done with the help of a unitary transformation
Ha = eVHye U, for which the Hermitian operator A has a perturbative expansion
in t. As processes in Fig. 5.8 involve two tunneling events, we build U so that H 4 do
not contain terms in O(t). The leading processes would then be of order O(?), and
describe the relevant processes. This criterion is satisfied by choosing [235],

1 U
U=St T d, didscl d,| — h.c. 5.28
%; Lk—ﬁdck” - (ca—en)(ea+ U —ep) o 7 ko ] ¢ (5.28)

The effective Hamiltonian in the subspace ng = 1 at order O(¢?) yields Kondo model,

HA|nd:1 = Z EkCLUC}w + JZ é_"k,k/.g, (5.29)
ko kk’

where § is an effective spin operator for the impurity, S* = ada — dld 1, Sy = d%d 1
and S_ = dIdT. The operators & s are conduction band spin operators 3y =
Y ool 0206’00/02,0/ where & = (0%,0Y,0%)T. The coupling J is independent of k, &k’
if only the electrons close to the Fermi level participate to the effect and we have

lex], lex| < |€al,|ea + U|. The interaction term in Hamiltonian (5.29) is now SU(2)
symmetric.
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The manifestation of the formation of the SU(2) Kondo resonance in quantum
dots differs greatly from the effects in metals. At very low temperatures, the Kondo
resonance develops in this case at the Fermi level, and the corresponding states in the
resonance allow electrons to pass through freely when the dot is coupled to two leads.
By contrast to the Kondo effect in dilute magnetic alloys, it leads in this precise case
to an increase of the zero-bias conductance between the leads, which was observed
experimentally in Refs. [236,237].

Coupling several dots together may lead to more involved Kondo physics, as we
will show below in the results of a recent collaboration.

II Experimental evidence of SU(4) Kondo physics
in a DQD device

We present here the result of a collaboration studying a Double Quantum Dot (DQD)
coupled to a superconducting resonator. The device (shown in Fig. 5.9) is mounted in
a dry dilution refrigerator, its base temperature is about 30 mK. Two DQDs, made
of few-layer etched graphene, are coupled to the resonator through their sources [199],
however, only one of them is used while the other is grounded all over the experiment.
The DQD geometry is achieved by adjusting the gate voltages Vi p and Vgp. A vector
network analyzer (VNA) is used to apply coherent microwave driving tone and mea-
sure the reflection signal S1; (see Fig. 5.9(c)). The reflection signal can be measured
by its amplitude (A = |S11|) and phase (¢ = arg(Si1)) components through the VNA.

II.1 SU(4) Kondo physics in a DQD device

The charge stability diagram of a DQD shows the equilibrium charge state of the
two dots as a function of the gate voltages Vi p and Vzp which control the Left and
Right dot energy levels. Such a diagram exhibits a typical hexagonal structure [238],
as shown in Fig. 5.10. Inside each hexagon, the number of electrons in the dots is
fixed and well-defined. At point D for example, the electronic configuration (N, M)
corresponds to N electrons in the left dot and M electrons in the right dot. Along
the grey lines (points A, B and C), two charge configurations are degenerate. Points
B and C are equivalent and lie on a degeneracy line between states with the same
number of electrons in one dot and a difference of one electron in the other dot.

In contrast, the point A corresponds to a charge degeneracy between two states
(N —1,M) and (N, M — 1) with the same total charge. It costs the same energy to
have this extra electron on the left or on the right dot [238]. Other configurations on
the DQD cost higher energy. The low-energy theory describing this situation can be
built by introducing, in addition to the spin 1/2 S* of the electron delocalized on the
DQD, the orbital pseudospin 1/2 T, projecting on these two allowed states (see Fig.

1The gate lever arms are ~ 10%.
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(a)

Network Analyzer

Vip Vrp

Figure 5.9: (a) Micrograph of the DQD gate structure. (b) Sample structure of a
typical etched graphene DQD. The dc voltages used to control the charge numbers
in the DQD are applied via left and right plunger (LP and RP) gates. A quantum
point contact with a source (Sg) and drain (Dg) channel and a tuning gate (Q)
is integrated near the DQD. (c) Circuit schematic of the hybrid device. The half-
wavelength reflection line resonator is connected to DQD’s left dot (LD) at one end of
its two stripelines. The right dot (RD) is connected to the drain. A microwave signal
is applied to the other end of the resonator, and the reflected signal is detected using
a network analyzer.

5.11), which are further coupled by a finite tunneling term ¢'7%. These four quantum
states generate exotic Kondo physics when coupled to the two channels conduction
electrons [239].

To describe the low-energy physics, we introduce a set of operators. The operators
in § correspond to the spin operators of the electron delocalized on the DQD; and the
operators in & and T act respectively on the spin space and orbital (lead) space of the
electron operators. Operators Py = (1 + 2T%)/2 are projectors on the DQD states
(N,M —1) and (N — 1, M), while operators p+ = (1 & 27%)/2 are projectors related
to right and left leads.

As a result of second-order tunneling processes (as described above in the SU(2)
case with one lead), we reach the low energy Hamiltonian Hi; = Hyin + Hiondo +
Horvital + Hassist [239]. Here, Hy;, represents the kinetic energy in the two leads.
Let us present the other terms in more detail. Second-order tunneling processes are
classified through
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Figure 5.10: Charge stability diagram of the DQD measured by dispersive readout
using the resonator’.

e pure Kondo terms involving spin flips contained in Hgonqo, With
J oG J o oGt
HKondo = §P+S(¢ ap.,.z/)) + EP—S(¢ Up—¢)- (530)
Here, ¢, = IPD deces;, where D > 0 is a cutoff in energy and c., o is the

annihilation operator of an electron with enery e with spin o in lead [ 2.

e orbital contributions changing the lead index from say | = L (Left) tol = R
(Right) and flipping the charge state on the DQD contained in H,pitqr, with

1
Horbital = 5 {VZTZ(wTTZ¢) + VJ_ [T+('(/JTT_¢) + hc} } . (531)
e assisted tunneling processes entangling the charge and spin H,sg5t, With
Haesint = Q-T7SvT7°6 + Q. (T+§¢TT—5¢ + h.c.) . (5.32)

The couplings above can be written in terms of the tunneling rate to the right/left
lead 'y and the charging energy E. of the DQD respectively as [239] J = @, =

(T4 +T_)/4E., Q. =V, = /T, T_/E.,.

The addition of the orbital pseudo-spin degree of freedom changes the symmetry
of the problem compared to Hamiltonian (5.29). We have here a SU(4) symmetry for
the low-energy interaction term. This new symmetry will impact the properties of the
Kondo resonance.

2Formally, the operator ¢ refers to a symmetric superposition of A and B sub-lattice electron
operators in graphene
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As studied in Refs. [239-245], the system flows to a Kondo Fermi-liquid fixed point
where the spectral function on the DQD can be modeled by an effective resonant level
model, quite robust to (charge) noise effects [246]. In this description the spectral
function of the DQD can be modeled by an effective resonant level model [241], as-
sociated with spinless fermionic operators d and df. These operators d and df are
defined in correspondance with the processes involving the orbital operators T~ and
T+ respectively. We stress that even though we describe the effective resonant level
with spinless operators, the spin of the electrons is a highly relevant quantity: the
joint effect of the orbital and spin degrees of freedom lead to a SU(4) Kondo reso-
nance at €y of the order of Tk, above the Fermi surface. The position of the resonance
must be contrasted with the case of SU(2) Kondo effect, for which it is located at
the Fermi level. This Fermi-liquid picture constitutes a phenomenological description
which greatly simplifies the problem and proved to describe well the low-temperature
physics [243].

Experiments have reported the occurrence of this emergent SU(4) symmetry at
the low-energy fixed point [247-251].

In this strong coupling regime, the system can be described by a the spectral

function of the form :
1 I'(Vsa)

plw) = — (i — )2 + T(Vor)? (5.33)

where the position of the resonance ¢ is of the order of Tk [241,245]. In this phe-
nomenological description, the width T'(Vy4) for the pseudo-fermion d is known to be
voltage dependent [252], due to decoherence effects.

11.2 Light-matter coupling and Input-Output theory

The DQD device is coupled on its left side to a resonator (see Fig. 5.9). The description
of the coupling between the electronic degrees of freedom and the bosonic modes of
the resonator requires some care, as described in Ref. [253]. A full analogy with the
capacitive coupling described in circuit QED is not possible due to the presence of the
orbital degree of freedom in this precise case. Assuming that the dots are much smaller
than the wavelength of the resonator excitation, the interaction between microwave
photons and the device can be approximated by a dipolar coupling [200,253,254], and
the hybrid Hamiltonian reads H; + Ho with

1
Ho = Ma +a")T* +wyp <aTa + 2) , (5.34)

where A quantifies the strength of the light-matter coupling. Fig. (5.11) shows a pic-
torial representation of the setup at point A.

In order to probe this hybrid system, we can consider that the bosonic mode a is
capacitively coupled to a very long transmission line, and the Hamiltonian reads
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Figure 5.11: Schematic representation of the Kondo DQD device

Hiotat = »_wifbi + (a+a") D" A(bi + b)) + Hi + Ha, (5.35)
k k
where by, describes photonic modes of the transmission lines. We follow Refs. [46,72,74]

and derive Input-Output relations by writing the equation of motion of the operators
by

bk = —iwibr —igk(a + CLT). (5.36)
We integrate this equation both forwards and backwards in time and reach
t
bi(t) = e_i“’“(t_t‘))bk(to) - i)\k/ dre_i”*’(t_T)(a +a)(7), (5.37)
to
. 31 .
bi(t) = e r=tp (1)) — Ny, / dre= k=) (g 4 at)(7), (5.38)
t
with tg < t < t;. We now introduce the input and output voltages as,
Vin(t) = > Mk [e*iwk:(tfto)bk(to) n eiwk(tfto)bl(to)} (5.39)
k
Vout(t) = Z/\k [e—iwk(t—tl)bk(tl) + eiwk(t—tl)bz(to)} . (540)
k

Using Equations (5.37) and (5.38), one can relate the input and output fields, and we
find that

ty
Voutr (t) = Vip(t) — 2 Zgi / drsinwg(t — 7)(a + a’)(7). (5.41)
k to
Introducing a susceptibility defined by ((a+af)(7)) = ftzo Xaz(T—8){(Vin(t')) we reach,
t1

(Vour (1)) = /oo dt’ {6@ —t) -2 drLi(t — 7)Xax (T — )| (Vin(t)). (5.42)

to to

r(t—t’)
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The expression above defines a reflection coefficient (¢ — t'). Taking the particular
case of tg — —oo and t; — 400 and after a change of variables 7 — 7 — t/, we get

r(t—t") =00t —t") —2(Ly * Xau)(t — t'). (5.43)
From the convolution theorem we recover [46, 72]
r(w) =1—2iJ(w)Xgz(w). (5.44)

The susceptibility x., defined above is the response of the photon coherence to an
input signal V;,,, which is also the quantity studied in the linear response regime by the
standard Kubo formalism. Next, we present light measurements at point A and show
how they relate to this SU(4) Kondo model. From Eq. (5.44), we indeed see that the
reflection coefficient permits to probe light-matter interaction through x..(w). Note
that in the case of an open line, a factor —1 multiplies result (5.44).

11.3 Experimental results at the charge degeneracy point A:
Phase and Amplitude of Reflected Microwave Signal

A (dB)

635052 635085 635118
w (GHz)

Figure 5.12: Amplitude response A = |r| as a function of the driving frequency w,
for various bias voltages (0, 0.5, 0.6, 0.7, 0.8, 1 mV) at point A. The red dashed line
shows the fitted resonance frequency, shifted by the electron transport.

We can first characterize the effect of the DQD on the resonator at point A by
measuring the amplitude response as a function of the driving frequency, for various
bias voltages, as shown in Fig. 5.12. The coupling to the electronic system leads to
a renormalization of the bare resonator frequency wg to a voltage-dependent value
w(Vsa), which can be seen in the amplitude response of the cavity (and associated
with the red dashed line in Fig. 5.12) [46]. All light measurements will be carried out
at this precise value of the driving frequency w = w§(Vsq)-

Measurements of the reflection coefficient are first carried out at a temperature of
30mK. We show in Fig. 5.13 the evolution of the phase ¢ and amplitude A responses
at the resonance frequency wg(Vsq) with respect to bias voltage. A very robust phase
of 7 is observed from bias voltage Vg ~ 0 to Viq >~ +0.4 mV, where the phase drops
to zero. The amplitude (in dB) shows also two pronounced dips around Vg ~ +0.4



116 CHAPTER 5. HYBRID ELECTRON-PHOTON SYSTEMS

(a) 2501 - (b) ™ .
experiment e
af — Yy
= 200 _§
— 1501 =
k1 e|Vsal~Ec *3?7'[/2 L elVeal~Ec
~— 1001 = \\
< < \
50| [
0+ 0 " " A N n
2.5 0 2.5 -4 -2 0 2 4
eVsa/Ec eVea/Ec
(e @ °
@ o
£ 3 10
= = |eleal~Ec
S 1 |
< ; S
-401 i experiment 201 theory
20 i 0 20 32 16, 0 16 32
eVsa/Tx eVsa/Tk
i 0 T — - .
elVsg|~Tk
_5— 4
experiment 10l e|Vsql~Tx
theory
< 25 0 2’5 R —
eVsa/Tk eVea /Ty

Figure 5.13: Experimental result for the the reflection coefficient r(wg) = A(wg)e'®«o
at point the charge degeneracy point A. Phase ¢(wg) (a) and Amplitude A(wg) (b)
and (c), as a function of the bias voltage; the zoom focuses on low-energy features.
(c)-(d)-(e) Theory results based on the effective quantum impurity model (see text).

mV. We notice that these features in the experimental results can be associated with
the charging energy E.. Interestingly, we also notice that the low bias regime shows a
(slightly asymmetric) dip structure in the amplitude response.

In the following, we interpret the measurements presented above in the light of the
Fermi-liquid picture of the SU(4) Kondo effect. We use input-output theory [74,255,
256] and show that this picture explains well the robust = phase as well as the shape
of the amplitude measurements .

II.4 Interpretation of the experimentals measurements

The input-output theory (see Refs. [46,72,74,255,256] and above) enables us to com-
pute the reflection coefficient of the microwave signal. We follow Ref. [46] where the
authors considered a similar microwave resonator coupled to an electronic system de-
scribed by an Anderson-Holstein Hamiltonian with one central quantum dot. The
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reflection coefficient r at the driving frequency w and bias voltage V4 takes the form :
r(w, Vsa) = =1 + 2iJ (W) Xaz (W, Vsa), (5.45)

The susceptibility xZ, for the photon is defined as [46]

wo
w? — wd — wollf(w) + iJ (w)wp’

where the photon self-energy I = Rell® — iImlIIf absorbs the light-matter cou-
pling. In Egs. (5.45) and (5.46), J(w) characterizes the photonic dissipation due to
the coupling of the resonator to an external long transmission line. From Eq. (5.46),
the renormalized cavity frequency is found to verify the self-consistent equation

Wi (Vaa)? = w2 + woRelT? [w (Vag)] - (5.47)

At resonance w = w(, we find for Sq; at bias voltage Vg4,

KRi — KRe
b
Ki + Ke

S11lwy (Vsa)] (5.48)

where x; = J(wg(Vsq)) and ke = ISmITF(wi(Vig)). K; represents the dissipation from
the photon system only, while k. characterizes the light-matter coupling. It is impor-
tant to notice that in general x; and k. at w = w{(Vsq) both depend on the applied
bias voltage Vyq.

In the absence of light-matter coupling (k. = 0), we would have r(w§(Vsq)) = 1,
in agreement with a phase of zero for an open line. A phase of 7 on the other hand
characterizes a rather strong light-matter interaction (ke > ;). The phase of 7 at low
bias fields at point A is then in accordance with a creation of a bound state [129].

On the other hand, at large bias voltages, the current through the DQD is large and
results in strong decoherence effects for the electronic excitations. As a consequence
we expect the photonic dissipation through the electronic system, k., to be shorter
than the typical dissipation rate through the transmission line, resulting in k. < k;
and a phase which is zero (or 27). The main question that arises from this reasoning is
the following: for which value of the bias voltage does this transition from 7 to 0 occur?

Following the description provided in the previous section, the system can be
treated by analogy with the case of one single dot studied in Ref. [46], the only dif-
ference being that the position €y and the width I'(Vyy) of the electronic level are
determined by the SU(4) fixed point. We can compute the electron-induced photon
lifetime, SMITF(wg(Via)), and its evolution with bias voltage to answer the question
about the phase of transmitted photons. Using a resonant level model for the electronic
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system at the charge degeneracy point A, then gives [46]:

* * Ha — €0 + ahwg
SmIT?(wg) = N2 fr(wg) Z aarctan (FO)

a,a==

(5.49)

r (ua—eo—&—ahwa‘)z—&—FQ)
2 fr(w;) Y —n ,
fr( O)aaii wé ( (HJCL 760)2+F2

where fr(wg) = ['/(47T? + 72h%wi?). In addition, p, = aeViq/2 are the chemical
potentials associated with each lead, where formally a = +1 for left (L) lead and
a = —1 for right (R) lead. From the (weak) light shift in Fig. 3 (given by the red
dashed curve), we estimate a relatively small light-matter coupling A /wy ~ 10~2 which
justifies a perturbative calculation in A. Formally, this form of SmITf(w) is obtained
by considering the limit |¢/|A/w§ < .

We take a bias dependent width I'(V4) for the pseudo-fermion d [252] computed
with perturbative approaches,

I' = Tk for eV, < Tk, (5.50)
[ ~ eVig/In*(eViy/Tx) for eVig > Tk. (5.51)
At large bias voltages, the current produces dissipation and decoherence effects on the

Kondo resonance. A polynomial interpolation is performed between small and large
biases.
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Figure 5.14: Evolution of T'/Tk with respect to eViq/Tk. At low bias voltages, we
have T'/Tx ~ 1, while I' ~ V,q/[In(Vsq/Tx)]* for large biases eViq/Tx > 1 (full
red line). This expression is valid asymptotically and for T' < V4 [252]. We use a
polynomial (here degree 6) interpolation between these two limits (full magenta line).
The vertical dotted blue line shows the value of the charging energy E..

Using this form of bias-dependent I', with a Kondo temperature Ty =~ 550mK,
seems to explain (almost quantitatively) the experimental observations in Figs. 5.13,
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by evaluating the photon self-energy with this effective (Kondo) resonant level model.
The validity of such a form of Kondo resonance (as a function of bias voltage) has also
been justified in the context of other exotic Kondo fixed points [89)].

As shown in Fig. 5.13, this analysis successfully corroborates the experimental re-
sults at point A if we take a Kondo temperature of the order of 550mK. For small bias
voltages, the photon field is sensitive to the Kondo electronic level producing k. > k;
and a phase of 7 in the microwave reflected signal. Interestingly, the decoherence
effects on the Kondo resonance induced by the bias voltage enlarge the value of T’
for eVyq > Tk. This is sufficient to maintain the 7 phase shift until large values of
eVsq. The low bias features in the amplitude signal can also be accounted for by our
model. As can be seen in Fig. 5.14, (T'(Vyq) — eViq) (given by the space between the
magenta line and the dashed black line) initially decreases until e|Vyq| ~ T,. For
e|Vsd| > Tk, ke stays greater than k;, leading to a robust 7 phase in the reflected
signal. At e|Viq|/Tk ~ 10, the quantity I'(Vs4) becomes smaller than V4, leading to
a drop of k. and a phase shift from 7 to 0. Above e|Vs4| ~ E. (vertical dotted blue
line) the model ceases to be valid as we should take into account other energy levels.

We argue that the experimental results in Figs. 5.13 are not compatible with a
simple analysis of the electronic system (biased leads plus double quantum dots) based
on a resonant level model as was done in Ref. [46]. Indeed in this picture the electronic
lifetime would be essentially bias independent and set by the width of the resonance
I". Experimental results would then suggest I' ~ E. = 0.4meV. Such a large value
of I" seems unphysical (in the context of a DQD weakly coupled to graphene leads).
Moreover, the electronic levels in the Coulomb diamond would not be well defined.
This is also in contradiction with the presence of two distinct energy scales in the
amplitude of the reflected microwave signal.

We remark that there exists a low bias anomaly concerning the phase response
in Fig. 5.13, which is not present theoretically. From the input-output approach we
expect that the phase remains fixed and equal to 7w at low bias. Near this point, the
reflection coefficient is indeed found to be real and negative. The Fermi liquid correc-
tions [243], which are not taken into account in the input-output approach, may affect
the behavior in this region.

In the following we confirm our hypothesis with DC transport measurements.

I11.5 DC electron transport

We present in Fig. 5.15 the transport data at points A and B, and the evolution of
conductance with respect to temperature for point A. In the cooling procedure for
point A, the effective electrical sample temperature is around 100mK whereas the
sample environment temperature of the dilution refrigerator can reach lower temper-
atures. Therefore, the data do not evolve much for temperatures of the refrigerator
below 100mK.
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Figure 5.15: (a) Temperature evolution of the differential conductance at point A,
showing two peaks at finite voltage Vsq ~ +0.05mV which smoothly disappear above
a temperature of about 500mK. Curves are displaced from the base reference by a
constant offset. For an SU(4) Kondo model, the zero-bias anomaly in the conductance
does not occur at Vyq — 0, but rather at voltages in relation with Kondo physics [241].
In addition, when Vy4 — 0, at low temperatures, one predicts Go = dI/dV (Vsq = 0) ~
(|t'|/ Tk )?2€%/h [239] which confirms that /| ~ 0.1 — 0.3Tx < Tk. Current (b) and
differential conductance (c¢) at point B at T=30mK, showing no zero-bias anomaly.

At point A, these measurements show at low temperatures a very rich small-bias
structure, well inside the charging energy bands, with two peaks at finite voltage
Vsa ~ £0.05mV and a zero bias dip corresponding to a finite small residual con-
ductance. Upon heating these features smoothly disappear above a crossover tem-
perature of about 500mK. The conductance across the DQD at small bias voltages
essentially follows 2e?/h Tk p(w = e|Via|)(|t'|/Tx)? [241]. The spectral function gives
the density of states accessible for an incoming electron, the prefactor (|t’|/T)? corre-
sponds to the transition probability between the two dots. The presence of anomalies
at Vig ~ £0.06mV are thus consistent with the form of the spectral function in
Eq. (5.33), with ¢y ~ T, above the Fermi energy of the reservoir electron leads.
By contrast, a purely spin Kondo effect would yield ¢g = 0, and transport prop-
erties would be very distinct. This also leads to a finite conductance at Vyq — 0,
as observed in Fig. 5.15. In the Kondo limit, one predicts a differential conduc-
tance Go = dI/dV (Vsq = 0) ~ (|t'|/Tx)?2€%/h [239], which leads to the prediction
t' ~ 0.1 —0.3Tk. In addition, the SU(4) Kondo theory predicts that the conductance
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increases linearly with the bias voltage for Vg — 0 [241], as found in the experiment.
From the temperature analysis of the data, we confirm that the Kondo energy scale
Ty, at which the zero-bias peaks in the differential conductance disappear is roughly
around 550mK.

In contrast, the differential conductance at point B does not show such anomalies,
as can be seen in the two lower panels of Fig. 5.15. At point B, the levels of the two
dots are not degenerate : this energy splitting is the analog of an orbital magnetic field
along the z direction, which suppresses the orbital Kondo effect. Fixing the number
of electrons on one dot naturally diminishes the current at low bias voltages from left
to right.

Next, we perform additional measurements at higher temperatures and analyze
this effect of the Kondo features.

11.6 Evolution of the microwave response with temperature

A(wy) (dB)

/\‘ —200 mK
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Figure 5.16: Temperature dependence of the microwave reflected signal amplitude
at point A. Curves are displaced from the base reference by a constant offset. (We
emphasize that in this cooling procedure, the effective electrical temperature of the
sample is around 100mK whereas the dilution refrigerator temperature 17" can reach
lower temperatures. The data do not change much on the figure for temperature T'
smaller than 100mK.)

For completeness, we show in Fig. 5.16 and 5.17 the temperature evolution of the
amplitude and phase of the reflected signal. The cooling procedure here is the same
as for Fig. 5.17(a).

From Fig. 5.17, one concludes that phase measurement allows to probe the Kondo
temperature and approaches w for Vyq — 0 when T' < Tx. A more precise modelling
with both the bias voltage and the temperature remains an open question. The phase
behavior in the regime eV ~ Tk is very sensitive to the precise modelisation of the



122 CHAPTER 5. HYBRID ELECTRON-PHOTON SYSTEMS

360

2704

Plawp) (°)

180+

90

Vsa (mV)

Figure 5.17: Evolution of the phase of the microwave reflected signal at point A. Curves
are displaced from the base reference by a constant offset. The cooling procedure is
similar to that used in Fig. 5.16 for the amplitude. Interestingly, one observes that
the phase converges to m for T < Tx = 550mK for Vg — 0 and that the phase
evolution is sensitive to the Kondo temperature. In addition, experimentally, for
intermediate temperatures (we remind that the effective electrical temperature of the
sample is around 100m K in this cooling procedure), the phase smoothly drops to zero
for e|Vsq| > Tk.

bias and temperature dependence of I, as also observed in the experiment of Ref. [191].

In this Section, we have provided evidence for the formation of a robust state of
interacting light and matter at the charge degeneracy point in relation with Kondo
physics. Note that we assumed above that the density of states in graphene is finite,
meaning that the chemical potential does not lie at the charge neutrality point where
the density of states vanishes. In this case the Kondo temperature would vanish, which
does not seem in agreement with experimental results.

In this Chapter, we studied how hybrid systems coupling nanoscale electronic com-
ponents with light could be useful both for the creation of thermoelectric devices and
the investigation of many-body electronic effects.



Conclusion and perspectives

We introduced Spin-boson models and highlighted their relevance to modern ex-
perimental platforms. Motivated by this perspective, we introduced a Stochastic
Schrodinger Equation describing the dynamics of the spin-reduced the density ma-
trix. This approach proved to give reliable results for the Rabi model and the ohmic
spinboson model for one and two spins. We applied it in Chapters 3 and 4 to study
non-trivial dynamical processes for an ohmic bath, that may be measurable soon in
current state-of-the-art experiments. The dissipative quantum phase transition for
two spins, and the dissipative topological transition correspond to moderate values
of @ ~ 0.2 — 0.5. Bath-induced synchronization could be observed more easily as a
dissipative parameter of the order of a ~ 1072 is sufficient.

Several interesting directions for the development of the SSE method are identified:

e Extension to the lattice. Coupling this approach to modern techniques able
to deal with a large number of sites such as Matrix Product States/Operators
techniques could be interesting. The exact treatment of the two spins may
constitute the starting point of a “clustering” point of view in this direction
( [257] and cluster extensions).

e Extension to problems with disordered interactions.
e Computation of two-points correlation functions with the SSE.
e Extension of the method to fermionic environments.

Being able to deal with the dynamical sign problem at a general level remains an open
question, as the SSE method requires some care and optimization for each problem.

We also illustrated on a precise example how hybrid systems coupling electrons
to microwave photons on-chip could be interesting to explore many-body phenomena
in electronic systems and devise exotic transport devices. The development of these
“mesoscopic” QED setups motivates theoretical work to describe interacting light and
matter out-of-equilibrium.
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APPENDIX A

Derivation of the Feynman Vernon influence
functional

For the sake of clarity, we consider throughout this proof Hamiltonian H with only
one bosonic mode b of frequency w, coupled to the spin with strength A. Let {|u)}
be the basis of coherent states of ep, and {|ox)} = {| 1.),| }.)} the canonical basis
associated with the z-axis of eg. We have

(orlps(t)loy) = /dﬂ(u)<uaUf\U(tvtO)P(ﬁO)UT(t»tO)Wa0f’>a (A1)
where

1 2
du(u) = ;du%duyef‘“| ) (A.2)

with ug, and u, respectively the real and imaginary part of u. In Eq. (A.1), U is
the unitary time-evolution operator of the whole system. Next, we insert a closure
relation (rewriting of the identity operator in terms of basis projectors)

1= Z/du(v)|v,ak)(v,ak|, (A3)
k
both on the left and on the right of p(tg). This leads to

{oflps(®)loy) :/du(U)du(v)du(w)Z{<u70f|U(t’to)lv,0k><v,Uklp(to)lwvam

k. k'

X <w,ak,|U(t,t0)T|u,af/>}. (A.4)
We use the factorising initial condition p(tg) = pp(to) ® ps(to) and reach

(orlos®)lop) =D [ps o)k Tuw 1.5, (A.5)
kK
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with

Ty = [ dutdute)dutu){ ploa(to)lw) .oy Ut to)lv,00) (w0 U1t 77
O P Q

(A.6)

The remaining of the proof can be decomposed into three steps. First, we adopt
a standard path-integral approach to write the propagators P and ) which appear
in Eq. (A.6). Then we access the bosonic trajectories thanks to the stationary phase
method, which is exact as long as the Hamiltonian is quadratic. We finally integrate
over the endpoints u, u*, v, v* w, and w*.

I Path integral representation of the propagators P
and

This consists in splitting the time interval ¢ — ¢y into N equal steps of size € = (t —
to)/N, and inserting closure relations at each intermediate time. We shall eventually
take the limit N — oo. Doing this trick of time-splitting allows to estimate the
infinitesimal propagator at first order in €, as e¢(4+5) = e4eB 1 O(€?) for A and B
two arbitrary (non-commuting) operators. Taking then the limit N — oo provides an
exact expression for the propagator in terms of path integrals. We use the canonical
basis associated with the z axis for the spin and the basis of coherent states for the
bosonic mode. We express P = (u,o¢|U(t, to)|v, o) as

N-—-1
P_/<H du(%)) Z <1/}N7Jk’N|e_iEH|¢N—1»UkN71><wN—17O—kN71|e_iEH|"7bN—27O'kN72>

{kp,0<p<N}
X oo X (Y1, 0k, € Heho, oy ), (A7)

where (u, 07| = (YN, 0ky| and |v, ok) = [¢o, 0k,). One can reach a more convenient
expression for the infinitesimal propagator,

<¢p+1>‘7kp+1|€_i€H‘¢pa0’kp> :<wp+1|z/}p>Xp+1,p7 (A-S)

with
Xptip = |:5 (Ekp+1 Ekp) — i€d (Ek’p+1 - Eikp) %:| e*ie(wd);wp—l“r%zkp Wp+vp—1)) + 0(62).
(A.9)

In Eq. (A.9), ¢ is the Dirac Delta function, X, is the eigenvalue of 0% associated

with the eigenvector |o,), and ¥, is the complementary of ¥, in {—1,1}. P then
reads,

1%0l2 \wm 2 N * N-1
o /< dwpxdwpy> 5 e[ Loy ®  eN oty zpzlwpwpfl]HXpH}p‘

{kp,0<p<N} p=0

(A.10)
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We use the standard rewriting of the first term of the right-hand side of Eq. (A.10)
to make the derivative of the field appear in the continuum limit N — oo' and reach

P= [ Dl Ao {3 0uP + P+ ST (A
with
ST, 5] =3 [ (O9(0) + 4 (1) (10)]

- [/ dT% [ (7) =" (P)(r)] +i (ww*ww(ﬂ + gzm(wf) + w»)} .
(A.12)

Dly*,¥] = limy 00 (HN ! M) denotes the integration measure over the path
Y*(7) and ¥(7) with endpoints ¥ (ty) = v and ¥*(t) = uv*. D[X] is the integration
measure over all constant-by-parts spin path taking value in {—1,4+1} with n spin
flips. The j-th spin flip happens at the p;-th discrete time. Taking the continuum
limit allows to reach a convenient integral expression

[roam-pm 3250 5 -5 (5) (5)

n=0p,=0pn—1=0 p1=0

0 t tn to A n
:Z/ dtn/ dtn_l.../ dty (z) . (A.13)
n=0"to to to 2
D3]

A%

where t; denotes the time of the j-th spin flip. The path X is constrained by its
initial and final values which verify o%|oy) = X(to)|ox) and o®|os) = X(t)|os). An
integration by parts in Eq. (A.12) leads to

S[0* 5] = o ((t) - / drLly* . 5] (A.14)
LI 6, 5] = D) (1) + i (D) + SO + (7). (AL5)
(A.16)

Equation (A.11) together with Egs. (A.14) and (A.15) constitute our path integral
expression for P. We use the same procedure for the determination of () and reach,

Q= [ PP WA e {5 (ul + l0P) + S0 BT (4D

t
S/ [w/*7w/,zl] Zwl*(to)wl(to)+/ dTﬂ[l/Jl*,w/7Z/], (A.lS)

to

N— " N— Vo1 —Vp Yp—1hp_
L 2= 0 gyt = =S (RN 1+ YY) — § 0! (w PP — gy PP )
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with the same functional for the Lagrangian £. We moreover have the standard
expression for the equilibrium bath density matrix element at inverse temperature 3,
Bw

O = o= el +Hwl) v we™ (A.19)

Altogether, inserting the derived expressions into Eq. (A.6) and inverting the order
of integrals, we recover Eq. (2.19) with

F3, 5 = / dugduy dvgdv, dwxdwyD[w*’¢’¢/*7w/]ef\ulklv\zf\wlz

™ m ™

* / *1 ) ’ *  —Bw
eSS [0 B fwuTe P

(A.20)

II Stationary trajectories with Lagrange equations

As the Hamiltonian is quadratic in terms of bath operators, we can integrate out
exactly the bosonic degrees of freedom in Eq. (A.20) by solving the equations of mo-
tions. We first determine the stationary fields ¢ and *, which verify:

d oL oL
490t oL A21
dt o) o’ ( )
d oL oL
4 oL _ oL A22
dr oy OY*’ ( )
with boundary conditions 1 (ty) = v and *(t) = u*. We find
) 2 [t ) /
’L/)*(T) _ u*ezw(T—t) _ 25/' dT/Z(T/)ezw(T—T )’ (AZS)
(1) = veW(T—to) _ ’%/t dr'S()e =", (A.24)

¥" and ¢ can be determined in an analog manner, by solving Eq. (A.21) and (A.22)
with boundary conditions ¢’ (t) = u and ¥ (tp) = w*:

. )\ T . ’
w(r) =t i [ars e, (A.25)
to
. by t . ’
Y'(1) = ue™ @ 4 25/ dr'S(r)e~ =T (A.26)

Inserting these stationary paths into Eq. (A.20) leads to
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F[E, E,} _ / duzduy dvmdvy dwzdwy e—|u\2—\v|2—|w|2+wu*e*ﬁ“’+u*ve*iw(‘*tU)er*ue"'“’(t"O)
™ ™ ™
.27)
x exp [—iu"A + B — iuC +iw*D + E| (A.28)
with
by t —iw(t—T) by t —iw(r—to)
A= 5/ drs(r)e” @), B = 5/ dr¥(r)e T (A.29)
to to
A K ’ w(t—T) A ¢ / iw(T—tg)
C= 3 dr¥'(r)e , D= 3 dr¥’(r)e , (A.30)
to to
A\ 2 t ) , A\2 ot T ) /
E= (7) / dT/ dr'S/ (1) (7)) — (7) / dT/ dr' () (7 )e T,
2 to - 2 to to
(A.31)

Gaussian integration over the endpoints

We are left with standard Gaussian integrals over the endpoints, that we per-
form successively. This procedure generates double integrals quadratic in terms of
spin path variables. After some manipulations on integrals boundaries and symmetry
considerations of the integrand, we reach

s . . B(s)—%'(s) B(sH+%/ (s’
5,5 el 0 it
¢ s g 02 cos wls—s! —Bw ) B(5)=%/(s) B(sN)=%'(s))
% e‘[‘O ds fto ds [7)\ cosw(s—s )(1+2 1:37&#) 5 2 ] (A32)

Equation (A.32) corresponds to the desired result in the case of one mode. The gen-
eralization to an arbitrary number of environmental mode is straightforward as we
are left with a product of independent integrals, and we recover Eq. (2.20) with Eq.
(2.21). An alternate derivation can be done with algebraic considerations in the in-
teraction picture [258], as shown in appendix B.
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APPENDIX B

Alternate derivation of Feynman-Vernon influence
functional

Here we derive the expression of the Feynman-Vernon influence functional (2.20), using
the method of Ref. [258]. In order to simplify the derivation, we first consider that
one single bosonic mode is coupled to the spin. Let us call Hg = A/20" the spin-part
and Hp = hwb'b + 307 (b + bT) the interaction part. Eq. (A.20) can be recast as

F2, 5] = tr { pu(t) U [EIOULIZ®) } (B.1)

where Ug[X] being the time evolution operator related to Hg. In order to evaluate
this functional we derive the expression of the bath evolution operator. To do so, we
switch to the interaction picture (where V = \/2(a+a')o is the interaction term) and
define UB[E](L‘) the corresponding time evolution operator. We have :

ihdUp[X](t) = V()Ug[X](t) (B.2)
Defining X = %, and P = %, the commutation relations gives:

. T A~ . T A~ . T A . T
e iwb thezwb bt _ X +wte iwb btPezwb bt
iwbTbt B iwbt ; —iwb bt v iwbt
e iwb btPezwb bt _ P—wte iwb thew)b bt

which results in:
bt

V(t) = 50””(15)[(1) + b coswt +

sin wt]. (B.3)

As the evolution operator U plo](t) is unitary, we suppose that we can write it as
) ) ) _pt
emia(t) g=iB@ B+ o—iv(®) S e Schrodinger equation gives us the expression of

o, B,
B(t) = f:ﬂ ds3%(s) cosws
s)

~(t) = f:o ds3%( ,
at) = — f:o ds [; ds' (3)” 2(s)E(s') cosws’ sinws

sinws
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Then, we have :

FIB, %] = il () —a(t)] /dX<X|pB(O) e (DP i ()X ,—iB(t)X e—m(t)P|X>7 (B.4)
where the states | X) represent a complete set of position eigenstates. It simplifies into
FIE, 5] = el 0] / X (X|p5(0)X +7(t) — o/ (1)ellF O-FOIX 01 (5.5

In order to evaluate the element (X|pp(to)|X + v(t) — v/(t)), we assume a thermal
equilibrium at inverse temperature 8 for the operator pg(to):

(Xulps(0)Xs) = 2 (— L) emmmbml(Xirx3) compo2xixa] - (gg)
! 2 Z \ 27 sinh fw ' '
Using the properties of Gaussian integrals, as well as the identity % =

tanh Sw/2, we get:

FIS, 5 =¢' [ ()—a®]+i[8' 0 -6®)] [v)+7' 1] ,— & coth /2 [(8" (1) -BE)*+(v(t) = (1))*]
(B.7)

Hence re-inserting the expressions of «, 8 and v and after trigonometric calculations
and using the symmetry of the integrand we finally recover Eq. (2.20) of the main
text, with L1(t) = mA%sinwt and Ly(t) = mA% coswt coth fw/2. The generalization to
an infinite number of modes is straightforward.
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Blips and Sojourns decomposition

As Eq. (2.18) is linear with respect to the elements of the initial density matrix, we can
compute the different contributions separately. We begin by considering the diagonal
elements of the density matrix.

I Diagonal elements of the spin density matrix

We first focus on the contributions stemming from the diagonal elements of the initial
spin density matrix, encapsulated in Ji 1,75 and Jo o 1 ¢.

I.1 Contributions Ji s s

In this case the double spin path starts and ends in the sojourn states A or D. One
path of this type makes 2n transitions along the way at times ¢;, ¢ € {1,2,..,2n} such
that tg < t1 < ta < ... < ta,. We can write this spin path as £(¢) = 2321 =00t —t)
and n(t) = Z?ZO T;0(t —t;) where the variables =; and T; take values in {—1, 1}.

Using the explicit representation of path summation introduced in Eq. (A.13),
Ji.k, £, is given by a series in the tunneling coupling A? [62,63,125] :

2 iAot t2
Jk,k,f,f22(2> /tdtzn.../ dty Y Fu (C.1)
n=0 0

P ETY

The prime in {Y;}’ in Eq. (C.1) indicates that the initial and final sojourn states are
fixed according to the initial and final conditions. The initial sojourn is A for Ji 1, ¢
(Yo =1) and D for Jy s ¢ (Yo = —1). The final sojourn is A if |of) = |op/) = | T2)
(Yo, =1) and D if |of) = |0}> =1.) (To, = —1). F, corresponds to the evaluation
of F[X,Y] for a given path with 2n spin flips, introduced above. Given this path, we
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can evaluate Eq. (2.20). This leads to:

.2n1 2n 2n1 2n

n = €Xp Z Z E;TrQ1(t; —ty) | exp Z Z E;ZkQ2(t; — tw)

k=0 j=k+1 k=1 j=k+1
(C.2)

The functions @1 and Q9 verify Eqgs. (2.28) and (2.29)

1.2 Contributions Jk,E,f,f

Contributions Ji 2 f,r and Ja 1,5 coming from the off-diagonal elements of the initial
spin density matrix can be computed in a similar manner after the rewriting of the
spin path,

00 . 2n—1 ,t to
b £ o fap g a e

n—=1 to (=5} {05
with
.2n22n1 2n22n1
n=ep | = 30 DT BTt — ) | exp Z > EiEkQa(ty — t)
k=1 j=k+1 k=0 j=k+1
(C.4)
Here the initial blip is B for Ji 2.5 (E0 = 1) and C for Jo 1 ¢, 5 (E9 = —1), and the

final sojourn value Yo, depends on |of) = |o4/).

II Off-diagonal elements of the spin density matrix

We compute an off-diagonal term of the density matrix in terms of a series expansion
in A, considering spin paths that end in a blip state with |o;) # |o/). The paths
contributing to J i, ¢,y make now 2n — 1 transitions. Here the initial sojourn state is
fixed, as well as the final blip state. An example of such a path can be seen in Fig.
C.1. All blips are coupled to all previous sojourns and blips as can be seen in Eq.
(C.2). Paths considered in Sec. 1.1 ended in a sojourn state, and the latest coupling
period lasted from to,,_1 to ts,. The situation is different here because paths end up
in a blip state. The final coupling period then lasts from to,,_1 to the final time ¢. But

providing that we formally set to, =t and Zp,, = — 252;1 g;, we get
ZA 2n—1
NN D / dton—1. / dty, Y F, (C.5)
o EYnY

with F,, given by Eq. (C.2).

A similar results holds for J; 7 , ,, and Eq. (C.4) is still valid for F7,.
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Figure C.1: Spin path- n(t) = 25161 T;0(t —t;) in red; £(t) = Z?Z;l E;0(t —t;) in

dashed blue. Here the spin path ends in the blip state B. The initial state is A.
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APPENDIX D

Sampling of stochastic variables and convergence

I Fourier series decomposition

For simplicity we take tg = 0 and introduce the variable 7 = t/t; where t; is the final
time of the experiment/simulation. Hence 7 +— Q2(7ts) and 7 — Q1(7t;)0(7) are
defined on [—1,1]. We extend their definitions by making them 2-periodic functions
and it is then possible to expand them in Fourier series. In particular, we have:

M _ % Z ?m D ()% (72) + hec] (D.1)
Qullrs =il gy gy~ Jo Z It ()63 + )
Z 77(:1 [&m ( Tj G () — hec], (D-2)

m=1

dr Qa2(rty)

where ¢, : 7 — exp(imn7), and we have for m > 1, {gm = fil cos m7r7'}7

{fg1 = fildrin(;tf)ﬁ(T) COS’ITL?TT}, and { o = f dr 7621(:-")9(7') sinmm-}. go and
fo are the constant Fourier coefficients. Then we define i and k as
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1

2
) (ul,m + iu2,m) + (

[NE
[NE

h(rts) = i%(rtf)[(%’”)
m=1

-5
-5

(Sl,m + i52,m) + ( ) (Ul,m + 7:7)2,777,)]

1
2

o5, (Tt ) [ (97’”) 2 ($1.m — iS2.m) + (f%) 2 (U3,m + a,m) + (f% (v3.m + i’u47m)],
(D.3)
k(th) = Z ¢m(7'tf) |: (f%) : (Ul,m + iu2,m) + (%) ? (’Ul,m + iv2,m)]
m=1
+r, (Tty) [ (%ﬁl) : (u3,m + tua,m) + (%) : (v3,m + iv4,m)], (D.4)

where {s;m}, {tim} and {v;,,} are standard normal variables. One can check
that h and k verify the correlations given by Egs. (2.30), (2.31) and (2.32).

In the numerics, we use Fast Fourier Transform in order to increase the speed of
the numerical procedure. As a result, discretization in time and Fourier domain are
linked: we use N = 2P steps and increase progressively p until results remain un-
changed. In Fig. D.1, we illustrate this procedure for the dynamics of p;r, () for the
dimer problem (see Chapter 3) with initial condition |7’ ), with o = 0.02, w, = 100,
K =0, for p from 6 to 11. For N > 11, all the curves give the same result (superposed
to the full black curve).

Pir,)

N

AN
URARTRRA VAN ’\,",’/"
vy Y v

—0.5F

0 50 100 150 200
A(t—to )

Figure D.1: Time evolution of pjz,(t) for the dimer being initially in the state |77, ),
for p = 6 (dashed blue line), p = 7 (dotted green line), p = 8 (full yellow line), p = 9
(dotted red line), p = 10 (dashed purple line), and p = 11 (full black line). Parameters
are o = 0.02, w, = 100, and K = 0.

From Equations (D.4), we verify that k; — k;_1 = 0 for all j € [1, N] by construc-
tion, which ensures the trace conservation property of the SSE on average.
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IT Definition of the stochastic fields in relation with
autoregressive processes

Let us consider the discrete random process h,, satisfying

— 1

hphm = ;Qg(tn —tm), (D.5)
for n,m > 0. Such a process is not Markovian, and correlations build up at each time
step. We can build such a process by considering that h, depends on all the h,, for
0 <m < n. We write

hn = W hn_p + Onen, (D.6)
p=1

. . n .
where € is a standard random variable. Parameters 'y; ) and on, are determined ac-

cording to Eq. (D.5), leading to the following set of equations

sz()n)Qg(tn,p - tk) = Qg(tn - tk), Vk € [1, n] (D7)
p=1
N M Qalty) + 02 = Q(0). (D.8)
p=1

These equations are the equivalent of the standard Yule-Walker [259,260] equations
for Autoregressive processes. Here the order of the process changes at each time step.
This notably implies that o, depends on n: the variance of the additional random
movement at time n decreases with n.

This sampling procedure gives comparable results.

III Cutoffs and control parameters in the SSE frame-
work

Discretization in time and fourier space are linked in the case of Fourier decomposi-
tion, because we use Fast Fourier Transform algorithm to optimize the sampling. The
parameter p introduced in Sec. I is then the only control parameter in our framework.

In Time-Dependent Numerical Renormalization group for example, one introduces
two control parameters. The first one is related to the time discretization, while an-
other cut-off is used at each time step to restrict the dynamics to a given number of
environmental states.
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Interestingly, there are also two control parameters in the SSE when one uses
autoregressive sampling. The first one is the time discretization, and the second one
corresponds to the standard deviation of the first random variable (the one used to
determine the first move at tg).



APPENDIX K

Additional developments on Blips and Sojourns
re-writing

I Expressions of M} and M}

For Q) and QF, the blip and sojourn variables cannot be simultaneously both non-
zero. For MY and M}, the situation is different as the state of the first spin does not
constrain the state of the second one. More explicitly, for MY for example, one of the
spins may be in a blip state while the second one is in a sojourn state, as illustrated
in Fig. E.1. In the following, we will compute the contribution of these particuliar
blip-sojourn configurations.

The first case (left panel) yields,

; tP. s ; _ tiv s
L / s /; ds'€P (s)nP(s')L1(s — s') = fiEgjingk [/ P s /; ds'Ly(s —§)
+P Tr p JtP

™ JtP B y
2j—1 2k 2j—1 2k

'tgj 'tgk+1 , ,
+ [ ds[_ ds'Li(s—s )]
JtP th

topt1 ok
— Z = D P D =P D P 7
T [HQj_lT?le(tQj—l —tye) + '_'QjTQle(tQj —th,)

+ EngngQl(tgj - tgk+1)] : (E.1)

The second configuration gives,

. tP. s .
1 27 = 7 7l
—; /t” ds /tgk ds'€P(s)nP(s')Li(s — 8') = _;:gj—lrgk

2j—1

tgj s
/7 ds /7 ds'Ly(s —§)
t th

P
2k 2k

[Egjrlngl(tgj - tgk)} : (E2)

1
U



144APPENDIX E. ADDITIONAL DEVELOPMENTS ON BLIPS AND SOJOURNS RE-WRITING

The third configuration gives,

; th. s ; tr s
i [t2; - i . 2k+1
- /p ds /F ds'€P(s)nP (s )L1(s — s') = —;:gjingk [/F ds /F ds'Ly1(s —s")
Jib I, ok Tt
t5; D1
n /_ ds /_ ds'Ly (s — s’)] (E.3)
the1r  thy
- _ - _
= [:ngngl(tgj - tgk) + :Iz)jrngQl(tgj - tgk+1)] .

(B.4)

The fourth configuration gives,

P
th
JP

2j—1

S
ds /_ ds'Li(s — s'):|
Tty

i _ _ - _
= [‘:’gj—ngle(tgj—l — ) + E5; 15, Qi (15, — tgk)]'
(E.5)

i [t s = i =
= / T ds /[_) ds'€P(s)nP (s")La(s — 8') = —=E5, | Th,
1 ok

™ JeP . ™
thi_

p P P P P P p P
thi1 B i1 b bt fyj1 T

PP PP b p 3
tor,  tor by, takgr thy, o tog toks1

Figure E.1: Coupling of a blip of the spin p with a simultaneous sojourn of the spin
P. There are four distinct configurations.

We finally recover the expression of Chapter 3.

ITI Scaling regime

In the scaling regime A/w. < 1, it is possible to overcome the sign problem naturally
arising in our method as shown in Ref. [125]. Simplifications occur in Egs. (3.8) and
(3.10) as we can consider that Qq(t; — t) = 2ratan™! [we(t; — tx)] ~ m2a. Then we
have

2np,—1 2n4

YooY BT — 1) =ima | > &P (E.6)
j=1

k=0 j:tI>t}

for ¢ =por p=7. & is the value of £9(t) in the interval [t7,¢], ] and 7] is the value
of 7P (t) in the interval [t} ,]. The integer [ is defined by t7 < t§ <t ;. In the case
of p = ¢, we just have | = j — 1.
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This expression does not depend on intermediate times, but only on the path taken.
As a result, there is no need to introduce the time-dependent field k. After having
introduced the field h as in the main text, we finally recover Eqgs. (3.16) and (3.17) of
the main text, with

0 = —ae" 0 "9 0 0 —a® 0 0 0
a*" 0 0 —e 0 e 0 0 0 - o 0
—£r 0 0 e 0 et 0 0 0 - 0 ©
0 —<" 4 0 0 0 0 aet 0 0 0 -<
" 0 0 0 0 et =" o0 —e" 0o 0
0 a* 0 0 e 0 0 - 0 -£ o0 o0
0 0 a" 0 —<% 0 0 ae* © 0o 0 -< 0
0 0 0 & 0 - e 0 0 0 0 -4
i =
—h —h h
- 0 0 0 0 e —e* 0 e 0 0 0
0 —<" o o . a" 0 0 -< 0 a™ 0 0
0 0 —<* 9 © —_e* 0 ae ™ 0 0 a™ 0
0 0 0 —e* 0 —et e 0 0 0 0 a2
—et 0 0 ae” 0 0 0 0 aeh -2 0
©) 0 - o0 0 0o €& 0 0 et 0 0 -5
0 0 —e* 0 0 0 €& 0 e 0 a2 "
0 0 0 —aet 0 0o o0 < 0 —ae* £ 0

where a = exp(ira), |¢:)T = |¢/)T = (1,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0).




146 APPENDIX E. ADDITIONAL DEVELOPMENTS ON BLIPS AND SOJOURNS RE-WRITING



APPENDIX F

Non-adiabatic response and topology

I Chern number and evolution of (¢*) with 6

One can first use the Poincaré-Hopf theorem to show that the Chern number is equal
to the degree (introduced below) of the mapping (6, ¢) — d/|d|, as used for example
in Ref. [261]. The degree deg of a smooth map f : M — N between two connected,
oriented and closed n-dimensional manifolds M and N, is an integer defined by [262,
263]

deg = Z signdet (J), (F.1)

z€f~1(y)

where J is the Jacobian matrix of f and y € N is a regular point with a finite number
of preimages. deg is an integer which do not depend on the point y. In our precise
case, we work with 2-dimensional manifolds, that fulfill the requirements of the above
definition. When Hy < H, any regular point y in N has only one pre-image. The
sum in Eq. (F.1) reduces then to one term and we have in general deg = +1. When
Hy > H, the situation is different as there are always two preimages of any regular
point in N. A computation of the Jacobian for a particular choice of y shows that
these two terms compensate and one gets deg = 0. We recover then Eq. (4.6), when
we consider the limit y — (0,0,1) .

IT Proof of Eq. (4.18) using time-dependent pertur-
bation theory

Let us call |e;) and |g;) the excited and ground state of the system at time ¢, associated
with the eigenenergies E,(t) and E,(t). We project the wavefunction of the system at
time ¢ on this instantaneous basis,

(1) = ag(t)lge) + ac(t)ler). (F.2)

We first show that the non adiabatic response of the system will lead to a non-zero
expectation value for (c¥(t)). Then we compute a.(t) and a4(t).
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o Let us define A(¢) = (93Ho). We have

A(¢) = ()]0 Holv (1))
=lag(t)|* (9:10sHolge) +lac(t)|? {ee|dHoler) +ay(t)az(t){etldsHolge)
=0 —0
+ ag(t)ae(t)(g:0sHoler). (F.3)

Then

A(0) = 5 sinblo") = [ag()az (1) {ealdsHolgr) + a (Dac (1) {guldsHoler)] (6= 0).
(F.4)

It is clear from Eq. (F.4) that (o¥(t)) is linked to the non-adiabatic response of
the system.

o To find the time evolution of a.(t) and ay(t), we use time dependent perturbation
theory, following Refs. [165,175]. Inserting expression (F.2) into the Schrédinger
equation and projecting on the state |e;), we get:

ide(t) + ag(t)(€r]Oclg:) = ac(t) Ee(t). (F.5)

Next, we define a;(t) = a;(t)e’®:®) | with ©;(t) = ftto E;(r)dr for i = (g,e). At
first order in v, we get [264],

ae(t) = Z/ d7(e+|07|g7) exp [i (B () = O4(7))] + o(v). (F.6)

to

Using integration rules on fast oscillating functions [175], we finaly reach

(et|0t|gt) +o(v) = — (et|09Holge)

m va + O(’U). (F7)

ac(t) =1

Inserting the expression (F.7) into Eq. (F.4), we get:

(gel0sHoler)(et|OoHolge) — (9619 Holer) (et 0o Holgr)

[Bo(t) — By(0)]? Folv)

(F.8)

(W()|0sHo|t(t)) = —iv

We recognize on the right hand side of Eq. (F.8) the expression of the Berry
curvature, and we find back Eq. (4.18). For Hy = 0, we have .ng) =1/2sin6.
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Other heat engine setup

As stated in the main text, no current is rectified when the system is put in state
of overall zero temperature. Here, we consider the case when the conduction elec-
trons are at zero temperature so that the charging energy of the quantum dot
forbids electrons to tunnel onto it. However, if the quantum dot is capacitively
coupled to an electrical environment via capacitance Cy with impedance Z;, and
temperature T, the electrons have a new way of gaining energy: photons from
the hot impedance can be absorbed, allowing the electrons to tunnel onto the dot.

We present in Fig. G.1 the corresponding circuit and pictorial representation.

CL Cr

Figure G.1: The lateral parts correspond to the energy diagram of the electrons in
the corresponding lead at zero temperature and the central part represents the energy
levels of the quantum dot. The straight dotted arrows represent a tunneling event
from left to right, associated with curvy arrows which correspond to photon emis-
sion/absorption. Photons from a hot impedance Z; excite zero-temperature electrons
tunneling onto the quantum dot. These electrons emit photons in the cold impedances
to tunnel off of the quantum dot. The asymmetry in the quantum vacuum fluctuations
from the zero temperature latteral impedances leads to rectified current.

In this case we find that E, = e2/2Cx — e>_;(C;/Cs)dV;, where the sum is
over L, R,d. Here Cy = Cp + Cr + Cy and 6V corresponds to the voltage
fluctuations linked to the central impedance d, which is only present in the case
of Fig. 5.1(a). The effect of the fluctuating voltages can be taken into account by
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a unitary transformation U = exp(i¢r >, chk +ioR )., cgcq +ipqdtd), leading
to

ted — trd GXp(i(I)L), tdq — tdq exp(fiq)R). (Gl)

Here, we have introduced the total phase ®; = ¢;—¢4, where ¢, = (e/h) f(f dt’'sVi(t')
for | € {L, R}, and ¢q = (e/R) 3_;(C;/Cx) fot dt’dV;(t') where the sum is over

j € {L,R,d}. The voltage fluctuations dV; are linked to the environmental de-
grees of freedom whose dynamics is governed by H.,,. Within P(E) theory, the
probability of the electrical circuit I € {L, R} to either absorb or emit a photon
is still given by

P(E) = (1/h) / h dte Bt/ et ®) (G.2)

— 00

where K;(t) = ((®;(t) — ®;(0))®;(0)).

We have K; = (03 +n?,)ki + n2kq for (I,m) = (L, R), (R, L) where we have
introduced the coupling constants to the environmental baths, n; = (C,, +
Cq)/CsyMim = Cp/Cxyng = Cq/Csx (m = R when | = L and vice versa).
ki(t) and kq(t) are the lead and dot correlation functions taken in isolation
k;(t) = (¢;(t) — ¢;(0))¢;(0) and they read

ki(t) = /Ooo &) Re [Zl} (e™t — 1),

w R,
ka(t) = /0 b %"236 [gﬂ {coth (52‘*’) [cos(wt) — 1] — isin(wt)}, (G.3)

where Z; = /L;/Cy is the impedance coupled to the lead [. For the sake of
simplicity, we have specified the case for which both left and right leads have
the same correlation function kp(t) = kg(t) = ko(t) in isolation at zero tem-
perature, and the asymmetry of the system comes from different values of Cp,
and Cr. This is one particular choice to break the Left/Right symmetry, which
leads to the simple expression above for K;. There are other ways to break
this symmetry such as having different impedances Z;, and Zr. The important
point is that the capacitive coupling to the hot impedance now enters the P;(E)
functions for the tunneling electrons.

The effects of ko(t) and kq(t) are quite different and we will consider their ef-
fects independently. We consider for ko(t) the case where the zero frequency
external impedance of the T' = 0 transmission lines Z = R = /L/C* is small
compared to the resistance quantum, R < R, = h/e?, and define the large
a = Ry/R > 1 (where L = L;, = Lg and C° = C{ = C%). In this case, we
have for long time, ko(t) = —(2/a)[In(aE.t/7h) + im7/2 + .|, where 7, is the
Euler constant [85]. The isolated effect of this cold impedance would lead to
a Py(E) = (1/h) [7°_dtexp (iEt/h)exp [ko(t)] function that vanishes for neg-
ative energies, and has a power-law divergence for small positive energies, as
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in the main text. In contrast for the hot impedance, still in the small resis-
tance limit, the correlation function becomes kq(t) = —(ReZy/R,)kpTt/h in
the long time limit. The isolated effect of this cold impedance would lead to a
normalized Lorentzian for Py(E) = (1/h) [~ _dtexp (iEt/h) exp [kq(t)] of width
A= (ReZd/Rq)kBT [85]

The combined P;(F) functions from both effects is found by taking a convolution
of the two Py(E) and Py(F) functions (convolution theorem), provided the cou-
pling constants 7; to the various circuits are properly accounted for. This turns
out to be straightforward because they can be absorbed into effective impedances
& = a/(n3+mn?,,), charging energies E..; = (1 +n7, ) E. and Lorentzian widths,
A = An3, giving

2/ 81 p—27e /&

PUE) = F o ) sim(am jan) @ By A = E)R (G4)

The Left/Right asymmetry is now solely contained in the effective parameters
ar # ap. These Pj(F) functions permit us to calculate the tunneling rates Ty ;
between the leads and the dot, from left to right (+) and right to left (-),

Ty () :ToyL/def(e:I:Q:F,u/Q)PL(e), (G.5)

To.n(@) = Ton [ def(eF 2 n/2)Pr(e) (G.6)

At zero temperature the Fermi distribution f becomes a step function and equa-
tions (5.7) and (5.8) have a simple interpretation: the electrons in the lead have
no way to gain energy without absorbing a photon from the bosonic bath if
p = 0. This is why the convolution with the hot impedance is important - it
permits the P(E) function to have some probability in the negative energy range,
so a photon can be absorbed from that bath. It may then be given back to a
cold bath as it tunnels left or right, as can be seen in Fig. G.1. The asymmetry
between the capacitances breaks the left-right symmetry. Equivalently we re-
peat that one may have taken the same value for C';, and C'r but with different
impedances Z;, and Zg. In this case, the level is dephased by a fluctuating phase
@4, s0 that we assume a sequential non-resonant tunneling case and the rectified
current is given by [230],

J— o T (BT r(Ba) — T2 1(Ba)T- r(Ea)
Ty L(Ea) + Ty r(Eq) +T- 1(Eg) + T r(Ea)

(G.7)

This effect leads to a weaker rectified current compared to the setup presented
in the main text (it compares to the results obtained for the non resonant case).
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This is due to the fact that one cannot consider resonant sequential tunneling,
because the interaction of the electron on the dot with the external hot environ-
ment prevents phase coherence.

For this setup, the efficiency reads n = IV/Jy, where Jy is the amount of heat
received from the environment. We find a smaller efficiency in this case.



Résumé de la theése

Cette these porte sur ’étude de propriétés dynamiques de modeles quantiques portés
hors équilibre. Nous introduisons en particulier des modeles généraux de type spin- bo-
son, qui décrivent par exemple I'interaction lumiére-matiere ou certains phénomenes de
dissipation. Nous contribuons au développement d’une approche stochastique exacte
permettant de décrire la dynamique hors équilibre du spin dans ces modeles. Dans ce
contexte, 'effet de I'environnement bosonique est pris en compte par 'intermédiaire
des degrés de liberté aléatoires supplémentaires, dont les corrélations temporelles
dépendent des propriétés spectrales de I'environnement bosonique. Nous appliquons
cette approche a I’étude de phénomenes & N-corps, comme par exemple la transition
de phase dissipative induite par un environnement bosonique de type ohmique. Des
phénomenes de synchronisation spontanée, et de transition de phase topologique sont
aussi identifiés. Des progres sont aussi réalisés dans 1’étude de la dynamique dans
les réseaux de systemes lumiere-matiere couplés. Ces développements théoriques sont
motivés par les progres expérimentaux récents, qui permettent d’envisager une étude
approfondie de ces phénomenes. Cela inclut notamment les systemes d’atomes ultra-
froids, d’ions piégés, et les plateformes d’électrodynamique en cavité et en circuit.
Nous intéressons aussi a la physique des systémes hybrides comprenant des dispo-
sitifs a points quantiques mésoscopiques couplés a un résonateur électromagnétique.
L’avénement de ces systémes permet des mesures de la formation d’états a N-corps de
type Kondo grace au résonateur ; et d’envisager de dispositifs thermoélectriques.

Plus précisément, nous étudions les développements récents concernant la dyna-
mique de systemes quantiques hors de leur état d’équilibre et la physique de la lumiere
(micro-onde) dans des circuits supraconducteurs et analogues de Josephson, par analo-
gie avec les systemes de physique atomique. Nous introduisons notamment des modeles
quantiques d’impuretés reliés a des systemes dissipatifs et controlés. De nos jours,
théoriciens et expérimentateurs accomplissent des efforts en vue de la caractérisation
de ces systemes quantiques hors équilibre. Nous montrons comment les systemes de
jonctions Josephson peuvent servir a implémenter ’équivalent de ’effet Kondo connu
en physique des matériaux, avec des photons micro-onde dans des circuits supracon-
ducteurs. L’effet Kondo peut notamment se caractériser par une fréquence lumineuse
renormalisée et par un pic dans la transmission élastique Rayleigh d’un photon. Nous
nous intéressons aussi a la physique des systemes hybrides comprenant des dispositifs a
points quantiques mésoscopiques couplés a un résonateur électromagnétique. Ensuite,
nous discutons de fagon détaillée des modeles de réseaux d’électrodynamique quan-
tiques (Quantum Electro-Dynamics - QED) permettant de concevoir des modeles de
réseaux de Jaynes-Cummings et de Rabi, via la présence de bits quantiques supracon-
ducteurs dans les cavités supraconductrices. Ceci ouvre la voie a une nouvelle physique
pour le probleme & N-corps dans les systemes lumineux hors équilibre, en relation avec
la transition Mott-superfluide observée avec des atomes ultra-froids dans des réseaux
optiques. Nous résumons aussi des prédictions théoriques récentes pour réaliser des
phases topologiques avec de la lumiere. Des champs de jauge synthétiques et des cou-
plages spin-orbite ont été mis en oeuvre avec succes dans les matériaux quantiques
et dans les systemes d’atomes ultra-froids piégés dans des réseaux optiques - en uti-



lisant des perturbations de Floquet périodiques dans le temps - ainsi que dans les
systemes de réseaux photoniques artificiels. Finalement, nous discutons ’effet Joseph-
son lié aux modeles de Bose-Hubbard dans des géométries en échelle ainsi qu’a deux
dimensions, produisant de la cohérence de phase et des courants Meissner. Le modele
de Bose-Hubbard est aussi lié au modele de Jaynes-Cummings sur réseau. En présence
de champs de jauge synthétiques, nous montrons que les courants Meissner subsistent
dans une phase de Mott isolante.
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