N

N
N

HAL

open science

Multi-component gauge-dependent quantum gases

Nicolas Victorin

» To cite this version:

Nicolas Victorin. Multi-component gauge-dependent quantum gases.

mat.quant-gas|. Université Grenoble Alpes, 2019. English. NNT: 2019GREAY049 . tel-02513450

HAL Id: tel-02513450
https://theses.hal.science/tel-02513450
Submitted on 20 Mar 2020

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.

Quantum Gases [cond-


https://theses.hal.science/tel-02513450
https://hal.archives-ouvertes.fr

Communauteé
UNIVERSITE Grenoble Alpes

<4
78l

THESE

Pour obtenir le grade de

DOCTEUR DE LA COMMUNAUTE UNIVERSITE
GRENOBLE ALPES

Spécialité : Physique théorique

Arrété ministériel : 25 mai 2016

Présentée par

Nicolas VICTORIN

Thése dirigée par Anna Minguzzi, Directeur de Recherche CNRS

préparée au sein du Laboratoire de Physique et de
Modélisation des Milieux Condensés dans I'Ecole Doctorale
de Physique

Gaz quantiques a plusieurs
composantes sous champ de jauge

Multi-component gauge-dependent
quantum gases

Thése soutenue publiquement le 18 octobre 2019,
devant le jury composé de :

Monsieur Simone Fratini

Directeur de Recherche, Institut Néel, Président

Monsieur Laurent Longchambon

Maitre de conférence, Laboratoire de Physique des Lasers, Examinateur
Monsieur Michele Modugno

Professeur, Dpto. De Fisica Teorica e Historia de la Ciencia Facultad de

Ciencia y Tecnologia, Rapporteur

Madame Anna Minguzzi

Directeur de Recherche CNRS, Communauté Université Grenoble Alpes,
Directeur de Thése

Monsieur Nicolas Pavloff

Professeur, Laboratoire de Physique Théorique et Modéles Statistiques,

Rapporteur







Multi-component Gauge-Dependent
Quantum Gases






Contents

Il

Two component ring under gauge fluxes,

(1

Artificial gauge fields with ultra-cold atoms in optical lattices|

(1.1 Opticallattices|. . . . . . ... ... ... . . . . .

(1.1.2 Ringshapedlattice| . . . . ... ... ... ... . ... ... .. .. ..
(1.2 Gaugefield . ... ... ... ... . . . .
(1.2.1 Analogy between rotation and magnetic field, persistent currents| . . .
(1.2.2 Magnetism and quantum physics| . . . .. ... ... ... ... .....
[1.2.3 Latticesystems| . . . . . .. .. ...
[1.3 Peculiarities of one dimensional systems| . . . . ... ... ............
(1.3.1 Condensation and coherence propertiesin1D| . ... ..........

[2

Mean-field of the double ring|

[2.1 Gross-Pitaevskii equation| . . . . ... ... ... .. ... o .

2.3 NoniInteractingregime|. . . . . . . . . . . v v v vttt ittt ettt et e
2.3.1 Persistentand chiralcurrents . . . ... ........ . ... . ....
[2.3.2 Infinite system - Variational Ansatz] . ... ... ... ...........

[2.4 Mesoscopic effects and commensurabilityof theflux|. . . . ... ... .. ...
[2.4.1 Vortex configurations on a finite double ring lattice|. . . . . . ... ...
[2.4.2 Fate of the single vortex in the Meissner phase|. . . . . ... ... .. ..
[2.4.3 Spiral interferograms|. . . . . ... ... ... o oo

[2.5 Mean-field ground state phasediagram|. . . . . ... ... .. ..........
[2.5.1 Coupled discrete nonlinear Schrodinger equations (DNLSE)| . . . . ..
[2.5.2 Persistent currents for interacting bosons on the double ring lattice|. .

13

Bogoliubov excitations|

[3.1 Diagonalization of general quadratic Hamiltonian| . . ... ... ... .. ...
[3.2 Bogoliubovformalism| . . ... ... ... ... ... ... .. o L.
[3.2.1 Zerofrequencymodes| . . ... ... ... .. ... ... ..
[3.2.2 Josephsoneffect|. . . . ... ... ... ... ...

3

11

13
13
14
16
16

18
20
22
24

27
27
28
30
32
33
34
34
34
37
40
40
41



Contents

74
[3.3.2 Dynamical structurefactor] . . . ... ... ... ... .. ... ... ... 54
B.3.3 Staticstructurefactor . ............ ... . . 0oL 56
[3.4 Excitation spectrum as a probe of the phases of the two-leg bosonic ring lad- |
Cder] - oot 56
[3.4.1 Meissnerphasel . . . . ... ... .. .. ... 57
[3.4.2 Biased-ladderphase| . . ... ... ... ... ... ... . L. 60
3.4.3 VortexPhasel. . . .. .. ... .. ... . . 60
[3.4.4 Experimental probe of dynamical structure factor] . . ... ... .. .. 61
[3.5 Coherence properties and supersolidity|. . . . . . ... ... ... ........ 63
[3.5.1 One-bodydensitymatrix| . .. ........................ 63
[3.5.2 Static structure factor - probe of solidity| . ... .............. 64
[3.6 Small ring limit and nature of the excitations|. . . . . ... ............ 65
[3.7 Bogoliubov excitation spectrum for the lowest single-particle branch| . . . . . 66
[3.8 Details on the approximation| . . . . . ... ..................... 68
4__Hard-core bosons| 71
4.1 Tonks-Girardeau Bose-Fermimapping| . ... ... ... ............. 72
[4.2 Fragmentation|. . . . . . . . . . . ... 75
4.3 Fragmented Fermiseas| .. ... ... ... .. ... ... ... .. ... 76
[4.3.1 Bose-Fermimapping. ... ... ... ... ... ... ... .. 78
M4 Numericalresultsl . . . . ....... ... . . . 79
4.4.1 Fidelity with respect to fragmented states|. . . . . ... ... ... .... 79
M42 Currents . . . .. ... 81
4.4 rrent-current correlations| . . . . .. ... o L Lo L 82
4.4.4 Density-density correlations| . .. ...................... 82
4.4.5 One-body density matrix and momentum distribution|. . . . . . .. .. 83
6 Quantum fluctuation effects, Luttinger liquid description| 91
[5.1 Bosonization and Luttinger liquid| . . . .. ... ... ... .. ... ... ..., 91
6.1.1 Correlation functionsl . ... ........ . ... . ... . . ... 92
1.2 Sine-Gordonmodell . ... ... ... ... ... o oo .. 93
[5.2 Luttinger liquid description of the doublering . . . . ... .. ... ... .... 95
[5.2.1 Derivation of the Luttinger Liquid Hamiltonian of the doublering . . . 95
[6.2.2 Meissner-Vortex transitionl . . . . .. ... .. ... . oL 96
[5.2.3 Modeexpansion| . . . . . . . . . . .. e 99
024 Weaklinkl. . . .. ... 101
[5.2.5 Current and correlations functions in the vortex phase|. . . . . ... .. 102
I Polaritons in honeycomb lattice| 109
[6 Exciton-Polaritons and the honeycomb lattice| 111
[6.1 Exciton-polaritons| . . ... ... ... .. ... .. e 112
[6.1.1 Polariton-polariton interaction|. . . . . . ... ... ... ......... 114

4 Contents



Contents

74

[6.1.2 The driven-dissipative mean-field Gross-Pitaevskii equation| . . . . . . 116

[6.1.3 Steady state and bistability] . . . ... ... ... ... o0 L. 116

[6.2 Honeycomblattice| . . . . ... ... ... ... .. . . ... 119
[6.2.1 Berryphase| . ... ... . ... 121

6.2.2 Brillouinzoneselectionl . . . . ... ............ .. ... .... 123

[6.2.3 Coupling to photonic bathvacuum| . . . . ... ... ... ..... ... 124

[7 Bogoliubov excitation spectrum of polaritons in honeycomb lattice| 127
[7.1 Bogoliubov excitation spectrum| . . . ... ... ... ... ... ....... 127
[7.1.1 Stabilityanalysis| . ... ... ... ... .. ... . . 131

[7.2  Experimental excitation spectrum| . . . . . . ... ... ... . ..o 132
[7.2.1 Experimental realization{. . . . ... ... ... ... ............ 133

[7.2.2 Retarded Green’sfunction| . . . . ... ... ... ... .. ... ... ... 134

[8 Conclusion and perspectives| 137
|[A Diagonalization of the non interacting Hamiltonian| 141
B _Numerical method for the solution of the DNLSE 143
[C Interference patterns of expanding rings| 145
[D Rigol's method for hard-core bosons| 147
[E Conformal field approach| 149
F_R reen’s functi 151

Contents 5



Introduction

HE first observation of Bose-Einstein condensation (BEC) in dilute atomic vapors

) [1] has been a breakthrough both fundamentally, verifying theoretical concept
pre ted by Bose [2] and Einstein[3] several decades ago, and experimentally, because in
order to reach the BEC regime with ultra-cold atoms a temperature of the order of 107K
had to be reached revealing the statistical property of quantum particles. Since then, a
new field has emerged and experimentalists are able to study this artificial matter in a very
clean and controllable way both for bosons and fermions. Interactions between atoms
can be long-ranged [4] or short-ranged [1]. In the latter case, the strength of the interac-
tion can be tuned using Feshbach resonances. Light-matter interaction is the key tool to
confine atoms and the shape of the confining potential can now be controlled with very
high precision. Such cold-atom systems allows us to explore a whole range of fundamen-
tal phenomena that are extremely difficult or impossible to study in real materials, such
as Bloch oscillation, Mott-superfluid transition, topology of band structure, orbital mag-
netism just to name a few. Specially designed optical lattice experiments are paving the
way to study condensed-matter problems where particles are confined into a periodical
potential. Recent experimental advances using ultra-cold quantum gases has allow to en-
gineer the coupling between different internal states of the atoms, in order to realize syn-
thetic gauge fields [5}16}7]. The dynamics of the center-of-mass of a neutral atom which
moves in a properly designed laser field, is analogue to the dynamics of a charged particle
in a magnetic field, on the influence of a Lorentz-like force. The corresponding Aharonov-
Bohm phase is related to the Berry’s phase that emerges when the atom adiabatically fol-
lows one of the dressed states of the atom-laser interaction [5]. These progresses allow
the quantum simulation of a large class of Hamiltonians. Indeed, condensed matter phe-
nomena under strong magnetic fields are still intriguing and are at the center of modern
research. For instance, topological states of matter are realized in quantum Hall systems,
which are insulating in the bulk, but bear conducting edge states [8].

Aladder is the simplest geometry where one can get some insight on two-dimensional
quantum systems subjected to a synthetic gauge field [9,[10]. The bosonic linear ladder
has been the subject of intense theoretical work. The phase diagram has been established
by means of field-theoretical methods [11} [12], and intensive DMRG simulations [13].
Those studies, in addition to common features of Bose-Hubbard models such as super-
fluid and Mott insulating phases, revealed new exciting phases of matter induced by the
magnetic field: chiral superfluid phases, chiral Mott insulating phases displaying Meissner
currents [12}/14] and vortex-Mott insulating phases [15]. In the weakly interacting regime,
an additional phase has been predicted [16] a biased ladder phase characterized by an
imbalanced population of the bosons between the two legs, explicitly breaking Z, sym-
metry. This phase was shown to be stable in the interacting case, except for a special value
of the applied flux, where umklapp processes destabilize it [17]. The dependence of the
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critical flux separating Meissner and vortex phase on inter particle interactions has been
also studied [18]. In parallel to these theoretical advances, the experimental realization of
the bosonic flux ladder has been reported in optical lattices [19] as well as for lattices in
synthetic dimensions, both for fermions and bosons [20, 21].

As in the case of cold atoms, exciton-polaritons in semiconductor microcavities are an
ideal model system to simulate and engineer condensed matter systems. They allow for
the control of the density, the temperature of the sample, and, in the case of lattice sys-
tems, the topology of the band structure. It is possible to directly image exciton polaritons
thanks to the their photonic component: all the statistical properties of the intracavity
polariton field are contained in the far-field of the polariton luminescence [22]. The possi-
bility of realizing coupled micropillars thanks to deep etching of a planar structure [23}24]
has opened the way towards the engineering of lattices for polaritons with controlled tun-
neling and deep on-site potentials with arbitrary geometry. The honeycomb lattice is one
of such intriguing condensed matter system where topological effect arise. One of the
most interesting aspect of the honeycomb lattice problem is that its low-energy excita-
tions are mass-less, chiral, Dirac particles. This particular dispersion, that is only valid at
low energies, mimics the physics of quantum electrodynamics (QED) for mass-less par-
ticles except for the fact that in honeycomb lattice the Dirac particles move with a speed
of sound vg, which is 300 times smaller than the speed of light c. Hence, many of the un-
usual properties of QED such as the Klein paradox [25] can show up in graphene but at
much smaller speeds or, identically, energy scales.

In the first part of this thesis, i.e chapters and|[5} we consider a system made of
two one-dimensional coupled lattice rings subjected to different fluxes in each leg. This
specific bosonic ladder corresponds to different boundary conditions with respect to the
case of a linear ladder. In particular, this double ring lattice geometry allows to study per-
sistent currents in dimension larger than one [26], which shows promising applications for
atomtronics developments [27,28]. We focus on a planar geometry with concentric rings,
as could be realized eg with dressed potentials [29], or using co-propagating Laguerre-
Gauss beams [30].

The first part of the thesis is organized as follows:

In chapter[IJwe introduce some key concepts about cold-atoms experiments focusing
on the trapping of atoms by light potential in optical lattices. We also provide some infor-
mations about gauge-dependent phenomena by connecting to the notion of Aharonov-
Bohm effect. Finally we discuss the peculiarities of bosons in one dimensional systems.
Then throughout the next chapters and [5|the theoretical methods employed to de-
scribe the model studied in different physical regimes are introduced, and original results
are presented.

In chapter 2| the non-interacting regime of the two one-dimensional coupled lattice

Contents 7
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rings subjected to different fluxes in each leg is derived. After identifying the vortex and
Meissner phases, we discuss specific features of the double ring lattice geometry, as the
appearance of a vortex in the Meissner phase and parity effect in the vortex phase arising
from the commensurability of the total flux. Through a numerical study we then explore
the dilute, weak-interacting regime and address the nature of the ground state at mean-
field level. In particular we identify known phases [16] such as the Meissner, vortex and
biased-ladder phases as well as the effect of commensurability of the total flux. The persis-
tent current is shown to be a good observable to identify the different phase of the system.
Finally, we propose the spiral interferogram images obtained by interference among the
two rings during time of flight expansion as a probe of vortex-carrying phases, specifically
adapted to the ring geometry. The results outlined in this chapter can be found in the fol-
lowing published article:

Nicolas Victorin, Frank Hekking, and Anna Minguzzi. Bosonic double ring lattice under
artificial gauge fields. Phys. Rev. A, 98:053626, Nov 2018

In chapter |3} using both numerical and analytic approaches, we explore the excita-
tion spectrum of two one-dimensional coupled lattice rings subjected to different fluxes
in each leg. The excitation spectrum in Meissner, biased-ladder and vortex phase is ex-
plicitly shown via the dynamical structure factor. We show that the vortex phase has su-
persolid properties stemming from the combination of coherence and spatial order. Then
the nature of the Bogoliubov modes is studied reveling Josephson oscillation between the
two rings. The results outlined in this chapter can be found in the following arxiv article:
Nicolas Victorin, Paolo Pedri and Anna Minguzzi. Excitation spectrum and supersolidity
of a two-leg bosonic ring ladder. arXiv:1910.06410, Oct 2019

In chapter[4we explore the regime of infinitely strong interactions on the double ring.
We make use of the exact mapping into fermions via the Jordan-Wigner transformation,
that is made possible in a peculiar physical regime at strong magnetic flux and weak cou-
pling between the rings. Using both analytic and exact diagonalization, fragmentation of
the ground-state is explicitly shown ranging from a fragmentation in momentum space
at weak interaction to a fragmented Fermi sea at infinite interaction. The regime of frag-
mented Fermi sea is then characterized via different physical observables. The results
outlined in this chapter can be found in the following published article:

Nicolas Victorin, Tobias Haug, Leong-Chuan Kwek, Luigi Amico, and Anna Minguzzi. Non-
classical states in strongly correlated bosonic ring ladders. Phys. Rev.A, 99:033616, Mar
2019.

In chapter[5|we explore the intermediate regime of interactions. Thanks to a mode ex-
pansion and re-fermionization approach of the bosonized Hamiltonian of the double ring
under gauge flux, we show the peculiarities of finite size periodic boundary condition on
the current in the double ring. A rotating barrier is then introduced and we show a gap
opening in the spin sector of the energy spectrum. The dynamical structure factor is de-
rived revealing the decomposition in spin and charge mode of the excitation spectrum at

8 Contents
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low energy. The results outlined in this chapter is the outcome of an on going work.

In the second part of this thesis, i.e Chapters [6|and [7} we consider a system of exciton
polaritons in honeycomb lattice. Driven by experiment realization of the model in Institut
Néel in the group of Maxime Richard, we explore the Bogoliubov excitation spectrum of
the model as well as its observation in relation with relevant experimental procedures.

The second part of the thesis is organized as follows:

In chapter [6| we review some key concepts about exciton-polariton in microcavities.
Then we study the honeycomb lattice and its low energy properties. We outline the con-
cept of Brillouin zone selection mechanism and we provide a new interpretation in terms
of dark-state.

In chapter [7|we explore the Bogoliubov excitation spectrum of exciton-polaritons in
honeycomb lattice structure. We show that this Bogoliubov spectrum exhibit a instability
of the C point of the bistability curve that is usually stable for polariton in microcavities.
Superfluid properties below and above the C point arises at momentum away from the
momentum of the laser pump that populate one of the Dirac point of the system. Finally
we see that the theory derived in this chapter models experimental observation of the ex-
citation spectrum of interacting polaritons in honeycomb lattice.

The second part of this thesis is part of an on going work.

List of published and soon to be published work

The original results presented in this thesis have been published in the following articles:

(i) Nicolas Victorin, Frank Hekking, and Anna Minguzzi. Bosonic double ring lattice
under artificial gauge fields. Phys. Rev. A, 98:053626, Nov 2018
Subject of part I, chapter 2
(ii) Nicolas Victorin, Tobias Haug, Leong-Chuan Kwek, Luigi Amico, and Anna
Minguzzi. Non-classical states in strongly correlated bosonic ring ladders. Phys. Rev.A,
99:033616, Mar 2019.
Subject of part I, chapter 4
(iii) Nicolas Victorin, Paolo Pedri and Anna Minguzzi. Excitation spectrum and
supersolidity of a two-leg bosonic ring ladder. arXiv:1910.06410, Oct 2019
Subject of part I, chapter 3
(iv) Nicolas Victorin, Roberta Citro and Anna Minguzzi. Luttinger Liquid description
of a two-leg bosonic ring ladder subjected to gauge fluxes. In preparation.
Subject of part I, chapter 5
(v) Petr Stepanov, Nicolas Victorin, Anna Minguzzi and Maxime Richard.
Experimental observation of the excitation spectrum of an interacting gas of polariton in
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Chapter 1

Artificial gauge fields with ultra-cold
atoms in optical lattices

HIS chapter will focus on the necessary tools to understand the content of Part

) I of this manuscript. The relevant concepts of optical lattices, gauge fields and
the erglng phenomena of ultra-cold gases placed under those constraints will be in-
troduced. Also, the peculiarities of bosonic one dimensional many-body systems will be
reviewed. All other necessary concepts will be introduced at the beginning of each forth-
coming chapter.

1.1 Optical lattices

Using the sensitivity of the electrons of an atom to an oscillating electric field E(r, 1) it is
possible to engineer a trapping potential for neutral atoms. Indeed, the interaction be-
tween electrons and an electric field made by laser field induce a dipole moment that os-
cillates with the imposed laser field, far from resonance reads

df(= ), aijw)E;x1 (1.1)
j=x.y.z

where dlf—’ is the i component of the dipole moment, w; the laser frequency and a; jlwr)
the matrix elements of the complex polarizability tensor characteristic the response of
the atoms to the applied electric field. The energy shift is then AE = d-E and for a fully
isotropic response of the medium to applied electric field it is diagonal, i.e a;; = ad;j,

I(r, 1)

AE(r, t) = —-2Rela]I(r, (1.2)

where I(r, ) is the laser beam intensity and A = w; — w; is the detuning of the laser fre-
quency to the frequency of the first excited state of the atom. The last equation means

13



1.1. Optical lattices

Figure 1.1: Schematic pictures of optical lattice potentials created by counter-propagating
lasers: (a) 2D array of quasi-1D tubes and (b) 3D simple cubic lattice. From [32].

that the atoms feel an optical potential created by the spatial pattern of the laser field in-
tensity. This technique is widely used for trapping atoms [31]. Upon changing the sign of
the detuning A it is possible to change the sign of the potential and therefore its attractive
or repulsive character.

Optical lattices are formed using light confinement forming periodic intensity pattern
thanks to interference of two or more laser beams. The simplest optical lattice can be
made with two laser beams with the same wavelength, with paths which are in opposite
direction. Their interference creates a 1D periodic intensity pattern of period half their
wavelength, of the form

V(x) = Vysin?(kx) (1.3)

with k =27/, A being the wavelength of the lasers that form the standing wave and Vj
the depth of the optical lattice proportional to the intensity of the laser beam. It is possible
then to create complex lattice structures by creating complex interference patterns playing
with wavelength, angle, polarization, shape and number of the laser beams.

1.1.1 Bose-Hubbard model

A relevant Hamiltonian for lattice models is the Bose-Hubbard Hamiltonian that is useful
to treat a lattice system in tight binding approximation and has proven to be the relevant
one to describe bosonic atoms with repulsive interaction in a periodic lattice potential
[33]. We will review here its derivation as it will be helpful for the next chapters [

14 Chapter 1. Artificial gauge fields with ultra-cold atoms in optical lattices
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Bl and in Part [T of this thesis. The Bose-Hubbard Hamiltonian can be derived from the
general second quantized form of many-body Hamiltonian

H= f dryt 0 by () + f ar’ f dry! 0y @) Ve y @)y, (1.4)

where h; is a general differential operator acting on the bosonic field operators v (r) rep-
resenting the kinetic energy and the external potential, and the second term V; is the
inter-particle interactions. In the specific case of atoms in an optical lattice, &, = —% vz
+ Vatt (1) + Vext (r) where Vi (r) represents the lattice confining potential and Ve (r) an ex-
ternal potential. In typical cold-atom experiments the quantum gas is very dilute, with
densities typically ranging from 103 to 10'°cm™!. Interactions between atoms are never-
theless very important and are well characterized by two-body contact interactions at low
energy. The interactions are then described by a single parameter, the s-wave scattering
length ag, which enters into the contact two-body interaction potential V;p = gd(r —r')
where g = dnl’as - The s wave scattering length is tunable using Feschbach resonances
[34]. This provides to the cold-atoms experiments a unique playground to study effect
of interactions between particles for a large range of interaction strengths. Considering
deep lattice potentials, we use a tight-binding approximation that consists in expanding
bosonic field operator on the basis of Wannier functions of the lowest band,

wr) =) biw(r—r), (1.5)

where b; and blT are respectively the annihilation and creation operators of a particle lo-

calized in the i™ lattice site, satisfying bosonic commutation rules [bi,b” = §;j. This
approximation works also for interacting bosonic gases as long as the typical interaction
between particles is not enough to excite the population of higher bands. One then ob-
tains the Bose-Hubbard Hamiltonian by taking into account only nearest neighbor hop-
ping and contact interactions,

U
H:—ZLM@%+hQ+Eanw4L (1.6)
@ :

where (i, j) is restricting the sum to nearest neighbors and n; = b}L b; is the number op-

erator of bosons on each site. The coefficients J;; is interpreted as the rate of tunneling

between site i to j through the lattice potential barrier and it is given by

2,2
Ir

Jij= —fdrw*(r—r,-) + Vext (X) + Vg (1)

w(r—r;). (1.7)

As the Wannier functions are strongly localized in the tight binding approximation, the
on-site interaction U is given by

U:gfdnwmﬁ. (1.8)

Chapter 1. Artificial gauge fields with ultra-cold atoms in optical lattices 15
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1.1.2 Ring shaped lattice

The geometry of the lattice that one can consider depends on the intensity pattern formed
by the interference of the laser beams. Therefore, a large class of lattices can be consid-
ered e.g cylindrical optical lattices[30]. Those lattices can be formed using Laguerre-Gauss
beams carrying angular momentum [35} 36], see Fig. Another way of forming ring

X/ A
(b) z=|)
. »
2 d, .t{b .
- ” l
- - -
. ‘l .5 L
_ L
- . - »
-2 0 2
/A

Figure 1.2: Two rings geometry, formed by two Laguerre-Gauss beams with flux per placket
®. From [30].

shaped lattice is to use the idea of synthetic dimensions that uses the internal degrees of
freedom of the atoms to generate extra transverse dimensions [37].

1.2 Gauge field

In the context of the standard model, gauge theories describe three of the four fundamen-
tal forces of nature, electromagnetism U(1), weak SU(2)xU(1) and strong SU(3) forces.
These symmetries imply invariance of the Lagrangian and define conserved charges that
are linked to the bosons that mediates those forces. In the context of condensed mat-
ter, those gauge symmetries are widely used and many-body quantum system subjected
to external magnetic fields exhibit rich and intriguing behaviour. Integer and fractional
quantum Hall effects are examples of such physical effects, where the transverse trans-
port of a 2D system induced by external magnetic field exhibits plateaus corresponding to

16 Chapter 1. Artificial gauge fields with ultra-cold atoms in optical lattices
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an integer or fractional multiple of e€?/h [38], e and h being the electron charge and the
Planck’s constant, respectively. This effect arises for charged particles with applied mag-
netic field but can also be induced by an artificial magnetic field on neutral bosonic atoms.
Several ways of inducing magnetic like dependence on neutral atoms are possible, to cite
afew:

* rotating trapped ultra-cold gases: using to analogy between Lorentz and Coriolis
force[39,40]: with this technique it is possible to create Abelian gauge fields.

* laser induced gauge fields in optical lattices: exploiting properties of laser-assisted
tunneling [41] (see Fig. itis possible to access the regime of large magnetic field.

z

Figure 1.3: Laser assisted tunneling is a way of implementing gauge field in optical lattice.
Using internal degrees of freedom of the neutral atoms: with this technique it is possible
to implement a complex hopping. From [42]

1.2.1 Analogy between rotation and magnetic field, persistent currents

Let’s consider a fluid of neutral particles confined in a trap that is rotating at frequency Q
around the z axis. We show here below that the dynamics of a fluid is equivalent to charged
particles subjected to magnetic field. One can link magnetic and rotation frequency in the
following way

gB=2mQ  with Q=Qe, (1.9)

where ¢ is the charge of the particle and m the mass. The rotation induce a Coriolis force
on the fluid that is Fc = 2Mv x Q that is very similar to the Lorentz force acting on charge
particle F; = gv x B. Let’s draw the analogy a little bit deeper by considering the full quan-
tum Hamiltonian problem of the rotating fluid, this time in first quantization. Let’s con-
sider a quantum particle of mass m evolving in a one dimensional ring of circumference
L, radius R and rotating defect turning at velocity vg = vey

- P I

H(t)—%+6(R9—vt)——2m—R269+6(RH—vt) (1.10)

Chapter 1. Artificial gauge fields with ultra-cold atoms in optical lattices 17
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Figure 1.4: Experimentally observed vortex lattice arising from the rotation of a bosonic
atomic BEC. The pictures show different configuration of the number of vortices in the
sample. Taken from [44].

One can eliminate the time dependence in the Hamiltonian by a unitary transformation
U(t) = exp(iQL,t/h) where L, is the angular momentum operator L, = —ifi0yp. The Hamil-
tonian transforms into

e 12
a=00a000 = P (~indg — g Ag)° +5(0) + Veentr (1.11)

where Vieny represents the centrifugaAl effect Veentr = —%m}?ZQ2 and gA = mQ x t. The
action of the unitary transformation U(f) is to change the frame of reference of the sys-
tem to the moving frame of angular frequency Q so that the momentum of the particle
in the moving frame is shifted by the analogue of a magnetic vector potential. The only
difference is the centrifugal potential effect, however for a 1D ring this contribution can
be considered as a constant shift of the full spectrum so that it will not be relevant. For
2D systems this contribution tends to push the particles away from the center and one
cannot have a toy model of orbital magnetism on a neutral gas. To overcome this problem
the confining trap is turning at frequency equal to the confinement frequency so that the
centrifugal contribution cancel out with the trapping contribution and one can observe
2D gauge dependent physics [5,/43]. This analogy allowed to experimentally access gauge
dependent physics and create vortex lattices in BEC experiments [44]. Figure[1.4shows an
example of a vortex lattice.

1.2.2 Magnetism and quantum physics

Continuum case : The Maxwell equation for the magnetic field B in the absence of mag-
netic monopoles v/,.B(r) = 0 implies B(r) = v, x A(r). It shows that the equation is invari-
ant under transformation of the vector potential up to a gradient term a scalar field ¢(r),
meaning that two vector potentials A(r) and A(r)’ where A(r)’ = A(r) + v,¢(r) lead to the
same magnetic field. This gauge invariance can be absorbed at the level of the quantum
Hamiltonian

1
H= %fdrw*(r) [—inve—qA®] y @) (1.12)
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4
where ¢ is the charge of the particle, by a redefinition of the momentum operator

p—p =-ive+q v (1.13)

or by a change of gauge of the field operators

w©) -y = Uy = e Oy ) (1.14)

This define a U(1) gauge invariance. One important fact is that the invariance of the mag-
netic field upon a shift of the vector potential by a gradient term lies on the fact that the
space is connected, meaning that closed loop can be deformed continuously into a dot.
This will not be the case for a particle evolving in a space where a singularity is present.
The Aharonov-Bohm effect [45] is such an example.

The Aharonov-Bohm effect is the sensitivity of the phase of the wave function to the
vector potential of the magnetic field. Let’s consider (see FiglL.5) a charged particle evolv-
ing in a plane with a solenoid creating a non-zero magnetic field only inside itself. The
Hamiltonian describing such a setup is the following

H= w (1.15)
2m

Outside of the solenoid we have no magnetic field so that 7 x A(r) = B(r) = 0. As we said
earlier, the vector potential of the magnetic field can be expressed as the gradient of a
scalar field only if the space is simply connected (i.e there is no singularity of the magnetic
field). We can only define a vector potential for different path but not enclosing the discon-
tinuity. For the two beams of Fig[l.5we can define such a vector potential that we'll call
Ap1(r) = vy 11(r) associated to wave function Wy, = e%”m””(r)‘l’o(r) where the phase
has been absorbed into the wave function and W (r) is wave-function without magnetic
field. The dephasing between the two wave functions at a point r is then

(p:%[xl(r)—)(n(r)) :%ﬁgA(r)drzznq% (1.16)
where @ is flux in the solenoid and ®, the quantum of flux. Such an effect is remarkable
as the presence of a magnetic field yield a dephasing of the particles circulating around
it without encountering it: the particles are affected by the flux of this magnetic field as a
direct consequence of the gauge invariance of the quantum theory. This phase is said to
be topological as it is not depending on the path chosen.

The persistent current phenomenon arises from the Aharonov-Bohm effect which af-
fects the quantum dynamics of charged particles in a multiply-connected geometry [45]
(i.e with holes). In condensed-matter physics the study of persistent currents has emerged
in the context of metallic rings under magnetic fields at very low temperature. If quantum
phase coherence is large compared to the size of the system and thermal fluctuations are
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Beam
recombined

Solenoid

Figure 1.5: Representation of the Aharonov set-up: incoming electrons take two alterna-
tive paths around a solenoid. The beam is then recombined and interference is observed.
Figure from [46].

weak enough, persistent currents manifest themselves as dissipationless currents even in
the absence of any applied voltage [47]. Persistent currents were first observed in solid
state superconductors electronic systems subjected to a magnetic field [48].

Mathematically, the persistent current is defined [49] through the Hellman-Feynman the-
oremas I = —Q%O(Oq,H) = —Q%Oéqu). For a homogeneous system without impurities, the

spectrumis E;, = (n - ZT”QD/ CDO)Z, where n € Zlabels the different angular momentum state.
The persistent current is then an oscillating function of period fixed by the quantum of flux
®,. Impurities will break the rotational invariance and couple the different angular mo-
mentum states of the system. This will introduce a gap between the different energy levels
E, corresponding to momentum 7 for any value of repulsive interactions (Leggett’s theo-
rem [50]).

We see from Eq. that even a moderate concentration of impurities will affect the cur-
rent amplitude. Nevertheless, the persistent current is stronger than one can think. In-
deed, when performing a gauge transformation, v (6) — e'949/(0) one removes the Ay
dependence in the Hamiltonian on the price of twisting the boundary condition (¢ (0) =
e2m Ao w(2m)). The persistent current is then seen as a measure of the sensitivity of the
spectrum to the twist, so that even in presence of disorder the persistent current does not
vanish. This fact has been observed in metallic rings in a disordered environment [51].

Of course, rotating Bose-Einstein condensates made of ultra-cold atoms, being in a su-
perfluid state, will exhibit coherence properties analogue to electronic superconducting
system and dissipationless flow is likely to occur [52].

1.2.3 Lattice systems

In a lattice two length scales are competing, the inter-site distance a and the magnetic
length [ = \/h/qB. Their ratio can be expressed as the ratio of the magnetic flux ® and
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4

the quantum of flux ®y. When ® is much smaller than ®(, nothing more is expected than
for the case of a single particle whereas for ® = ®( the physics will change drastically and
can create fractal structure in the energy spectrum (Hofstadter butterfly [53]). Artificial
materials, such as the ones which can be implemented in cold atoms experiments [6,7] are
able to access those regimes since the inter-site distance can be tuned so that it becomes
comparable with the magnetic length. In the tight binding approximation, (see Eq[1.6), we
consider the Bose-Hubbard Hamiltonian. For simplicity we will consider a 1D chain

H=-JY (af, a+hc). (1.17)
l

In the presence of a magnetic field perpendicular to the sample, we have to take into ac-
count the Aharonov-Bohm phase that is accumulated by a particle from a site [ to I’ of the
lattice

ol — 1) = %f " AG).dry, (1.18)
I

At the level of the Bose-Hubbard Hamiltonian this phase can be included via the Peierls
substitution [54] in the tunneling coefficient J — J e'? for a constant magnetic field. Thus
the Hamiltonian reads

H=-JY (af, aie” +h). (1.19)
l

2D lattice The situation for a square lattice is analogous. The 2D lattice Bose-Hubbard
Hamiltonian is

H==] Y (al,,; yamn+al, . a"" +he). (1.20)
m,n

Due to the presence of the magnetic field, the hopping is complex due to the Peierls sub-
stitution, of phase ¢;, , = qA;, ,,/ at site {m, n} in direction i = {x, y}. So that the Hamil-
tonian transform into

. ox Ly
H=-]) (e”pm:"afml’nam,n +e!Pmng! @™ +h.c) (1.21)

m
m,n

For a homogeneous magnetic field the flux is fixed and equal for each plaquette (as de-
noted by ® in, O =d¢y,+ c/)i’n cin = Ponsr — <p%1, » and represents the gauge invariant
quantity of the square lattice. All along this thesis we will consider the Landau gauge, un-
der which the vector potential is aligned to a certain direction of space x or y. When it is
aligned in the x direction, the vector potential is A = (—By,0,0) and we are in the situation
considered by Atala et al in the experiment on bosonic ladders[19] (see Fig.[2.2). In the
case of the lattice system it corresponds to the configuration where all the phases of the
vertical transition are zero and all horizontal ones increase linearly with the lattice posi-

tion I. The gauge that we will consider later in our theoretical work is the one where the
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Figure 1.6: Schematic representation of a 2D lattice with gauge dependent hopping of
Peierls phases ¢y, ,,, with i = {x, y}. From [55].

vector potential is aligned in the y direction so that A = (0, xB,0) and the corresponding
lattice flux are non zero only along x, taking the advantage of having a flux dependent tun-
neling that doesn’'t depend on the lattice position makes the calculations easier.

In the case of the ring geometry, the description follows closely the one presented here,
except that the space coordinates are now cylindrical (see Sec.[2.2).

1.3 Peculiarities of one dimensional systems

The physics of many-body one-dimensional (1D) Bose systems is very different from that
of ordinary three-dimensional (3D) bosonic gases. For example, by decreasing the particle
density n, a usual 3D quantum many-body system becomes more ideal, whereas in a 1D
Bose gas the role of interactions becomes more important. The reason is that at tempera-
tures T close to zero, the kinetic energy of a particle at the mean inter-particle separation
1/n scales as K < n? and it decreases with decreasing density n faster than the interaction
energy per particle, I < n. The ratio of the interaction to kinetic energy, y = I/K, char-
acterizes the different physical regimes of the 1D quantum gas (see Fig[1.9).This ratio has
first been introduced in the context of the Lieb-Liniger model [56}, 57] which is the model
describing many-body bosons in 1D interacting with delta potential. The Lieb-Liniger
many-body Hamiltonian in second quantization reads

2
H= —f—mfdx‘PT(x)Ax\P(x)+%—Dfdx‘{’(x)T‘{’(x)T‘I’(x)‘P(x) (1.22)

with ¥ (x) the bosonic field operator and g;p the interacting strength. The Lieb-Liniger
parameter is defined as y = 'Zf;;f . This model is integrable, and Bethe ansatz allows to
derive exact expressions for the ground state energy, its excitations (see Fig[1.7) and the
static correlations of the system at arbitrary interaction strength [58]. However, analytic
expressions are difficult to compute. Expansions around the strongly and weakly interact-
ing regime are known, while for intermediate y numerical calculations give very accurate
results. For a small value of y the gas is in a weakly interacting regime where particle tends
to be delocalized on the length of the system, in this regime mean-field theory is appli-

cable (see chapter [2Jand [3). For a large value of y, the gas enters the Tonks-Girardeau
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Figure 1.7: a) Ground-state energy of the Lieb-Liniger model versus interaction strength,
from [56]. b) Excitation spectrum of the Lieb-Liniger model, showing two branches. One
is called Lieb-I and corresponds to sound like excitations corresponding to the Bogoli-
ubov modes at weak interactions (as we can see that line 1 and 3 are close to each other),
the second branch corresponds to umklapp processes and are interpreted as holes in the
corresponding Fermi sea. Their low-energy behaviour can be captured within Luttinger-
Liquid theory (see Chap.[5). From [57].

(TG) regime, where the repulsion between particles strongly decreases the wave function
at short inter-particle distances (see chapter [4.1]for more details and method of solution).
At intermediate values of y, the Luttinger-liquid framework well describes the low-energy
properties of the 1D gas (see chapter|[5).

Figure 1.8: Sketch of the 1D bosonic cloud illustrating the size and separation of single-
particle wave functions for different value of y. Taken from [59]
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Figure 1.9: Physical regimes of a 1D Bose gas with repulsive contact interactions in the
parameter space (v, t), where 7y is the Lieb-Liniger parameter and ¢ the re-scaled temper-
ature. Taken from [60].

1.3.1 Condensation and coherence properties in 1D

Mathematically, as we will later see in chapter |4, the concept of Bose-Einstein condensa-
tion (BEC) is well defined for a system of interacting particles as the macroscopic occu-
pation of the largest eigenvalue of the one-body density matrix g™V (x, x') = (¥ (x) ¥ (x')),
where we recall that W (x) is the bosonic field operator. This description is due to Penrose
and Onsager[61] and is the most rigorous criterion for the identification of BEC but it’s not
the only one. Coherence properties in a BEC are large and off-diagonal-long range order
emerges in the one-body density matrix [62]. Those two criterions define what is a true
condensate in the sense that it has macroscopic coherence properties characterized by
the off-diagonal long range order and a macroscopic occupation of the ground-state.

Taking those definitions as a cornerstone for the nature of a true condensate we see that
a system of interacting bosonic particles confined in one dimension does not respect this
criterion in the thermodynamic limit. As the dimensionality is strongly reduced, fluctua-
tion in one dimension are enhanced and prevent the appearance of a true condensate. It
has been shown [63] that the momentum distribution n(q) diverges at small g as qﬁ_l, SO
that in 1D the condition ['dgn(q) = N shows the absence of BEC. Indeed, long-range order
is not present in both 1D and 2D [64] at finite temperature and we talk about quasi-long

L
range as the one-body density matrix displays a power law decay gV (x, x') o< [x— x'| %%,
In the above expressions K is the Luttinger parameter and is associated to the compress-
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4

ibility of the system, see Chapter |5l For a finite system size, finite number of particles,
and at very low temperatures, instead, the system can show macroscopic occupation of
the ground state and the phase coherence can cover the whole system, thus reaching a
true-condensate regime [65] (see Fig.[I.10).
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Figure 1.10: Regime of quantum degeneracy in a harmonically trapped quantum gas in the
parameter space (T/hiw,N) where T is the temperature and N the number of particles. The
regime of quasi-condensation is shown and true condensation appears at low temperature
for a large number of particle. The parameter N, represents a critical number of particle
for N > N, the gas is weakly interacting and when N <« N, we enter the so called Tonks
regime where bosons are strongly interacting. Taken from [65].
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Chapter 2

Mean-field of the double ring

(1S chapter is organized as follows. In Sec [2.1) we provide a quick review of the
Gross-Pitaevskii equation. Then in Sec[2.2) we introduce the model a Bose gas
con ed in a double ring lattice under gauge fields. In Sec[2.3|we will study the properties
of the non interacting gas identifying the vortex and Meissner phases. Mesoscopic effects
in the system will be shown in Sec[2.4]as the appearance of a vortex in the Meissner phase
and parity effect in the vortex phase, and the behavior of persistent currents. We also
propose the spiral interferogram images obtained by interference among the two rings
during time of flight expansion as a probe of vortex-carrying phases, specifically adapted
to the ring geometry. Finally in Sec we will explore, through a numerical study the
dilute, weak-interacting regime and address the nature of the ground state at mean field
level. In particular we identify known phases such as the Meissner, vortex and biased-
ladder phases [16] as well as the effect of commensurability of the total flux.

2.1 Gross-Pitaevskii equation

As we have discussed in the introduction, a Bose-Einstein condensate is obtained from
a collection of bosons sharing a macroscopic occupation of the ground state at very low
temperatures. We will consider here the regime where the action of the non-condensed
part on the condensate is negligible. We will focus on the energy of the ground state and
use this to obtain information about the system. A general representation of an Hamilto-
nian in second quantized form reads

H= f dry’ () hey () + f dr’ f dry' ' @) Vepw )y (), 2.1)

where h, is a general one-body differential operator acting on the bosonic field opera-
tors v (r), containing the kinetic energy and the external potential and the second term
Vi represents the inter-particle interaction. The Heisenberg equation of motion for the
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4
bosonic field operator is
inLyan = [ (rt)H]—6—H (2.2)
dtu/ ) - W ) ) _51[/1—(1',[) .
= hey(r, 0+ f dr'y’ (v, O Very (', Dy, 1) (2.3)

The Gross-Pitaevskii equation is the equation of motion of the bosonic field in classical
approximation, meaning that the quantum fluctuations and hence correlation between
particles are neglected, so that the bosonic field is approximated as an averaged field. The
Gross-Pitaevskii equation is then obtained by replacing the bosonic field operator by a
classical field ¢ — v/Ny¢, where Ny is the number of condensed particles, thus obtaining

in0;p(r, 1) =

hr+N0fdl"Vr',r|¢(r', nI* | o, 1) (2.4)

Generally, the Gross-Pitaevskii equation [63] was first derived and mostly studied is the

special case of contact interparticle interaction, i.e Vi, = g6(r —r') where g = am h LI

ing from the two-body scattering problem where a; is the s-wave scattering length

com-

in0:p(x, 1) = [he + gNolp(x, )] P(x, 1). (2.5)

This equation is also called non-linear Schrodinger equation.

2.2 The model

Bosons trapped in a ladder pierced by a magnetic field provide a minimal and quasi-one
dimensional setup to study the interplay between orbital magnetism and interactions. In
particular, the system as described in Fig[2.1|and by Hamiltonian (in another gauge
and linear configuration) displays chiral Meissner currents. It has been already experi-
mentally realized in a linear configuration [19]. Its phases are illustrated in the diagram of
Fig[2.2] Below a critical inter-leg coupling strength, the chiral current decreases in good
agreement with the theoretical prediction of a vortex lattice phase [12].

In our work, published in [66], we consider a Bose gas confined in a double ring lat-
tice see Fig[2.2] In the tight-binding approximation we model the system using the Bose-
Hubbard model:

HA=Hy+H;, =
& i®,  t i®
=1
- X ]p(“zp“l+lpe PHan, paipe ,,)
I=1,p=1,2
U & 4
_KZ( a12+a dl1) > Z a; , 9 ,,paLp (2.6)
I=1,p=1,2
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Figure 2.1: a) Schematic representation of the experimental setup of Ref and b) energy
levels. An effective homogeneous magnetic field in each ladder is realized through laser-
induced tunneling (red arrows) between the left (L) and right (R) legs of the ladder. Taken
from [19]. The gauge here is changed with respect to Eq (2.6) by a;; — ¢/@/?!q;, and
ap,— e 19Dlg,
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Figure 2.2: a) Phase diagram of ladder chiral current as order parameter for the distinctive
Meissner and Vortex phases. b) Theoretically calculated individual currents and particle
densities for the different values of K/J. Taken from

where the angular position on the double ring lattice is given by 8; = zﬁ’z I where [ is an inte-
ger [ € [1, Ng] with N; the number of sites in each ring. In Eq J1 and J» are respectively
the tunneling amplitude from one site to an other along each ring, the parameter K is the
tunneling amplitude between the two rings, connecting only sites with the same position

index [ and @, , are the fluxes threading the inner and outer ring respectively. In the case
_2n®;

where the gauge fields are induced by applying a rotation to each ring one has ®; = A
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Figure 2.3: Representation of the geometry studied in this work: co-planar ring lattices of
radii R; and R, with the same number of sites, with inter-ring tunnel energy K and intra-
ring tunnel energies Je'®, with p = 1,2.

with ®; = QR?, Q being the angular rotation frequency, R; radius of ring i, ®¢ = 2zi/m

the Coriolis flux quantum. As J; = to lowest order we can consider J; = J, corre-

’72
2mR2’
sponding to two rings close to each other, or realized using adjusted lattice potential. In
the following, it will be useful to introduce the relative flux ¢p = ®; — ®, and average flux

= (D +Dy)/2.

2.3 Non interacting regime

We first proceed by analyzing the non-interacting problem. The diagonalization of Hj (see
Appendix A for details) yields the following two-band Hamiltonian:

Ao =Y alayE. (k) + BLBrE-(k), (2.7)
k

where

- i
arz) \—uk vi)\Pk
and the functions u; and vy depend on the parameters ¢ and K/J (see Appendix A for

details), the momentum in units of inverse lattice spacing takes discrete values given by

k= 2]7\’,—5”, with n=0,1,2...N; — 1 and the dispersion relation E. (k) reads

E.(k)=-2]cos(¢p/2) cos(k — D)

i\/Kz + (2))?sin(¢p/2)? sin(k — ®)2. 2.9
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Figure 2.4: Energy spectrum (in units of J with N; = 40 sites on each ring) as a function
of wavevector k (in units of inverse lattice spacing) of non-interacting bosons on a dou-
ble ring lattice, for several values of the tunneling ratio K/J at fixed relative flux ¢ = 7/2
(bottom) and several values of ¢ at fixed K/J = v/2 (top).

We see that the only influence of the average flux @ is to shift in momentum space the
energy spectrum.

The relevant ground-state properties are obtained from the low-energy branch of the
spectrum since, for a finite size-ring, at T = 0 and U = 0 the bosons form a condensate
in the lowest-energy state available. At varying tunneling ratio K/J and relative flux ¢,
two possible situations arise from the lowest-energy branch E_(k) (see Fig. [2.4). When
E_(k) has a single minimum, the bosons condense in the state k = ®, corresponding to
the Meissner phase, while one has a vortex phase when E_ (k) has two minima and bosons
condense with the same occupancy in each of the two minima k; and k;, given by

2
ky » = ® F arccos cot(g) \/(E) +sin? (f) ) (2.10)

2 2] 2

Other possible occupancies of the two minima are discussed in Appendix A. The vortex
to Meissner phase transition has been experimentally observed in bosonic linear flux lad-
ders [19]. At fixed K/ ] value, the critical flux where the transition appears is obtained by
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determining the change of curvature in E_(k = ®), thus yielding [11]:

K\? K
¢ = 2arccos (E) +1—(4—]) . (2.11)

The Meissner phase is characterized by vanishing transverse currents
1L =iK(a a—al 2.12
Ji,L l alylal,z al}zal,l ’ ( . )
the longitudinal currents on each ring, defined as
c o] ©, —i®
jip= l]<al’pal+1,pe’ P-ay,, ,ape ! ’”>, (2.13)

are opposite and the chiral current, i.e Jo = Y;(ji1 — ji,2) is saturated. The vortex phase
is characterized by a modulated density, jumps of the phase of the wave function, and
non-zero, oscillating transverse currents which create a vortex pattern. This is illustrated
in Fig[2.6] which shows the longitudinal and transverse current configurations both in the
Meissner and in the vortex phase.

2.3.1 Persistent and chiral currents

We proceed next to study the persistent currents on the ring. They are defined as I, = %%).
Since for the Hamiltonian one has % =0, we obtain that I; = —I, = I and we have a
correspondence between chiral current /. and persistent current:
Je=2I= @ (2.14)
c T .

In particular, Fig 2.5 represents the dependence of the excitation spectrum branches on
the relative flux. In order to obtain the persistent currents for each value of ¢ we iden-
tify the lowest-energy branch as defined piece-wise by following the lowest-energy part
of E_(k) (see Fig.[2.5|upper panel). The persistent current is then readily obtained by de-
riving this curve with respect to the flux ¢. The resulting persistent current as a function
of relative flux ¢ is illustrated in Fig. (bottom panel). By increasing the relative flux at
fixed K/J, the system undergoes a transition from Meissner to vortex phase. For low ¢
values, the particle stays in the branch E_(k = @) as long as it is in the Meissner phase. At
the critical value ¢, for entering the vortex phase, the persistent current displays a jump,
and takes an angular momentum value equal to @ + 27/ N;. As the flux ¢ increases, the
persistent currents display several other jumps, each corresponding to the appearance of
a vortex pair in the ring. We notice that the total number of jumps in the current curve
corresponds to N/2, ie the maximal number of vortex pairs on the ring.
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Figure 2.5: Upper panel: Excitation branches E_(k;,¢) as a function of the relative flux ¢
(dimensionless) for various values of k,, = %’Zn, n e [0, Ng/2]. At ¢ =0, one has E_(ky, ) <
E_(ky,¢) <--- < E_(kp,¢) (blue to brown curves, from bottom to top). The energy of the
lowest excitation branch is the lower envelope of these curves and is used to calculate the
chiral current. Lower panel: chiral current, obtained from Eq. , as a function of ¢. In
both panels we have taken Ng =20, ®=0and K/J =0.8.

2.3.2 Infinite system - Variational Ansatz

In the case of non interacting bosons, when the single-particle spectrum has two degen-
erate minima, the many-body ground state energy is highly degenerate as it corresponds
to all possible partitions of the particles among the two minima. In the presence of inter-
actions this degeneracy is broken. Introducing the variational ansatz

1 . N
o) = —— (cos©/2)p}, +sin@/2)8}, )" 10), (2.15)
which is valid in weakly interacting regime, Wei and Mueller [16] have identified two phases,

corresponding to two different partitions of the bosons on the minima k; and k;: a vortex
phase, when each minimum is occupied by N/2 bosons, occuring if 1 —6u, vi, >0; and a
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4
biased ladder phase, characterized by symmetry breaking and full occupancy of only one
of the two minima, occurring when 1 - 6uy, vg, < 0. The biased ladder phase is character-
ized by the absence of density modulations and different density values on the two rings.

2.4 Mesoscopic effects and commensurability of the flux

2.4.1 Vortex configurations on a finite double ring lattice

Figure[2.8]shows the distribution of the phase and density of the condensate wave function
of the non-interacting gas in the vortex phase, which reads

| N . . .
Vip=1\|5n (6p,1(uk1e’kll+ukze’kzl)+5p,2(vkle’kll+v e’kzl)) (2.16)
N

for various values of the system parameters. The number N, of vortices is obtained by
counting the number of jumps in the phase. Since it is also associated to the number
of oscillations in the density, which are characterized by the wavevector k = k, — k, it is
readily obtained as N, = N(k, — k1)/27. Recalling that the value of the total flux ® fixes
the position of the minima of the dispersion relation (2.9), in the case where the total flux
is multiple of <~ we obtain specific features associated to the commensurability of ® with
the allowed Values of the discrete wavevector k. Figure[2.7|depicts the various possibilities.
When ® =2 Ns’ with j integer number, the dispersion relation is centered on an allowed
value of the quantized momentum k. In this case vortices start to form when the disper-
sion relation displays a double-minima structure, and the number of vortices is even.

On the other hand, when ® = (2 +1) ﬁs the value of @ falls among two adjacent values
of quantized momentum k (see again Figl2.7). In this case, in the vortex phase, the dis-
tance among the two minima corresponds to an odd multiple of ﬁs, giving rise to an odd
number of vortices. Quite interestingly, in the Meissner phase, ie for a choice of param-
eters ¢ and K/J leading to a single minimum in the single-particle excitation dispersion
E_(k), for ® = (2] + l)ﬁs we find a nontrivial pattern in the current profiles, correspond-
ing to a single vortex configuration (see Fig2.6} third panel). This is a mesoscopic effect
associated to the finite size and the geometry of the ring. As we shall see below, however,
this vortex is more fragile than those appearing in the vortex phase, and is destroyed in the
presence of interactions.

2.4.2 Fate of the single vortex in the Meissner phase

As discussed in Sec | in the case when the total flux ® = (2j +1) &+ N, and the system is in
the Meissner phase, the non-interacting solution predicts the formation of a single vortex.
We explore here the fate of such a vortex in the presence of weak interactions.

A first answer is provided by the variational ansatz introduced in Ref.[16] specialized
to the case where the bosons occupy two neighbouring momentum states of the single-
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Figure 2.6: Representation of the current patterns for non-interacting bosons on a double
ring lattice in various parameter regimes as indicated on the figure. The length of arrows
is proportional to the amplitude of the current field. The currents fields are minimal at
the core of the vortex, where also the density drops. Upper panel: Meissner phase. Middle
panel: vortex phase, case of two vortices. Lower panel: single vortex in the Meissner phase.
In all panels, ¢ = /2 and N =12.
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Figure 2.7: Scheme of the occupancy of the single-particle levels by non-interacting
bosons at zero temperature (filled green circles), on the single-particle dispersion rela-
tion in the energy-momentum plane (empty circles joined by line), for various choices of
total flux @ (dashed vertical line). In the Meissner phase, when ® = 2 j% (left top panel,
with ® = 10/ N,) bosons condense in the k = ® mode. When ® = (2] + l)le (right top
panel, with ® = 97/ Nj), ® lies between two momentum modes, the lowest-energy states
are doubly degenerate and the system supports a vortex in the Meissner phase. In the vor-
tex phase, when ® = 2j ﬁs (bottom left panel, with ® = 87/ N,) we find an even number of
vortices, whereas when ® = (2j+1) ﬁs (bottom right panel, with ® = 97/ N;) the number of
vortices is odd. Notice that the scheme is completely general for values of ® equal to any
odd or even multiple of 7/ Nj.

particle excitation spectrum centered around k = @, in the case where it has a single min-
imum (as shown in Fig. 5, upper left panel):

1 N
= (cOSO12)BL, 5y, +5nO12)BL 1 x ) 10). (2.17)

One readily obtains, if 1 - 6u(2D /N, < 0, that the total energy is minimized by the

Uéﬂz/ N
choice 0 = 7, while one has 0 = 7/2 if 1 -6ug, Vg, n. > 0. However, by using the
results of Appendix[A|for the amplitudes uj and vy, one readily finds that in the Meissner
phase 1 —6u<2D /N, vé) +n/N, 18 always negative, and we conclude that lowest-energy solution
is of biased-ladder type.

We have verified this prediction by the numerical solution of the DNLSE, and we con-
firm that no vortex is found at finite interactions and the density profile is of biased-ladder
type, as illustrated in Fig.[2.9 and in the phase diagram (Fig. lower panel). By per-

forming calculations at varying system size, we find that the imbalance among the two
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Figure 2.8: Phase and density profiles of the condensate wavefunction for non-interacting
bosons along the double ring lattice as a function of the lattice index. Top panel: odd
number of vortices for average flux ® = 7/ N,. Bottom panel: even number of vortices for
® = 0. The other parameters are K/J =0.8, ¢ =n/2,N; =20 and n = N/ Nj.

rings decreases with increasing N;.

It is interesting to notice that this is different from the case of the biased ladder phase
BL-V obtained for values of flux corresponding to even multiples of 7/ N;. In this case, the
particle imbalance does not depend on N; and the phase is also found in the thermody-
namic limit.

2.4.3 Spiral interferograms

It has been shown [67, 68, 69] that it is possible to reconstruct the phase pattern of ring
trapped Bose-Einstein condensate by studying its interference pattern with a reference
disk-shaped condensate placed at the center of the ring. Using a similar principle, we
show here that the interference pattern of two concentric rings allows to characterize the
vortices in the bosonic double ring lattice.

Assuming that the distance between neighbouring sites on each ring is larger than the
difference of the radii of the two rings, the main contribution to the interference process is
due to radially overlapping condensates belonging to the same site index in each ring (ie
with the same angular coordinate). In this case, the wave function after after a time tror
from releasing the double ring trap is given by (see Appendix D for details):

2
ks
)

W, (r,0)) = o (ks ,) e m ToF e Pin 2.18)

where ¢; , and n; ), are respectively the phase and the number of particles of a conden-

_ (Ry-1(=DPm

sate on the ring p at site [, and k; j, = Fimon 18 related to the velocity at which each
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Figure 2.9: Density profile for a double ring lattice of interacting bosons with total flux
® = 71/ N, in the absence of interactions, single vortex in the Meissner phase (upper panel)
and for weak repulsive interactions biased-ladder (BL-M) phase (lower panel). The other
parameters are Ny =20,K/] =2,p=m/2.

wave function evolve after releasing the trap. The interference pattern intensity is given
by I(r,0) = 2 Re[¥] (1,0) W2 (r,0)]. By recalling that in density-phase representation

Ve’ P = qal ay ), (2.19)

we obtain the following intensity distribution in the polar plane (r,0;):

I(r,0;) = (azlal_l)+<a;2al,2)+2Re e"ARe"Qr(aLal_g)
(2.20)
b O = MERI=Ry) _ (B -Rhm
with Q = Hiror and Ag = o

In order to analyze typical interference profiles in the various phases, we start from
the non-interacting regime. In this case, using the results of Appendix A, in the Meissner
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Figure 2.10: Spiral interferogram in the Meissner phase (upper panels) with K/J = 1.5,
¢=mn/2and Un/J =0.3, ® =0 (upper left panel), Un/J =0, ® = ﬁs (upper right panel),
and in the vortex phase (lower panels) taking K/J =0.1,Un/J] = 0.3, ¢ = n/3, with ® =0
(lower left panel), and ® = %S (lower right panel). In all panels N = 35.

phase one readily obtains

1
I(r,0)) x ﬁcos(Qr+AR)+ngl (2.21)

N

where ng, = (a;"lal,l + “;,2 a;»). This corresponds to an interference pattern made of con-
centric rings, as illustrated in the first panel of Fig[2.10]

In the case of a single vortex in the Meissner phase, (second panel of Fig[2.10) the in-
terference pattern displays a line of dislocations, which are due to the phase slip and van-
ishing of the density in correspondence of the vortex core.

In the vortex phase, Eq.(2.20) yields

1
I(r,0) N[Zukl Vi, cos(Qr + Ap)
S

+ vil cos(@;(ky — k1) —Ar—Qr)
+  ug, cos@(ky — k) + AR +Qr)]
+1g,. (2.22)
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In this case, the interference pattern is composed of a term which is constant along 6,
that gives rise to concentric rings and two spirals patterns with uniform intensity each of
them corresponding to one of the two ring , one going clockwise and the other counter-
clockwise. The superposition of the three contributions yields a modulated spiral pattern,
shown in Fig2.10] This method, which is specific for the ring geometry, is a very powerful
characterization of the vortex phase, as the number of branches in the pattern yields the
number of vortices in the system. This allows in particular to evidence the possibility of
having even or odd number of vortices, depending on the value of the total flux. As a final
remark we notice that the interference pattern is dependent on the choice of gauge, other
choices will lead to different spiral interferogram pictures.

2.5 Mean-field ground state phase diagram

2.5.1 Coupled discrete nonlinear Schrodinger equations (DNLSE)

In order to explore in a broader way the weakly-interacting regime, we study the ground
state of the system in the mean-field approximation, obtained by neglecting the quantum
fluctuations and correlations.

We start from the equations of motion for the bosonic field operators in the Heisenberg
picture:

da p(t)
gy 240
Tar

= [ay,p(1), H]. (2.23)

Taking the mean-field approximation, ie setting ¥';, p(t) ={ay, (1)) we obtain two coupled
discrete non-linear Schrédinger equations (DNLSE):

i0;V;1(1) = —]\}ll+1'1(l«)ei@+¢/2) —]‘Pl—1,1(t)€_i(®+¢/z)
— K50+ U1 (010 (2.24)
i0,¥12() = —J¥120e" P2 - ¥, ,(1)e P92
— KY¥.1(0+UI¥2(D1*W;(0) (2.25)

This is the lattice version of the Gross-Pitaevskii equation [2.4| generalized to the two ring
case. The above equations are expected to hold for weak interactions and large number of
particle on each site.

The corresponding energy functional is given by

EI¥1, Wl = =13 (Y], Wi e + c.c)
Lp

U
-KY (\P;l\yl,z + c.c) +5 Y %1% (2.26)
I Lp

where W, = {¥; ,}.
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We use a split-step Fourier transform method [70] to solve the discrete time dependent
NLSE and perform imaginary-time evolution to obtain the ground state of the system with
the normalization condition,

Z

¥ pl* =N (2.27)
1p=1,2

~
I

where N is the number of particles in the system. We use the numerical solution of the
DNLSE to explore the nature of the ground state at varying interactions and inter-
ring tunnel coupling, as identified by the ratios Un/J and K/ J, with n = N/ N;. For simplic-
ity of the analysis, we choose a fixed value ¢ = 7/2 for the relative flux. Our results are illus-
trated in Fig. showing the particle imbalance among the two rings A = |Z {np1—np2) | IN.
For a choice of total flux @ corresponding to an even multiple of 7/ N (upper panel of
Fig. at varying interaction and tunnel parameters we identify three phases: the vortex
(V) and Meissner (M) phases found in the non-interacting regime, as well as the biased-
ladder phase (BL-V) predicted by the variational ansatz. We have denoted this latter phase
BL-V since it is competing with the vortex phase, and are both obtained from the ansatz
when the single-particle spectrum has a double minimum structure. The white triangles
in Fig. represent the frontiers between biased-ladder phase and the two other phase,
namely vortex phase and Meissner phase as calculated with the variational ansatz includ-
ing finite size effects ﬂ The agreement between the variational approach and numerical
calculation shows that the ansatz is well suited to capture the relevant features of the dou-
ble ringlattice. Figure [2.12]shows the corresponding density profiles of the various phases:
biased-ladder, Meissner and vortex phases are illustrated in panels (BL-V), (M) and (V) re-
spectively. For values of total flux corresponding to an odd multiple of 7/ N, (lower panel
of Fig. in place of the Meissner phase admitting a single vortex, as predicted in ab-
sence of interactions, we find a biased-ladder phase (denoted as BL-M in the figure). As it
will be discussed in section V.B, this is a mesoscopic effect due to the finite size of the ring
—the imbalance decreases with increasing number of sites on the ring.

2.5.2 Persistent currents for interacting bosons on the double ring lat-
tice

The numerical solution of the DNLSE allows also to obtain the persistent currents in the
presence of weakly repulsive interactions. Figure[2.13|shows the dependence on persistent
currents amplitude on relative flux ¢ for the interacting double ring lattice. As compared
to the non-interacting case, notable differences occur at increasing ¢ when the phase
boundary is crossed: due to the presence of the intermediate biased-ladder phase, the
jumps in the persistent current are suppressed as they are associated to the creation of
vortices. For the parameter choice used in Fig. one can then identify both the tran-

1We take the wave functions of the ansatz (Eq. li corresponding to the various phases (BL-V,VM) and
we compare their energies calculated from Eq. (2.26) to obtain the phase boundaries.
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Figure 2.11: Color map of the imbalance among particle numbers in each ring, in the
(K/],Unl]) plane, for (upper panel) ¢ = n/2, ® = 6w/ N; and Ns = 20, (lower panel)
¢ =m/2,®=m/N; and N = 20 The letters indicate the parameter regimes where we find
a biased-ladder phase (BL-V) where the single-particle spectrum has a double minimum,
a Meissner phase (M), a vortex phase (V) and a biased-ladder phase (BL-M) where the
single-particle spectrum has a single minimum. The corresponding density profiles are
illustrated in Fig. and White triangles represent the frontiers between biased-
ladder phase the two other phase, namely vortex phase and Meissner phase as calculated
with the variational ansatz including finite size effect.

sition from Meissner to biased ladder and from the latter to the vortex phase. Persistent
currents thus provide a powerful tool to explore the phases of the double ring lattice.
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Figure 2.12: Density profiles along each ring as a function of the lattice index along the
ring, with Ns = 20, ¢ = n/2, ® = 67/ N, in the various phases identified in the diagram
of Fig. with parameter ¢ = /2, Ny = 20, Un/J = 0.05 and biased-ladder phase (BL-
V), for K/J = 1.1; Meissner phase (M), for K/J = 2; vortex phase (V), for K/J = 0.5 and
Un/]=0.3.

Figure 2.13: Chiral currents in units of J as a function of the relative flux ¢ (dimensionless)
for non-interacting bosons (blue, thin solid line) and weakly interacting ones Un/J = 0.1
(red, thick solid line) for Ny =20 and K/J = 3.

Conclusions of the chapter

In this chapter, we have studied the ground-state properties of weakly interacting bosons
on a double ring lattice, subjected to two gauge fields. Depending on the ratio between
inter-ring and intra-ring tunnel energies, as well on the relative flux, the bosons are found
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to be in the Meissner or vortex phases, previously identified for the linear ladder geometry.
As specific of the ring geometry, for the non interacting gas, we have found a parity effect
on the number of vortices in the system, which originates from the commensurability of
total flux with respect to allowed momentum states on the rings. Also, for special values
of total flux @, due to finite size effects, we have found that the ground state may host a
single vortex even in the Meissner phase. The analysis of persistent currents shows that
at varying relative flux it is possible to identify both the Meissner and vortex phase. In the
latter, due to finite-size of the double ring lattice, it is possible to monitor the appearance
of pairs of vortices at increasing ¢». We have then considered the effect of weakly repulsive
interactions, as described within a mean-field approach. We have identified the biased
ladder phase and shown that the Meissner phase becomes imbalanced at odd value of the
total flux @ due to mesoscopic effects. Even in the presence of interactions, the study of
persistent currents is a useful tool to characterize the various phases.

Finally, we have proposed the interference patterns among the two rings as probe of
the various phases, specifically adapted to the our ring geometry, yielding in particular
spiral images in the presence of vortices.

An analysis beyond mean-field suggests that the very small ring lattice at weak filling
displays fragmentation [71] in a similar way as what is found for spin-orbit coupled Bose
gases [72]. In outlook, it would be interesting to explore the crossover from mean-field to
fragmented state at decreasing the lattice filling and size.
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Bogoliubov excitations

UPERSOLIDITY is a combined effect of solid order and superfluid flow. In order
for a system to form a supersolid it has to break two symmetries, continuous
translational symmetry (discrete rotational symmetry in our case) to create a crystal order
and U(1) symmetry in order to create a condensate. The concept of supersolidity was
first introduced in the context of Helium more than 50 years ago [73, [74]. This peculiar
state of matter seems contradictory as it combines a dissipationless flow that emerges
from the Bose-Einstein condensation, hence from the delocalization of atoms under the
sample that makes the atomic gas ordered in momentum space and an order in real space
emerging from the localization of atoms in a periodic crystalline structure. Experiments in
the beginning of the century revealed the possibility of supersolid behavior in *He [75}76].
It has later been made clear that the superflow in solid Helium was due to imperfections
that change the bulk modulus of the crystal [77] so that the dislocations in the crystal are
superfluid [78] but not the system itself.

With ultra-cold atoms, a supersolid has been realized based on self organization of a
Bose-Einstein condensate in a cavity [79]. Key ingredients for emergence of supersolidity
is long range interactions [80] an idea first introduced by Gross [81], or peculiar single-
particle dispersion. An example of this second case is provided by spin-orbit coupled Bose
gases where supersolidity has also been studied [82} [83]. Experimentally, crystal order
has been evidenced by the observation of stripes. However, visibility of the fringes of the
density is a major issue to overcome and is due to interspecies interaction.

In this chapter, we consider a two-leg bosonic ring lattice subjected to two gauge fields.
Here, thanks to the peculiar geometry of the system the inter-species interactions can be
completely suppressed hence providing a new arena for studying supersolidity in a con-
dition of high fringe visibility. As for the case of spin-orbit coupled Bose gas, there is no
explicit long range interaction in two-leg bosonic ring ladder but it emerges as an effective
low energy property due to the effect of gauge field and tunneling coupling between the
rings.

The chapter is organized as follows. In Secs. and [3.2) we review some key aspect
of the Bogoliubov theory and the Josephson effect. Before studying the properties of the
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excitation spectrum in the phases of the ring ladder in Sec.[3.3]and we will remind the
reader with the system we are considering and the method used. The study of the excita-
tion spectrum in Sec|3.4[reveals in the Meissner phase a single Goldstone mode, associated
to the condensation in the only minimum of the single-particle dispersion relation and a
slowing down of the group velocity. In the biased ladder phase, in addition to the phonon
branch a roton minimum is found. This is a precursor of the vortex phase, in agreement
with previews studies [16]. In the vortex phase, two Goldstone modes are clearly observed,
indicating that the ground state breaks twi symmetries: the U(1) and rotational symme-
try. The spontaneous breaking of the U(1) symmetry, associated to condensation, which
implies superfluidity. A further proof of the coherence properties of the system is pro-
vided by the calculation of the first-order spatial correlation function in Sec We then
provide various indications of crystal order. First of all, in the excitation spectrum of the
vortex phases we find a folding of the Brillouin zone. This is a consequence of the forma-
tion of a vortex lattice in the mean-field condensate density. Furthermore, the analysis of
the static structure factor shows the emergence of a peak at finite wavevector, correspond-
ing to the density modulation along the rings. Putting together the various evidences of
coherence properties and crystalline order, we obtain a clear indication of supersolidity.
Coupled rings under gauge flux hence provide a novel platform for the experimental study
of supersolid order with ultracold atoms.

Finally, in the last part of the chapter, in Sec[3.6} we address some features peculiar to
the finite ring case, and in particular the emergence of Josephson modes for weakly cou-
pled rings in the Meissner phase. These modes correspond to dynamical coherent oscilla-
tion of particles between the rings, hence providing a further indication of the coherence
among the two rings [84].

3.1 Diagonalization of general quadratic Hamiltonian

In second quantization a quadratic non-Hermitian Hamiltonian can be cast in a general
way as follows

1 %

H:ZAa.ﬁ“L“ﬁ"'EZ [Ba,ﬁaza;+3aﬁaﬁaa] (3.1)
a,p a,B

where B is a symmetric matrix B, g = Bg o and A is taken as hermitian Ay g = AE o This

type of matrices is often encountered in physics, eg ,to name a few in the Hartree-Fock,

BCS theory and of course Bogoliubov Hamiltonian.

The Heisenberg equation of motion reads

; up| uy ) [ A B
iho, (Vk) =% (Vk) with £ = (—B* —A*) (3.2)

We see here that the non-hermiticity of the £ matrix comes directly from the commuta-
tion properties of the bosons, while £ is Hermitian for fermions.
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Eigenvalues from symmetry of the dynamical matrix £ The dynamical matrix £ sat-
isfies several relations that put constraints on its spectrum. One has

_ _ 1 0
L =n""n n=n 1=(0 _1) 3.3)
L =-0%0o oc=0 = ((1) (1)) (3.4)

Equation (3.3) implies that .Z is said to be pseudo-hermitian, because it is hermitian un-
der a modified scalar product (X;,X») = X].nX, and (£X;,X») = (X;, £X5) for any vector
X; and X;. This modified scalar product is not a real scalar product as it is not strictly
positive so that the eigenvalues of £ are not necessarily real and £ might also not be di-
agonalizable. But let’s suppose that it is diagonalizable. In this case we have the following
eigenvalue problem

efs)-al2)

Vi Vk

From Eq. we see thatif ey is an eigenvalue of &£, then €, is also an eigenvalue. The sec-
ond symmetry property of the dynamical matrix £ implies that the spectrum is divided
in two families %, and %_, with respectively eigenvectors (ui,vi)”, (v, u}) " and eigen-
values € > 0 and —€j > 0. Then all together this implies that if ¢ is an eigenvalue of £
then el*;, —6;; and —ey also are eigenvalues.

It should be noticed that the pseudo hermiticity implies that the normalization con-
dition is changed, and reads

(urlug) = (Vilv) =0k for family &, (3.6)
(uklukr> - (Vk|Vkr> = _6k,k’ for family F_. (3.7)

3.2 Bogoliubov formalism

The Bogoliubov formalism considers quantum fluctuations around the mean-field ground
state by separating the fluctuations 5 ¥ (r) from the mean-field wave function ®(r). This is
well suited in the presence of a condensate of mean-field mode ®(r) which is macroscop-
ically occupied, so that the bosonic field is expressed as follows

V() =d®)ag+6¥ () (3.8)

where ag is a bosonic field operator annihilating the mode ®(r) of the condensate. The
Bogoliubov approximation holds as long as §¥(r) is small compared to ®(r)as in the fol-
lowing sense

fdr<5\i/*(r)5\if(r)> <<fdrc1>*q><ajpa®> = (abao) = No (3.9)
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where Nj is the number of condensed particle. The non-condensed particles are thought
of as being in the grand canonical ensemble where the condensate mode act as a reservoir
for the non-condensed ones. It then crucial to introduce a chemical potential to treat the
fluctuations of non-condensed particles. The Hamiltonian of bosons in continuum
with contact interactions at second order in the fluctuations field, reads

—% VA V) - p+2g |0 go(r)

(5\%)
g(@m?)” —% V2 +V () —pu+2g |0 ?

St (r)) (3.10)

H= % f dr(a\iﬁ(r),é\?(r))(

One needs to find the transformation to quasi-particles ¥, such that the Bogoliubov Hamil-
tonian takes diagonal form H=}_, hwvﬂffnu. A general transformation reads

SY@) =Y |uy@Fnu—vi 7] (3.11)

nu

with a priori unknown functions u, (r) and v, (r). Imposing the fact that Bogoliubov Hamil-
tonian takes diagonal form implies that the functions u, and v, should satisfy the follow-
ing equation of motion, called Bogoliubov de Gennes equations.

Uy (r) _ Uy (1)
njf(vv(r)) _hwv(vv(r))’ (3.12)

where matrix £ is called the dynamical matrix and 1 accounts for the non-hermiticity of
the problem, and it reads as follows,

G2 V) - pt2glowl? —g®(r)>

£ = .
g(@w?) G2 V) - pt2glomw)?

1 0
, = (0 _1) (3.13)

This eigenvalue problem define a non self-adjoint eigenvalue problem that will be the
topic of the next paragraph. Let’s consider a spatially homogeneous condensate with re-
pulsive contact interaction at zero temperature. In this case the mode of the condensate is
o) =1/ L2 where d is the dimension of the system and L its length, the chemical poten-
tial is given by p = pg and the eigenfunctions of Z are plane waves due to the translational
invariance of the system:

_ Uk ke - 2 2 _
uk(r) = me with [l —vl“ =1 (3.14)
o .
n(r) = LT'jze"“ (3.15)
(3.16)

Diagonalization of the corresponding £ matrix yields the Bogoliubov spectrum

1/2

hkz(hzkz )
€= |—|—+2u

2m

om (3.17)
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An interesting fact is that for attractive interactions an instability of the condensate arises

. . 2 2
and a condensate is stable only for a low number of particle Zh—m (ZT”) < 2plgl|. For repul-
sive interaction no dynamical instability is present and so the condensate is stable. In
the small momentum limit (see Fig.[3.1) the excitation spectrum is linear e(k) = ck with

sound velocity ¢ = % and the corresponding collective excitations are phonons asso-

ciated to the Goldstone mode of the U(1) symmetry breaking. At large momentum the
excitation behave like free particles e(k) = % + gp. This excitation spectrum can be seen
in Fig. where both theoretical and experimental are represented. In order to link to
the further part [II] of the thesis Fig. displays the experimentally measured excitation
spectrum of an excitation-polariton condensate where the same features appears and Bo-
goliubov theory is applicable (as we shall see later, we will use it to treat exciton-polariton
condensates).

3.2.1 Zero frequency modes

A special solution of eigenvalue problem is given by functions u(r) and v(r) propor-
tional to the ground state, that will be called zero frequency solutions u(r) = vy (r) = ad(r)
solution of (£11 + £12) @ = 0 where a € C. The contribution of this solution to the wave
function is a phase shift 2iIm [a] ®(r) and should not be considered as excitations, there-
fore they correspond to the Goldstone mode of the U(1) symmetry breaking [88].

3.2.2 Josephson effect

Originally the Josephson effect has been predicted [89] and observed between two super-
conductors separated by a weak link. It is a macroscopic quantum phenomena of coherent
oscillation of Cooper pairs between the two superconductors without any applied voltage
(dc Josephson). Application of a voltage (V) induces an alternative current due to the de-
pendence of the phase ¢ of the Cooper pair to the voltage ¢ = % V, where 2e is the charge
of the Cooper pair. In the context of trapped cold-atom gases the Josephson effect has
been predicted and observed in a system of two condensates spatially separated in a dou-
ble well structure [90] (see Fig.[3.3). Such a system is represented by standard Josephson
Hamiltonian in its two-mode version of the Bose-Hubbard model

= —% (aTb+ bTa) + % (aTa)z + (bTb)2

(3.18)

where Ej is the Josephson coupling energy, E. the charging energy, annihilation operators
a and b correspond to the condensate wavefunctions of the left and right well. The physics
of these experiments is based on the macroscopic coherent tunneling of atoms between
the wells, and is very similar to that of the Josephson effect between two superconductors
connected by an insulating junction. Three physical situation arise:

* In the so called Rabi regime where E. < E;/N? the atoms are all in the bonding
state and behave independently so that the effect of interaction can be neglected.
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Figure 3.1: The upper panel represents the excitation spectrum of an homogeneous BEC
from [85]. Lower panels: Left panel, theoretical spectrum where the transition from
phononic behaviour at low frequency e(p) = cp to the free particle behaviour e(p) =
p?/2m + mc? is outlined. Right panel, measured excitation spectrum in an atomic BEC
using light scattering, from [86].

The phase is well-defined and excitations correspond to the anti-bonding state. The
tunnel dynamic corresponds to a sinusoidal Rabi oscillation between the two wells
at frequency fixed by the energy of the modes.

« In the Josephson regime, E./N? < E. < EJ, the ground state has still a well-defined
phase, but the excitation forms a collective motion called Josephson plasmon. The
effect of the interaction becomes more important in the dynamics as it will change
the oscillation of the collective motion. The oscillation frequency of the Josephson
modes is directly linked to the Bogoliubov spectrum.

e In the Fock regime E; < E,, the Josephson link is dominated by the interaction en-
ergy and n is a good quantum number. Therefore the ground state has a well-defined
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Bmey—

Figure 3.2: Observed light intensity from an exciton-polariton condensate (see Chap-
ter in a linear plot of intensity (up left panel) and in a logarithmic plot of intensity
(right panel). Taken from [87].

atom number on each side, the phase is completely undefined.

E) Josephson oscillations [ Self-trapping
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Figure 3.3: From [90]. Observation of the tunneling dynamics of two weakly linked Bose-
Einstein condensates in a symmetric double-well potential. Left: time-resolved Josephson
oscillations. Right: macroscopic quantum self-trapping

The Gross-Pitaevskii approach yields the same excitation spectrum as the one obtained by
solving directly the time-independent Bogoliubov-deGennes equations. This approach of
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the time-independent Bogoliubov-deGennes equations will be used later in this chapter
to characterize the Josephson oscillation in the double ring.

3.3 Model and method

K Jet®1
/]- o/ &\
... e ..
.. Jel‘bz ..

@
O ®
®
gj% g o e @
Q

Figure 3.4: Reminder of the sketch of the system studied in this work: coplanar ring lattices
of radii R; and R, with the same number of sites, with inter-ring tunnel energy K, intra-
ring tunnel energies Je'®» with p = 1,2 and contact interaction strength U.

We consider a Bose gas confined in a double ring lattice (See Fig.[3.4). In the tight-
binding approximation we model the system using the Bose-Hubbard Hamiltonian (2.6)
which we report here for sake of clarity,

H=Hy+Hjp, =
& o,  t i®
—1
- Z ]P(alpal+1pe al+1,palrpe p)
I=1,p=1,2
Uu & 5 s
_KZ( a12+a all)+2 > a ,a ,0,paLp (3.19)
I=1,p=1,2

where we recall that the angular position on the double ring is given by 0; = 2” I where [ is
an integer [ € [1, N] with N the number of sites in each ring, J; and J, are the tunneling
amplitudes from one site to another along each ring, K is the tunneling amplitude be-
tween the two rings and @, , are the fluxes threading the inner and outer ring respectively.

3.3.1 Bogoliubov De-Gennes equations of the double ring

In order to obtain the excitation spectrum of the double ring in the Bogoliubov approxima-
tion, following [91] we start from the Heisenberg equations of motion for the bosonic field
operators d; , and we replace a; , in the quantum Hamiltonian li by a; o = ‘I’EO; +64; .
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The field ‘I’%OC)Z is the ground-state condensate wave function, solution of the coupled dis-

crete non linear Schrédinger equation (3.20) below,

P =~ TPy e TP
— K¥;,+U¥,117%,

—JW¥ 120" @D )y e (PO

— K¥1+U¥2/*Y)

o (1)

(3.20)

where © = @ and ¢ = ®; — O, and p is the chemical potential. In the following, we will
consider for simplicity ® = 0. Expansion and truncation of the Hamiltonian to quadratic

orderinédy,p, 6 d}L » yields the Bogoliubov Hamiltonian

04y

R ot sal
HBog:(53{,6&1,632,52[2)1‘[(2) 5ﬁ; ,

sal

2

with

B;" A;* 0 K
-K 0 A B
0 -K By Ay
where the matrix A, with p = 1,2 is given by
0) 2 | D
—Je™ % 20, I?

(0) 2 i
2019 2 —Jei®

—i 0
—Je 1% 201¥Y) 2

_]ei(Dp

and B, and K, are diagonal matrices of dimension Ny x Nj, i.e.

; (0) 2 0) 42
By dlag(U(‘I’Lp) ""’U(\PNS,p) )
K = K],

(3.21)

(3.22)

(3.23)

(3.24)
(3.25)

with I the identity matrix. We search then a transformation to quasi-particle operators
Yy for an excitation in mode v = yu, n, where p the quantum number related to the quasi-
momentum of the Bogoliubov particles and 7 is the band index n = 1,2. The Bogoliubov

Hamiltonian takes diagonal form:

HBog = Z hvaT/Yv
v

(3.26)
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We use the following general transformation, where the operators y, follow usual bosonic

commutation rules, [yy,y,] =0, [YV, L

v,V
Sa Z h(lﬂ/v Q: (ll)ﬂ, (3.27)
Z hoyv=Qr vl (3.28)

As next step, we substitute Eq. (3.28) into the equation of motion, and use the following
properties

[yv, H] = hwyyy (3.29)
vl H| = -howl. (3.30)
Finally, by equating the coefficients of the different modes {h(vp o)y )} we obtain that the

modes have to verify the following eigenvalue problem, correspondlng to the Bogoliubov-
De Gennes equations for the ring ladder:

h(ﬁ)) Ay -l B, ~-K 0 h%ll))

0| % |- —BIl< —A10+ ul X 0 K 2, 51
v - 2— I i) hy
52) 0 K —Bz* —Az* + ,LLI Q£/2)

where h'” = (h(p) h(p) h(p) )T and Q" = (Q(p) Q(p) Q(p) )T and the chemical poten-
tialis u = (W (g) | Hy I‘P(0)> + 2(‘1’(0) |Hin:I¥0)) The elgenmodes satlsfy the following orthogo-
nality relations which follow from commutation relations among y:

> hf,z(h( QPZ(Q(p)) =6, (3.32)
v,p

Z h,, l(hw D~ ny,(QL’i’, )l)* =0y,v- (3.33)

3.3.2 Dynamical structure factor

The dynamical structure factor is a powerful tool to study correlations in many-body sys-
tems both theoretically and experimentally. It corresponds to the space- and time- Fourier
transform of the density-density correlation function. The poles of the dynamical struc-
ture correspond to the collective excitation spectrum of the system. For a single-component
one-dimensional system, the dynamical structure factor is defined as follows [92]

S(q,0) =Y [(vIp4l0)*6(w - w,) (3.34)
v#0
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where the sum runs on all the modes, g and w are the momentum and energy transferred
by the probe to the sample, |v) are many-body eigenstates of the system and |0) is the
ground state, corresponding to the vacuum of Bogoliubov quasi-particles, g, is the den-
sity fluctuation operator in momentum space and w; = E, — Ej is the energy difference
between excited and ground state.

For the case of coupled rings, since the excitations belong to both rings, we need to
define several dynamical structure factors: S, (g, w) with p, p’ = 1,2 being the ring index,
and

Spp (@) = 3 1vIpPP10) 28 (@ - wy) (3.35)
v#0

with
s
Z ay, o 0k (3.36)

and g and k are wavevectors correspondlng to the longitudinal momentum along each
ring, i.e we have set dy, , = (1/v/Ny) Zj exp(ikaj)a;,, Using the expansion onto Bogoliubov
modes, Eq.(3.28), one can show that

Sp,p’(q»w) =

Y Z(‘P(O) h*(”) *(O)Q*(p)) iql
1

vZ£0

2
O(w—wy) (3.37)

In order to understand the low energy properties of the system, it is useful to refer to oper-
ators @y, B that diagonalize the single-particle non-interacting Hamiltonian Hy (see Ap-
pendix A). In particular, the low-energy properties of the system under study are governed
by the lowest excitation branch associated to the operator B (see Eq/A.3). The dynami-
cal structure factor Sg g relative to the . particles gives us access to the properties of the
low-energy excitation spectrum

Spp(@ )= Y 1V 10)26 (w — w) (3.38)
vZ£0

where pq Yk ,B % +qﬁk. Using Eq.(3.28) and Eq.(3.37), the dynamical structure factor in
the Bogoliubov approximation reads

Sp.p(q,w)
= Y IY tierqui (R, ) P = (P QY )
sZ0  k
+ Vi gue (B2, )90, - (@0 0% )*)
+uk+qvk((h§1])ﬁ_q) v, - ‘lfg)iquiz) B )
+Uk+quk((h§21)c+q) q,(m gcoiqu(n )|25(w_ws) (3.39)

where fzv, k» Qux and ‘I’(O are the Fourier transforms of h(“) Q(“) of the excitation and of

condensate Wavefunctlon \I’E ; respectively.
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Non-interacting limit: by taking the ground state as being |0) = % (Ik1) +1k»)) the struc-
ture factor is easily computed as being

1
Sp.pla, W) =500 = wqei) +0(© =~ Wg+k,)) (3.40)

with wy = E_(k) — E_(k;). We see that it consist in two bands that coincide only for k; =
ko = 0 (Meissner phase) or k; = —k, = —7.

3.3.3 Static structure factor

The static structure factor yields information on spatial long-range order, eg crystal or den-
sity wave order, hence it is particularly suited to address the spatial modulations emerging
in the vortex phase (see Sec. below). The static structure factor is defined as

S (@) = Y zPP (g) (3.41)

v

where Z,(q) = ‘(vlpZ'p ,IO) ’2. In order to access the properties of supersolidity we need to
compute the total static structure factor S;y;(q) = Se(q) + S(gq), which takes into account
both elastic and inelastic scattering. Inelastic scattering is captured by S(gq) and elastic
scattering corresponds to the so-called disconnected dynamic structure factor S.(q) =
Zy=0(q) [92].

3.4 Excitation spectrum as a probe of the phases of the two-
leg bosonic ring ladder

For the lattice ring three phases are known: the Meissner (M), vortex (V) and biased-
ladder (BL) phase. A schematic phase diagram for the infinite-ladder limit is illustrated
in Fig[3.5] It is obtained by minimizing the mean-field energy with respect to the Ansatz

W) = \/% (COS(Q),BJ;CI + sin(e)ﬁ;rcz)N |0) [16], where . are the field operator creating a parti-
cle in the lowest band related to the non-interacting problem and k;,, are the lowest mode
of the non-interacting spectrum (see Appendix[A). The Meissner phase is characterized by
vanishing expectation value of the transverse currents j; | = iK (a}il ajp— a;ryza 1,1); the lon-
gitudinal currents on each ring, defined as j;,, = i/ (a;palﬁ, pe®r — a};l,pal,pe‘i‘bp), are
opposite and the chiral current, i.e J. =Y ;{j;1— ji2) is saturated. The vortex phase is char-
acterized by a modulated density, jumps of the phase of the wave function, and non-zero,
oscillating transverse currents which create a vortex pattern. The biased-ladder phase has
only longitudinal currents as in the Meissner phase, but displays and imbalanced popula-

tion between the two rings.
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Figure 3.5: Phase diagram of the infinite double ring lattice as a function of the flux ¢
per plaquette and tunnel ratio K/]J for interaction strength Un/J = 0.01. The Meissner
(M), vortex (V) and biased ladder (BL) phases are indicated on the figure, and the typical
current pattern is sketched.

3.4.1 Meissner phase

In the Meissner phase, the ground-state solution for the condensate wave function is uni-
form in space and corresponds to a condensate occupying the k = 0 state that is the mini-
mum of the single particle dispersion (see Appendix/A).

The lowest branch of the spectrum shows a single phononic Goldstone mode at small
wave vector k. A simplified expression can be obtained by performing the Bogoliubov
approximation on the lower branch of the single-particle spectrum [16]. It reads

1
e],;’f = 5\/(Un +2€1)% — 2Unuvy)? (3.42)

with € = E_(k) — E_(0) and ug, vy defined in Appendix[Al Fig. shows the dynamical
structure factor as obtained by the numerical diagonalization of the Bogoliubov DeGennes
equations. The poles of the dynamical structure factor in the frequency-wavevector plane
are in excellent agreement with Eq.(3.42), also shown in the figure.

The Meissner excitation spectrum takes imaginary eigenvalues as the uniform mean-
field solution becomes unstable owing to the fact that the true mean-field solution is a
vortex wave function. With this criterion it is possible to control the boundaries between
the Meissner and vortex phase [18] and also to the biased ladder phase. We see that inter-
action favors the Meissner phase compared to the vortex phase and biased-ladder phase.
One noteworthy fact occurs when the coupling between the rings is sufficiently low and
interaction strong so that interplay between interaction and kinetic energy affects the low
momentum properties of the excitation spectrum. As the non-interacting spectrum in
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Figure 3.6: Excitation spectrum (black line) and dynamical structure factor in the lowest
branch () basis in the Meissner phase, in the frequency-wavevector plane (color map) for

Unl]J=0.2,¢=7m/2,K/]=3.

this regime is of vortex type with two minima there is a reminiscence of the vortex pattern
that tends to slow the group velocity near the momentum minima k; and k. The excita-
tion spectrum can be computed analytically also in this case. As the mean-field solution is
uniform in space so that ¥; , = /N/2N; = /n. The equation of motion for the Bogoliubov

modes can be expanded in plane wave solutions h(p) h(p) iql Q(p) Q(p) iql where v is

identified as the plane-wave momentum ¢ longltudmal to the rings. It reads

hf(}l)) e.(@+Un  -Un —K 0 h%))
e(@) Q(qz) _ Un —e_(q)-Un 0 K Q(qz)
hg -K 0 e_-(q)+Un -Un hg
QE,Z) 0 K Un —e.(q)+Un QEIZ)

where €. (q) = —2]J[cos(q £ ¢/2) — cos(¢p/2)] + K.

This matrix is diagonalizable and the positive eigenvalues read

(3.43)
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Figure 3.7: (upper panels) Excitation spectrum in the Meissner phase for (a) ¢ = n/4,
K/J=0.1and (b) ¢ =n/4, K/] =1 for several values of the interaction strength as men-
tioned in panel (d). (bottom panel) Corresponding group velocity as a function of mo-
mentum ¢q for (c) ¢ = n/4, K/J =0.1 and (d) ¢ = n/4, K/]J =1 for several values of the
interaction strength as mentioned in panel (d). Solid lines correspond to the Meissner ex-
citation spectrum taking into account both lower and upper branch of the non-interacting
problem (see Eq.[3.44). Dashed lines correspond to the lowest band approximation (see

Eq[3.42).

e(q) = % {€2 +€® +2(es +€) Un+2K?

12
i\/(e?F —2)? +4Un(e3 +€3 —e2e, +€2e ) +4K2 (e, +€ )2 +4Un (e, +e_+Un)] }3.44)

For a similar derivation see Ref.[18].
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The main effect of the coupling among the lower and upper branch is to change the
sound velocity at low momenta and to reduce the region where the spectrum is linear (see
Fig[3.4.1). Comparing lowest branch approximation of the Meissner excitation spectrum
(Eq3.42) and the analytic solution of the full problem (Eq/3.44) we see (see Fig[3.4.1) that
band repulsion plays an important role in the lowering of the group velocity near k — 0
and increase it near the minima (See Fig[3.4.1panel (c)).

3.4.2 Biased-ladder phase

In the biased-ladder phase, as well as in the vortex phase, the single-particle dispersion
relation has two minima at k = ki, k. In the biased ladder phases only one of the two min-
ima is macroscopically populated. The excitation spectrum shows a phononic Goldstone
mode and a rotonic structure [16]. A similar behaviour is found in spin-orbit coupled Bose
gases [93]. At fixed flux ¢, when decreasing the coupling K between the ring, the vortex
phase is accessed through a softening of the roton minimum. The system enters the vor-
tex phase when the roton minimum decreases down to a critical (non zero) value thus
indicating a first-order transition, similarly to what predicted for dipolar gases [94].

Sp,6(q,w)
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3 (a) Lo (b
O 8 — \ _"'.-\ [ \\;. 1 5
0.6 - - 3n/2 27 3In/2 2«
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04 . ' —
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Figure 3.8: (a) Dynamical structure factor for the biased-ladder phase, with N; =
100,Un/J = 0.01,¢ = n/2 and K/J = 1.15, (b) dynamical structure factor for the biased-
ladder phase, with Ny =100,Un/J =0.05,¢p =n/2and K/J=1.4

3.4.3 Vortex Phase

At the mean field level, the vortex phase is characterized by a fragmented condensate, oc-
cupying the two momentum modes k = kj, k, corresponding to the minima of the single-
particle dispersion relation [16].
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The numerical result for the dynamical structure factor Sg 5(¢, w) in the vortex phase is
shown in Fig[3.9] We find various minima of the dispersion relation for g = 0 and q = kx—k;
as well as at the points g = 27 and q = 27 — (k2 — k;). Two linear dispersion branches are
found around each of these minima, characterized by two different sound velocities.

An analysis of the dynamical structure factor in log scale (see Fig. [3.9/b) shows a folding
of the Brillouin zone for the excitations, corresponding to the underlying ground-state vor-
tex superlattice felt by the Bogoliubov excitations. Specifically, for the parameters chosen
in the calculation of Fig[3.9we have that the ground state density profile has a modulation
with wavevector kj — k», leading to a klz—nkz -times folding of the excitation spectrum, i.e
5-times in the case of Fig[3.9

The overall features of the excitation spectrum can be understood by comparing it with
the one in the K = 0 case. In this regime the rings are independent and the excitation
spectrum is given by two branches, obtained by solving the Bogoliubov equations for each
ring separately:

V(l)—_l — + )2 aU 2(

€ =75 |Ckth ~ €kl * (€k+ky +E€k—k)” TAUWol“ (€k4ky + €Ek—ky)
1

Ve

Ck( )= 5 (€k+k2 — €k, £ \/(€k+k2 +€x—,)2 +4U W0l (€x sk, +€k—k2))

(3.45)

where € = 2J(1 — cos(k)). Exploiting a low-energy model (see Sec[3.7) we can then under-
stand qualitatively the behaviour of the excitation spectrum at small but finite K. In this
regime, the excitations can tunnel from one ring to the other with k-dependent interaction
parameters U and U (see Appendix. These scattering events break the degeneracy of
the sound velocities around each minimum.

In Fig.[3.10lwe show the different dynamical structure in the ring basis. The off-diagonal
dynamical structure factors show the symmetry relation S;2(q, w) = S21(g, —w).

3.4.4 Experimental probe of dynamical structure factor

In ultra-cold atomic gases in an elongated geometry the dynamical structure factor can
be measured using two-photon optical Bragg spectroscopy [95} 186], according to the fol-
lowing scheme: two laser beams are impinged upon the condensate, and he difference
in the wave vectors of the beams defines the momentum transfer 7ig, and the frequency
difference defines the energy transfer 7iw to the fluid. Both the values of g and w can
be tuned by changing the angle between the two beams and varying the frequency dif-
ference of the two laser beams. A way of probing the excitation spectrum of the dou-
ble ring studied in this work is to use angular momentum spectroscopy [96]: in this case,
one needs two laser beams denoted by 1,2 in high-order Laguerre-Gauss modes with op-
tical angular momenta /; » and frequencies w; 2. Their corresponding electric fields read
E12(r) = fi, 1, (r)e"1h20-i@128 where the radial mode functions fj(r) o (r/re)"e™ 276 need
to be chosen in order to match the shape of the double ring to probe.
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Sp.p(q,w)

Figure 3.9: (a) Dynamical structure factor in the vortex phase for K/J = 0.8; (b) same as
(a) butin log scale scale; (c) dynamical structure factor for K/J = 0. The other parameters
used in all the panels are ¢p = /2, Un/] = 0.2, Ns = 80.
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Figure 3.10: Dynamical structure factor S, ,/(q,w) in the ring basis in the vortex phase for
¢ =mnl2, Ny=280, K/J=0.8and Un/J = 0.2. With a) S;(¢,w), b) S12(q,w), ©) S2.1(q,w)
and d) S»2(q,w)

3.5 Coherence properties and supersolidity

3.5.1 One-body density matrix

In order to study the coherence properties of the system we consider the one-body density
matrix p(l) (j,h= (&T dj,q'), which in the Bogoliubov approximation reads [97,/98]

a,a’ j,a
2
) ) (3.46)

. 1
Papi D =[PP €XP (—5 )
N

Chapter 3. Bogoliubov excitations 63

() (")
QS, J Qs,l

0, 0
O




3.5. Coherence properties and supersolidity
4

where the function in the exponential relates to the fluctuation of the phase of the con-
densate and pg,oc)x stands for the mean-field ground-state density profile of each ring. Since
the system is inhomogeneous the one-body density matrix does not depend only on the
coordinate difference j — [. Therefore, to estimate the coherence we study the averaged

first-order correlation function defined as

8laay(D) = X P g v J + DI \/PjaP st (3.47)
J

Figure shows the g!) correlations in the vortex phase. As the coupling K/J between

i

g M)

0.95

Figure 3.11: Degree of coherence in the vortex phase for ¢ = n/2, Ny =80 and Un/J =0.2.
Where a = a’' =1.

the rings increases, we notice that the correlations in the ring decrease. However, even for
large values of K/J the coherence in the vortex phase stays high even at large distances.
This corresponds to a large condensate fraction, thereby implying Bose-Einstein conden-
sation (BEC) and superfluidity.

3.5.2 Static structure factor - probe of solidity

In order to probe the spatial crystalline order expected in the vortex phase we compute the
total static structure factor So¢(k), which is illustrated in Fig. We clearly see a peak at
wavevectors k = k, — k; and k = 27 — (k, — k1), revealing the crystalline order associated to
the spatial modulations of the condensate density profile.
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Figure 3.12: Total static structure factor for ¢ = /2, Ny =150, K/J=0.8 and Un/J =0.2.

3.6 Small ring limit and nature of the excitations

We report in this section a study on the nature of the excitations in the different phases
of the system. For this purpose, we calculate the density fluctuations én; defined as

Lp
(slp1,p|0) which can be obtained from of the Bogoliubov eigenmodes hip l) and Qip l) ac-

cording to

ony,=2Re| ¥ (R = () Q). (3.48)
Our results for the density fluctuations of chosen low-energy modes are shown in Fig.
Among the various types of excitation modes, in addition to the phononic Goldstone modes
propagating along each ring, we identify the Josephson mode, typical of a finite ring sys-
tem, which is characterized by spatially homogeneous density fluctuations and out-phase
oscillations of the relative populations among the two rings, as in the small-amplitude
dynamics of the Josephson effect [99,100]. We see in Fig. that a uniform Josephson
mode occurs at low energy in the Meissner phase for low enough coupling among the
rings, whereas higher excited modes are of phonons of charge (ie in-phase) type. Close to
the phase boundary, in the vortex phase we find that the lowest excitation is a spin (ie out-
of-phase) oscillation. In the nearby Meissner phase the lowest excitation become phonon
of charge type, as well as in the biased-ladder phase. The Josephson modes are found in
the Meissner phase for weak tunnel coupling K/J and weak flux ¢. In order to estimate the
parameter regime where phonon or Josephson modes are present in the ring, we provide
here below some estimates based on energy scales. In the Meissner phase, close to k — 0
the spectrum has a linear behaviour,
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Figure 3.13: Excitation eigenmodes 67y 5, as a function of the position [/ along each ring
(blue lines with squares p = 1, red lines with squares p = 2) for the first three excited Bo-
goliubov modes. a) Josephson out-of-phase mode and two in-phase phonon modes in the
Meissner phase for Ny =10, K/J =0.1, ¢ = 0.1, Un/]J =0.1; b) in-phase phonon modes in
the Meissner phase for Ny =10, K/J = 0.8, ¢ = 0.1, Un/] = 0.2; c) out-of-phase mode in
the vortex phase for Ny = 10, K/J = 0.01, ¢ = n/4, Un/] = 0.2; d) in-phase modes in the
biased-ladder phase with Ny =20, K/J =1and ¢ = /2.

e = Eppk +1(k%) (3.49)
where
E,nl] = ]Z_n\/g (52 cos(¢p/2) + (g —25) sin((p/Z)Z) (3.50)
S TANAVE ] T ' '

When comparing it to the energy of the Josephson mode which scales as the band gap
between the upper and lower branch of the excitation spectrum Eg,), ~ K we predict that
the region where Josephson modes are allowed appears at very low K and ¢ (see Fig[3.14).
This is in agreement with the numerical simulations. Moreover, we obtain that Joseph-
son region shrinks at increasing the number of sites in the ring, thereby showing that the
Josephson modes are a finite-size effect.

3.7 Bogoliubov excitation spectrum for the lowest single-
particle branch

In this part, using the following ansatz (3.51)
1

W) =
Y= Ta

(BLe™ +ﬁ*kze"'*”2)N|o> (3.51)
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0 1/2 1
K/J

Figure 3.14: Sketch of phase diagram at fixed interaction strengh Un/J = 0.2 and N = 10
as deduced from the analysis of the excitation eigenmodes, summarizing the cases illus-
trated in Fig. The coloured regions marked by letters indicate: a) Meissner phase
with lowest mode of Josephsontype, b) Meissner phase with lowest mode of charge type,
c) Vortex phase with lowest mode of spin type, d) Biased-ladder phase with lowest mode
of charge type.

for the ground state, we study the excitation spectrum of the vortex phase by analyzing the
Bogoliubov excitations on top of the lowest single-particle excitation branch B. The con-
tributions from the upper branch, which corresponds to particles created by the operators
ay, are negligible when the interaction strength is much smaller than the gap among the
lower and upper branch of the single-particle spectrum.

In order to perform the Bogoliubov analysis we start from the original Hamiltonian
and compute the interacting part of the Hamiltonian in the free particle diagonal
basis {ﬁT,,Bk} (see [11]). we obtain
lZK(k—qukr)ﬁ* Bl . Bip (3.52)
2N q,k,r , Y k-qmrrd e .

Hipe =

where the kernel K is given by K(q1, g2, g3, Ga) = Ug, Ug, Ugs Ug, + Vg, Vg, Vg3 Vg, -

Here we see that the restriction to the lowest branch yields a one-dimensional Bose gas
with effective non-zero range interaction potential. We then proceed by performing the
Bogoliubov approximation: we assume that the states k; and k, are macroscopically oc-
cupied and so approximate the operators in those states by C-numbers:

Br, = vV No/2e™ (3.53)
Br, = V/Nol2e™? (3.54)

where N is the number of condensed particles in the whole system. We then rewrite the
Hamiltonian keeping up all terms up to quadratic order in operators Bixk, i, ﬁz Shiky
In order to conserve particle number within the Bogoliubov approximation we write the
number of condensed particles as a function of the total particle number using relation
No =N =3 k£(ky k) ,BJIFC B This procedure yields the following quadratic Hamiltonian:

H=H"Y + Hp,y, (3.55)
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where H? is the mean field energy in the vortex phase given by:

UNn
HO = NE_(ky) + [1+2uf 02 | (3.56)

Hpog= Y. ékﬁ;ﬁk+2ﬁ;kl+kﬁikm,k+h.c
k#(ky,k2)

+Zﬁ2k B Us i+ C+Z,Bk +kﬁkﬁf_kulz,,ﬁh.c

+Zﬂk1_k2+kﬂk(U12,k +c.0)+ Zﬁjcz_kl_,_kﬁk(ﬁlz,k +c.c)
k k

where the coefficients €; and Uy are detailed in Appendix C (corresponding to the Feyn-
man diagrams of Fig. D and n = N . Writing down the Heisenberg equations of motion
for the operators of the excitations 1eads to 4N;+1 coupled algebraic equations. Due to the
large dimensionality of the matrix to diagonalize, we make a low energy approximation:
i.e we impose a cut-off k. around each of the two minima in momentum space. This al-
lows us to truncate the hierarchy of equations and reduce the eigenvalue problem to four
coupled equations(see Appendix C for more details):

i) ([P

ino; ﬁl{’“ =L ﬁl{’“ (3.57)
Pak Pok
Ba,-k o,k

k1 k+ ky k+ ky k+ ks k+ ko

ky —k + kn ko —k + ko ko —k + ko

Figure 3.15: Diagrams corresponding to the major scattering processes between modes of
the condensates and excitations.

3.8 Details on the approximation

As the mean-field solution is a periodically oscillating function, the excitations are like
particles in a periodic potential. If K/] is strong enough we are in a regime where the
amplitude of the mean field solution is relatively strong so we can try to model our excita-
tion in a tight binding regime as done in [101]. In the next section we will use numerical
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simulations (one can see in those simulation that low-energy modes are indeed localized
in the lattice created by the mean field solution). From this approximated Hamiltonian
we can compute the equation of motion for each operators. We notice when computing
the equation of motion for the operator f, i that it is linked to higher excitation modes

B-2k,+k,~k and ,ngz_kﬁk (see Eq[3.58).

10tPiy—k = €ky—kPhy—k + 2U1,—k1+k,6};l+k
+ 2U2,—k1+k,3;k2_k1+k +2ReU12, -k +kPry+k
+2ReUn2,2ky+kBry—k + 2ReUn2,—oky + ky — k B-2ky+ky -k (3.58)

The goal of our approximation is to claim that this higher mode will be negligible at low
energy since they correspond to high energy excitation. But this hold if the two minima are
away from the peculiar value of +7/2 since cause to periodicity of the system _,,_x, will
be close to S, and so be relevant mode. In our study we are at ¢ = w/2 so that kp; = P+n/4
and indeed prevent the relevance of those higher modes. Cutting all those modes gives us
the following evolution matrix:

—€jy 41 —2e72WUy L —2c08(y - W) Uig 12 —2e7 W1V Uy k-2
o 20211 Ul,—k1~+/l A () 2eiW1+Y2) Ui2,—k,+1 2cos(y - ¥2) []12,161—/1
—2cos(y1 — W) Ui g +a —2e  W1HY2) Ul*z,—kg—A —€ky-1 —2e721V2 Uz*,—kz—/l
2! V1YY, 1oia 2cos( —w2)Ura k-2 262Uy _jy42 €y +1
(3.59)

Where all the functions stand for:

L B _UN
€k = E_(k) — E_(k1) IN

2 2
2 (1 +2uk1 Vkl)

+ (Z]\I_]SV (uil ui + vil vi) + UTZSV (uiz ui + viz vi) (3.60)
Upk = ZiZK(kl, k1,2ky + k,—k) (3.61)
Us = gy-Kka 2k =B (3.62)
Uik = ZiZZK(kl +ky+k,—k, ki, k) (3.63)
Uro,k = zjl\jleK(kl, ko, k1 —kz + k, k) (3.64)
Oroi = 2UNI<(k1, ko, ko — k1 + k, k) (3.65)

N
This approximation is justified for K/J << 1 and values of ¢ preventing higher order cou-
pling between the minima in k-space (k+ 3k, lying in another minimum) By analyzing the
eigenvalues of the evolution matrix L we find that they can take imaginary values and are
complex conjugate pairs [102] indicating the failure of the low-energy approximation.
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Conclusions of the chapter

In conclusion, in this work we have performed a detailed study of the excitation spectrum
of a weakly interacting Bose gas in a two-leg bosonic ring ladder subjected to an artificial
gauge flux. For all the three phases expected at weak interactions, i.e the Meissner, vortex
ad biased ladder phase, we have solved the Bogoliubov-de Gennes equations for the ring
ladder and calculated the dynamical structure factor. For a cigar-shaped gas and for a
one-dimensional gas in a linear atomic wave-guide, the dynamical structure factor has
been already experimentally measured. Here we propose that it is accessed in the ring
geometry by angular momentum spectroscopy.

Our main predictions are a single phonon-like dispersion at long wavelength in the
Meissner phase, a roton minimum emerging in the biased-ladder phase and two phonic
branches in the vortex phase. Furthermore, we find evidence of the underlying spatially
modulated structure of the vortex phase in the spectrum by a folding of the Brillouin zone
of the excitations.

Using the Bogoliubov excitations eigenmodes, we have also calculated the first-order
correlation function, monitoring the coherence of the gas, and found that it remains high
all over the ring. This feature, together with the diagonal long-range order in the vortex
phase is hallmarking the supersolid nature of the fluid. The emergence of supersolidity
in this system is quite remarkable, as, at difference from the spin-orbit coupled Bose gas,
the visibility of the fringes can be arbitrarily tuned thanks to the absence of interspecies
contact interactions in the current model.

Finally, we have shown the emergence of Josephson excitations in a finite ring, corre-
sponding to population imbalance oscillations among the two rings. We have found that
the Josephson modes appear both in the Meissner and vortex phase, in the latter case we
have found both homogeneous oscillations as well as spin-like excitations carrying a lon-
gitudinal momentum.

In outlook, it would be interesting to study the excitation spectrum at larger interaction
strengths, where the nature of the ground state changes onto a fragmented condensate
[71] or a fragmented Fermi sphere [103] atintermediate and large interactions respectively,
as we should see in the next Chapter.
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Chapter 4

Hard-core bosons

N this chapter we study the ground state of a bosonic ring ladder under a gauge flux
A/ in the vortex phase, corresponding to the case where the single-particle dispersion
relation has two degenerate minima. By combining exact diagonalization and an approxi-
mate fermionization approach we show that the ground state of the system evolves from a
fragmented state of two single-particle states at weak inter-particle interactions to a frag-
mented state of two Fermi seas at large interactions. Fragmentation is inferred from the
study of the eigenvalues of the reduced single-particle density matrix as well as from the
calculation of the fidelity of the states. We characterize these non-classical states by the
momentum distribution, the chiral currents and the current-current correlations.

A bosonic system is in a single Bose-Einstein condensate if its single-particle density
matrix has one macroscopic eigenvalue (i.e order of the number of particles) [61]. If the
single-particle density matrix has more than one macroscopically occupied eigenvalue,
then the state is named fragmented [104, [105]. Nozieres and Saint James [104] demon-
strated that no fragmentation can take place in a homogeneous Bose gas with repulsive
interactions. For dispersion relations with degenerate minima, instead, fragmented states
may emerge [106, (107, [72].

Such a type of dispersion relation occurs in the vortex phase of double ring lattices,
displaying in particular a two-minima structure. Here, we investigate the nature of the
system’s ground state at arbitrary interactions. The mean-field approach assumes a co-
herent state, made of a superposition of single-particle occupancies of each minimum.
However, it has been shown that the ground state at small lattice fillings and weak inter-
actions is indeed a fragmented state constructed with single-particle momentum states
[71]. This result can be related to the studies of spin-orbit coupled systems, which share
the same type of Hamiltonian as bosonic flux ladders, and where the fragmentation was
also observed with an ab-initio numerical study [72]. In this work, we explore the fate of
the fragmented state at increasing interactions. In particular, we show that strong repul-
sive interactions destroy the fragmented single-particle state, and give rise to a novel type
of non-classical state, which can be described as a fragmentation of two Fermi spheres.
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4.1. Tonks-Girardeau Bose-Fermi mapping
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The ground state crossover is analyzed by studying the correlation functions as implied in

the the one-body density matrix and the specific changes in the configuration of the cur-
rents flowing in the ladder.

The chapter is organized as follows. In Sec/4.1|lwe introduce the necessary tools on the
Bose-Fermi mapping. In Sec[4.2]we review the physics of fragmentation largely inspired
by [105] which provide a more complete description of fragmentation in many-body sys-
tem. In Sec[4.3} we introduce the model Hamiltonian and discuss the different properties
of the ground states in the different physical regimes of the ladder; in addition we sketch
the analytical methods (an approximate fermionization scheme) that we employ to study
the different system’s observables we refer to. In the Sec/4.4} we present the results ob-
tained with the analytical methods and compare them with the exact diagonalization; our
findings are corroborated by the study of the configuration of currents flowing in the ring
ladder. Finally Sect. is devoted to a summary and concluding remarks.

4.1 Tonks-Girardeau Bose-Fermi mapping

We consider a system of one-dimensonal bosons interacting via contact interaction v(x —
x') = gb6(x — x') at infinitely strong interactions g — oo an exact solution provided by the
Bose-Fermi mapping [108]. This method is extremely powerful as it can deal with arbitrary
external potential of the Lieb-Liniger Hamiltonian (I1.22). It allows to evaluate the exact
many-body wave function with trapping potential. The idea of the mappinglies on the fact
that the physics is dominated by the interaction between the particle and bosons cannot
occupy the same position in space. This constraint mimics the Pauli exclusion’s principle
for fermions, and causes the bosons to show fermionic properties. Therefore, the many-
body wave function of bosons can be written in terms of the non-interacting fermionic
wave function, times a mapping function &/ (xy, ..., xn) =[] j<l sign (x i~ xl)

Yrg(x1,..., XN) = Qf(xl,...,xN)\/%det [wl(xm)] 4.1)
where v(x,,) are the eigenfunctions of the non-interacting problem and the determi-
nant of such set of function is the Slater determinant that provide the solution of a non-
interacting many-body fermionic system. The mapping factor «f restores the symmetry
properties of the bosonic gas under exchange of particles. The Tonks-Girardeau gas [108],
proposed more than 50 years ago, was experimentally realized on a lattice [109] (see Fig
and in a one-dimensional atomic wave-guide [59].

Observables that only depend on the absolute value of the wave function of hard-core
bosons within the Tonks-Girardeau mapping are the same as those of free fermions as
the overall phase factor emerging from the mapping factor « cancels. For example, the
density profile and the density correlation functions will be the same. On the other hand,
quantities connecting wave functions in different point in space like the one-body density
matrix or the momentum distribution will have a different behavior than the one of an
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Figure 4.1: Momentum distribution of the 1D atomic gas in an optical lattice. The dots rep-
resent measured data whereas the lines correspond to the computed momentum distribu-
tions. The green dotted line represents ideal bosons, the yellow dashed line represents the
ideal Fermi gas and the gray solid line represents the TG gas. Due to the non-uniformity of
the TG gas on the lattice, the slope of the linear part in the double logarithmic plot deviates
from the expected 1/2 behaviour of the uniform TG gas indicated in short dashes (Figure
from [109]

ideal Fermi gas (see Fig[d.2). The momentum distribution of a Tonks-Girardeau gas will
display k~!/? divergences when k — 0 whereas for ideal fermions the momentum distri-
bution is a flat Fermi surface (see Fig[4.2).

On a one-dimensional lattice the Bose-Fermi mapping, from bosonic b; operator to
fermionic c; at site /, is ensured via the Jordan-Wigner transformation [111]

Ll S
c= H elnbjb] b;. (4.2)
j=1

This transformation ensures that the fermionic operators c; have anti-commutation rela-
tion i.e, {cl, ch} = 81,m. Moreover, due to the space Pauli exclusion principle, the bosonic
operators have mixed commutation relation, i.e [bl, bIn] = [b;, b;rn] = [b;, b;] = 0 when

m# land {bl, b;rn} =1when m = [ so that we indeed get a mixed algebra of on-site fermion
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Figure 4.2: Schematic representation of the momentum distribution of a ideal Fermi gas
(n/f (ky)) and Tonks-Girardeau gas (n"¢?(k,)). Taken from [110]

and off-site bosons, this really underlying the fact that local quantities for fermions and
hard-core bosons are the same and off-diagonal correlations will differ. Hard-core bosons
on a finite lattice periodic system display ensure a similar behavior with some additional
mesoscopic effects (see Fig[d.3) namely that the divergence in the momentum distribution
at k = 0 is removed [112]. The peak in the momentum distribution at k = 0, ny—( scales as
nk—o = C(p)v'N where N is the number of particles and C a density dependent function
finite size correction appears so that ny_y will scale as n;—¢ = C(p)V'N — D(p) .
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Figure 4.3: Density profile (left panels) and momentum distribution (right panels) of a gas
of hard-core bosons on a one-dimensional lattice. Taken from [112]
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4.2 Fragmentation

As mentioned in chapter|[I.3.I]the concept of BEC is defined as the macroscopic occupa-
tion of the first eigenvalue of the one-body density matrix oV (r,r') = (¢ () ('), where
stands for the bosonic field operators. In the basis of an orthogonal set of eigenfunctions
fi(r) (natural orbitals) with corresponding eigenvalue Nj, i.e [pM (xr,v') f; @) dr’ = N; f;(r)
,the one-body density matrix takes a diagonal form

pV @)=Y N ;) f;(0) (4.3)
i

and ) ; N; = N, where N is the number of particle in the system. Fragmentation is defined
as the macroscopic occupancy of a g > 1 eigenvalue, i.e that N;<; ~ O(N) and N;s4 ~
O(NY). Many different kinds of fragmentation can occur in physical bosonic system [105].
The condensate can be fragmented in space or momentum space. One historical example
is the Nozieres one [104] which is a model of N bosons belonging to two internal states
labeled 1 and 2. This model can for example describe a double well in the quantum regime
and the Hamiltonian reads as follows

t t

H=ea,a,+e€2a,a, + g(cf{agagal +n1n +nyny), (4.4)

where g is the interaction strength between the bosons and can be either repulsive (g > 0)
or attractive (g < 0). The ground state is made of N; bosons in well 1 and N, bosons

in well 2. For repulsive interactions g > 0 and the ground state is two-fold degenerate

with state |NV,0) and |0, N). For g < 0 the ground state however is fragmented with Fock-
Ny Np

state |Frag) = lej_fVZ!IO). One has then to compare the energies of two different states, a

fragmented state and a single condensate state

Ny _N.
1 qiV2 N

|Frag) = al—z|o> |Bec) = a—1|0> (4.5)
N{TN,! VNI '

where the one-body density matrix reads for each one

N 0 N 0
Frag _ , t .y _ [V Bec _ /T . —[*V]
p = <al. aj) = ( 0 Nz) o= <al. aj) = ( 0 0) (4.6)

If one looks only at the interaction energy (i.e €; = €2 = 0) when comparing the energy of
the gas in fragmented state and BEC state we see that

AE = <H>Frag - <H>Bec = gNONl 4.7)

so that interactions play a key role on the ground state property of the gas: when g > 0 (re-
pulsive interactions) it prevents from having a fragmented state whereas when g < 0 the
condensate will be fragmented. The situation changes when considering states spatially
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separated as in the case of the double well. The Hamiltonian is slightly changed, com-

pared to the situation explained earlier, in order to add tunneling between the wells and
to remove interaction between species.

H= —t(a{ag+aga1)+§(n1(n1—1)+n2(n2—1)) (4.8)

This system is exactly solvable [105], we will not give the derivation here but provide the
important physical results. For g = 0, the single particle eigenstates are the symmetric
state (a; + a»)/v/2]|0) with energy Es = —t and anti-symmetric state (a; — ap)/ v/2|0) with
energy E, = t so that the symmetric state describes the ground state of the system that is

+

N
a coherent state of this symmetric eigenstates |[Coh) = 1 (a‘{ + az) |0) which is clearly

2NN
not fragmented. In the case of non-zero interactions the physical situation will be quite
different as the ground state will depend again on the sign of the interactions. For attrac-
tive interactions the ground state is fragmented as the fluctuation in the number of parti-
cles are suppressed and the transition from coherent state to fragmented state is induced
by the increase of the phase fluctuation. When interactions are repulsive the ground state
will be a Schrédinger cat-like state |Cat) = 1/v2(IN,0) + 10, N)) as the interaction term
g/4(n; — ny)? will favor a different number of particle in the two wells.
An important conclusion is that the fragmented state in this example is favored in meso-
scopic system as the transition from coherent to fragmented state takes place for t/g >
1/N [105]. In what follows we will study the fragmentation effects in the double ring lattice
under gauge fields. Even though we saw that in double well structure the fragmentation
is deeply linked to the sign of the interaction, in the double ring the fragmentation arise
more from the degeneracy of the single particle dispersion relation than from the interac-
tion process as said in the introduction. Indeed, if the single-particle dispersion relation
exhibits degeneracy of the lowest energy state, then the condensation can take place in
any of those minima or simultaneously in all of them.

4.3 Fragmented Fermi seas

The concepts of fragmentation and fermionization introduced so far will be useful to un-
derstand the strongly interacting regime for the double ring system that we will study now
in the quantum regime. In the tight-binding approximation we model the system using
the Bose-Hubbard Hamiltonian

H= I:IO + I:Iint =

& T [ ® T i D
l -1
- Z ]p (alypa“.l,pe ”+al+1ypal,pe p)
I=1,p=1,2

N + + U N + ;

_KIZI (al,1al,2 + al,zdl,l) + El 1Z . al’pal'pal,pal,p 4.9)
= =1,p=1,
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where we recall that the angular position on the double ring is given by 6; = 2” I where
[ is an integer [ € [1, N] with N; the number of sites in each ring, /; and J, are the tun-
neling amplitudes from one site to another along each ring, K is the tunneling amplitude
between the two rings, ®@; » are the fluxes threading the inner and outer ring respectively
and U the on-site interaction. As in chapter 2} we introduce the relative flux ¢ = ®; — @,
and average flux ® = (®; + ®,)/2. We will restrict our self to the case of ® = 0.

In order to characterize the ground state of the system we use various observables: the
momentum distribution in ring p is defined as ny, p= (&T dk_ p), with

kp=— Z am,pe’™ (4.10)
Lm 1

where k is the wavevector in units of inverse lattice spacing. The current operator at po-
sition m along the same ring is defined as f,'l,,p =—i] (din,pdmﬂ_p —h.c.), where p labels
the rings. We define the chiral current in the ladder as j. = %Zm( ]A,”nl — jﬂn,Z)' The inter-
ring current operator at site m is j- = —iK (d‘;nyldm,g —h.c.). Correspondingly, we define

the current-current correlation of the current between the rings { ]AOL f#,) and the current

inside the ring < ]g ]l|n> We also investigate the density-density correlations in the leg

Anyy, = (fgfm) — (fg){A,) and between legs An;), (A1 A2,) — () (A%,).

By Fourier transforming, the Hamiltonian (Eq is readily expressed in momentum
space (see Appendix [A). It is useful to transform the above Hamiltonian to a new basis,
which is diagonal in absence of interactions. We call this the “diagonal” basis. By using
the transformation

’“), 4.11)

= &
o

where uy and vy are given by

1 sin(27¢p) sin(k)

ve= | =1+ 4.12)

\ 2\ 22 +sin?@ng) sin? (k)
e = 1 - sin(27¢p) sin(k) 4.13)

\ 2\ J&i2n? +sin?@ng) sin? (k)

the non-interacting part of the Hamiltonian becomes
Hy=Y E.(ka!ar+E-(0pLpr (4.14)
k

with E; = —2] cos(k) cos(2n¢) + \/K2 +4J2sin?(k) sin?(27¢p). In the vortex phase the low-
est branch E_ (k) of the dispersion relation has two degenerate minima at

KZ

(@) tan(2n))? (4.15)

k1,2 = tarcsin \/sin2 2nrg) —
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It will be useful to study the momentum distributions in the diagonal basis, ie the one of
the lower branch ng(k) = <3L,5Ak> and the one of the upper branch n, (k) = (c”r};&k)

In the vortex phase, for very small ring-ring coupling K and small, non-zero interaction
strength U, the ground state is fragmented, i.e. displays macroscopic occupation of the
two single-particle momentum states kj » as described by the the ansatz [71]

(sp) A 12 45 /
o7 = B NP BL_y, N2 10) (4.16)

Notice that the ground state is built only with the field operators  associated to the lowest
branch of the dispersion relation, and the problem has been mapped to an effectively one-
dimensional one. In the presence of interactions, the effective one-dimensional Hamilto-
nian restricted to the lowest branch reads

H= Zk‘,E—(k)lngBk

+

Y x(k—q,r+q,k, r)/%jc_qBLq/%kﬁ, 4.17)

2NS q,k,r

where the kernel x(k — q,17 + q,k, 1) = Ug_qUr+qUi Uy + Vk—qUr+qUkVr is an effective in-
teraction potential in momentum space, which has some involved momentum structure.
However, if the ratio K/ ] is small, the parameters uy and v can be approximated as con-
stants for wavevector k close to k; and ky. In this case, for the sake of finding the ground
state, the Hamiltonian is equivalent to the one of a one-dimensional Bose gas with contact
interactions with a single-particle dispersion E_(k).

At increasing interaction strength, clearly the fragmented single-particle state ansatz
is not expected to describe the ground state state of the system well, since repul-
sive interactions give rise to a spread in momentum occupancy. In the regime U — oo of
very strong repulsion, we predict an effective fermionization of the ground state, ie two
particles cannot occupy the same single-particle state and we propose the following frag-
mented Fermi-sea ansatz:

Wiy = I1 el I1 étlo). (4.18)

—kp+tki<k<kp+k; —kptko<k<kp+ko

where kr is the Fermi wavevector corresponding to N/2 particles and C‘,TC the fermionic

¢

k) k/
Ok k’» where {.} is the anti-commutator). This ansatz is only valid as long as the Fermi
energy is smaller than the energy of the upper band, i.e Egermi < E+ (k).

creation operator for the lower band of the non-interacting Hamiltonian (e.g. {51‘ il } -

4.3.1 Bose-Fermi mapping

Using the fragmented Fermi sea ground state, in the U = oo limit we calculate the one-
body density matrix and the momentum distribution of the gas using a mapping onto
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non interacting fermions. In detail, we Fourier transform the ansatz into real space, then
apply the Jordan-Wigner transformation introduced in Sec

i-1 . i-1 .

ot —inmc;c; r inc:cj

bl.—cl.l_[e i bi—l_[e e (4.19)
j=1 j=1

Hard-core bosons and non-interacting fermions have the same spectrum in one dimen-

sion. Differences between the two appears in off-diagonal correlation functions, eg in the
one-body density matrix. Using the relation between the one-body density matrix p;; and

the one-particle Green’s function G;; = (b,-b})
pij:<b;'rbj>:Gij+5ij(1—Gii)» (4.20)

we calculate the one-body density matrix using a method developed by Rigol and Mura-
matsu [112]. In particular the one-particle Green’s function can be expressed in term of
our ansatz and fermionic operators according to

Gij = (g P bib W)

i-1 j-1
.t .t
_ <\P(()Fs)| | | elncpcpCiC; l‘l e—lT[CSCs|\I]éFS)> 4.21)
p=1 s=1

where I‘I’E)H CB)) is the ground state for hard-core bosons.

4.4 Numerical results

4.4.1 Fidelity with respect to fragmented states

In order to infer the nature of the ground state of the system we calculate the fidelity of the
ground state obtained by exact diagonalization of the many-body Hamiltonian with the
Lanczos algorithm and we project it onto the two ansatz states discussed in Sec/4.3} i.e. we
take F = |<\P0|1//GS) |2 , where |Wy) is either the single-particle fragmented state Eq.
or the Fermi-sea fragmented state Eq.(4.18). Notice that since we use a real-space basis
for the numerical diagonalization we perform first a Fourier transform of the ansatz state
onto real-space.

Our results are shown in Fig[4.4] In the left panel we show that the fidelity with respect
to the single-particle fragmented state decreases at increasing interactions. In the right
panel, we show that the fidelity with respect to the fragmented Fermi sea increases with
interaction. For weak inter-ring coupling, we reach nearly unity fidelity for U/J > 10 for
any flux, thus confirming the validity of our ansatz.

For strong inter-ring coupling, where the description of hard-core bosons breaks down,
we find that the fidelity stays below one for any interaction and its value depends strongly
on the choice of flux values. In this case there is no simple analytical description since
bosons belonging to the lower band interact with a long-range interacting potential.
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Figure 4.4: Fidelity (dimensionless) of the ground state obtained from numerical diag-
onalization as a function of respectively interaction strength in units of tunnel energy J
and flux ¢ (dimensionless): a) and c) with respect to the single-particle fragmented state
I‘I’(()Sp )y and b) and d) with respect to the fragmented Fermi sea I‘I’(()F )y, The parameters
used are L = 12, N = 6. The values of K/J and ¢ are indicated in the figure legend for a)
and b). For panels ¢) and d) interaction strength are specified in the figure legend and
K/] =0.1. A third dip occurs in panels c¢) and d), in correspondence of the third jump in
the chiral current but is not resolved in this figure.
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Fidelity at varying flux (see Figld.4panels c) and d)) exhibit discontinuities associated
to change of quantized momenta and jumps in the chiral current (see Fig[d.5p)). At those
transitions the eigenvalues of the single-particle density matrix are 4-fold degenerate im-
plying that the description in terms of the single-particle fragmented state and frag-
mented Fermi sea (4.18) ansatz breaks down.

In the following, we provide an analysis of the observables characterizing the ground
state of the system and identify the ones needed to infer the fragmented nature of the state
in the vortex phase.

4.4.2 Currents

First, we show that the study of chiral currents can be used to identify unequivocally the
vortex phase in parameter space, both in the interacting and non-interacting regime.

The Hamiltonian in absence of interactions features the Meissner to vortex tran-
sition. At weak interactions, an additional biased ladder phase is found. At stronger inter-
actions, chiral Mott insulating phase with Meissner like current and vortex Mott insulating
phase are predicted [15,13].

In Fig[4.5h) we show the chiral current as a function of the gauge field ¢ in the non-
interacting case. The Meissner phase has an increasing chiral current, whereas the current
decreases in the vortex phase. For finite-sized rings, the current acquires a step structure,
each jump being associated to a integer change of the phase winding. This signals the
formation of a vortex pair in the rings [66]. In Figl4.5b) we show the chiral current at in-
creasing inter-ring tunneling K/J. We see that a change of behaviour occurs in the chiral
currents in correspondence to the transition from the vortex phase at low values of K/J
to the Meissner phase at large K/J : a jump in the chiral current is found in the finite
size-system while the chiral current is continuous with discontinuous derivative in the
infinite-size limit. We expect the transition to be of first order in analogy to the case of
spin-orbit-coupled bosons [113].

a b
0.4 0417 — 19 S
A L=20 2
a: l—s
0.27 / S 0'2_/
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// ’/
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0.0 o1 02 0 1 2
) K/J

Figure 4.5: Chiral current j, (in units of J) a) as a function of flux ¢ (dimensionless) for
K/J =1 for different ring lengths L. b) as a function of inter-ring coupling K (in units of /)
for ¢ = 1/8. In both panels we have taken U = 0 and half filling of the lattice.
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The chiral current for interacting systems is shown in Figld.6] We see that even though
interactions smooth out the steps of the current and reduces the positions of the steps
to lower values of K/J, overall it is still possible to infer the vortex phase as the regime
where chiral current has a decreasing and oscillating behaviour as a function of the flux
¢. Similarly to the non-interacting case, the transition from vortex to Meissner phase is
visible by studying the dependence of chiral current on inter-ring coupling K/ J.

a4 b .
if
0‘2' 02‘ pfecceceeeeeeeneee
. U . U :
h - _/—U/J —1
007 ) 0.0 U/J=5
| ’ e U/ J =40
0.0 0.1 0.2 0 ' 7 : )
¢ K/J

Figure 4.6: a) Chiral current (in units of J) as a function of flux ¢ (dimensionless) for K/J =
1 and on-site interaction U/] as indicated in the legend b) Chiral current as function of
inter-ring coupling K/J for ¢ = 1/8 and interaction strength as indicated in the legend.
The other parameters are L = 12 and N = 6 particles.

4.4.3 Current-current correlations

Another way to identify the vortex phase is the study of current-current correlations [114].

For linear ladders the ground state in the vortex phase is characterized by a vortex
structure along the ladder, a modulation of the density along the legs, and a modulation of
the current between rungs. In the case of coupled lattice rings, corresponding to periodic
boundary conditions, these features are not visible since the ground state displays rota-
tional invariance. In this case as the vortex phase sets in, the mentioned features are en-
coded in the correlation functions. In particular, the current-current correlation ( jol j j},
where ji is the current operator for the current between the rings, show a clear vortex

structure in Fig/4.7]

4.4.4 Density-density correlations

Next, we show that density-density correlations of the ground state may be used to infer
the onset of strong correlations and the fermionized regime.

A hallmark of fermionization is the presence of Friedel-like oscillations, characterized
by wavevevector 2kr, with kr the Fermi wavevector. These are found e.g. in the density-
density correlation function An,,, shown in Fig/4.8 along one chosen ring (same results
are found for the other ring). For small inter-ring coupling, we observe the build-up of
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Figure 4.7: Inter-ring current-current correlation function { jOl j j) in units of J? at varying
flux ¢ (dimensionless) and lattice position m for L =60, N, =2, U/J=1and K/J = 1.

Friedel-like oscillations at increasing interaction, with wavelength corresponding to four
times the lattice spacing, corresponding to the chosen average lattice filling in each ring.
For large values of K/]J, the system is not any more quasi-one-dimensional. In this case
we find that the wavelength of Friedel oscillations changes with the applied flux.

4.4.5 One-body density matrix and momentum distribution

Finally, in this section we show that the study of the first-order correlations and momen-
tum distribution allows us to obtain information about fragmentation.

The momentum distribution in each ring A and B is plotted in Fig[4.9] We see that
at weak inter-ring coupling the momentum distribution is centered in each of the two
minima k = k; or k», corresponding to the applied gauge flux on each ring.

The momentum distribution in the diagonal basis, corresponding to occupation of
lower and upper excitation branch in momentum space, is plotted in Fig/4.10] and
for two choices of the inter-ring coupling. It displays a two-peak structure, correspond-
ing to the two minima of the single-particle dispersion relation k = k;, k,. We notice first
that most of the population occupies the lower branch, while the upper branch popu-
lation is two orders of magnitude smaller. This validates the reduction to an effective
one-dimensional system corresponding to the lower branch discussed in Sec/4.3] Focus-
ing on the lower-branch momentum distribution, we notice that at strong interactions
the momentum distribution broadens due to interaction effects as well as develops large-
momentum tails characteristic of strongly-interacting regime. The peaks remain well de-
fined even in the fermionized limit, as typical of bosonic statistics, though their width
coincides with the kinetic energy of the corresponding Fermi gas. The width of the mo-
mentum distribution for bosons and fermions is shown in the Appendix.

The width of the momentum distribution x = ¥ k?n;. is shown in Fig Atincreas-
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—U/J=1
U/J =5

Figure 4.8: Density-density correlation function An,, (dimensionless) as a function of the
position m along the lattice. a) K//=0.1,¢¢=1/4b) K/J=0.1,¢=1/6¢c) K/J=1,¢p=1/4
d) K/J =1,¢ =1/6. The other parameters are N = 6, L = 12 and the flux ¢ is dimensionless.

Figure 4.9: Momentum distribution (dimensionless) as a function of the wavevector k (in
units of inverse of lattice spacing) in the leg basis for leg 1 witha) K/J=1,¢=1/4b) ¢ =
1/6. The momentum distribution in ring 2 is the same graph reflected at zero momentum.
The calculations are performed with N = 6 particles in total in the two rings and L =12
sites per ring.
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Figure 4.10: Momentum distribution (dimensionless) as a function of the wavevector k
(in units of inverse of lattice spacing) in the diagonal basis for weak inter-ring coupling
K/J = 0.1 with a,b) ¢ = 1/4 ¢,d) ¢ = 1/6. a,c) shows the lowest branch, b,d) shows the
upper branch. We take N = 6 particles in total in the two rings and L = 12 sites per ring.

Chapter 4. Hard-core bosons 85



4.4. Numerical results

Figure 4.11: Momentum distribution (dimensionless) as a function of the wavevector k
(in units of inverse of lattice spacing) in the diagonal basis for strong inter-ring coupling
K/J=1witha,b) ¢ =1/4 c,d) ¢ = 1/6. a,c) shows the lowest branch, b,d) shows the upper
branch. We take N = 6 particles in total in the two rings and L = 12 sites per ring.
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ing interactions and small-interring coupling it tends to the fermionic value, thereby fur-
ther confirming the fermionized nature of the state.

_____ oy Toe 0= St AP A LP 802 202200 O/
15 4~
— K/J=01, ¢=1/4
¢ K/J=01, ¢=1/6
e K/J=1, ¢ =1/4
10 - K/J=1, ¢=1/6

U/J

Figure 4.12: Width of the momentum distribution x = Yt k?n; (in units of the inverse
of the square of the lattice spacing) as a function of interaction strength U/ ] for various
values of ¢ and K. The red dashed line is the corresponding value for non-interaction
fermions. The calculations are performed for N = 6 particles, L = 12 sites.

We finally analyze the single particle density matrix (SPDM), which is independent
of the chosen basis and whose Fourier transform yields the momentum distribution. By
analyzing its eigenvalues, in the case of weak inter-ring coupling we find that for all values
of interactions, it displays a double degeneracy of the two largest eigenvalues, as shown
in Figl4.13and Fig/4.14] The degeneracy of the two largest eigenvalues of the one-body
density matrix provides a strong indication of fragmentation.

As already noticed in the study of other observables, for strong inter-ring coupling the
quasi-one dimensional description does not apply. We see in particular that the eigen-
values decay faster with increasing interactions, in a flux-dependent way, indicating the
important role of the transverse direction in this case.

Degeneracy of eigenvalues : We provide further information about the eigenvalues of
the reduced one-body density matrix of the double ring. In particular, Figl4.14]shows the
eigenvalues in decreasing order, at various values of the system parameters. One sees that
the two largest eigenvalues are degenerate both at small and larger values of both K/J and
¢, thus indicating fragmentation of the state for all choices of parameters investigated in
this work.
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Figure 4.13: Two largest degenerate eigenvalues A (superimposed, indicated by a single
line) of the single particle density matrix as a function of interaction strength U/ J for dif-
ferent values of flux ¢ and inter-ring coupling K/J as indicated in the legend. The param-
eters use in the calculation are L =12, N = 6.
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Figure 4.14: Single particle density matrix eigenvalues A, (dimensionless) ordered in de-
scending order n fora) K/J =0.1, ¢ =1/4b) K/J=0.1,¢p=1/6¢c) K/J =1, ¢p =1/4d)
K/J =1, ¢ =1/6. First two eigenvalues are degenerate. Results for N = 6 particles, L =12
sites.

Conclusions of the chapter

In this chapter we have studied the ground-state properties of two tunnel-coupled lattice
rings in the quantum regime. In particular, we have shown that the ground-state of the
system is always fragmented at any interaction strength, and the nature of the fragmented
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state depends on the interaction strength: for weak interactions it consists of fragmenta-
tion among two single-particle states, while for strong interactions it corresponds to two
fragmented Fermi seas. This Fermi seas description holds provided that the tunnel cou-
pling between the two rings is sufficiently weak and the flux threading the system relatively
strong. This allowing for an analytical ansatz which well describes the limits of very weak
or very strong interactions.

The information of the nature of the state can be inferred by combining the knowledge
of various observables: the study of chiral currents and current-current correlation func-
tions allow to identify the vortex phase. By increasing interactions, the flux dependence
of the currents across the transitions between states with different winding numbers is
smoothed out - see Figl4.6] The density-density correlation function shows the onset to
fermionization via the appearance of Friedel-like oscillations at large interactions, and a
double-peak structure in the momentum distribution together with the demonstration of
degenerate eigenvalues of the one-body density matrix establishes the fragmented nature
of the state. In outlook, it would be interesting to explore the crossover from quantum
regime at very weak filling considered in this work and the mean-field Gross-Pitaevskii
description used in the case of very large number of bosons per lattice site.
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Chapter 5

Quantum fluctuation effects, Luttinger
liquid description

N this chapter we will use the framework of the Luttinger liquid approach to de-
scribe the double ring under artificial gauge fluxes. The approach consists of con-
sidering the continuous limit of the lattice system considered in the previous chapters.
As mentioned earlier, many theoretical works have treated the subject of infinite bosonic
ladder under gauge fluxes with contact interactions [12} [115], inter-rung interaction and
long range interactions. The case of periodic boundary conditions have not been adressed
so far, while studies have been carried out in the case of open boundary conditions in or-
der to cope with density-matrix-renormalization-group numerical calculations (DMRG, a
very powerful numerical tool to solve 1D problems).
The chapter is organized as follows: in Sec. we introduce the fundamental notions
of the Luttinger liquid theory as well as sine-Gordon model renormalization group equa-
tions. In Sec.[5.2]we bosonize the Hamiltonian of the double ring and, using the mode ex-
pansion of the field operators, we show the properties of mesoscopic rings in both Meiss-
ner and Vortex phase through the studies of various physical observables.

5.1 Bosonization and Luttinger liquid

A very elegant way of solving many-body strongly correlated fermionic system in 1D was
provided by Luttinger [116]. As the interaction term between fermions is the product of
four fermionic field operators and can naively be seen as a product of two bosonic fields
corresponding to density fluctuations, he provided a solution in terms of free bosonic
operators. Tomonaga[l17] was the first to relate fermionic excitations to boson-like be-
haviour [117], paving the way for a description of many-body interacting fermionic sys-
tem in terms of bosonic operators. Haldane was then the one who realized that a one-
dimensional system who exhibit gapless linear spectrum can be treated within the same
framework, defining a universality class of systems sharing similar behavior and critical
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exponents. This universality class of systems called "Luttinger liquid" by Haldane includes
1D Hubbard model at half-filling, 1D electron-phonon systems or metals with impurities
as well as the edge states in the quantum Hall effect. The Bose gas with repulsive contact
interactions falls also in this universality class of fermionic systems due to the absence of
well defined statistics in 1D.

Following Cazalilla [118] we introduce the harmonic-fluid approach developed by Hal-
dane [119]. In order to describe 1D bosonic gases of size L, the relevant low-energy Hamil-
tonian is expressed as

_hv (F

HE dx
0

- K (0xp(0))” + KiL (0x6(x))° (5.1)
where v is the sound velocity and K} is the Luttinger parameter, corresponding to the
compressibility of the gas. These coefficients are introduced phenomenologically in the
equation. They depend on the microscopic properties of the system, usually accessible
by means of numerical or, when available exact calculations: Bethe Ansatz for the Lieb-
Liniger model of bosons or in the hard-core interaction limit via Tonks-Girardeau Bose-
Fermi mapping. The two fields ¢(x) and 0,0(x) correspond respectively to phase and
density fluctuations around a certain mean value, and satisfy the following commutation
relation

[0x0(x), p(x)] = ind(x— x"). (5.2)

One can then identify two regimes. For large values of the Luttinger parameter Kj, the sys-
tem is in a weakly interacting regime where density fluctuations are important and phase
fluctuations are reduced and behave classically. This regime is analogus to a BEC phase
without symmetry breaking due to the Mermin-Wagner theorem [64]. If K} is small then
the phase has large fluctuations and the density behave classically corresponding almost
to a crystal.

5.1.1 Correlation functions
Correlation function in the gapless phase

For a single-component Luttinger liquid Hamiltonian (see Eq. [5.1), the excitation spec-
trum is gapless and it is easy to calculate its correlation functions as the Hamiltonian is
quadratic. Let us consider the following correlation function, that is the one-body density
matrix (¥T(x)¥ (x)). To lowest order, within bosonization, it reads

W)W () = po(e P Py (5.3)

For an infinite system this can be calculated [120] using bosonization techniques and
reads,

d \7*&
) (5.4)

x—x'

PP ) = po (
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where d is a short distance cut-off. The situation becomes more complex when one needs
to consider a finite system with given boundary conditions. A good way to treat bound-
ary conditions is to use conformal field theory approach, that is well suited for Luttinger
Hamiltonian as the theory is self critical [120]. When computing the correlation function
with periodic boundary condition within the framework of conformal field theory (see Ap-
pendix of [118] and Appendix|[E of this thesis) one has

1
1 2KL T (=X)L (5.5)

+ ! = —_—
FO¥ D pre = corpo | 7=

where (J) is the expectation value of the zero mode of the mode expansion of the field ¢ (x)
and correspond to the kinetic momentum of the system, ¢y ; is a non-universal coefficient
that depends on the system and d(x|L) = L|sin(r|x|/L)|/x is known as cord function, ap-
pearing due to the finite size of the system. It measures the length of a cord between two
points separated by an arc x in a ring of circumference L.

Density-density correlation

We consider next the density-density correlation function, which does not depend on
statistics, within harmonic fluid approach. Keeping only the leading term of the corre-
lation function with periodic boundary conditions we have

1 o .
(PP O) ppe = | — @:0@OHO) +p7 Y, ™" (Ago(X) Aom(Opve| (5.6)
2
2 K 1 2 [ 1 2meKg
_ K , |
i k= v e ] e B 6.7

where the vertex operators A, ,(x, 7) are defined within conformal theory in the Appendix
of [118]. For an infinite system this correlation function reads

K 1 X cos(2nmpgx)

2
Y [ — — |
(p(x)p(0)) = p§ [ 2 (pon)? +m>0“m (Tpox)2Kim?

(5.8)

as first derived by Haldane [119] and later improved [121].

5.1.2 Sine-Gordon model

We introduce here basics about renormalization group equation of the sine-Gordon model
as they will be useful to treat the bosonized version of the double ring. The Hamiltonian
for the sine-Gordon model reads

H=H'+y f dxcos(V/80) (5.9)

Chapter 5. Quantum fluctuation effects, Luttinger liquid description 93



5.1. Bosonization and Luttinger liquid
4

1 bl

Figure 5.1: Renormalization flow corresponding to Eq Left diagonal thick line sepa-
rates regions (a) where y is irrelevant and region (b) where y flows to strong coupling and
the cosine is relevant. From [120].

The flow equation for the sine-Gordon model are the following [120]

dKi() YKL
dl 2
dy(l
% =@2-=-2K()yW) (5.10)

Indeed for K; < 1 y is relevant (grows upon change of scale). For K; > 1, y is irrelevant
(decrease upon change of scale). The point K; = 1 is marginal, and corresponds to the
transition point between a phase where the cosine term is relevant and one where it is
irrelevant. The spectrum of a sine-Gordon Hamiltonian is known, and displays solitons
and anti-solitons excitations [122, [123]. This model describes the competition between
the cosine term who wants to fix the phase and the kinetic part which impose a gradient.
When the cosine term is dominating we face a transition towards a gapped phase.

We expect that the renormalization group equation should not differ from a infinite sys-
tem and a system of finite size as the cord function can be Taylor expanded during the
perturbative renormalization approach and bring back the power law decaying of the in-
finite correlation functions. The only difference between finite and infinite system is that
the renormalization flow should stop at critical scale [* ox log(L). If the Hamiltonian has
the form H = H% + ycos(v/8¢) the flow equations are dual and corresponds to the trans-
formation K; — 1/Kj.
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5.2 Luttinger liquid description of the double ring

5.2.1 Derivation of the Luttinger Liquid Hamiltonian of the double ring

Following [115], we apply Haldane’s bosonization of interacting bosons [119,118] to our
Bose-Hubbard Hamiltonian. The tunneling coupling K between the two rings is assumed
to be small compared to the longitudinal tunneling /, K/J <« 1 in order to decouple the
two rings. We introduce the canonically conjugate fields, 00, (x)/n = I1,(x) and ¢, (x)
accounting respectively for the fluctuation of the density and phase of the ring p. We
perform a continuous limit of the Bose-Hubbard Hamiltonian and consider the bosonic
field operator as

T
a
l, . _ s
—E =y} = [pop +TTp(0)] 2 Y POt mpop) =ity (5.11)

\/E meZ

where a stand for the distance between two sites. Without the term of coupling between
the rings, the Hamiltonian reads

U
H=Y f 4| 1p0,p @y (0 + 55 (0:6, (1)’ (5.12)
p
Defining vy = %, Vip= Zih]poyp, vy =/UNDj,, and f(,, =\/V;,p/ vny we end up with
n > 2, Y 2
H= Z—fdx VpKy(0xpp(x)° + = (0.0, (%)) (5.13)
» 2T Ky

The coupling term between the two rings in the lowest mode approximation can be writ-
ten as a tunnel term in the following way:

Hr = —2K\/pTJ\/pT2f dxcos(¢p(x) — p2(x)) (5.14)

We now turn to the representation in terms of spin (s) and charge (c) fields i.e
bs = P12 (5.15)
be = w (5.16)

The density fluctuation field transforms in the following way in order to ensure the good
commutation relation in both charge and spin sector

[0505(x"),ps(x)] =2iad(x—x) (5.17)
[040c(x"), Ppe(x)] = ib8(x — x') (5.18)

sothatf, = a(0;-0,) = 91;92 and 0, = b(0; +0,) = 0; +0, . We next add the flux in the same

gauge as Chap.2|and express the flux threading each ring ®; and @, in terms of ¢ and ®.
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Assuming that pg 1 = po 2, V1 = 12 = v, Kj = K = K We see that the Hamiltonian transform

in
:Efdxv Ks(ax¢s+2—”£) —(0 0;) ]
L @
+—fd K( 2m q)) i(09)2 -2K fd (bs) (5.19)
xv | K¢ |0xthe + Ld)o K. ¢ 00 xcos(¢s .

where we set K = %, K. = 2K and with @, being the quantum of flux already introduced
in Chap. 2l We see that the mean flux couple to the charge sector of the phase field and
the relative flux to the spin sector of the phase field. Moreover the hopping term of the
Hamiltonian brings a cosine of the spin phase field so that it will induce a pinning of the
phase under renormalization group as will be explained in the next section.

5.2.2 Meissner-Vortex transition

The quantum sine-Gordon Hamiltonian is an integrable model and exact solution are
known [122} 123] in analogy with the massive Thirring model. In the classical picture the
solutions are solitons, kinks and breathers and those topological object are still considered
as solution of the quantum problem. A difficulty arise when one is faced with a flux that
shifts the phase field, no solution are known, the problem is no longer integrable and the
renormalization group equations are divergent [120]. This problem has been deeply stud-
ied in the context of the Mott transition in 1D [124] as the backscattering term of fermion
evolving in a shallow lattice gives rise to a cosine term shifted by a term related to the devi-
ation to the commensurate filling of the lattice (i.e when the number of particle per sites is
an integer). Let’s consider in the following the spin part of the Hamiltonian of the double
ring under fluxes

fdx
HSZ -
21

For ¢ = 0 the renormalization flow equation of Sec.[5.1.2Jtell us that the spectrum is gapped
for K > 1/8 and the phase field is pinned in the ground state to the maxima of the cosine
term so that (¢s(x)) = 0 modulo 27. This phase is known as the commensurate phase in
analogy with the Mott-insulator phase and corresponds to the Meissner phase.

27 2 u
usKs (ax(,bs(x) + T%) + Ez(axgs(x))z

—2Kp0fdxcos((ps) (5.20)

As shown in [125], expanding ( xPs(x) + 5 2” 2 ) we see that up to a constant the term

usKS¢fdx x¢5 (521)

In a semi-classical picture, we can interpret this term as a chemical potential for the soliton
antisoliton forming the vortex pattern. Indeed calling N; the number of solitons and N5
the number of antisolitons of the sine-Gordon model, we have:

depending on the flux adds

- dx
NS_N§:f_ax¢s’ (5.22)
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so that the flux-dependent term becomes

usKs¢p (
0

N — Ng). (5.23)

This term acts as a chemical potential for the solitons and anti-solitons in the system. As
the flux grows, it will becomes energetically advantageous to populate the ground state
with solitons giving rise to incommensurate phase known as the vortex phase. In order
to understand the Meissner to vortex transition we will fermionize the spin part of our
Hamiltonian by making use of the Luther-Emery solution as already performed in [12,
115]. This way of solving the problem is very elegant, understandable and will be useful as
aroot to go beyond.

One special point of the sine-Gordon model is the Luther-Emery point [126], for K = 1/4.
At this point, the sine-Gordon model can be fermionized and corresponds to a free gapful
fermionic system. On the point of view of the renormalization group equation this point
correspond to a critical point where the operators Kj is said to be marginally irrelevant.
Indeed the sine-Gordon Hamiltonian with rescaled fields J)s = ¢ps/2 and 0, = 20, can be
cast as follows

H, = f %v [0:0)* + (0xps)?] — 2K cos(2¢hs). (5.24)

Relating the bosons to the fermions with free fermionic field ¥, = e (é_"‘z’), where o = +
depending if the fermions are right or left movers, we obtain the free fermionic Hamilto-

nian
H:fdx

with h = 47”1/(1% and m = 2nKpy. We made use of the following equations that relate

bosonic fields to fermionic field

—ivY oW 0, o —mY WoW_g+hd U, (5.25)

o Ui = 2 (5.26)
i, 0T 0xT o = 5 [(0xps)? + (0:05)?] (5.27)
Yo Whi—p = 220 (5.28)

As the last equation is easy to derive, the first two are tricky and we advise the reader the
following review [127]. We see that the flux dependent term / acts as a chemical poten-
tial and m as a gap term for the theory and correspond to a backscattering term in the
fermionic language. This fermionic Hamiltonian can be diagonalized in k-space using the
following two dimensional rotation of the fermionic field operators

(S ikx (COS(nK)  —sin(ng)
(tﬁ-) = VI%C (sin(nk) cos(ny) (5:29)

Ck.U)
Ck,D
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Figure 5.2: Representation of the gapful spectrum of the spin-less fermion with /& chemical
potential and m the gap of the excitation spectrum. Black lines represent the linearization
for k values around ¢q(¢) with renormalized slope v* (¢).

with e2ink = % This leads to the following diagonal Hamiltonian
v +m
Hy= Y €rocCl Cho (5.30)
ko=U/ID '

with a gapful spectrum ey y/p = v/ (vk)? + m? — h. The Meissner to vortex transition is
then interpreted as follow, when |k| < |m| we are in the Meissner and when | k| > |m| we
enter the vortex phase or in the language of Mott insulator transition the incommensurate
phase. It is then possible from the above representation (see Fig. to go back to the
bosonic representation by linearizing the following theory around the Fermi points q(¢) =

%\ / ((I,%)2 - (%;)2 where ¢, is related to the gap but take a more general sense as away from
the Luther-Emery line the gap is renormalized but the spectrum keep its form [120]. The

Fermi velocity is vg = h—l’z ((I%)2 - ((%;)2 and the renormalized Luttinger Hamiltonian

. d
Hszf—”

where (;bs =¢s—q(P)x

=

v; ()
K (@)

V(@K™ () (0xs)” + (0:0,)° (5.31)
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5.2.3 Mode expansion

It is possible to diagonalize the Luttinger Hamiltonian by applying the mode expan-
sion of the quantum fields [118}[119] in the spin and charge basis where by s = (bg1 — bg2) V2

and by = (by,1 + by.) V2 such that [b;_v, by | =04.q40u

21K 1/2 .
Hsyc(x) 9(0) +_6Nsc+ Z quyC [equbq,(s'c) +€ be (S C)]
q;éo
1/2
ps(x) =@ + X+ ! Y sign(q) [e""xb s+e D! ]
L7 25|KqL e s
1/2
be() =@+ 75y 4 L ST sign(q) [e"”/qu,c+e—i‘7xbgc] (5.32)
L= 24700 KeqlL '

with 6N, = (N + N2 — (N1 +N3)) /2,6 Ng = (N = No— (N1 = N2)), Je = U1+ J2)/2and Js = J1— >
and are Haldane’s topological excitations[119], g = 2nj/L and j € Z, with N; and N, the
particle number in ground state, taken equal in our case. The pairs (9;0) ,Jp) and ((pg”, Np)
are conjugate action-angle variables with [ Np, gb(o)] = [ ]p,eg”] = i where the eigenvalues

of J; are even numbers 2m; € Z i.e respecting the selection rule for bosons (-1)’s =1, and
N the particle number operator. Inserting the mode expansion (5.32) into (5.19) we get
the following Hamiltonian

H=Hy+ Hp+ Hr (5.33)

where Hj is the free Hamiltonian in the bosonic excitation operators by /¢, the zero mode
Hamiltonian is given by

SN? 2 2 2 @ \?
H = 1T (5N2 )+hv[ Ksn (]5+£ 4 2Kem (]C+—) ] (5.34)
KL 4 L o L @,
and the tunneling part reads
Hy = —2Kpy f dxcos(@® + = s+ 5ps(0) (5.35)

The tunneling Hamiltonian Hr is not easy to handle since it couples zero and non zero
1/2 : :

modes 6¢5(x) = 3 ¥ g0 ’%{;L’ sign(q) [e’”’x bg,s+ e‘“’xbgys] . We'll treat with this by aver-

aging over the non-zero modes with the average taken with respect to the quadratic Hamil-

tonian Hy

Hy= Y hv'iqIb} ,bgy (5.36)
v,q#0

Using Wick’s theorem for quadratic Hamiltonian (¢®*) = e*")/29° and the zero-temperature
relations (,61, Bg? =0, {Bq ﬂ;,) =0 q,¢ We evaluate the effective tunneling Hamiltonian as

L . )
((Hr)g,)j,=—K*p f dx(Ze’”z’”s’HNs—1><Ns|+e‘””2ms/L|Ns><Ns+1| (5.37)
0 N,
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7 * where d is a small-
distance cut-off. We see that as we increase the strength of the interactions between
particle (lowering Kj), the coupling between the rings decreases because of the effect
of the quantum fluctuations of the phase. As N; and the zero mode of the phase are

L
with the renormalized tunneling due to non zero modes K* = K ( d) 2

. . . . . . _ip0 —_ip® .
action-angie variapiles 1.e €y verl € commutation relation s € S =e S, 1
t ol bles i.e they verify th tation relat [N i¢ ] i it

implies that the zero mode ¢ acts as a raising operator for the difference in particle

number difference between the two rings, implying a Josephson effect, we then can write

: 1 (0) . . . _ O
e~ 'Ps" | Ny = | Ns + 1).This allows us to introduce the completeness of the basis set e " =
2N, [N + 1){N;| leading to Eq. (5.37). We'll now evaluate the matrix structure in the basis
of the particle number imbalance. We see that it is a tridiagonal matrix.

Y M AL N 1) (Ny| + e AL NGV (N + 1| = 2 cos(xm2m/ L) Qy (5.38)
N
1
Lo - (—NI
Qr=(-N ... M) ; (5.39)
. . 1 (NI
0 0

Integration over x yields
KHr)H) ) =0 (5.40)

The tunneling term, as it is oscillating, gives zero contribution to the Hamiltonian. Aver-
aging the phase excitations within bosonization doesn’t allow us to take into account the
contribution of the tunneling part. We are only able to capture the physics of the Meissner
phase since the phase is then locked in (¢5) = 0. The flux dependence appears in the zero
mode contribution of the Hamiltonian Hy which shows a quadratic behaviour in the spin
part of the angular momentum J; (we recall that Js|ms) = 2mg|m;)) whose eigenvalues
are even integers. As the relative flux increases, the spin part of the angular momentum
increases in order to minimize the energy of the system (see Fig)5.3) In the case of ring
geometry we have a periodic dependence of the energy as a function of the fluxes ¢ and ®
with period ®@,. The value of the fluxes fix the angular momentum of the ground state en-
ergy givingrise to a sequence of parabolas. This change of angular momentum gives rise to
saw-tooth chiral current I. = —04(H), analogue to persistent current of one-dimensional
ring [26]. Notice that this change of angular momentum corresponds to a phase slip of
the wave function i.e a change of its winding number corresponding to a vortex creation
along the circumference of a ring. We remark that this is different from the vortex phase
featured in this model as it corresponds rather to the creation of vortices in the bulk of the
system i.e in the radial direction.

The decrease of the chiral current while entering the vortex phase as observed in Chap.
will be explicitly shown in Sec.[5.2.5
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Figure 5.3: Left panel, ground state energy in units of Ey = hvKn/L for different values
of the relative angular momentum m; between the two rings as a function of the applied
gauge flux. Right panel, represents the associated chiral currents I, = —0yE in units of
Iy =2hvKn/L

5.2.4 Weaklink

As explained in Sec.[1.2.1} it is possible to implement a gauge field by rotating a defect.
Placing this defect on one of the two ring we can access the spin sector of the Hamiltonian.
We'll then consider the following static Hamiltonian.

L
Hy = Uof dxé(x)p1(x) (5.41)
0

and add it to the previous Hamiltonian (5.19). We treat this term perturbatively in the weak
barrier case and we keep only the lowest harmonics of the density field,

p1(0) = (02 + 00500 /7 +0,0(x)/2m) Y e2110s0+0c/2)=2ilmp®x (5.42)
lez
which reads,
p1(x) = p O (1 +2c08(205(x) +0(x))) + 0y (O5(x) +0.(x)/2) I 70 (5.43)

We will focus on the spin part of the Hamiltonian as the charge part can be treated analo-
gously. Using the mode expansion of the field and the action-angle properties of the 0g ¢
and J; operators, the impurity part of the Hamiltonian can be expressed as

. . Uy N,
Hp = Upp @ 1+ Y 1m; — 1)(mgle™%© 4 |mg)y (mg+ 1]~ 20050 | 4 208,

5.44
> % (5.44)

The second term UglLVS =Y Ns %IN s) (V| shifts the diagonal part of the Hamiltonian Hj

and can be considered as a flux for the relative number of particle. Thus, the diagonal part
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of Hamiltonian becomes
Ho=)Y |E (N Yo )2 Uy | Ng) (N (5.45)
= + , .
& TaE L) 1er | Y

with E, = ”I’zzs and (N;) is shifted from 0 to the value of — BT E % creating imbalance of the
density fluctuation in the system. The first term in (5.44) opens a gap between different
energy levels labelled by the angular momentum quantum number m;. We see from this
that the weak link can drive transition from different angular momentum states. We next
average over the fluctuations with the same procedure as for the case of the coupling be-
tween the rings, thus obtaining (e2100:0)y — (g/1)K/2, Finally, the Hamiltonian H; for the
angular momentum part reads:

2 2
21+ ) + 4 (Je+ &) |+ PO Uettc . e~ DUl +hec)
+0 O Uegr s X7, [1Js = 1) {Js| +h.c] (5.46)

where Uegt . = Up (d/ L)X and Uetts = Up (d/ L)X, The presence of the barrier breaks ro-
tational invariance along the ring and gives rise to coupling among angular momentum
states. Thisleads to a smoothening of the perfect saw-tooth behaviour of the chiral current

of Fig.

H] :th?

5.2.5 Current and correlations functions in the vortex phase

In this section we calculate some observables at the Luther-Emery point, using the renor-
malized Luttinger-Liquid Hamiltonian of the spin sector (5.31) The chiral current is given
within bosonization

. u.K. 27
Jex, ) = = — (er,bs + Tq%) : (5.47)
The spatially averaged chiral current is then given in this point by
vViKim (¢ 2m L
d = -—E \ % — b3 ) 5.48
f (e, ) = —— ((DO L E| 2o, ¢ —¢¢ (5.48)

where E [x] is the integer part of x. This function is a step function, discontinuous for each
multiple of 27/L and explains the discrete jumps in the chiral current in the finite ring
shown in Fig. Within the fermionized language, each jump is associated to the cre-
ation of solitons in the field ¢;.

At the Luther-Emery point it is also possible to calculate the momentum distribution.
The large-distance behaviour of the one-body density matrix in the vortex phase on a fi-
nite ring with periodic boundary conditions reads within conformal-field approach (see
Appendix of [118])

ol (CDPPHG(¢) (x-x")

T Ny — —(=D*P i I mg(x—- g Z e (x—x)
(\I’p(x)‘I’p(xD—po PR 1/(2Kc)+1/(4K§‘)e (5.49)
[ESIH(—L )
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Figure 5.4: Sketch of the step-wise decrease of the chiral current in the vortex phase as a
function of the applied flux ¢/®(. With for simplicity ¢./Pg =1

where the quantum numbers m; and m, represent the angular momentum along the ring
(corresponding to the Meissner currents) and are found within conformal field theory
approach, p = 1,2 labels the rings and ¢q(¢) is given by fermionized approach and reads

@ @
In this situation the momentum distribution is given by:

2 2
q(P) x (i) - (ﬂ) . Let us consider the case where we have no charge flux, i.e ® = 0.

1t 2 /
np(n) = - fo dx(Wh ()W, (x)) el T ) (5.50)

where we used the following convention for the Fourier transform u(x) =52 u(n) el T'%,
The small k momentum distribution can be calculated analytically and give the following
for 1/K; =1/(4K,) +1/(4K;) <1

1/K; _ i
1(2_,;) T'(1-1/K)T (1/2K; + k)sin (/2K;)) (5.51)

k)=—
=T T'(1-1/2K;+k)
where one should replace k — k+ (m;— ZT”E (55 q(¢)]) for ny,» respectively. This function is
peaked whenever k + (ms— E [%ﬁ(([))]) = 0. We notice that the gradient term of the Hamil-
tonian imposes the eigenvalue of the kinetic momentum Js, m; to change of an integer

each time the flux increase by 2. Then the m(¢) is a step function increasing by unity
every integer value of ¢/ ®.

Current profile in the Meissner phase

As we saw in Sec. for K; > 1/8 the cosine term is relevant and fixe the phase (¢;) =
0 [27], we are in the so called Meissner phase. Below the transition at critical flux ¢, the
relevant form of the Hamiltonian is the following:

- [ 2 ¢
27

2
VK, (ax<ps il ) + i(axes)zl —2Kpo f dxcos(d)  (5.52)
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Figure 5.5: Total momentum distribution of the double ring ny = n; i + ny k, as a function
of the wavevector k in units of 2z/L for 1/(2K;) +1/(4K}) =1/2, mg = m. =0 and q(¢p) =
0.5.

The bosonization form of the transverse current is the following
J1(x) = 2K posin(¢y) (5.53)

whose expectation value vanishes, i.e (J; ) = 0 due to fixing of the phase field in the Meiss-
ner phase. Using the mode expansion we recover the saw-tooth behavior of the spatial
averaged of chiral current predicted in Sec/5.2.3] It displays a non-zero expectation value
growing linearly with applied flux

(Ic(¢)) =

75Ky (ms L9 ) (5.54)

L @,
where we have used that (J;) = 2m; is the expectation value of the angular momentum
zero mode, with m; € Z.

Dynamical structure factor

We provide here a derivation of the dynamical structure factor for the ladder. The dynam-
ical structure factor is the Fourier transform both in space and time of the density-density
correlation function.

Single-component 1D Bose gas

We recall first the derivation of the dynamical structure factor for an infinite one-component
Bose gas in one dimension. We evaluate the Fourier transform of the first leading term of
the expansion li ,i.e we take p(x) = %. This term is related to the phononic modes and
reads

So(q,w)=F.T.[<P(x, t)p(0y0)>]0:—%Adx\/ﬂ;dt@i(wt_qx)(x_v;

PEERTE (5.55)
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By making the following change of coordinates, u = x — v¢, the integral reads
S —zqu K; p e—iqu
, -—— ——=iq— 5.56
olg ) = f (u+u~:)2 —H fR “utie (5:56)

Using the residue theorem, where the sign of the contour depend on the sign of g, we
obtain

So(q,w) =Kilqlé(w—Iqlv) (5.57)

The second term of the expansion corresponding to m = 1 is given by (for a full derivation
see Guillaume Lang, PhD Thesis [128])

ap 1 Ki-1 .
(anov)Z(KL—l)F(KL)ZZ[wz_(q_znp())zvz] ) 51gn(a)—|q—2np0|v) (5.58)

Si1(q,w) =

This contribution corresponds to a broad continuum within two linear branches symmet-
ric around the umklapp point (k = 27 pg = 2kr, w = 0) with slope v.
Finite-size periodic system - one component

First contribution The first contribution of the dynamical structure factor S;(q,w) on a
finite ring is related to the following integral

L
) om 1
L :fdte”‘”f dxe 19 5 (5.59)
R 0 |sin(F (x + v1))|
2m-vt
zi dte‘i(z%”q_w)tf nv due"'“"; (5.60)
27 Jr vt |sin(u/2)[?

by making the change of variable u = ZT” (x—vst). The integral over u can be cast on a inte-
gral over closed contour €6 corresponding to a circle unity centered around 0, by making
the change z = ¢'* so that for ¢ > 0

Iy =4 d 5.61
E lj( Z -2z 4+ 1) (5.61)

with dz = izdu. Knowing the integral representation of Gegenbauer polynomials where
%' is a simple contour encircling z = 0 and avoiding z = 1

1 1 1 1
CiX)=o—=¢ ———— (5.62)
2miJer 2" (22 —2xz+1)

we see that I¢ = 87C,_, (1), so that I_ = 167°5 (v - 2 quy) C,-1(1) for g > 0. This poly-
nomial is behaving linearly with respect to g so we recover the behaviour of the infinite
system for L — oco.
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Two components Near the incommensurate-commensurate transition, at the Luther-
Emery point (See Sec.[5.2.2), we can use the renormalized Luttinger Hamiltonian to
evaluate the correlation function of the spin part. We next calculate the dynamical struc-
ture factor for a two-leg ladder. If one wants to compute FT[{p,(x)p,(0))], with p the
indice of the rung, one will deal with product of charge and spin. Let’s take a close look at
density-density correlation function on wire 1. It reads as follows

oo . =/ V- /
<p1(x’ t)pl(x', t/)) _ <(PO +0.0,(x, If)) (po +ax’91 (x/, [’)) ZeZIrn[Gl(x,tHﬂpox] eZl m[0y(x',t)+7mpox'] >(5.63)

m,m'=—o0

Decomposing it in charge (c) and spin (s) sectors with respect to the renormalized Hamil-
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Figure 5.6: First contribution of the dynamical structure factor for v; = ,v. =.

tonian (5.31) one gets

* 2
1oy — a2 K 1 1 Py _Ke 1 1
{p1(x, NP1 (X, £)) = g [1 am?pp | (x—vi)? + (x+v§‘t)2” *t3 [1 an?pp | (x—vc1)? + (x+vct)2H
4
Py «—oo c s cos(2mmpox) 1 cos(2nmpox) 1
+=2 _.as.a - — X (5.64)
+ L=t G M vt 0 ur DS S (—vet) (et ue 1K (mpg)2Kem?

The Fourier transform of the first term is easily computable and gives the sound waves
contribution to the dynamical structure factor for g >0,

K,
SV (q,w) = K{1916(w—qlv}) + f|q|6(w— lglve) (5.65)

where v, = v is the sound speed in the "charge" branch (in-phase motion) and v; is the
sound speed of the spin branch (out-of-phase motion of the two-components). It is inter-
esting to notice that we find the same features observed in the weakly interacting regime
for the vortex phase, where two Goldstone modes were obtained (See Chap.[3) The calcu-
lation of the next order term m = 1 is non trivial and will be the object of future work.
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Conclusions of the chapter

In this chapter we have used the Luttinger liquid method applied to the double ring Hamil-
tonian, assuming weak tunnel coupling between the rings. We have used the mode expan-
sion to study the Meissner phase and the influence of a defect on the low-energy proper-
ties of the gas. The average over the phase fluctuations cancels the cosine term of the
Hamiltonian, which was also shown to be fixing the phase fluctuation field in the Meiss-
ner phase. We have then seen that the bosonized version of the double ring features the
Meissner to vortex transition and this transition is driven by the tunnel term in the Hamil-
tonian. In order to describe features of the vortex phase, we have worked at the Luther-
Emery point, where a fermionization approach allows to compute a renormalized form
of the Luttinger Hamiltonian. This has allowed us to calculate some relevant observables
such as the chiral current, in which we saw the same behavior as in the non-interacting
case, the momentum distribution, which exhibits two peaks related to the finite momen-
tum of the dispersion relation in the vortex phase and lowest order term of the dynamical
structure factor that displays a separation in spin and charge modes in direct correspon-
dence with the results of Chapter[3] In outlook, our calculations for the dynamical struc-
ture factor could be extended to the study of the umklapp term for the two-leg ladder, as
well as of the dispersion of the excitations at small frequency around wavevector k = q(¢),
corresponding to the typical density modulation in the vortex phase.
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Chapter 6

Exciton-Polaritons and the honeycomb
lattice

OSE-Einstein condensation is understood in thermal equilibrium as a macro-

scopic occupation of the ground state. several theoretical works have been ded-

icated to the study of condensation away from the ground-state using resonant excitation

of a ground state of cold atoms [129]. This approach should allow the study of processes

of dynamical energy relaxation into the ground state. Thermal equilibrium is not per-

fectly achieved in condensing bosons since three-body losses give them a finite lifetime.

The theoretical description of energy relaxation in non-equilibrium systems, with multi-

ple states, is then an important issue. In solid-state systems such as exciton-polaritons

in semiconductor microcavities the life time of particle is very short allowing the study of
highly non-equilibrium bosonic gases[130].

Exciton-polaritons in semiconductor microcavities constitute an amazing playground
to study quantum fluids of light where remarkable effects, analogus to those observed in
cold atoms experiments, arise. Among those effects, superfluidity [131], topological exci-
tations as solitons [132} [133] and quantized vortices [134} [135} [136] have been observed.
The subject of superfluidity is still controversial: even though the experimental observa-
tion in exciton-polariton semiconductor microcavity has been reported [131], recent the-
oretical studies [137] claim the opposite, i.e that superfluid response - the difference be-
tween longitudinal and transverse current-current response - is zero. It appears that the
observation of superfluidity highly depends on the criterion chosen to reveal it and there
are as many superfluidities as criteria to define it. Even though this quantum fluid of light
is assumed to be composed, almost [138], upon pure condensate, the non-equilibrium
nature of the gas make the comparison with typical condensates in cold atom experiment
rather non trivial.

This chapter is organized as follows: in Sec. some aspects of exciton-polariton
physics, then we will derive and review some general features of bosons in honeycomb lat-
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tice in Sec6.2) including retarded Green’s functions, Brillouin-zone selection mechanism
and a new contribution relating the geometry of the lattice and the decay of polariton into
free photons. This decay mode will be shown to be suppressed as a consequence of the
symmetry of the lattice.

6.1 Exciton-polaritons

Exciton result from Coulomb interactions between excited electrons and holes in a semi-
conductor. They require an almost filled valence band, with a small number of unoccu-
pied states to give valence band holes, and a partly occupied conduction band. Classically,
an exciton corresponds to polarization field in the material [139]. The lifetime of an exci-
tonic state depends on the rate of transfer back to the valence band of conduction electron
with emission of a photon and the on spatial overlap of the hole and electron wave func-
tion. Experimentally, it is then convenient to consider excitonic systems in quantum wells
(QW), where the electrons and holes are spatially separated and choose materials with in-
trinsically lower dipole matrix elements to reduce optical recombination.

Microcavity exciton polaritons are the result of strong coupling between photons confined
in semiconductor microcavities, and excitons in QWs. A polariton can then be seen as a
photon dressed by a matter-field exciton.

The creation of a stable luminous fluid it is crucial to give a mass to the photon. This
can be done by confining the photonic field inside a cavity so that the effective mass arise
from momentum quantization due to spatial confinement. In a planar geometry with a
dielectric medium of refractive index ny and thickness |, enclosed within a pair of metallic
mirrors, the photon motion along the perpendicular z direction is quantized as g, = nn/l,,
with 7 € N. For each longitudinal mode, the frequency dispersion as a function of the in-
plane wave vector k has the form

c hlk|?
Weavk = n—O\/ g%+ k|2 = w2, + . 6.1)

eff

where the effective mass mg and the cut-off frequency are related by

hin hw?
Megy = oz = ey 6.2)
c c*/ n;

At the simplest level, the strong coupling between excitons and polaritons can be under-
stood in terms of a model of non-interacting bosonic field of cavity photon and exciton,
where a;k creates a cavity photon in in-plane momentum state k and az; creates an ex-
citon in in-plane momentum state k

72 + t ) [Wcavk QRr/2) (apx
A= ; (apvk ae'k) (QR/Z eexc,k) (ae,k ’ 6.3)

k

where Qp is the light matter coupling strength. In the absence of disorder, the exciton
energy in the QW is €eycx = €0 + |k|?/2M, where M is the total exciton mass, and ¢; =
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Figure 6.1: Polaritons in semiconductor microcavities. a Polaritons are quasi-particles
formed when cavity photons, which are massive due to confinement in the z direction
between two Bragg mirrors, interact strongly with excitons confined in a quantum well.
Polaritons are free to move in the two-dimensional plane perpendicular to their confine-
ment. b The excitonic dispersion (dashed green) is approximately constant compared to
the photonic (dashed red) due to the much larger exciton mass. Strong coupling leads to
anti-crossing and the formation of upper and lower polariton branches (solid black). Po-
laritons interact because of their excitonic component, while their photonic part causes
decay and the need for an external drive. A coherent laser pump resonantly tuned to the
polariton dispersion is marked by a blue dot. Figure taken from [137].

Egap — Ryexc comes from the conduction-valence band gap Eg,p including QW confine-
ment and the exciton binding energy (Rydberg) Ryex.. The above Hamiltonian ([6.3) can
be diagonalized and the corresponding quasi-particles made of a superposition of exci-
tons and cavity photons are called polaritons, leading to

7 LP UP
H =Y o al, ap+ ol al, aup 6.4)
k

which is diagonalized by the following transformation

(ap,k) _ (cos(@k) - sin(@k)) (aURk)

. 6.5
Qe k sin(6y) cos(6w) )\ arpx (6:5)

The dispersion relation as shown in Fig is composed of two branches wl((LP/ UP) " called
lower and upper polariton corresponding to the hybridization of the excitonic and cavity
photon energies, given by

LOPILR) _ Dt ol | VQ% Lok~ Ceck)® 6.6)

k 2 2
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Figure 6.2: Experimental observation of polariton Bose-Einstein condensation obtained
by increasing the intensity of the incoherent off-resonant optical pump. From

where + refers to respectively upper (UP) and lower (LP) polariton branches. The strong
light-matter coupling regime is defined when the light-matter coupling exceeds losses,
Qp > Y.

Microcavity polaritons are an interesting system in which to investigate condensation
because they combine a very light effective mass (10* times smaller than the electron
mass), with a matter component, and hence the possibility of collisions and thermali-
sation. These together open the possibility of polariton condensation at elevated temper-
atures. Polaritons however introduce another feature not normally present in, e.g., cold
atomic gases, that is the finite lifetime of the quasi-particles: photons are imperfectly con-
fined by the mirrors, and so can leak out. This means that the polariton condensate is best
thought of as a non-equilibrium steady state, balancing pumping and decay. This moti-
vates the approach in the following subsection to understand how to describe the light
emission accounting for finite lifetimes as well as the polariton-polariton interaction.

6.1.1 Polariton-polariton interaction

As general description of a quantum object, light is dual, and so can be described either
as a corpuscle, a photon, or an electromagnetic wave. Light is the most relativistic object
as it is fixing a upper bound for the velocity of any propagating object, its dispersion re-
lation is known to be linear as the photon is a relativistic particle without a mass, and its
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Lifetime | Thermalization Linewidth | Temperature
Atoms 10s 10ms 2.5 x10" 3 meV 108K
Excitons 50 ns 0.2 ns 5 x10"°meV 1K
Polaritons [141] | 2 ps 5 ps 0.5 meV 200K
Magnons 1 us 100 ns 2.5 x10"%meV 300K

Table 6.1: Summary the characteristic timescales and energies for: particle lifetimes, times
to establish a thermal distribution, linewidth due to finite lifetime, and characteristic tem-
peratures for various type of composite particles. The first two columns give information
on the thermal properties, the latter two on coherence properties. Taken from [142]

velocity invariant in any frame. A crucial element is still missing for the photonic many-
body system to acquire a collective fluid-like behavior namely, the possibility for the pho-
tons to collide. While photon-photon interactions have been predicted to occur even in
vacuum via virtual excitation of electron-positron pairs [143], the probability for such a
process in vacuum is so small that it can hardly be expected to play any role in realistic
optical experiments. The interactions between polaritons is due to exciton-exciton inter-
actions, which, thanks to the strong coupling with photons lead to an effective quantum
fluid of light displaying effective photon-photon interaction. Exciton-exciton interactions
is a rather complicated problem to solve as it is a 4-body problem interacting via long-
range Coulomb potential. Indeed, it can be recast as a two-body contact interaction [144]

A Vexc-exc .o N N A
Hexc-exc = f A=W e 0 W e () e () exe (1) 6.7)
where Wy (1) is the field operator for the exciton so that
\ijexc(r) = L Z ae,keik.r- (6.8)
VS K

Where S is the surface of the sample and k is a 2D wavevector. The approximate value for
effective interaction strength Veyc.exc between two excitons has been calculated[145}[146]

Vexc-exc = 632 aE/E (6.9)

ay, is the 2D Bohr radius and e the dielectric constant of the QW. Using the transforma-
tion to the polariton basis, Eq. (6.5), the effective interaction among lower polaritons by
neglecting upper polariton contributions can be expressed as

Veff

kkq ; t
A1 px+qLpK—qULPKALPK

Hop =) ol al arpc+ Y (6.10)
k

k,k'q 2
where Vlfgq = % €08 (04 q) cos (O _q) cos(By) cos(fy). One can then show [144] that the

interacting kernel Vlflffq is mainly constant because of the parabolic dispersion of the lower
polaritonic branch.
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6.1.2 The driven-dissipative mean-field Gross-Pitaevskii equation

Interaction effects in exciton-polaritons are in general weak in current experimental se-
tups so that a mean-field description of this quantum fluid is a very good approximation.
We saw that the interactions between polariton is mainly due to Coulomb interactions
between excitons and can be considered as contact interactions. Here, we present the de-
scription of polaritons in the mean-field approximation. We focus on the lower polariton
branch, neglecting the upper polariton branch. For simplicity, we omit indices LP in the
notations. As discussed before (Chapter 2 Sec. the Gross-Pitaevskii equation can be
derived from the Hamiltonian (6.10) and is given by

. h 2 2
i0¥Y(r, 1) = —%Vr‘}’(r, D+ Vip|V(, )Y, 1) (6.11)

where W(r) = (¥ p(x)), V1p(r) = % Y arpxe™*. As said before, polariton have a driven-
dissipative nature. The main sources of decay of polariton come from radiative damping
of the cavity field due to emission of light by the cavity and non radiative decay due to
absorption in the cavity. We will refer to y as a phenomenological parameter describing
the losses of polariton in the system. To overcome this decay one introduce a pumping
that correspond to the laser field imposed to the system. The phenomenological Gross-
Pitaevskii equation considering loss and pumping can be expressed as

n
i0,¥(r, 1) = (wgp - %vi) W(r, )+ Vipl¥(, O*Y(r, 1) — ig‘{’(r, £)+ Eppc(r, 1) (6.12)

where w% p is the frequency of the bottom of the lower polariton branch. This simplified
description is generally well justified provided the Rabi frequency Qg is much larger than
all other energy scales of the problem, namely, the kinetic and interaction energies, the
pump detuning from the bottom of the lower polariton, and the loss rates.

6.1.3 Steady state and bistability

From the above Gross-Pitaevskii equation, it is possible to characterize the steady state
solution of the lower polariton wave function under a coherent continuous wave pump
Eine(r, ) = Ejpce'kincTe=i®inct where E; . is the incoming laser field. The wavefunction is
cast into the form

W(r, ) = PO gkinet g~ iinct (6.13)

The steady-state solution of the system is given by the following equation.

7t Kinc|?
Wine =@y p— 'Z;jf' +Vipl WO =i L WO = B (6.14)

Several situations can arise [144]:
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3 2 . . . .
s fwine<wripKine) = wgp + hllz(l—,“ﬂd, the density nyp = w02 is growing monotonically

with the laser intensity I = |Eincl? (see Fig upper-left panel). This behaviour is
referred to as optical limiter. The Bogoliubov excitation spectrum is then gapped
(see Fig[6.3|upper-right panel, case E)

. 2
e fwine > wrpKine) = wgp + hllz(l—’;‘,f', the density np is growing with the applied in-

tensity I, but shows hysteretic behavior termed optical bistability in the nonlinear
optics literature. The central branch of the hysteresis loop with a negative slope is al-
ways dynamically unstable. Depending on the specific values of pump parameters,
other regions may also be dynamically unstable towards the parametric generation
of polaritons into other modes at different k # ki, as can be seen from the Bogoli-
ubov excitation spectrum (see Fig[6.3|upper-right panels from A to D).

A linear stability analysis of the Gross-Pitaevskii steady-state solution can be achieved by
studying at the quadratic fluctuations around the steady state solution. It leads to the
following Bogoliubov excitation spectrum [144]

o hilk? ? Y
wpog(K) = £1/|w;p + +2Vipnip — Winc| — (Vipnpp)™— i (6.15)
P 2m 2

From point A to B’ in Fig.|6.3| (right panel) a dynamical instability arises i.e the Bogoliubov
excitation spectrum shows non zero dispersive imaginary part. The imaginary part is dis-
persionless at the special point C in Fig.[6.3|where the excitation spectrum becomes linear
at low k, that is where superfluid properties can arise. Then, at increasing pump intensity
beyond point C, the spectrum is gapped.
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Figure 6.3: Upper panels: Polariton density vs pump intensity in the optical limiter regime
(top) and bistable regime (bottom). The dashed line indicates the unstable regions. Top
panels: Real part (top) and imaginary part (bottom) of the excitation frequencies for the
non-equilibrium Bogoliubov modes corresponding to the points indicated as A, B’, C, C,
D, E in the left panel.Taken from [144]
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6.2 Honeycomb lattice

Before presenting our studies of the polariton properties in a honeycomb lattice in the next
chapter, we will review here the properties of a single quantum particle in a honeycomb
lattice. The honeycomb lattice can be described by two triangular sub-lattices A and B (see
Fig[6.2) forming a 2D plane paved by hexagons, and its reciprocal lattice is also hexagonal.
Important point for the physics of the honeycomb lattice are the two points £ and %"
located at the corner of the Brillouin zone, called the Dirac points:

J{_(Zn 2n ) J,_(ZJT 2n ) (6.16)
361’3\/§a 36l’ 3\/§a ’

Their importance will be made clear later. When considering just the nearest neighbour-
ing hopping in the tight-binding regime the Hamiltonian can be expressed by the follow-
ing Bose-Hubbard Hamiltonian H = Hy + Hin¢

U
H=- Z tijajbj+h.c——
i) 2

Y nfmf -1+ nfn} - 1)] (6.17)

ieA ieB

where (.) restricts the sum over the nearest neighbours and A,B represent the two sub-
lattice of the hexagonal lattice as shown in Figl6.2] The non-interacting part of the Hamil-
tonian Hjp can be diagonalized in k-space. We define the following operators for each
sub-lattice

1
= =Y exp(ikAd]
a. = exp (ik.Aj) a (6.18)
1 .
bl = > exp (ik.B;) b} (6.19)

1 /NSB T

where N and N? are the number of sites in sub-lattice A and B respectively, A; and B;
are Bravais vectors of triangular sub-lattice A and B respectively. The Hamiltonian reads
in k-space,

_ t 1) O P&)) (ax
Hy = Xk:(ak,bk) ( o000 )(bk) (6.20)

where ¢(k) = (elkm 4 pikuz 4 pikugy, . At this point we should mention that the value
of the function ¢ (k) is not arbitrary and depends on the choice of the gauge [147]. The
choice of the gauge is important as we will see in the next section, indeed the analysis of
this chapter would be strongly modified by an other choice of gauge even though the ob-
servables stay gauge independent. The non-interacting Hamiltonian can be diagonalized,
yielding eigenenergies €, (k) = + |(,b(k)| with respective eigenvectors

1( 1
200 = = (ieix(k)) (6.21)
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Figure 6.4: (a)-Representation of the hexagonal lattice with #; = a(%,@),ﬁz =

a (%, —‘/75),113 = a(-1,0). (b) Representation of the first Brillouin zone of the honeycomb

lattice where £ and #' represents the Dirac points and I' the center of the Brillouin zone.
It is important to stress that £ and .#" are not connected by a reciprocal lattice vector,
they are truly independent values of k.

where we have set ¢(k) = |¢p(k)|e’*™. The dispersion relation shown in Fig. 6.5 displays
two bands in k-space analogues to the = and 7* bands of the graphene [148] that we will
refer to as + or —. These two bands are crossing at the Dirac points (£ and %) in the
vicinity of which the dispersion relation is linear. This linear dispersion relation implies an
effective relativistic behaviour around the Dirac points where the particles become mass-
less. Such a band structure has been experimentally observed with polariton gases [149].

Nearest neighbor tunneling Tunneling into the same sub-lattice A/B adds the following
term in the tight binding Hamiltonian

Hyn=-tan Y. alaj—tgp Y, blbj+h.c (6.22)
K «ijn
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Figure 6.5: Dispersion relation of non-interacting particle in honeycomb lattice in units of
the 4 p. Positive and negative bands are observed and referred to as + or —.

We will call a;, ap, a3 the three vectors connecting a site to its nearest neighbor of the
same sub-lattice. They connect to the known Bravais vector the following way a; = u; —us,
Ay = Uz —Uus, az = U —Up. Assuming faa/tap = tgp/tag = t" and Fourier transforming Hyyn
we get thatHy + Hyy reads

_ v o) (T ) $&) | (ax
Hy+ Hyy = Xk:(ak,bk)( od0 o f(k))(bk) (6.23)

where f(k) = 2cos(\/§ky) + 4cos(§ ky) cos(%kx). This correction to the single-particle
spectrum will affect only the high energy properties, so that close to the Dirac point no
change are expected as fa4 < f4p.

6.2.1 Berry phase

Let us consider a set of parameter A = (11, A»,...) so that a generic Hamiltonian H[A] de-
pend on this set. Let |V (¢)) be a quantum state whose evolution is

d
ihal‘l’(m = HIA(D] Y (1) (6.24)
We assume that the Hamiltonian is diagonalizable and H[A]|¥ (1)) = E,(1) ¥ (1)). We
consider an adiabatic evolution of the parameters A in time so that when the system is

prepared in an eigenstate of H[A] it will stay in this state during the time evolution up to a
phase

[W(1) = cn(O) PIAD]D (6.25)

where ¢, (f) satisfy the equation of motion

d
ién (1) = cn(DEn[AD)] — ificy (1) (‘I’n[ﬂ(t)]lﬁl‘l’n[l(ﬂb (6.26)
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A formal solution of this equation is ¢, (t) = ¢, (0) e (Oayn+Oserry) where,

1 T r d
Oayn=—7 fo EnA(D)d1 Operry = i fo WA W A@Ddr (6.27)

04y represents the usual dephasing term due to the time evolution and 6,y is called
the Berry phase. This Berry phase can be expressed as a closed path integral in parameter
space of all the A called A,

Oserry = i fg WA 2 W [AD) dA 6.28)

so that this phase indeed has a geometric character as it will only depend on the chosen
path. In analogy with the Aharonov-Bohm effect we can define an analogue of the vec-
tor potential of the magnetic field called the Berry connexion that represent the parallel
transport of the eigenfunction in the parameter space A.

A A) = —i(¥YnAll 72 [¥rlAD. (6.29)

There is a strong analogy between the Berry phase and the Aharonov-Bohm phase as they
are both geometrical phases, the difference being that the Aharonov-Bohm phase is de-
pendent on the real space path whereas the Berry phase on the path in a more abstract
parameter space A.

For crystal wave functions, the set of eigenfunction is of the Bloch form ¥, x (r) = u,, x(r)e
where the u,, k(r) are the eigenfunctions of the tight-binding Hamiltonian. The parameter
space is the one of the crystal quasi-momenta k and the Berry phase is the integral over a
closed path of the connexion o ™ (k) = —i (Unxl Vi lun ) associated to the parallel trans-
port of Bloch wave function over the Brillouin zone.

In the context of the honeycomb lattice we can define two connexion associated to the
two bands (),

ikr

1

i e 1
A (k) = -5 (1 e™)ivi (eixk) =5 Vk Ik (6.30)

10 = —% Vi Xk (631)
Each connection integrated along a closed path cancels except around the Dirac points.
The Dirac cones are then acting as Berry flux tubes in analogy with the Aharonov-Bohm
effect where the flux comes from the connexity of the magnetic field, the Berry phase is
non zero whenever discontinuity in of the derivative of the energy arise. Hence, the Berry
phase around the Dirac point are given by (see Fig.[6.6),

(+) — (+) — (+) — (+) —
0 yon = fwd Ddk=n O yon = fwd Ydk=-n (6.32)
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Figure 6.6: Representation of Berry flux acquired around two Dirac points

6.2.2 Brillouin zone selection

As already mentioned in Sec. [6} the band structure for polariton in honeycomb lattices
has been experimentally observed. However due to the destructive interference between
sub-lattice emitted photons, some branches are not visible as reported in [149} [150]. We
sketch here a simple argument for this effect, in analogy with [151]. One can relate the
photo-luminescence intensity of the emitted photon resulting from the decay of excitons-
photon coupling seen in the experiment as the modulus squared of the time and space
Fourier transform of the wave function |¥,(q, w) |2. In order to do so, we express the Bloch
function of a particle in the n-band and crystal momentum k as follows

1 . .
Pou(r) = \/ﬁz(e’k-“? cgkw(r_Rf)+e’k~R?cgkw(r—Rf)) (6.33)
J
B 1 ikR? Lk Ay, ik RY48)) ~nk A
= —\/N_/Z;(e JCkye-RY) + N O Cpky e -RE - 61)) (6.3

where C X}‘B are the coefficients of the eigenfunction of the tight binding problem of the n-
band, Rf}/ B are the vector positions of the sub-lattice atoms A/B in the crystal. The Fourier

transform reads

\[I;dre—l‘q.l‘\ljnk(r) — Ze_i(q_k)'Rflﬁ(q)CZk+Ze_i(q_k)'Rfe_i(q_k)'allp((ﬂcgk (635)
i J

where ¥/(q) is the Fourier transform of the Wannier function, q is the physical momentum
and boldsymbolé, = Rf - R;f‘ is the distance between atom of type A and B in the unit
cell. Noticing that

e AR _ S §k—q— (b + mpby)), (6.36)

ny,n2
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and within the first Brillouin zone this sum corresponds to e = 0q,x One is left
with the following expression for the Fourier transform of the Bloch function

—i(q—k).R;*

¥ .k(q) = Ok q¥(q) (1 + e"’“‘l)). (6.37)

The time dependence of the Bloch function is a phase, so that W (r, ) = ¥ i (r) e ¥nk?,
Within the first Brillouin zone, we finally obtain

¥, x(q ) = fRdtdrei‘“teir'qwnk(r, 1) =06 (W — €1 O q¥ (q) (1 + eix(q)) (6.38)

Similarly, one has to be careful to include the extra phase (6.36) that needs to be added
in higher order Brillouin zone. This leads to additional extinction of the intensity pattern
[151]. Typical extinction in the (ky, ky) plane is illustrated in Fig.

a b
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Figure 6.7: Behaviour of the phase f(k). = |1+ e*® ? term in the (kx, ky) plan for a)
f(k)_and b) f (k).

6.2.3 Coupling to photonic bath vacuum

We now proceed to add into the theoretical description of the system the effect of cavity
losses. These are due to a coupling of photon modes inside the cavity and the electro-
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magnetic modes outside the cavity (see e.g [152]). As there is a one to one correspon-
dence between in plane cavity modes and electromagnetic modes (i.e that the coupling
Hamiltonian is diagonal in Fourier space) we consider a constant tunneling matrix el-
ement a(x) = a through the cavity mirror, whose value depends on the specific mirror
structure. The coupling Hamiltonian accounting for the conversion of cavity modes in
vacuum photons reads,

Hiecay = i ( f dzdr¥ () ¢(z,r) —H.c (6.39)

where ¢(x) is the vacuum photon field operator in the 3D space and ¥ (r) the polaritonic
field operator in the 2D space (in plane). We expand the polariton field operators in Wan-
nier basis of the lattice Aand B, i.e ¥(r) =) ; a; w(r— RZA) +b;w(r-— Rf), wherer = (x, y) are
in-plane coordinates and z the orthogonal direction. In this case the decay Hamiltonian
becomes

Hgecay = iaf dpe'P? (Z w(qQ)* agcpq+w(q)” bflcp,q - H.c) (6.40)
q

where c;r,,q creates a vacuum photon with in-plane wave vector q and orthogonal out-of-

plane wave vector p. Transforming the lattice polariton field operators in the diagonal

% (Pyq+P-q) and bq = e 1 (¥4q—¥-q) wehave

basis +, so that aq = \/_

(6.41)

Hdecay =1 dp Z (q,q,n\yil,qcpyq —H.c
qe1s'BZ,n

* iz . . .
% (Czq + ng) is the coupling constant between the polariton evolv-
ing in the honeycomb lattice and electromagnetic vacuum modes. In order to treat the
loss term due to decay of polariton in the vacuum, we treat the coupling of the system
with a decay bath of photon. It is then modeled by the following Hamiltonian

where ( Z,q =«

J?:Zek,n‘i’Ln‘i’k,n+fququchcq,k+zfdpz (pq? qnc,,,q—H.c) (6.42)
k,n

where w) q is the frequency of the free photonic field ¢, ,q with momentum in plane mo-
mentum q and out-of-plane momentum p, {};  is the coupling constant between pho-
tonic and honeycomb polaritonic field Wy, of branches n = +. We are interested in the
equation of motion of the polaritonic and photon fields ¥y , and ¢y q

A¥q,n(1) R . )
l—dt = [Wqn(t), #]| = €qn¥qn(t) + zfdp(“p,qcp,q(t) (6.43)
dc (1) "

Z(; = [cpq(D), ] = wpqCpq(D) =i )" Pgn(1) (6.44)
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Formal solution for the photonic field is

. t .
Cpq(D) =€ "Palcy q(0) = ({pg)" fo dr'e”'raWy (1) (6.45)

Inserting it in the equation of motion for the polariton, we end up with the following equa-
tion,

A0 ) S
% = eq,n\Pq’n(t) + lfdp(p,q(:pyqe lwp'qt
— f dp|¢pal’ f dr'o(ye i orat=0y (1) (6.46)

where we can identify DR (¢,)) = —i0(t — ¢')e”"@rall~ ) as the free photonic field re-
‘pqCpra

tarded Green'’s function. The second term in r.h.s of Eq(6.46) refers to a noise term [153]
and will be neglected in the following. Using the fact that transmission through the mirrors
is almost instantaneous meaning that the coefficient y is independent of the frequency w

n
pq

2”2_5 |l p(w),klz is independent of w. It implies that equation of motion for Wy ,(#) reads

2
(Markovian approximation), we have | da)g—f) e @pal=t) 5 §(t — ')yq where yy =

10 Wi n (1) = €1,n Yign (1) — iy Pin (1) (6.47)

One can then readily define the diagonal retarded Green’s function as (see Appendix|[F)

1
Gik,w) = ———— (6.48)
W—€x++ 1Yk

Finally we see that the spectral function A(k, n,w) of a given band n = + is

1 1
Ak, 1, @) = ——Im([Gps (k, )] = — L
T

6.49
T (w—e€xs)?+7; (6.49)

so that A(k, n,w) is Lorentzian peaked at w = € +. One recovers the same effect as for
the interference of the two sub-lattice. It should be emphasized that the geometry of the
system, inserted in the coupling factor, induces the vanishing of the loss term so that decay
of polaritons into photons is prohibited. The life-time of such particles is then infinite and
one could be able to engineer dark-state of polariton so that regimes of high interactions
among polaritons can be created. This extinction has the same physical origin as the one

of Sec.
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Chapter 7

Bogoliubov excitation spectrum of
polaritons in honeycomb lattice

HE formalism of the Bogoliubov approximation allows to study the properties of
the a system around a steady-state solution and characterize its stability, as we
saw (6l
The chapter is organized as follows: In Sec.[7.1|we will derive the steady state equations of
the system then the equation of motion of the Bogoliubov excitation in order to access and
study the excitation spectrum of the system. Then we will explore the Bogoliubov excita-
tion spectrum of exciton-polariton in honeycomb lattices in Sec.[7.2|that will be compared
to experimental data.

7.1 Bogoliubov excitation spectrum

Steady state solution In order to obtain the Bogoliubov spectrum of a polariton con-
densate pumped at the £ point we first determine its steady state. As the coupling be-
tween the two sub-lattices vanishes when driving the condensate in the Dirac point, i.e
¢k = %) =0, we are left with two uncoupled Gross-Pitaevskii equations. The steady state

solution in sub-lattice A or B wf} g is then solution of the following polynomial equation

2 2
((Ac+Ulw5?)B|2) + Ly = 1Rl (7.1)

where A. = wrp — w;ne and {a;) = wf;)) el A Tip=i0incl (py = u/g)) e X Tip=i0inc!  This means
that the stability criterion for a polaritonic gas driven at wave vector equal to Dirac wavevec-
tor is the one of an one component system (Eq (6.3)) for a laser driving exactly at the Dirac
point. Experimentally this is generally not the case but this decoupling approach provides
a first approximation.
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Condensation at the Dirac pointk = # Assuming equal condensation on the two sub-
lattice i.e ax— = vVNg = biex = vV Np, = VN, the Bogoliubov Hamiltonian of the interact-
ing gas on honeycomb lattice can be written in terms of the fluctuation fields on the two
sub-lattices {0 ay, 0 by}.

Hinra= 2_(1{1521‘ [4N6alt_]5ak_;( + N(éaﬂ_xéaihx +5a_k+J6ak_J)] (7.2)

Hint,s = 3% Tic |[ANO]_ Sb_z + N (8b}_, 60"\ +6b s x8bx )| (73)
H=Ho+ Hiny,a+ Hint,B (7.4)

The equation of motion i0;6as = [6a,, Hpog| are forming a closed system of linearly cou-

pled equations. When performing the Bogoliubov approximation for the field, a; = wi?) +

0a;, we have to solve the following non-Hermitian eigenvalue problem

6af,f+k 5aff+k
oa oa .Y
€ H-k|=pf H-k| _iZ1d 7.5
|ona n obyx| "2 (7:5)
6bj{—k 6b1f—k

the Bogoliubov excitation then corresponds to the eigenvalues of the following dynamical
£ matrix,

Ac+2Un Une?r  —pk+.%) 0
_ —2i04 _ _ * —
. U*ne A.—-2Un 0 0} (Jz,/ziek) (7.6)
" (k+X%) 0 Ac+2Un Une-'"s
0 OH -k —Une?9 _A.—20Un
The dynamical matrix with next nearest neighbour hopping reads
—t'f(X +k) 0 0 0
. 0 ' f(& -k 0 0
=L 0 0 —1'f(H +K) 0 @)
0 0 0 t'f(& -k

where t' = tyaltap = tgp/tap and f(k) = 2cos(\/§ky) +4cos(§ky) cos(%kx). For the spe-
cial case where we look at the cut for ky = 0 the eigenvalues of the £ matrix can be found
analytically and are given by

ex (k) =3 [+ (A -k —¢* (k+ %))

+ \/(ZAC +6UnTF (P -K) +¢*k+£))2(A+Un) F (P& —k) + ¢*(k+x)))] (7.8)

with 1//52/)3 = na/pe'48 assuming n, = ng and A = a(0,4ﬁ) the momenta of the con-
sidered Dirac point. In the general case, when one considers n4 # ng, one introduces
anisotropy in the system leading to an opening of the gap. In polariton experiments, one
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can observe the Bogoliubov ghost branch that corresponds to negative energy excitation.
This is due to parametric excitations [154}[155] and observed for both incoherent [156] and
coherent [157] pumping. Ghost branches have then a highly relevant role as they corre-
spond to the excitations holes. We remark that the matrix £ does not satisfy the inversion
symmetry relation, i.e £* = -0 %0 where,

) (7.9)

S O = O
oS o o~
_ o O O
o = O O

which implies that there is no set of eigenvalues which are opposite (eky,—e;';y). In other
words, the ghosts branches are not expressed as the opposite of the physical excitation
branches. They form a lattice structure in k-space shifted with respect to the normal
branches lattice, as shown in Fig. This is due to the scattering allowed by the Bo-
goliubov approximation, that transforms modes of the condensates into excitations with
wavevector kand k—-2.%".

A ky
® e
- =i
k":l
C | e .
) @

Figure 7.1: Sketch of the ghost lattice in k-space as compared to the real lattice.

The ghost branches corresponds to particles with opposite momenta and energy as
can be clearly seen in Fig. [7.2|so that the Doppler effect for ghost excitations is opposite.
Along the x direction, this symmetry is present and the spectrum is composed of a set of
opposite complex conjugated eigenvalues (ekx,—e,’zx). This is due to the fact that the con-
densate is not moving in the x direction. The spectrum is composed of multiple branches,
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K, K, r
Figure 7.2: The excitation spectrum at different polariton densities and energy shift A..
The real (solid) and the imaginary (dashed) parts of the spectrum in the frame of the pump
momentum at the Dirac point, which is kjnc = £ in the y-direction, for k, = 0. For a)
Ac=-land Un=1,b)A,=-5and Un=5,¢c) A, =—-0.5and Un =0.5,d) A, = —0.5 and
Un=2e)A=-5andUn=1f)A=1and Un=1,g) A, =-8and Un = 1. Black dashed
line correspond to the single-particle dispersion.
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the real and imaginary part is plotted in Fig[7.2|for the case of the stable C point[6.3]in hys-
teresis loop (sub-panels a) to ¢) in Fig.[7.2). It appears that in this C point only one of the
branch is stable (+ or — depending on the sign of A.) so that only one sub k-space lattice
Dirac points will be turned on, corresponding to the wavevector k;,. of the pump. This lat-
ter point is a manifestation of the symmetry of the system. This stability of the branch is in
correspondence with observability of the branch, i.e unstable branches are not observable
due to the interference of the two sub-lattices (See discussion in Sec.[6.2.2). Reducing the
interactions, the + branch becomes stable. The spectrum in Fig. d) corresponds to the
stable region above the C point where the + branch becomes gapped in agreement with
the prediction for one component case.

The spectrum at low energy close to the Dirac point is Doppler shifted, i.e as we are in the
laboratory frame of, excitations at g = £ + k or q = £ — k will feel different sound veloc-
ities as they will flow against or with the flow of the condensate at velocity £ . In Fig.
panels a)c)e)f), the low-k dispersion relation around the Dirac point has sonic shape with
sound speed lower than the speed of flow corresponding to a supersonic motion: here the
system is not superfluid [158] as Bogoliubov modes can be resonantly excited by a defect
inducing Rayleigh scattering ring. Fig.[7.2p) illustrate the case of a subsonic motion, where
the polariton gas behaves as a superfluid: no Bogoliubov mode can be any longer reso-
nantly excited and the resonant Rayleigh scattering ring disappears. It has been recently
shown that the polaritonic systems are not Galilean invariant in the presence of a reservoir
[159]. Then there is no one to one correspondence between Landau critical velocity and
the Bogoliubov speed of sound, however this criterion still holds when the sound velocity
is properly renormalized. Moreover, we observe that, strangely enough, the gas of polari-
ton acquire superfluid property at momenta k # £~ different from the driving of the pump
as can be seen in panel e) and f). This two point are found to be stable without any dy-
namical instability and ghost and normal branches are exchanging position with respect
the the horizontal axis.

7.1.1 Stability analysis

From the study of the above dynamical matrix £ one is able to link the stability of the
polaritonic gas with the eigenvalues of the dynamical matrix. We define

Yett(k) = Im [e (k)] (7.10)

Following [144] the stability criterion is defined as follows, whenever y.g(k) +y > 0, Vk,
the gas of polaritons is drawn to an instability as the excitations are damped. Thus, us-
ing this criterion we see that in the optical bistability regime, beyond the point C where
|Un| = |A.| the system is found to be unstable (see Fig. and does not follow the usual
behavior of a 2D polaritonic gas (see Fig.[6.3). Therefore, one can see that the mean-field
analysis might be not suited to characterize the polaritonic gas and quantum-fluctuation
should be high in those unusual regions of instability. At the C point, the symmetry of the
Dirac cones is allowing momentum transfer processes that can empty the polaritonic con-
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Figure 7.3: Panel a) represents the hysteresis loop in the optical bistability regime. The dots
are marking the unstable region corresponding to panel b) where the fraction of unstable
mode is plotted. We see that beyond the C point where |Un| = |A.| the system is found to
be unstable.

densate. In this case the Bogoliubov approximation of a macroscopically occupied ground
state breaks down and a more refined theory would be needed.

7.2 Experimental excitation spectrum

As a matter of consistency with the earlier approach presented in Sec we link the
intensity of the excitation in terms of their Bloch wave expression. The contribution of
Bogoliubov excitation to Bloch wave 6V, k(r) is expressed in term of the Bogoliubov am-
plitudes [160]

1 pA . .
OV ,k(r, 1) = \/ﬁ Zj (elk'RJ (ul‘gne_lekv" + v‘_qknewk’") or— R;‘)

1 pB . .
+ezk.Rj (ulj(gne—lek,n + vfknezek,n) (P(l‘ — Rf)) , (7_11)

so that the observed intensity within the first Brillouin zone and for a band n = + reads

2
I = |6¥a(qo)|
2 2
- 2 - -
= |#(q)| [5(w —Eion) |Uig y + Up | Orq+0@+8Ecn) [V, + V0| Bq| (7.12)
In the limit where there is no interaction we recover u”;‘]/CB = CZ‘,‘B consistent with the re-

sult of Sec. The additional contribution coming from the ghost branch is weighted
by the v amplitude that is weak compared to u coefficient of Bogoliubov transformation,
as we see from the numerical diagonalization of £ (or £’). The calculated intensity is
given in Fig.[7.4|as a fit of experimental data of observed intensity pattern of polariton in
honeycomb lattice structure.
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7.2.1 Experimental realization

Experimental realization have been done in the group of Maxime Richard at Néel Institute
in Grenoble with whom we were in close collaboration. Their experiment implements the
honeycomb lattice with coupled micropillars etched in a planar semiconductor microcav-
ity driven with coherent laser field at the Dirac point wavevector yielding a macroscopic
occupation of the state at k = . As can be seen from Fig. [7.4] the system being unstable

Un=0 meV
| dg=1.1meV|
| t,=0 meV
I

meV)

(

Energy (mev)
B e
2 3
n 8
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Energy (meV)
2
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=
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Stable: yes
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Energy (meV)
B

i g &

14775

Figure 7.4: Experimental data of observed intensity pattern of polariton in honeycomb
lattice for both zero (top panels) and finite (lower panels) interaction strength. Red curves
correspond to theoretical fit from (Eq.[7.12). White dots are average data with Lorentzian
weight. In the experiment the k-space is turned by 90° so that k, and ky are exchanged
compared to the theoretical description.

at the C point, the Dirac cone structure is suppressed and the system is in a state below
the C point (see red dot in Fig. left panel, that represents the state of the system in
the bistability one-component curve). The experimental data fit remarkably with Bogoli-
ubov theory in both direction of momentum. We want to emphasies that the momentum
space in the experiment is turned by 90° so that k, and k, are exchanged compared to
the theoretical description. Annihilation of a part of the spectrum in the experiment as
theoretically described in Sec. is also seen. A gap is observed in the spectrum in the
experimental k, direction (Fig.top middle panel). The theoretical fit is made possible
thanks to energy shift between the sub-lattice. This shift might arise from the polarization
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depend tunneling of polaritons in the honeycomb structure.

7.2.2 Retarded Green’s function

Before concluding the Chapter, we would like to calculate the polariton spectral functions
using the Green’s function formalism. Since the Hamiltonian is time independent, the
retarded Green’s function dependent only on the time difference. We define the normal
retarded Green’s function as follow,

Giﬁ(k, 1) = —i9(l‘)([1//k,a(t),1//;ﬁ(0)]) (7.13)
and the anomalous retarded Green’s function
Gy 506 1) = =0 [Y-1a (D, Yic O] (7.14)

It is convenient to represent the Green’s function in the so called Nambu structure

> (7.15)
> (7.16)

where we used equal time commutation relation [wk/,a(t),u/lt ﬁ(t)] = 84,601 k- We next use
the Bogoliubov equation of motion for the fields,

ViYL 50 ¥ka(DYip(0)

GR (k) =—i0(t
aplo D=1 ()< vl vl 0 vl 00

The equation of motion leads to

O OYL 50 O sca(DYip(0)

. ~R —
i0,GR 5k, t)—6(t)5a,ﬁ+9(”< CRAGIANI O B RAN G710

Gh U GR L0

[10:.5 = 21 (G’g,A(k, n GEan

) =6(1)S (7.17)

where .# is the identity matrix. The equation leads to the following representation in mo-
mentum and frequency domain

GR ,kw)  Gh ok w)

. = 2 (Gg,A(k, w)  GEkw

) =9 (7.18)

leading us to the interpretation of this retarded Green’s matrix as the inverse of [w.¥ — Z].
Considering the following Bogoliubov transformation

Sa= Y g, Yin+Wh )Y (7.19)
n=+

Oy = Z ullj,nYk.n + (Vj_gk,n)*Yik,n (7.20)
n=+
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where the operators le( ,, creates a Bogoliubov excitation in band n = + of wave vector k
diagonalizing the Bogoliubov Hamiltonian

Hgog = ) EkonYy ,Yion (7.21)

n==x

The retarded Green’s function in the diagonal Bogoliubov basis is expressed by

G (1) = =0 rien(0), 7L, ) (7.22)
GE (1) = =i0(1)¢[ v}, ,(0), Y1cn ()] (7.23)
Gy (ko) = lim S — (7.24)

n—0 w _ék,n + i'l]

1
GE (k,w) = lim——M (7.25)
Yn n—0w+ €y, +1In

where the mean value is taken over the Bogoliubov vacuum of excitation, i.e yy ,10) = 0,
G)if (k, w) refers to the ghost branch Green’s function. Addition of the single particle loss
rate yg as in Sec. induces the mechanism of Brillouin zone selection for the Bo-

goliubov modes for the observed intensity of ghost A(k,w, n) = —%Im [G$ ] and normal

branches Ak, w, n) = —%Im [G{fn].
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Conclusion and perspectives

N this thesis we have studied the properties of a two-leg bosonic ring ladder sub-
G\a Y jected to a gauge field for wide range of interaction strengths between particles
with specific application to ultra-cold atomic gases. Another type of quantum system,
namely a gas of polaritons in honeycomb lattice has also been studied.

In chapter[2} we have studied the ground-state properties of weakly interacting bosons
on a double ring lattice, subjected to two gauge fields. The phase diagram has been com-
puted for high magnetic flux recovering known phases, namely the Meissner, the vortex
and biased-ladder phase. An additional phase has been revealed due to the commen-
surability of the total flux with respect to the allowed momentum in the rings, showing
imbalanced density in the Meissner phase. Also, for special values of total flux ®, due to
finite size effects, we have found that the ground state may host a single vortex even in the
Meissner phase at zero interaction strength. An analysis of the persistent currents shows
thatitis possible to identify the Meissner, biased ladder and vortex phase. In the latter, due
to finite-size of the double ring lattice, it is possible to monitor the appearance of pairs of
vortices at increasing ¢. The interference patterns among the two rings yield spiral im-
ages adapted to probe those various phases in a cold-atom experiment. In outlook of this
chapter it would be interesting to study the influence of centrifugal forces to understand
the threshold above which particles are ejected from the inner ring.

Beyond mean-field analysis, we computed the Bogoliubov equations in order to take
into account quantum fluctuation in the double ring ladder. This has been the subject of
chapter[3] We have performed a detailed study of the excitation spectrum of a weakly in-
teracting Bose gas in a two-leg bosonic ring ladder subjected to an artificial gauge flux
for all the three phases expected at weak interactions, i.e the Meissner, vortex and bi-
ased ladder phase. To capture the excitation spectrum in cold-atom experiment we have
computed the dynamical structure factor accessible via angular momentum Bragg spec-
troscopy. Features of supersolidity have been highlighted, i.e high coherence of the gas
over the ring and diagonal long-range order. The emergence of supersolidity in this system
is quite remarkable, as, at difference from the spin-orbit coupled Bose gas, the visibility of
the fringes can be arbitrarily tuned thanks to the absence of interspecies contact interac-
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tions in the current model. Phonon like dispersion are visible in the dynamical structure
factor in the Meissner phase as well as roton minima and double Goldstone mode in the
vortex phase. Finally, we have shown the emergence of Josephson excitations in a finite
ring, corresponding to population imbalance oscillations among the two rings. We have
found that the Josephson modes appear both in the Meissner and vortex phase, in the
latter case we have found both homogeneous oscillations as well as spin-like excitations
carrying a longitudinal momentum. In outlook, it would be interesting to study the excita-
tion spectrum at larger interaction strengths, where the nature of the ground state changes
onto a fragmented condensate [71] or a fragmented Fermi sphere [103] at intermediate
and large interactions respectively. Also a detailed study of the Josephson modes should
be carried out as well as Goldstone and Higgs modes at the supersolid to BEC transition.

In chapter [4) we have studied the ground-state properties of a two-leg bosonic ring
ladder subjected to gauge field in the quantum regime using both analytic and exact diag-
onalization techniques. The ground-state is always fragmented but its nature depends on
the interaction strength, ranging from a fragmentation among two single-particle states
at weak interactions to fragmented Fermi seas at very large interaction. This Fermi seas
description holds provided that the tunnel coupling between the two rings is sufficiently
weak and the flux threading the system relatively strong. This allows for an analytical
ansatz which well describes the limits of very weak or very strong interactions. The chi-
ral current and current-current correlation functions have been used to characterize the
vortex phase. The density-density correlation function shows the onset to fermioniza-
tion via the appearance of Friedel-like oscillations at large interactions, and a double-peak
structure in the momentum distribution together with the demonstration of degenerate
eigenvalues of the one-body density matrix establishes the fragmented nature of the state.
In outlook, it would be interesting to explore the crossover from quantum regime at very
weak filling considered in this work and the mean-field Gross-Pitaevskii description used
in the case of very large number of bosons per lattice site.

In chapter[5, we bosonized the double ring Hamiltonian at low coupling between the
rings and, thanks to the mode expansion, we have explored the influence of a defect in
the Meissner phase. The bosonized Hamiltonian obtained is of the form of a sine-Gordon
model with a flux. This Hamiltonian in the context of Mott insulator to superfluid tran-
sition is well known and features a commensurate-incommensurate transition that is the
analogue of the Meissner to vortex transition. The vortex phase emerges when the co-
sine term is relevant in the sense of the renormalization group equations and is pinning
the angular momentum of the system. Known fermionization approach allows to com-
pute a renormalized form of the Luttinger Hamiltonian that permits the calculation of
observables such as the chiral current in which we saw the same behavior as in the non-
interacting case, and the momentum distribution, which exhibits two peaks related to the
finite momenta of the solitons which are the excitations of the sine-Gordon there. We
have also calculated the lowest order term of the dynamical structure factor in the vortex
phase, that displays a separation in spin and charge modes. This is the same features as
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what observed in Chapter [3]at weak interactions. Further studies need to be done in the
calculation of the umklapp term in the dynamical structure factor. It would be an interest-
ing point to carry numerical simulation in order to take into account finite size corrections
on the dynamical structure factor and to calculate higher order terms.

In the last chapter [6|and [7] we studied the physics of a polaritonic gas in a honey-
comb lattice. First we saw that the single particle description that interference between
sub-lattice polariton decay into vacuum photon was inducing a disparition of a part of
the spectrum, as experimentally observed. This interference has been shown to have a
deeper origin, i.e that the coupling between the vacuum electromagnetic field and the po-
lariton inside the honeycomb is suppressed. This implies the possibility of engineering
dark states with very long life time. Then, considering the non-equilibrium nature of the
polaritons we derived the steady state for a pumping at momentum equal to the Dirac
point and contact interaction between the polaritons. As the steady-state Gross Pitaevskii
equations decouple at the Dirac point we were able to derive an analogue of the one com-
ponent bistability equation for polaritonic field. Quantum fluctuation on top of the steady
state solution via Bogoliubov formalism enabled us to study the excitation spectrum of the
interacting gas. A stability analysis of the Bogoliubov mode revealed the possibility of a
physics beyond mean-field as the bistability curve shows unexpected instabilities. Finally,
we drew a formal link between the excitation spectrum and the Green’s function in order
to account for the extinction due to the geometry of the lattice also in the case of an inter-
acting gas. As an outlook it would be interesting to study in greater detail the origin of the
dynamical instability and look for beyond mean-field states with advanced techniques,
taking into account the quantum fluctuations. Moreover, the question of the topology of
the Dirac point at varying interaction by the study of the Berry phase in the Bogoliubov
formalism would be an interesting direction of investigation.
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Appendix A

Diagonalization of the non interacting
Hamiltonian

In order to diagonalize the Hamiltonian Hy in Eq.(2.6) we introduce the Fourier transform
of the field operator according to a;,;, = \/Lﬁ > kA, pe"knl . Periodic boundary conditions
N

on each ring a;, = a;, N, p lead to quantized values for the wavevectors k = ?V—” J, where
N
j €10, Ny —1] is an integer number. The Hamiltonian in Fourier space then reads

Ay = ) (af, al,)HW) (Z]’z;) A1)
where H(k) is given by
_[F2Jcos(k—® —¢p/2) -K
H(k)_( -K —2Jcos(k—® +</)/2))' (A-2)

We diagonalize it using the unitary transformation

(3. )
ag,2 —ur vi)\Br)’ '

where uy and v are given by

1 sin(¢p/2) sin(k —®)
ve= |50+ ) (A.4)
V(K/2))2 4+sin?(¢/2) sin? (k — ©))
1 in(¢p/2) sin(k —@
w= |50~ Sin(g/2)sin{k ~P) ). (A.5)
\/ (K/2])2 +sin?(¢p/2) sin? (k — )

The final form for the Hamiltonian reads

Ho=)_ ajarEs (k) + B} BrE-(k), (A6)
k
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—2J cos(¢p/2) cos(k — D) (A.7)

H

\/ K2+ (2))2sin?(¢p/2) sin? (k — @). (A.8)

In the non-interacting regime, in the parameter region where the energy spectrum has

a double minimum, the ground state has the form |y) = \/% (cos(@/ 2) ,6;1 +sin(0/2) 1322 ) N |0).
This state is fully degenerate in the occupancy of the minima, ie it provides the same
ground-state energy for any choice of . As discussed in section IV, this degeneracy is
broken at the level of mean-field by the interactions. In section III we chose to consider,
in the non-interacting regime, only the case 6 = n/2 which leads to the same occupancy
of the minima and hence the same density profiles on the two rings. Different choices for
0 will induce different density profiles, eg an imbalanced vortex for 6 € 10, [ and 0 # 7/2,

and a biased-ladder for 6 = 0 and 6 = 7 (see Fig.[A.I).
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Appendix B

Numerical method for the solution of the
DNLSE

We provide here the details for the numerical solution of the DNLSE (3.20), obtained by
iterative steps of the type

(\Pl([+At)

_ Wi (1)
it a0) =00 (g1

W, (0 (B.1)

where U(At) = exp(—i HA?) is the time-evolution operator and we have introduced the
vector notation ¥, = {¥y ;,..., ¥ n, p} Using the Campbell Hausdorff formula we approxi-
mate it to order (A )2 by

Ut, t + At) = e HHAL g=iHinAL L (A )2 (B.2)

The interacting Hamiltonian being diagonal in position space and the kinetic one in k-
space, we use the split-step Fourier algorithm [70]. Furthermore, to obtain the ground-
state wave function we perform an evolution in imaginary times. Hence the evolution of
our wave function can be recast as follows:

—E,At
¢ "IN OnoeN ) 1 g
0 —E,Al‘l]

N, x N e N,

_ o1

(B.3)

\Pl(t-i- At)
Wo(t+ Al)

M( e—Ul‘I’g(t)IzAt\Pz(t)

(e—UI\Pl(t)IZAt\yl(t))

where [¥ () = (¥, ../ ¥, pl*h Ex = {E+ 7/ Ny), ..., E+ 27 jINy), .., E+ (2m)}, and M
is the unitary matrix which diagonalizes the non-interacting Hamiltonian H (k) (A.2) ac-
cording to

(B.4)

(52

—Ur Uk

and & indicates the Fourier transform.
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Appendix C

Interference patterns of expanding rings

We derive here the expression for the intensity of the interference pattern of expanding
rings given in Eq.(2.21).

We consider first the expansion dynamics of a single condensate initially subjected to a
tightly confining potential. We follow the time evolution of the condensate wavefunction
following a sudden turn-off of the confinement at time ¢ = 0. We will also assume that, due
to a sudden decrease of the condensate density, interactions can be neglected during the
dynamics, they indeed affect the dynamics of the condensate only in the initial stages of
the expansion [161]. If |'¥(0)) is the initial state of the system, its time evolution following
the trap opening is given by

Py = e HUhw(0))
= e HintT Y 116y (k| (0))
k

B2
Y Wl 2k (C.1)
k

where Hy;,, = p?/2m is the kinetic part of the Hamiltonian. This readily yields
2
P (x, 1) = f d?k Py (k)e 2 g (C.2)

Using the saddle-point method to approximate the above integral, in the long-time limit

we obtain
2nm -~ - - :m
Wix,0) =\ == Polk, ky)el 2ty (C.3)

where I_cx =xm/(hit), l_cy = ym/(ht), thus corresponding to the ballistic regime of the ex-
pansion — the condensate expands at constant velocity, reaching a point in space fixed by
its initial momentum in the trap.

In the specific case where the initial confining potential is a double ring lattice, where
V(x) = ¥; $mw?|x —x|* and x; indicate the minima of the double ring lattice in a two-
dimensional plane, we study the expansion and interference of the condensates released
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from each ring lattice. Assuming a deep lattice for each ring, and weak inter-ring tunnel-
ing, one may consider each lattice site [ as occupied by a condensate with phase ¢; ;, and
density n;,, weakly coupled to the condensates on the adjacent sites.

After releasing both ring lattices, as well turning off the artificial gauge fields, using
Eq.(C.3) above, the condensate wavefunctions will overlap and give rise to an interference
pattern at position r. If the confinement is very tight in the radial direction or the inter-
ring distance is larger than the distance among adjacent sites, the first interference fringes
are obtained by the superposition of the condensates wavefunctions radially expanding,
ie belonging to the same site index /. This is estimated assuming that each condensate has
travelled a distance (R), — r) at constant velocity ks , = (—l)p(R,, —r)yml/htror, where p =
1,2 labels each ring, thus acquiring a dynamical phase hitror k? p/2m, which adds to the
initial phase ¢, ,. Taking into account the normalization of each condensate, one readily
obtains Eq.(2.18). As discussed in [69,[162] these interference fringes, and in particular the
spirals founds in the vortex phase, occur for typical times 7o of the order of Tx = m(R, -
R1)o /i with o, the size of the initial condensate in each well. This time is large enough
to ensure ballistic expansion (ie on times larger than 7, = mo#/h), but shorter than the
time where neighbouring condensates would contribute to the interference pattern (ie
77 = 2nmR,0,/nNs) and would wash out the spirals. At extremely long times, the time-
of-flight images will correspond to the momentum distribution of the initial double ring
lattice.
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Appendix D

Rigol's method for hard-core bosons

In this appendix I present the exact approach used in Chapter |4 used to calculate the
one-body density matrix in a one dimensional lattice. This approach has been introduced
by Rigol [112]. The one-body Green’s function for hard-core bosons can be written in the
form

Gij = (Wiicplbib [ WHicp) = (WRIVE) (D.1)

where we used the Jordan-Wigner transformation introduced in Chapter[4Sec Eq

-1

Wy = f]THe—’”fmePg) (D.2)
y=1
-1 U

(‘Pgl = (f:l_[e_lnfﬂfﬂ|\yg>) (D.3)
p=1

moreover |\I’I§) refers to the non-interacting fermionic ground state and |‘I’%CB> to the
corresponding hard-core boson ground state. In general the non-interacting fermionic
ground state can be put into a general form in term of the single-particle eigenfunction
P,s of the non-interacting problem

Nf N
WS =[] Y Posfil0) (D.4)
6=10=1

where Ny is the number of fermions, N the number of sites and |0) the vacuum state. In
order to calculate |\{,£/ By we observe that

-1 -1
H e—lﬂf}:rf}’ = l_[ [1 —Zf)j-fy] (D.5)
y=1 r=1

-
then, the action of H)l/;ll e~ "Iy Iy on the fermionic ground-state given by Eq. [D.4|implies
only a change of sign of the elements P, 5 for o < [ -1, and the creation of a particle at site

147



4

! implies the addition of one column to the matrix P, with the element P; 41 = 1 and all
the others equal to zero. Thus, I‘Pf}), and I‘I’g) can be rewritten as

AlB phg AlB
wa'By =TT X PAE o) (D.6)
6=10=1

where the matrices P are obtained from P changing the proper signs and adding the
new column N + 1. The Green’s function is then calculated numerically and the one-body
density matrix p;; is given in term of the one-body Green’s function

pij:<b:'rbj>:Gij+5ij(1_Gii)» (D.7)

148 Appendix D. Rigol’s method for hard-core bosons



Appendix E

Conformal field approach

It is known that the correlation of a Luttinger liquid in the massless phase corresponds to
the correlation functions of a classical two-dimensional system that is at criticality since
they decay as power laws. Correlation function for critical systems are known to be in-
variant under a large class of transformation, including space and time rotation, scale
transformations that can be included in a larger class of transformation, the conformal
transformations(see Cardy(1996) Di Francesco et al (1997)). As the correlations function
decay as power laws, correlations functions are invariant under rescaling so that, with y;
a field of the theory,

W (r)w1(r2) ... w1 (rp)y = b~ ™2 L bV (w (F) W1 (F2) ... w1 (Fr)) (E.1)

where 7; = b~'r; and the v; are the scaling dimensions of the operators of the theory. The
goal is then to find the proper set of {v;} that will leave the correlation function unchanged
upon the rescaling. The idea of the conformal theory is to generalize these transforma-
tions to are locally simple rescalings, rotations or translations. The transformations that
are locally identical to dilatation, rotations, translations are known as conformal transfor-
mation The class of conformal transformation has to preserve locally the metric so
thatif r = (x1,x2,..., X5),

Y dxidx) = b(r)_Zdeidxi (E.2)
i i

The use of complex number is very useful as one is in 2D (space and time in our case),
thus parametrizing the position as z = x + i y. The rescaling factor is then express in terms
of analytic function f

dz'dzZ =|f(2)|*dzdZ (E.3)

Let us take a correlation function that can be written in terms of the complex variable z as

1 Vo1 VR
G(ZI»ZZ):( ) ( ) (E.4)

z71—-22) \z1—-2
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Figure E.1: Example of conformal transformation that preserves locally the angles of the
original network. From [163]

Upon a change of coordinates z — z’ the correlation function changes into

hi2
G(z1,22) (E.5)

hi2 hi2 ni2

le

/
dz1

ng
dz,

dz,
dz,

dz

Gz ,z)) = —
re2 dz,

This transformation is then allowing use to obtain correlation function in any geometry
that can be obtained by a conformal transformation of the plane. It is then a incredible
tool to consider special boundary condition of the system especially periodic boundary
condition.

We then advice the reader to follow [118] for the technicalities of the conformal field
approach for Luttinger Liquid theory with periodic boundary conditions.
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Appendix F

Retarded Green’s function

Green’s Function One can link the retarder Green’s function GE(k,o,t —t') = —if(t —
"¢ [U/k,a (1), 1//;1 o (¢ )] ) to the measured photo-emission spectra A(k, o, w), where o is a spin
parameter.

Ak, 0,0) = —%Im [GRk w)] (E1)

One can derive the Lehmann representation (in (k, w)) which reads

mly! |ny|?
GRk,o,w) = Z ko :
n,mw+En—Em+ in

(E2)

where {|n)} is a set of eigenvector of the Hamiltonian of the system and 7 a regularizator
parameter. For the case of single particle Hamiltonian A(k,0,w) =6 (w — €k ¢)-

Honeycomb lattice Green’s function performing the equation of motion for the Green’s
function in an honeycomb lattice one get in the basis of site A and B.

L 1 o ol

One can then evaluate the limit in the sense of the distribution with f(w) being a test
function

. w
hmn_,o‘[%dwmf(w). (F4)

Let’s make the following change of variable g(w) = f(w)w so that g is still a test function
and we can use known relation

1 1
li _.fd—, :fd(P——'5 2_ 2 E5
im0 |0 8@ | 4\ P i~ @ k) g (E9)
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Where P is the principal part, this term should vanish as it behaves as an odd function
near 0. Then in the sense of the distribution we have that

. w T
hmn_,of%dwmf(w) = —ZE [5(w—€k,+) _6((1) —€k,_)] (E6)

In the same way,

. P T
llmn_.()j:% dwmf(w) = —lEe b [5((1) _Ek,+) +6((U —€ky_)] f((x)) (F?)

. 08 T
llmn—»oft%deMf(w) =-ige Pk [6(w—ex,4) +6(@—ex, )] flw) (E8)

In the diagonal basis the Green’s function reads

_[6(w—€p,+) 0
Gikw) = 0 Sw—er) (E9)

For a delta like source the wave function is equal to the Green’s function of the problem.
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