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General introduction

This habilitation thesis manuscript gathers several worksaccomplished during the period 2008-
2014 over which I have been working at LPTMS1 in Orsay, soon before and since my recruitment
as an assistant professor at Universit�e Paris-Sud. The goalof writing this manuscript is to
present three topics I enjoyed working on in a rather conciseway, by trying to favor discussion
over technical details. Although I have included introductory paragraphs, a few unpublished
data and discussion, most of the material is reproduced frompapers. Sometimes, a signi�cant
rewriting and reorganization of the presentation has been made for clarity. This is why I did
not include the sources of the original papers since they would have made the manuscript too
heavy in several respects2.

I started research in strongly-correlated systems during my PhD in Toulouse. Under the
supervision of Didier Poilblanc and Sylvain Capponi, I was inclined to learn numerical tools,
especially exact diagonalization (ED) and thanks to a collaboration with Steve White, I learned
the density-matrix renormalization group (DMRG) technique. These approaches o�ered an
alley for a specialization in one-dimensional models and I became familiar with Luttinger liquid
theory. The subject of the thesis was the e�ect of magnetic �eld on superconducting doped
ladders, and I started to work on cold atoms physics in the endby jumping on an opportunity
to collaborate with Philippe Lecheminant at Cergy.

At this point, I may mention a few works that will not be covered in this manuscript but
which were done meanwhile at Orsay. I have been involved in this work mostly for my numerical
expertise while the brain motivating the collaboration wasundoubtedly Philippe. I learned a
lot interacting with H�elo •�se, Sylvain, Edouard and Philippe and I'm grateful for that. This led
to the following papers in the �eld of many-color fermionic one-dimensional Hubbard models:

� S. Capponi, G. Roux, P. Azaria, E. Boulat, P. Lecheminant, and S. R. White,
Molecular super
uid phase in one-dimensional multicomponent fermionic cold atoms,
Phys. Rev. A 77, 013624 (2008)

� G. Roux, S. Capponi, P. Lecheminant, and P. Azaria,Spin 3/2 fermions with attractive inter-
actions in a one-dimensional optical lattice: phase diagrams, entanglement entropy, and e�ect
of the trap, Eur. Phys. J. B 68, 293 (2009)

� H. Nonne, P. Lecheminant, S. Capponi, G. Roux, E. Boulat, Haldane charge conjecture in one-
dimensional multicomponent fermionic cold atoms, Phys. Rev. B 81, 020408(R) (2010)

� H. Nonne, P. Lecheminant, S. Capponi, G. Roux, and E. Boulat, Competing orders in one-
dimensional half-�lled multicomponent fermionic cold atoms: The Haldane-charge conjecture,
Phys. Rev. B 84, 125123 (2011)

This �eld of research is still very active, with recent experimental breakthroughs on achieving
SU(N) symmetric interactions between atoms, but I am no longerinvolved in related projects.

1Laboratoire de Physique Th�eorique et Mod�eles Statistiques.
2The pdf �le of this manuscript yet o�ers direct links to the so urce of the publications by clicking on the

references of the articles (in blue), if your browser is properly con�gured. The same hypertext feature is
available for most of the references by typing on the web, doiand eprint keywords (in blue).
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Being educated in 1D fermionic systems proved to be helpful in helping colleagues at LPTMS
on the subject of multimer formation, or many-body bound-states, in the asymmetric Hubbard
model. The outcome is the following paper

� G. Roux, E. Burovski, and Th. Jolicoeur, Multimer formation in one-dimensional two-
component gases and trimer phase in the asymmetric attractive Hubbard model,
Phys. Rev. A 83, 053618 (2011)

which is the one I would recommend reading if the committee wants to have a look at some of
the work not included in this document. There are two side works one 1D models, a �rst one
which is my last contribution to doped superconducting ladders and a second which was the
�rst collaboration with colleagues at Laboratoire de Physique des Solides at Orsay.

� J. Almeida, G. Roux, and D. Poilblanc, Pair Density Waves in coupled doped two-leg Ladders,
Phys. Rev. B 82, 041102(R) (2010)

� F. Cr�epin, N. La
orencie, G. Roux , and P. Simon, Phase diagram of hard-core bosons on clean
and disordered 2-leg ladders: Mott insulator - Luttinger liquid - Bose glass,
Phys. Rev. B 84, 054517 (2011)

I now switch to the three topics presented in the manuscript and how I come to work on it.

Chapter 1: Various faces of quantum quenches I started working on time evolution after
a quantum quench at the end of my post-doc and the scienti�c freedom governing LPTMS
o�ered me the opportunity to complete the work in my �rst years after my arrival. Then, I was
lucky enough to have Corrina Kollath settling at Polytechnique nearby Orsay and bene�ted
from interaction with her and her post-doc Jean-S�ebastienon the issue of adiabaticity, a topic
on which we shared interest. Thanks to the expertise of LPTMSin quantum chaos, I learned
a bit of the subject which is connected to quantum quenches and this was another opportunity
to collaborate with colleagues. I'm also indebted to Dragi Karevski and Mario Collura for
a very interesting joint venture on manipulating quantum many-body wave-packets. These
various faces of quantum quenches will be summarized in the �rst chapter which collects works
associated with the following publications:

� G. Roux, Quenches in quantum many-body systems: one-dimensional Bose-Hubbard model re-
examined, Phys. Rev. A 79, 021608(R) (2009)

� G. Roux, Finite size e�ects in global quantum quenches: examples fromfree bosons in an har-
monic trap and the one-dimensional Bose-Hubbard model, Phys. Rev. A 81, 053604 (2010)

� C. Kollath, G. Roux , G. Biroli, and A.M. L •auchli, Statistical properties of the spectrum the
extended Bose-Hubbard model, J. Stat. Mech. (2010) P08011

� G. Roux, Reply to \Comment on `Quenches in quantum many-body systems: One-dimensional
Bose-Hubbard model reexamined' ", Phys. Rev. A 82, 037602 (2010)

� J.-S. Bernier, G. Roux, C. Kollath, Slow quench dynamics of a trapped one-dimensional Bose
gas con�ned to an optical lattice, Phys. Rev. Lett. 106, 200601 (2011)

� J.-S. Bernier, D. Poletti, P. Barmettler, G. Roux , and C. Kollath, Slow quench dynamics of
Mott-insulating regions in a trapped Bose gas, Phys. Rev. A 85, 033641 (2012)

� M. Collura, H. Aufderheide, G. Roux, and D. Karevski, Entangling many-body bound states with
propagative modes in Bose-Hubbard systems, Phys. Rev. A 86, 013615 (2012)

� Y. Y. Atas, E. Bogomolny, O. Giraud, and G. Roux, The distribution of the ratio of consecutive
level spacings in random matrix ensembles, Phys. Rev. Lett. 110, 084101 (2013)
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Chapter 2: The quasi-periodic adventure I started working on the e�ect of disorder on the
Bose-Hubbard model during my post-doc with Uli Schollw•ock. We were motivated by the recent
experiments using a bichromatic lattice and little was known about the phase diagram. I later
worked from time to time on it but only came to publish the calculation of Bragg spectroscopy
spectrum thanks to a collaboration with Anna Minguzzi and Tommaso Roscilde who shared
interest in similar calculations. I was then lucky again to be contacted by Thierry Giamarchi and
Giovanni Modugno to see if I could do some realistic calculations for the experiments addressing
the full interaction-disorder phase diagram. That was my �rst try at �tting experimental data
and this was quite an excitement. I learned a lot from interacting with the team from Florence.
This adventure on quasi-periodic systems constitutes chapter 2 and regroups the following
publications:

� G. Roux, T. Barthel, I. P. McCulloch, C. Kollath, U. Schollw •ock, T. Giamarchi,
The quasi-periodic Bose-Hubbard model and localization inone-dimensional cold atomic gases,
Phys. Rev. A 78, 023628 (2008)

� G. Roux, A. Minguzzi, and T. Roscilde, Dynamic structure factor of one-dimensional lattice
bosons in a disordered potential: a spectral �ngerprint of the Bose-glass phase,
New J. Phys. 15, 055003 (2013)

� C. D'Errico, E. Lucioni, L. Tanzi, L. Gori, G. Roux , I. P. McCulloch, T. Giamarchi, M. Inguscio,
G. Modugno, Observation of the Bose glass in one dimension from weak to strong interactions,
Phys. Rev. Lett. 113, 095301 (2014)

Chapter 3: Disorder and frustration in low-dimensional ant iferromagnets The last chapter
recapitulates the work done by Arthur Lavar�elo during his PhD thesis over the period 2010-2013
on the subject of disorder and frustration in quantum magnets and under my supervision3.
Initially stimulated by experiments performed on the BiCuPO compound at Laboratoire de
Physique des Solides, we investigated, in collaboration with Nicolas La
orencie, the phase
diagram of two coupled frustrated chains which is kind of a minimal model for the compound,
although probably not very realistic. The goal was then to study the e�ect of impurities, as
experiments were already performed on doped compounds, andthis led to the study of the
magnetic curve in the presence of impurities. Arthur inherited expertise in ED and DMRG,
but was inclined to analytical calculations and took pleasure in the arts of mean-�eld theory
and variational calculations. Without his skills, the workon the random frustrated chain would
have certainly not been achieved. He not only fathered a daughter but the following four papers
too:

� A. Lavar�elo, G. Roux , and N. La
orencie, Melting of a frustration-induced dimer crystal and
incommensurability in the J1-J2 two-leg ladder, Phys. Rev. B 84, 144407 (2011)

� A. Lavar�elo and G. Roux , Localization of spinons in random Majumdar-Ghosh chains,
Phys. Rev. Lett. 110, 087204 (2013)

� A. Lavar�elo, G. Roux , N. La
orencie, Magnetic responses of randomly depleted spin ladders,
Phys. Rev. B 88, 134420 (2013)

� A. Lavar�elo and G. Roux , Spinon excitation spectra of theJ1-J2 chain from analytical calcula-
tions in the dimer basis and exact diagonalization, Eur. J. Phys B ??, ??? (2014)

From now on, I will use the �rst person of plural since the discussed work is the product of
collaboration.

3The University kindly accepted an exemption of Habilitatio n for supervising a student at 100% time, provided
the applicant defends it soon after, which is one reason, among others, for writing this manuscript.

iii

http://link.aps.org/abstract/PRA/v78/e023628
http://iopscience.iop.org/1367-2630/15/5/055003/
http://dx.doi.org/10.1103/PhysRevLett.113.095301
http://prb.aps.org/abstract/PRB/v84/i14/e144407
http://link.aps.org/doi/10.1103/PhysRevLett.110.087204
http://link.aps.org/doi/10.1103/PhysRevB.88.134420
http://arxiv.org/abs/1407.3062


iv



Contents

General introduction i

I. Various faces of quantum quenches 1
1. Quantum quenches . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . 1

1.1. Context and tentative de�nition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2. Simulating time evolution of the Bose-Hubbard model with an (almost)

quantum computer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . 3
1.3. Simulating time evolution of the Bose-Hubbard model with a classical

computer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . 5
2. Sudden interaction quenches in the Bose-Hubbard model . . .. . . . . . . . . . . . . . . . . 6

2.1. Two seminal experiments . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . 6
2.2. Ergodicity in closed quantum systems . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . 7
2.3. Early results on sudden interaction quenches . . . . . . . .. . . . . . . . . . . . . . . . 13
2.4. Diagonal ensemble and perturbative point of view . . . . .. . . . . . . . . . . . . . 14
2.5. Two possible criteria for �nite-size e�ects . . . . . . . . .. . . . . . . . . . . . . . . . . . 16
2.6. Testing the ETH on �nite-size lattice . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . 18
2.7. An explanation of the observed non-thermalization in the large interac-

tion regime . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . 20
2.8. Quantum chaos and distance from integrability in the Bose-Hubbard model 24
2.9. A textbook example: free bosons in an harmonic trap . . . .. . . . . . . . . . . . 29

3. The Galileo ramp for interacting bosons . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . 31
3.1. A quantum physics exercise: the Tritium disintegration . . . . . . . . . . . . . . . 31
3.2. The quantum yo-yo: Bloch oscillations . . . . . . . . . . . . . .. . . . . . . . . . . . . . . 31
3.3. Setup and methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . 32
3.4. Controlling the number of ejected particles and wave-packet manipulations 33
3.5. Engineering entanglement between propagative statesand bond states . . 35
3.6. Thermalization and integrability in the swinging box con�guration . . . . . 36

4. The adiabatic limit and its scaling . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . 37
4.1. Heat and adiabaticity in thermodynamics . . . . . . . . . . . . .. . . . . . . . . . . . . . 37
4.2. Adiabaticity in quantum mechanics . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . 40
4.3. Slow quench in an homogeneous Bose-Hubbard gas . . . . . . . .. . . . . . . . . . 44
4.4. Slow quench in an inhomogeneous Bose-Hubbard gas . . . . . .. . . . . . . . . . . 47

II. The quasi-periodic adventure 53
1. Bose-glass: the Graal of interacting disordered system .. . . . . . . . . . . . . . . . . . . . . 53

1.1. Anderson localization . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . 53
1.2. Disorder and interaction in boson models . . . . . . . . . . . .. . . . . . . . . . . . . . . 54
1.3. The Aubry-Andr�e model: single-particle spectrum . . . . .. . . . . . . . . . . . . . 56

2. The bichromatic Bose-Hubbard phase diagram . . . . . . . . . . . .. . . . . . . . . . . . . . . . 58

v



2.1. Numerical phase diagram . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . 58
2.2. Intervening Bose-glass phase . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . 59
2.3. Incommensurate charge density-waves . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . 59
2.4. Bosonization picture for the mechanism and Luttinger parameter . . . . . . 59
2.5. Varying the density . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . 60

3. An identikit for the Bose-glass phase . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . 61
3.1. Absence of di�usion and transport experiments . . . . . . . .. . . . . . . . . . . . . . 61
3.2. Absorption energy spectroscopy . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . 63
3.3. Bragg spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . 66

4. Phenomenological comparison with experiments . . . . . . . .. . . . . . . . . . . . . . . . . . . 69
4.1. Experimental setup and constraints . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . 69
4.2. Coherence phase diagram . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . 70
4.3. A minimal approach to temperature e�ects . . . . . . . . . . . .. . . . . . . . . . . . . 71
4.4. Spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . 76

III. Disorder and frustration in low-dimensional antiferr omagnets 77
1. Quantum magnetism in one-dimension: a quick selection . .. . . . . . . . . . . . . . . . . . 77

1.1. One plus one Heisenberg chains . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . 77
1.2. Strong disorder approaches in one dimension . . . . . . . . .. . . . . . . . . . . . . . . 78

2. The frustrated spin-1=2 chain and its Majumdar-Ghosh point . . . . . . . . . . . . . . . 80
2.1. Phase diagram . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . 80
2.2. Incommensurability . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . 81
2.3. Variational approach to spinon excitations . . . . . . . . .. . . . . . . . . . . . . . . . . 82
2.4. Application to single-spinon spectra . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . 83
2.5. Two-spinons spectra . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . 84

3. The random Majumdar-Ghosh chain . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . 86
3.1. Decoupling of the Hamiltonian and random Majumdar-Ghosh point . . . . 87
3.2. Anderson localization fromH RMG . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
3.3. Random con�nement fromH dim . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
3.4. Domains formation and Imry-Ma mechanism . . . . . . . . . . . .. . . . . . . . . . . . 90
3.5. Residual interactions and strong-coupling picture using the RSRG ap-

proach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . 91
4. The frustrated ladder . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . 92

4.1. Phase diagram . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . 93
4.2. Incommensurability and correlations . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . 94
4.3. Elementary excitations and gaps . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . 95
4.4. The large-J? limit: magnon dispersion relation . . . . . . . . . . . . . . . . . . . . .. 96
4.5. The large-J? limit: incommensurability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

5. Impurities in the frustrated ladder model . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . 98
5.1. Looking beyond the Brillouin response . . . . . . . . . . . . . .. . . . . . . . . . . . . . . 98
5.2. Main considerations . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . 99
5.3. Curie (not so) constant . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . 102
5.4. Magnetization curves . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . 106

Overview and perspectives 109

Bibliography 113

vi



Chapter I

Various faces of quantum quenches

Acronyms
(t)DMRG: (time-dependent) density-matrix
renormalization group
ED: exact diagonalization
QMC: quantum Monte-Carlo
BHM: Bose-Hubbard model
SF: super
uid
MI: Mott insulating
HCB: hard-core bosons
BEC: Bose-Einstein condensate
ETH: eigenstate thermalization hypothesis

1 Quantum quenches

1.1 Context and tentative de�nition

Quenching a system means that its state is abruptly changed so that new constraints or
parameters are imposed in a time shorter than its typical relaxation time, and usually in a
way that the changes are non-perturbative. The response afterward is in general non-trivial
and understanding or controlling it requires a good understanding of the ongoing physics.
This picture is usually categorized as a strongly out-of-equilibrium situation. Introducing a
signi�cant change is easily realized by moving rapidly across a phase diagram, possibly from
one phase to another. The simplest being for instance to modify the temperature as pictured
on Fig. I.1 and this could be called a \classical" quench as itinvolves thermal excitations.
This may not be viewed as a fundamental issue but the fact thatthis problem is usually
not easy to tackle challenges our understanding of the physics. A practical example in
everyday life is food freezing which took many decades of development to build up protocols
to restrain ice crystal formation that otherwise alter the quality of the texture.

One can move from one phase to another at zero-temperature bychanging a parameterp
of the Hamiltonian (see Fig. I.1). The order parameter can be destroyed by quantum 
uc-
tuations and phases are separated by a so-called quantum phase transition. In this context,
varying temperature is replaced with varying the parameterp that monitors the quantum
phase transition. This is basically when we dub a quench as \quantum". The natural initial
state is the ground-state of a given Hamiltonian the parameters of which are then tuned to
another set of values more or less rapidly. The initial statebeing a high energy state of the
Hamiltonian governing the dynamics, excited states become inevitably populated, bringing
the question of temperature and energy repartition back into the problem. Two other gen-
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Chapter I. Various faces of quantum quenches

Figure I.1: Sketch of what is a quantum quench. The phase diagram may be thought as the
one of an Ising model which has an ordered ferromagnetic phase and a disordered param-
agnetic phase. The latter can be reached either by increasing temperature or increasing a
parameterp of the Hamiltonian such as a transverse magnetic �eld. Types of quenches are
indicated by arrows.

eral aspects are to be precised. First, the system is supposed to be closed, disconnected
from the environment. This has as an important consequence which is that the quantum
evolution is unitary. For thermodynamical views, the system is in the microcanonical situa-
tion when the quench is sudden so that its total energy is a conserved quantity. During the
time when the parameter is varied, the mean energy changes sothat the system is isolated,
but becomes so after the parameter is kept constant. The second point is that one may dis-
tinguish global from local quenches. The global quench is the most common situation since
when changing the Hamiltonian parameters, all parts are a�ected simultaneously and the
perturbation is extensive. In local quenches, only a �nite region is a�ected and the induced

uctuation will spread through the system with time. The latter situation is however very
close to equilibrium.

There is no novelty in studying the time-evolution of a closed quantum system since this
naturally one of the goals of quantum mechanics since its foundations. Thus, many issues
and ideas were debated early and recurrently since then. Forinstance, the thermalization in
a closed many-body system and the relation to the microcanonical ensemble was addressed
by von Neumann or Pauli in the 30s [1{3]. The evolution of transition probabilities in a
two-level system was obtained at about the same time and coined Landau-Zener-St•uckelberg
transition [4{6]. The recent trend in quantum quenches may be attributed to the fact that
equilibrium physics has been studied deeply in quantum phase transitions so that many
tools and understanding could then be reused to tackle out-of-equilibrium physics. To take
the example of numerical methods, time-dependent density-matrix renormalization group
(DMRG) or exact diagonalization (ED) were made available asan improvement to the
equilibrium methods and opened a wide spectrum of possible applications. Second, and
certainly more importantly from a physical point of view, these new capacities available
met concomitant experimental realizations and possibilities to design on wish protocols in
cold atoms.
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1. Quantum quenches

Solid state samples have the advantage to live much longer than the typical time-scale of
analysis and to remain rather stable in time. They are also close to the thermodynamical
limit, containing a huge number of constituents. They are easily connected to a thermostat,
and this makes them ideal for thermodynamical measurements. They have the disadvantage
for quantum quenches that their microscopic dynamics is pretty fast and their decoherence
time usually very short compared to the time variation of control parameters and observation
time-scale. Cold atoms have rather opposite features, their microscopic dynamics is much
slower, they can be considered to have a long coherence time but samples are fragile and
their life-time remains rather small. Last, the number of atoms in optical lattices ranges
from a few tens a thousands making them refer to the mesoscopic domain.

1.2 Simulating time evolution of the Bose-Hubbard model with an
(almost) quantum computer

We start by brie
y reviewing the Bose-Hubbard model that is central to the �rst two chapters
and the way it is implemented in cold atoms experiments that aim to behave as quantum
simulators.

Interacting bosons on a lattice: The Bose-Hubbard model is one of the simplest lattice
model one can build for bosons (see eg. Ref. [7, 8]), represented by their creation operators
by

j at site j . It contains two terms: a kinetic one with nearest-neighbour hoppings, of
magnitude J , and an local repulsion term of strengthU > 0 which is de�ned as the cost to
add a second boson on a singly occupied site. We thus write it

H = � J
X

hi;j i

[by
i bj + by

j bi ] +
U
2

X

j

nj (nj � 1) : (I.1)

We did not include a chemical potential term, assuming a �xednumber of bosonsN . The
number of bosons onsitenj varies1 from 0 to N . The kinetic term is diagonal in the reciprocal
space so that bosons condense in the fully delocalized minimum energy state. This state,
in the presence of small interaction, displays super
uid coherence which translates to a
�nite super
uid sti�ness. Clearly, the interaction term re duces the 
uctuations of the local
density hn2i � h ni 2, which is proportional to the compressibility, and, provided the average
density is an integer, it can suppress it totally. The resulting state is of the Mott insulating
type, ie. an insulating state induced by interaction where particles are localized onsite. This
phase is incompressible, associated with a �nite single particle gap, and has a zero super
uid
sti�ness. Upon increasing the ratioU=J at a commensurate density, there exist a quantum
phase transition from super
uid to Mott insulating state. Away from a commensurate
density, only the super
uid phase is possible. Then, in the in�nite- U limit for densities
n < 1, the model has a simple limit called the hard-core bosons, in which one keeps only
the kinetic term and the interaction hides in the constraintthat two bosons cannot occupy
the same site, something that recalls fermions. Hard-core bosons physics is not simple as it
looks, particularly for dimensions greater than one.

1Numerically, when U & J , the probability to have large nj in an homogeneous system is extremely small,
and it is fair to reduce the Hilbert space size by putting a cuto� on this number, provided only the
low-energy part of the spectrum is relevant to the physics.
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Figure I.2: Left and middle: A set of optical lattices creating an array of one-dimensional
tubes. Right: typical time protocol for the lattice depthV0. Adapted from Ref. [11].

We now focus on the one-dimension physics [9]. There, quantum 
uctuations are so
strong that they prevent a full establishment of the coherence in the super
uid phase and
the one-body correlations remain algebraic. Still, we may call that a super
uid regime,
with a linear dispersion relation for the elementary excitations that are well described by
an hydrodynamic approach or Luttinger liquid theory. The quantum phase transition takes
place [10] forU=J ' 3:3 and belongs to the Kosterlitz-Thouless universality class, meaning
an exponentially opening gap. A speci�city to one-dimension is that hard-core bosons on a
chain can be mapped on a free fermion chain with special boundary conditions, making the
model exactly solvable. Still, we insist on the fact that HCB do not represent the large-U
physics of the full spectrum, only the very low energy states. The �nite-temperature phase
diagram does not resemble qualitatively the one of Fig. I.1 and the reader is invited to jump
to Fig. II.15 for such a sketch at unit density.

Controlling the parameters experimentally [12] Experimentally, cold bosonic atoms are
�rst cooled down before loading an optical lattice which usually serves both for the trapping
and periodic potential experienced by the atoms. These are neutral atoms but they interact
with light by induced dipole interaction making the potential energy proportional to the
polarizability of the atom at the given pulsation and to the intensity of light. We take the
example of one-dimensional tubes sketched in Fig. I.2. Usingstanding waves of laser light, a
3D periodic potential for the atoms of the formV(x) = V0 sin2(kx)+ V? [sin2(k? y)+sin 2(k? z)]
with V? � V0. The transverse latticeV? creates one-dimensional tubes one which an 1D
potential of depth V0 is superimposed, withk is the associated wave-vector along thex
direction. The period of the lattice de�nes the lattice spacing d = �=k = �= 2.

There are two natural energy scales:V0 which is proportional to the intensity of light with
a known prefactor that depends on the light pulsation, andEr = ~2k2=2m, with m the mass
of atoms, coined as the recoil energy as it corresponds to thekinetic energy gain of an atom
having absorbed a photon atk. The Schr•odinger equation for a single-atom in an optical
lattice is a Mathieu equation which contains these two energy scales. Thanks to Bloch or
Floquet theorem, the solution are periodic eigenstates which form several bands in energy.
One can expand the Bloch wave-functions onto localized Wannier functions. In the limit
of a deep latticeV0 � Er , these Wannier functions becomes tightly localized in the well of
each minima separated by distanced. Creating bosons in these states in second quantization
corresponds to a tight-binding Hamiltonian containing several bands. By neglecting higher
bands, one gets the �rst term of Eq. I.1. The prefactorJ is deduced from the scaling of the
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width of the lowest Mathieu band in the limit V0 � Er and reads

J '
4

p
�

Er

�
V0

Er

� 3=4

e� 2
p

V0=Er : (I.2)

For the interaction term, it involves the square of the Wannier function in a well. Approx-
imating this Wannier function by a gaussian in the limitV0 � Er , ie. the ground-state of
the corresponding harmonic oscillator, the local interaction can be evaluated analytically.
In an anisotropic lattice potential of 1D tubes, one has the following behavior

U ' 4
p

2�E r
as

�

�
V 2

? V0

E 3
r

� 1=4

; (I.3)

whereas is the 3D scattering length characterizing the local interaction 4� ~2

m as� (~r � ~r 0) be-
tween atoms in free space. For quantitative estimates ofJ and U, one can solve numerically
the one-particle problem. The interaction term may as well depend on the density of parti-
cles too. In conclusion, the control parameter of the transition U=J can be tuned using two
di�erent and independent variables: the lattice depthV0=Er or the scattering length. The
latter can be monitor by an external static magnetic �eld using a Feshbach resonance.

As regards time evolution, one can �rst notice thatEr is typically of the order of a few
kHz so that J goes from a few Hz to kHz. The ratioU=J can be tuned from almost zero
(Feshbach resonances can sometimes makeas = 0) to almost in�nity in very deep lattices.
As J is an hopping amplitude, it tells how fast atoms redistribute or travel throughout the
lattice. This is then typically from milliseconds to seconds and manipulatingU=J below this
time-scale is easily achievable with common electronic device. A typical quench protocol
reproduced on Fig. I.2. On the contrary, it is harder to reachvery long times with respect
to the microscopic dynamics and one can always argue that these lattice systems may not
be at true equilibrium.

1.3 Simulating time evolution of the Bose-Hubbard model with a
classical computer

There have been signi�cant progresses in numerical techniques for quantum many-body
systems since the early 80s. The topics of research spanned by these kinds of techniques
go from quantum chemistry to lattice gauge theories or nuclear physics, with a lot of con-
densed matter physics in the bulk. We mostly use two methods in the following, exact
diagonalization [13] and density-matrix renormalizationgroup [14{16]. They can be viewed
as variational methods, the �rst one having exact representation of the full Hilbert space
while the second is limited to a certain types of states nowadays called as matrix-product
states. For a presentation of the algorithms for static and spectral calculations, we refer
to Ref. [17] and references therein. As we are interested in time-evolution, we only brie
y
mention how it can be done with these techniques.

Time-dependent exact diagonalization In exact diagonalization, one deals with the ex-
ponential grow of the Hilbert size with the number of particles by doing everything not to
store the full matrix of H and work only with a few vectors of the size of the Hilbert space.
With a lot of optimization and tricks, as well as the use of symmetries, Hilbert sizes of
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several billions are achievable and a key step is to be able toapply the Hamiltonian on a
vector. Computing Hj  i e�ciently enables one to use iterative methods for the calculation
of ground-state or spectral functions quite rapidly. It also allows one to get a time-evolved
vector j (t)i from the following time-step truncated expansion of the evolution operator:

j (t + dt)i =
nmaxX

n=0

(� idt )n

n!
(H (t) � E0)n j (t)i : (I.4)

Only three vectors are required to perform the iterations and a time-dependent Hamiltonian
can be used. The truncation is stopped whenj� (t + dt)i has a norm close to one, as it
should do for a unitary evolution. There are two sources of error to control: the error on the
determination of the initial state (for instance the ground-state) and the truncation error
which grows with time. Practically, the precision of the method is excellent but becomes
time consuming for large-systems.

Time-dependent DMRG or tDMRG The time-dependent DMRG is more complicated
to summarize in a few words. Basically, DMRG tries to optimize the representation of the
wave-function as a product of matrices that live on each siteand with one matrix for each
local state. It is possible to applyHj  i on such states. A way to perform time-dependent
DMRG is to perform a time-step using a Trotter decompositionof the evolution operator,
requiring nearest-neighbour couplings only [18, 19]. One then performs a usual DMRG
sweep along the chain but applying the local evolution operator on the encountered bond in
place of the Hamiltonian. A DMRG truncation is then necessaryto keep the local matrix
sizes �xed. There are two main errors, apart from the determination of the initial states:
the error due to Trotter decomposition and the error due to the truncation basis inherent
to DMRG. Another proposal based on a fourth-order Runge-Kutta scheme was proposed to
deal easily with longer ranged Hamiltonians [20]. It uses a sliding window time containing
four intermediate times and such that the DMRG optimizationis optimized for describing
the wave-functions at each of these times. In practice, the precision depends on the physics
of the system and how entanglement entropy grows during time-evolution. The simulations
are limited to a �nite time but can be extremely e�cient on a la rge chain, as DMRG can
be for static properties.

2 Sudden interaction quenches in the Bose-Hubbard
model

2.1 Two seminal experiments

Collapse and revival One of the �rst experiments that belong to the quantum quench
scenario was the observation of collapse and revival of the coherence peak found in the
quench from the super
uid to the Mott insulating regime of the 3D Bose-Hubbard model [21].
A quick understanding of the e�ect is to approximate for large-U the time-evolution operator
by U =

Q
j exp(� U

2 nj (nj � 1)t) after neglecting the kinetic contribution. One does observe
on Fig. I.3 the revival for period 2=U of the coherent fraction of atoms, although an overall
decay signals the e�ect of �nite hopping. This experiment, performed in extreme limits of
the model, has the merit to show that microscopic dynamics isobservable, and that the
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Figure I.3: Left: Fraction of coherent atoms after a sudden quench from super
uid to Mott
regime showing a collapse and revival at period2=U. Adapted from Ref. [21].. Right: Real-
space distribution of atoms prepared in two wave-packets ina 1D harmonic trap and released
at t = 0 to collide. The revival is well seen in this integrable limitof the gas. Adapted from
Ref. [22].

evolution is to a reasonable approximation unitary. The setup then constitutes a rather
good quantum simulator although estimating the contribution of decoherence processes is
not obvious.

Quantum version of Newton's cradle Another seminal experiment in the �eld illustrated
the role of integrability on thermalization [22]. The experiments works with 1D tubes but
without an optical lattice. Bosons are interacting locallyin free space and this is well
described by the Lieb-Liniger integrable model. In the limit of large-interaction, or Tonks-
Girardeau limit, the systems even maps on fermions as for itslattice counterpart. By
preparing two packets of atoms on each side of an harmonic potential and release them at
T = 0 to make them collide, one can study the relaxation towardsthe expected thermal
density pro�le. For the integrable model (see Fig. I.3), oneobserves revival for pretty long
times, explained by the fact that integrable models do not redistribute momenta and energy
between the atoms. Breaking integrability is done by softening the transverse potential to
let more transitions to upper Bloch bands. In this case, relaxation towards equilibrium is
observed on the same window time.

2.2 Ergodicity in closed quantum systems

Diagonal ensemble and thermalization in a nutshell A quantum system is initially
prepared in a statej 0i and evolves under the dynamics of an HamiltonianH after time
t = 0. The time-evolved density-matrix � (t) of the pure state j (t)i decomposes into
diagonal and o�-diagonal parts on the eigenstates basisfj ni ; Eng of H :

� (t) =
X

n

pn jnihnj +
X

n>m

p
pnpm

�
e� i 
 nm t+ i � nm jnihmj + h.c.

�
(I.5)
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where pn = jh 0jnij 2, 
 nm = ( En � Em )=~ are transition frequencies and �nm are initial
phases. We now assume two generic features: the system has a discrete spectrum, and the
frequencies 
nm are non-zero, ie. a spectrum with no-degeneracy. The secondpoint may be
justi�ed assuming a tiny imperfections of the realistic Hamiltonian lifting degeneracies due
to symmetries, or by assuming that the initial state belongsto a given symmetry sector,
as the ground-state would do, and that the reduction of the Hamiltonian to this symmetry
sector is non-degenerate. With these two hypothesis, the time-averaged density-matrix is
simply

�� = lim
t !1

1
t

Z t

0
� (t0)dt0 =

X

n

pn jnihnj (I.6)

and such that any observableO averages to this so-called diagonal ensemble

�O = Tr[�� O] =
X

n

pnOnn (I.7)

where theOnn = hnjOjni are the diagonal matrix elements ofO in the eigenstates basis.
Finally, we see that two objects control the thermalizationof any observable: the distribution
of the weightspn , and the behavior of the diagonal matrix elementsOnn . Both has to be
discussed in a given situation. Notice that the relaxation time to the averaged result depends
on the o�-diagonal matrix elements.

Two simple and general statements can be made to justify thermalization of a closed
quantum system:

1. if one is interested in thermodynamics only, ie. not concerned with some given ob-
servable but only energetics, there ate two useful quantities: the mean energyhEi =P

n pnEn and the entropy S = � kB
P

n pn ln pn . The initial state j 0i determines all
momentsh 0j(H � h Ei )qj 0i of the distribution, in particular hEi = h 0jHj  0i and
its variance � E 2 = h 0j(H � h Ei )2j 0i . Then, one may invoke the equivalence of
ensembles to state that, provided the variance satis�es �E=hEi � 1=

p
N with N the

number of particles and the total density of states behaves as � (E) / (E=N)�N with
� of the order of unity, the thermodynamics with the diagonal ensemble will be the
same as for the micro-canonical and canonical ensembles in the thermodynamical limit
N ! 1 .

2. if one is interested in the thermalization of some given observable, one �rst requires
1 to be ful�lled, as one needs thermodynamics to be applicable before claiming that
an observable is indeed thermalized. Second, the matrix elements have to behave
smoothly with the energy, ie. Onn ' O (En) with O(E) a smooth function over an
energy window of width � E. Therefore, the relevant terms in (I.7) are such that the
matrix elementsOnn are approximately constant so thatOnn ' �O which can be taken
out of the sum. Consequently, the time-average�O becomes the same for diagonal,
microcanonical or canonical ensembles.

These two ideas are physically sound for generic models but the issue is to justify them
more precisely either from general arguments or on speci�c examples. The situation is
actually qualitatively similar to classical physics. The initial state provides a deterministic
evolution such that traces of it survives in the average (thepn are �xed by the initial state),
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2. Sudden interaction quenches in the Bose-Hubbard model

but if the dynamics is such that the phase-space is rather uniformly explored within the
energy shell �xed by initial conditions, thermodynamics isapplicable.

Originally, the issue of quantum ergodicity was put in a way following the discussion
on classical statistical mechanics. In a classical description, the macro-state is represented
by the density probability in phase space. Ergodicity for a closed system is de�ned as
the equality between the time-averaged density probability and the one obtained from the
microcanonical, ie. a uniform one over the hyper-surface ofconstant energy. It means that
the dynamics is such that almost any initial state will lead to a uniform covering of the
accessible phase space. The equality is exact in the in�nitetime limit. This is a rather
strong requirement which is hard to prove for most Hamiltonian. In particular, the time-
scales to reach ergodicity are pretty long so that they are not physical. In practice, simple
observables relax much faster to their stationary values.

In quantum mechanics, the time-averaging on a discrete and non-degenerate spectrum
yields the diagonal ensemble corresponding to the initial state. If one de�nes ergodic-
ity through the exact equality between the diagonal ensemble density-matrix and the one
computed from the microcanonical ensemble, this yields a rather strong restriction on the
possible initial states [23]: they must have a uniform distribution over the eigenstates of the
Hamiltonian, such that pn = 1=
( hEi ) for E � En � E + � E and zero otherwise, with

( hEi ) = � (hEi )� E the number of contribution states in this window, involvingthe local
density of states� . Thus, quantum ergodicity in this sense is never ful�lled. Von Neumann
suggested [1, 3] to move the discussion to the average of observables since the discussion
on many-body states was di�cult and that only observables are a priori comparable to ex-
periments. The de�nition of ergodicity is then switched to the equality between diagonal
and microcanonical ensembles upon averaging a set of observables that characterizes the
macro-state of the system and called \macroscopic observables". The de�nition of these
observables is not so obvious, they have a coarse-grained construction which translates into
commutation relations they must satisfy. If the equality inthis sense is ensured for any
initial state of similar energy, the dynamics is called quantum ergodic. A good summary
of these \quantum-H theorems" can be found in the book of Jancel [24]. Such approach is
close to mathematical physics and quantum ergodicity in this sense may not be so easy to
test on given models.

A last remark is that the statistical information required to describe an observable depends
on its complexity. Simple local observables such as local density or energy should be captured
by the gross features of the statistical description while non-local and many-term correlators
may capture �ne details in the di�erence between diagonal and microcanonical ensembles.
A loose example is the moment of the distribution itself which are nothing but the powers
of the Hamiltonian taken in the initial state. The �rst two mom ents are local observables
and simple correlators. High order moments are highly non-local correlators but their values
are �xed by the initial state. Knowing all moments actually provides enough information
to reconstruct the full diagonal ensemble which is in principle not required if one sticks to
a thermodynamical description only.

Quantum chaos and thermalization, Eigenstate Thermalizat ion Hypothesis (ETH) In
classical mechanics, ergodicity is usually associated with a chaotic behavior of the dynamics
thanks to its mixing property in phase-space. Quantum chaos, which in particular studies
the quantum limit of classical integrable or chaotic Hamiltonians, was suggested as an es-
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Figure I.4: Typical behavior of an observableA vs energyE. The middle full line is the
semi-classical prediction with a microcanonical density probability computed fromA(E) =RR

A(q; p)� (E � H (q; p))dqdp
RR

� (E � H (q; p))dqdp
. The lower and upper lines include quantum 
uctuations cor-

rections to the semi-classical result. Adapted from Ref. [28].

sential ingredient for quantum ergodicity by Peres in 1984 [25, 26] and coworkers [27, 28].
He de�nes quantum chaos as the property that dynamical observables such as position or
momentum are represented by pseudo-random matrices in the eigenstates of the Hamilto-
nian, which may not be a standard de�nition but possibly a reasonable assumption. This is
intimately related to the fact that eigenfunctions of quantum chaotic Hamiltonians are ex-
pected to be close to a random state, making the matrix that diagonalizes the Hamiltonian
an almost random unitary matrix. Thus, assuming that theOnn are random entries uncor-
related to the pn , averaging in the window of energy �E yields from central limit theorem
that the average is independent of the initial distribution, and that relative 
uctuations
would be negligible. Fluctuations ofO(t) around its time-average are expected to scale as
� (hEi )� 1=2 or � (hEi )� 1 in this central limit picture and depending on the hypothesis. The

uctuations should be extremely small for large systems since � is in principle exponential
with the number of particles. The authors nicely compared their scenario on a non-trivial
model using numerics and a semi-classical calculation [28]. A plot which illustrates these
ideas is reproduced on Fig. I.4.

More recently, similar ideas and complementary perspectives were brought in the discus-
sion by Deutsch [29] and Srednicki [30{33] under now share the name of Eigenstate Thermal-
ization Hypothesis (ETH). The Deutsch paper starts from a slightly di�erent point of view,
a non-ergodic HamiltonianH 0 is perturbed by a Gaussian random matrix HamiltonianH 1

supposed to mimic interactions and imperfections that makes the dynamics ergodic. After
arguing that the transformation basis fromH 0 to H = H 0 + H 1 has Gaussian distributed
entries, one ends up for any initial state with a random vector for which the discussion on
ETH parallels the one by Peres, with the same scaling of the 
uctuations with the density of
states. Srednicki, who dubbed \Eigenstate thermalization" the hypothesis about the behav-
ior of the Onn , invoked a quantum chaos result, although not proven but based on random
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2. Sudden interaction quenches in the Bose-Hubbard model

Figure I.5: Thermalization of hard-core bosons in a Joule's expansion type of numerical
experiment. The 1D chain is integrable while the 2D isn't. The plots show comparison
of time-averaged and ensemble averaged momentum distribution, as well as the behavior
of observables with energy, showing a strong qualitative di�erence between integrable and
non-integrable cases. Adapted from Ref. [34].

states for eigenstates here again, that one observables matrix elements behave as

Onm ' O (En )� nm + ~D Rnm ; (I.8)

with D proportional to the number of degrees of freedom andR a random matrix assumed
to be Gaussian distributed. With such an input, the time-averaged observable is shown to
yield

�O ' O (hEi ) +
1
2

(� E)2O00(hE i ) + : : : (I.9)

As � E hides a dependence on the initial state, ergodicity is recovered with the additional
hypothesis (� E)2jO00(hE i )j � jO (hEi )j. In summary, ETH states that �O = O(hEi ) up to

uctuations that are exponentially small in the number of particles.

The issue of thermalization in closed quantum systems was recently revived by the work of
Rigol, Dunjko and Olshanii [34] who initiated contemporarynumerical studies on the ETH.
The setup, recalled on Fig. I.5, was a Joule's expansion of a gas of hardcore bosons both
in 2D (non-integrable) and 1D (integrable). The numerics for the momentum distribution
of Fig. I.5 were done on �nite lattices without �nite-size scaling but already displayed a
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strong qualitative di�erence between integrable and non-integrable Hamiltonian. In the non-
integrable case, we see that the dynamics is ergodic as de�ned by the comparison between
observables and the observable is a smooth function of the energy supporting ETH. This
is no longer true for the integrable model, in which strong 
uctuations appear. In the
end of the manuscript, the authors push ETH to use of eigenstates as \typical thermal
states", meaning that computing a single eigenstate of given energyE would capture the
thermodynamics and mean observable at energyE.

Integrable models Integrable models possess non-trivial integrals of motionI � that we
label with � and that include the total energy. In classical dynamics, these add constraints
on the accessible phase-space in such a way that the uniformly distributed density probability
cannot be reached. More precisely, the integrals of motion are independent and solve the
dynamics by a canonical transformation to the action-anglevariables, in which the action
are constant of motions and the angles linear in time. There is just as many integrals of
motion as degrees of freedom. The density probability evolution will strongly depend on the
initial state since the latter �xes the values of the integrals. This is why integrable models
are quite generically expected not to thermalize.

In quantum mechanics, these integrals of motion constitutea set of commuting observables
that also commute with the Hamiltonian so that their expectation value is �xed during
time evolution. In the thermodynamical limit, there even exists an in�nite number of
such conserved quantities which, here again, will constrain the dynamics. These extra
constraints will likely prevent the dynamics to reach a thermal state. Yet, the fact that the
system does not thermalize does not mean that it does not reach a steady-state. Indeed, for
in�nite system, the long-time limit of � (t) can reach a steady-state density-matrix� 1 via
dephasing of the o�-diagonal elements. The question of dephasing for integrable models is
itself a tricky problem with several possible scenarios [35]. Following the ideas of Jaynes on
equilibrium ensembles, it has been proposed [36, 37] that this steady-state could actually
follow a maximum entropy prescription, corresponding to a generalized Gibbs ensemble
density-matrix built from the integrals of motions:

� GGE =
e�

P
� � � I �

Z
; (I.10)

where the� � are Lagrange multipliers determined by the initial state, and Z the normal-
ization factor. In practice, knowing theI � is not always straightforward and the success of
the approach is relative to which observable is targeted anddepends on the initial state.
The conjecture turns out to give only partial information onthe steady-state [23] and faced
counter-examples which may not be surprising considering the di�culty of the problem un-
der study. Last, as the discussion is observable-dependent, it is worth pointing out that
some observables in integrable quenches do display a thermal behavior with some e�ective
temperature, as if the observable is only sensitive to the energy constraint. The debate
around the generalized Gibbs ensemble is now rather focusedon its range of applicability.

We �nish this introduction on the thermalization issue by mentioning a central question
which is how is the connection from integrable to non-integrable behaviors. Starting from
an integrable model, generic interactions, or other mechanisms breaking integrability, are
expected to help thermalization by redistributing energy between modes or, equivalently,
redistributing weights among energy levels to reach the thermal energy distribution. The
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2. Sudden interaction quenches in the Bose-Hubbard model

existence of a threshold in the strength of the perturbationto reach chaoticity is long debate
in classical systems. The Kolmogorov-Arnold-Moser theoremshows that some of the inte-
grable orbits can survive a small non-integrable perturbation. For quantum Hamiltonians,
it seems to be rather controversial on the few models that have been studied and there is
no equivalent powerful theorem.

2.3 Early results on sudden interaction quenches

In 2007, Kollath, L•auchli and Altman published [38] a detailed study of interaction quenches
in the 1D BHM based on accurate numerical simulations using time-dependent ED and
DMRG. The study was devoted to an interaction quenchUi ! Uf for a unity �lling so
that the super
uid-Mott insulating phase transition is crossed. They basically proceeded in
the following way (see Fig. I.6): they had access toj (t)i for a given time range on which
the simulations where reliable enough on �nite-size systems. They computed both the
one-body density-matrixg(r; t ) = h (t)jby

j + r bj j (t)i and the onsite occupancy probability
Pn (t) or single site reduced density-matrix. The results were averaged over the chosen
time window. The results are eventually compared to equilibrium prediction computed
by quantum Monte-Carlo (QMC) in the canonical ensemble. An e�ective temperature is
determined by �tting the time-averaged Pn distribution with quantum Monte-Carlo, and
this temperature is again used to compute the correspondingthermalized correlationsg(r ).
Ground-state calculations in the initial and �nal states are also given.
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Figure I.6: Occupancy probabilityPn for a small quench fromUi = J ! Uf = 4J . Ground-
state expectations in the initial (black) and �nal (red) states are given, as well as �nite-T
thermalized �t (green) and compared to the time-averaged expectation (blue). Corresponding
correlations g(r ). The same correlations for a large quenchUi = 2J ! Uf = 40J . Tentative
diagram. Adapted from Ref. [38].

The outcome is summarized on aUi -Uf diagram, reproduced on Fig. I.6, which shows
essentially two distinct regimes: one, for small quenches,such that the time-averaged data
are consistent with a thermal state, and a second, occurringfor large quenches, where
a strong di�erence with equilibrium predictions is found, making the data unlikely to be
thermalized. Although this was not pointed out in the manuscript, this is rather surprising
in the sense that one may naively expect that the larger the quench, the more energy is
put in the system so that a high-energy state may be generatedwhich would thermalize
faster than for small quenches. The large-quench regime is such that the correlations show
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Chapter I. Various faces of quantum quenches

strong memory of the initial state. Last, the 2D version of the Bose-Hubbard model gives a
similar phenomenology. At that time, another study on a di�erent model followed a di�erent
scenario [39, 40]: irrespective of the integrable nature ofthe Hamiltonian, the time-averaged
observables display a non-thermal behavior which does not seem to depend on the initial
state.

2.4 Diagonal ensemble and perturbative point of view

We investigated this puzzling physics with the goal of providing additional data and a
complementary point of view on the results [41, 42]. One of the �rst wish was to compute
the diagonal ensemble weightspn for sizes as large as possible and plot them in log scale to
compare them with equilibrium ensemble. This could be done using full diagonalization and
the Lanczos algorithm by noticing that the weights appear inthe spectral decomposition of
the �delity F (t) = jA(t)j2 whereA(t) = h (t)j 0i which Lehman representation reads

A(! ) =
X

n

pn � (! � En + E0;i ) = lim
� ! 0

�
1
�

Imh 0j
1

H � E0;i + i�
j 0i : (I.11)

The last term allows one to see the connection with a simple spectral function for which
it was known that the Lanczos algorithm was capable of providing good estimates for the
pn and En in the low-energy side of the spectrum [13, 43]. By increasing the number of
Lanczos iterations and thanks to the fact that thepn distribution had its largest weights at
relatively small energies, we were able to access quantitative results for the diagonal ensemble
for sizes not reachable with full diagonalization. With iterative methods implementation,
it is also straightforward to access the �rst moments of the diagonal ensemble distribution
h 0j[H � hHi 0]qj 0i , which helps to cross-check the results since they represent sum rules for
the distribution. More recently, it has been shown that thepn could be recovered by inverse
Fourier transform of the �delity computed with tDMRG for su� ciently long times [44]. This
may be the only way to access larger systems but the numericale�ort is certainly larger
than for ED. Last, the advantage of this approach is that it directly gives time-averaged
predictions while tDMRG always faces the criticism of �nitetime window calculation. ED
is also rather fast and precise method so that scanning a widerange of parameters becomes
a�ordable. Some �nite-size scaling can be done tentativelybut the accessible sizes remain
small compare to what can be done with DMRG.

Plotting the diagonal ensemble distributions, reproducedon Fig. I.7, showed relatively
surprising results, consistent with the counter-intuitive results of Ref. [38]. For the small
quenches corresponding to the thermalized regime of Fig. I.6, the diagonal ensemble turns
out to be very close to a Boltzmann distribution. This may explain why calculations us-
ing canonical QMC worked well. In this regime, the microcanonical distribution is giving
worse predictions. Why the weights behave approximately exponentially in these data is
not obvious and we do not have satisfactory explanation for that. Before coming back
to this point later, we may only say that nothing actually prevents the distribution from
being almost exponential, even on a closed system. On the contrary, for large quenches,
the obtained distributions are highly non-thermal in the following sense: equilibrium dis-
tributions are smooth functions of the energy only and are expected to hardly vary in a
small window of energy, which width is controlled by the energy 
uctuations � E. Here, we
observe strong 
uctuations of the distribution within an energy window controlled by the
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Figure I.7: Left: Diagonal ensemble distributions obtained with ED foran interaction
quench in the Bose-Hubbard model for various initial and �nal interaction strengthes. Right:
The time-averaged 
uctuations of the �delity display a maximum qualitatively around the
equilibrium critical point Uc = 3:3J . Reproduced from Ref. [45].

microscopic energy scaleU which is the Mott excitation gap between excited states. It is
then not surprising that computing averaged observables with such diagonal ensemble yields
strong deviations from thermal predictions.

A simple point of view on quantum quenches is to compare them with perturbation theory
predictions which is particularly simple in the case of a non-degenerate and �nite spectrum.
The goal is to understand whether the data on �nite sizes belong to a perturbative or non-
perturbative regime. While prior studies focused on a givenset of initial and �nal values,
we study systematically the results as a function of the quench amplitude to obtain the
crossover between these two regimes. In most sudden quench protocols, the Hamiltonian
governing the dynamics can be decomposed asH = H 0 + � H 1 with H 0 the Hamiltonian
of which the initial state is the ground-state of, andH 1 a perturbing operator with � the
quench amplitude as a prefactor. In the present case,H 1 =

P
j nj (nj � 1) is extensive (global

quench) and� = ( Uf � Ui )=2. On �nite spectrum, one observes the perturbation theory
scaling for small� , with for instance the time-averaged �delity �F satis�es 1� �F � � 2 while
large � s drive the quench into the non-perturbative regime. Interestingly, the time-averaged

uctuations of the �delity � F display a maximum through the crossover (see Fig. I.7). In
the spirit of looking for a critical point from diverging 
uctuations, the study of the scaling
of the maximum of � F does not seem to be related to the equilibrium critical pointand
support that the perturbative regime could survive the thermodynamical limit. Yet, the
�nite-size scaling is unfortunately essentially inconclusive [41].

A last point on these preliminary results is the relation to thermodynamics. First the
energy 
uctuations have a standard 1=

p
L behavior for this type of quench, but we pointed

out that slower convergence to the thermodynamical limit could be realized starting from a
state with slowly decaying density correlations. We yet didnot investigate much this point.
Second, we de�ned the thermodynamical entropy as the Shannon entropy of the diagonal
ensemble, as suggested in Ref. [46]. As for the 
uctuations, it displays a memory of the initial
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Chapter I. Various faces of quantum quenches

in the sense that two initial states with the same energy yields di�erent entropy. Looking
back, this is certainly the sign that the ensemble equivalence is de�nitely not reached at
these energies and for these sizes. The same can be said aboutthe data of Fig. I.5. At least,
we obtain to a good approximation that the entropy is extensive in the number of particles.

2.5 Two possible criteria for �nite-size e�ects

When working with numerics, one always faces the issue of �nite size e�ects. For equilibrium
calculations and searching for the ground-state, one usually has the support of analytical
theory to devise a scaling law. In the sudden quench situation, one has to work with high
energy states, they may not exist universal behaviors. There exist some exactly solvable
quench models, but it is hard to know whether the obtained scaling could be reused in other
cases. To pick up only one example, the decay of magnetization in a N�eel state can be
tentatively computed with Luttinger liquid theory. Yet, th e fact that this theory neglects
the curvature in the band structure gives a wrong exponent compare to the exact solution
in this quench [47, 48].

E0;f E �
f

�E

�� (E )

� f Energy

Figure I.8: Left: typical many-body spectrum showing the structure of low-energy excita-
tions at the bottom and dense chaotic spectrum in the bulk. Right: Energetic argument on
the crossover number of particles to achieve thermalization in a closed quantum system.
Reproduced from Ref. [42].

Energetic based criteria We wish to design simple criteria that one can keep in mind
when doing numerics on small systems and that could be easilychecked on any model. We
cannot give general scaling laws but we would like to say whenthe numerics are relevant in
order to discuss the ETH. We have seen that on a �nite system, there is a crossover from a
perturbative to a non-perturbative regime with increasing� . We have also seen that ETH
is expected to apply when the spectrum is chaotic, ie in the bulk of the spectrum. Indeed,
the lowest energy part of the spectrum corresponds to elementary excitations above the
ground-state. In small quenches, only this part of the spectrum is populated. The region
of the spectrum does not show much chaotic features even for anon-integrable system. If
one thinks of a very large system, exciting only one or two elementary excitations does not
make the system in a thermodynamical regime because what matters for thermodynamics in
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2. Sudden interaction quenches in the Bose-Hubbard model

closed systems is to have a �nite density of excitations. Theelementary excitations usually
have a natural energy scale from their dispersion relation (see Fig. I.8). We write it � f to
recall that it depends on the �nal Hamiltonian. Notice that in the low-energy part of the
spectrum, the density of states behaves di�erently than in the bulk and that observables

uctuate much more from what was observed in other models andin the Bose-Hubbard
model (see hereafter). A last argument is that the quench perturbation operator connects
the initial state only to excited states within the same symmetry sector, by selection rules,
while thermal ensembles populate all sectors according only to the energy. In the low-energy
part of the spectrum, the structure is strongly dependent onthe symmetry sector so this
a�ects much more the distribution than in the high-energy part of the spectrum in which
all sectors have approximately the same features (as well asfor observables as we will see
later).

The least one can say is that one does not expect the system to thermalizegenerically
if the quench puts less energy on a �nite system then this microscopic � f energy scale.
By generically, we mean that it is still possible that the weights happen to resemble an
equilibrium ensemble law, by chance, so that the �nite system looks thermalized, but this
is not generic. Thus, let us de�ne a crossover number of particles as

Nc(� ) =
� f (� )

�e(� ) � e0;f (� )
: (I.12)

where �e(� ) and e0;f (� ) and energiesper particles, the �rst one being the mean energy after
the quench and the second one the ground-state energy of the �nal Hamiltonian. On a
�nite-spectrum, it is easy to show that Nc(� ) / � � 2 in the small quench regime. Thus, if
one wants to check ETH on a �nite system, one must at least workwith numbers of particles
N & Nc(� ) requiring to work with large enough quenches amplitude. One advantage of this
energy based argument is that it is easy to compute either numerically of analytically and
that one can argue that for 1D systems, it does not su�er much from �nite-size corrections.

Fidelity based criteria Another simple criteria is to estimate the weight taken by the
excited states in the dynamics. This weight is nothing but 1� F with F = h 0;i j 0;f i the
ground-state �delity. One may say that, asF should reach zero in the thermodynamical
limit, a situation with high F will have too few contributions from excited states to be
amenable to a thermalized state. An arbitrary separation betweenF ' 1 and F ' 0 is
to de�ne a crossover number of particles such thatF (Nc; � ) = 1 =2. Inverting this relation
provides a crossover number of particles based on the �delity. This is harder to compute
numerically because one can only accessNc corresponding to the possible system sizes in the
numerics, contrary to the criteria based on energetic arguments. However, the ground-state
�delity is a quantity of interest in the context of equilibri um quantum phase transitions
so its scaling has been studied recently [49{55]. In this context, one can de�ne a �delity
susceptibility � i;L using the small-� expansion:

F ' 1 � � i;L
� 2

2
: (I.13)

The labels recall that the susceptibility depends only on the initial state and that its size-
dependence is crucial. It was shown that the latter falls in two possible scaling

� � i;L � L for gaped initial ground-state.
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Figure I.9: Crossover number of bosons in the Bose-Hubbard model forUi = 2J and unit
�lling n = 1. Reproduced from Ref. [42].

� � i;L =L � L � i with � i > 0 for critical initial ground-state, with � i an exponent signaling
hyper-extensivity.

This can be cast into a simple scaling behavior forNc(� )

Nc � � � 2=(1+ � i ) ; (I.14)

in which one can choose� i = 0 for gaped systems. While largeNc may not be computed
numerically as explained before, one can still have a good estimate of � i numerically to
determine the small-quench scaling ofNc quantitatively. As an example, the curveNc(� )
for an interaction quench in the Bose-Hubbard model is reproduce in Fig. I.9 for a quench
starting in the super
uid regime at unit �lling n = 1. The use of this curve is a priori the
following: the ETH argument is expected to work only in theN � Nc region of the graph
yet. This does not guarantee that ETH will work as we will see for this particular model.

2.6 Testing the ETH on �nite-size lattice

In order to test ETH, one at least has to compute the behavior ofobservables in eigenstates as
a function of energy and to correlate it to the behavior of thediagonal ensemble distribution.
Comparison can be done with canonical and microcanonical ensembles de�ned so as to have
the same energy as the diagonal ensemble and such that the width of the microcanonical
ensemble is given by the energy 
uctuations of the diagonal ensemble.

We here focus on the comparison of observables obtained fromdi�erent ensembles in the
1D BHM. The evolution of the local kinetic energy as a functionof the energy per particle
is given in Fig. I.10. We de�ne the one-particle density-matrix, or one-body correlations,gr
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2. Sudden interaction quenches in the Bose-Hubbard model

Figure I.10: Local observableg1(e) of the 1D BHM as a function of the energy per particle
for N = L = 10 and increasing interactions (for large quenches, the results were �rst given
in Ref. [56]). Reproduced from Ref. [42].

as

gr (e) =
1
L

LX

i =1

h f (e)jby
i + r bi j f (e)i ; (I.15)

wherej f (e)i is the eigenstate of energye. In Fig. I.10, one observes that bothg1(e) evolves
smoothly in the super
uid regime (U=J = 2:5). One also realizes that the largest 
uctuations
are found in the low-energy part of the spectrum, supportingthe energetic argument for
the �nite size e�ects. If one were able to choose �e in the bulk of the \super
uid" spectrum,
one would possibly �nd agreement with ETH. However, for the �nite size systems at hand,
one cannot reach the bulk of the spectrum before the Mott lobes emerge with increasing� .
As it was shown in Ref. [56] and here con�rmed, the observablesstrongly vary within each
Mott lobe.

The comparison between diagonal, microcanonical and canonical distributions is detailed
in Ref. [42]. For small quenches where, it can be summarized in this way. The canonical
prediction works better than the microcanonical, due to theexponential-like behavior of
the diagonal ensemble. However, this is not a true Boltzmann law in the sense that �tting
the exponential tail of the diagonal ensemble gives a di�erent temperature than that of the
canonical one determined by the mean-energy. The reason is that the small quenches are
in the perturbative regime, dominated by �nite-size e�ectsassociated with the crossover
number Nc. Consequently, ETH does not apply here due to the presence ofstrong �nite
size e�ects, but one cannot claim either that the system is thermalized even though some
correlations look thermalized in the canonical ensemble. We also point out that a similar
regime has been observed in Ref. [57], corresponding to low e�ective temperatures, but for
which the diagonal ensemble distributions were not plotted.
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Figure I.11: Left: Testing ETH on a large-U quench in an incommensurate system. Right:
Correlation plot for an incommensurate system in both an interaction quench as studied
previously and in the limiting \integrable quench". The vertical bar marks the time-averaged
expectation. Reproduced from Ref. [42].

2.7 An explanation of the observed non-thermalization in the large
interaction regime

For large quenches, the data to test ETH are shown in Fig. I.11for an incommensurate
�lling which has no gaped ground-state but still has Mott lobes at high energies. The distri-
bution shows very strong 
uctuations of the weights within each Mott lobes. In particular,
large weights are present in the low-energy part of the �rst sub-bands. Biroli, Kollath and
L•auchli showed [56] that the larger values ofg1 were correlated to the larger weights, ex-
plaining that the ETH does not apply in these �nite size systems. Having a distribution that
strongly 
uctuates with energy is not fully su�cient to expl ain non-thermalization. These
authors introduced a correlation plot between the weights and the observable expectation
in each eigenstate to show that some particular values within a small energy range took
large weights. We give another example of such a plot for an incommensurate density in
Fig. I.11. There is then a rare event scenario in which the time-average observable is domi-
nated by certain values that are rare in thermal ensembles. Still the origin of this surprising
correlation was not very clear.

An \integrable" quench limit: As the quench fromUi = 2J to Uf = 20J is actually not
physically very far, on �nite systems, to the limiting caseUi = 0 to Uf = 1 , we considered
this peculiar case, \integrable" quench, in Ref. [42]. Indeed, the initial Bose-condensed state
is easily written in Fock space. The �nal Hamiltonian has onlydiagonal elements so writing
the weights and energy for a Fock con�guration labeled by theoccupation numbersf nj g is
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straightforward:

pf n j g =
N !

n1!n2! � � � nL !
1

LN
and

e(f nj g)
Uf

=
1

2N

LX

i = j

nj (nj � 1) : (I.16)

We observe on these formulas that the weights are not a simplefunction of the energy, as
one would have for a thermal ensemble. Actually, on sees that two degenerate con�gura-
tions can have strongly di�erent weights, explaining the shape of the diagonal distribution
observed in the large-U limit. As regards the behavior of observables, computinggr on
the Fock con�gurations by hand is a bit tedious. In order to work out the correlation plot
for this limiting quench, we could not apply the basic formulas of the diagonal ensemble
since the �nal spectrum is highly degenerate in this classical limit, and �� becomes block
diagonal. Thus, we compute numerically the quench fromUi = 0 to Uf = 100J since on
a �nite system, there is no physical di�erence on the observables for such a large interac-
tion. Still, numerically, the degeneracies are lifted and the formulas are then applicable.
The direct computation of g1, which is the local kinetic energy, shows a strong 
uctuations
from negative to positive values within each Mott lobes (seeFig. I.11). Qualitatively, if
one considers for instance the �rst Mott lobe, the elementary excitations are particle-hole
excitations above the Mott state and they have a simple dispersion relation not far from a
cosk behavior which explains qualitatively this feature and thefact this observable is almost
linear with the energy in a Mott lobe. In addition, since the argument does not depend on
the fact that one is in the Mott phase, it only depends on the high-energy structure of the
spectrum at large-U, regardless whether there is a gap or not above the ground-state, we
test the correlation plot on a large quench at an incommensurate density and compare it
with the limiting \integrable quench"as de�ned above. The results are displayed on Fig. I.11
and shows that the \integrable" quench from pure BEC to classical system catches the main
features of the quench protocol that realized a strongly non-thermalized state. The reason
for observing this absence of thermalization is that for such a �nite-size system, the large-
U data are actually controlled by the integrable, or classical, limit U = 1 . Notice that
this argument works also for the 2D version, studied in Ref. [38] and exhibiting the same
non-thermalized regime.

The remaining issue is then to ask: as one increases the system size and work with a �nite
J , what is the system size at which the spectrum behaves chaotic enough to satisfy ETH?
One may also wonder whether there is a threshold around theU = 1 point for the non-
thermalization to survive. DMRG data showed that the observation of non-thermalization
survives forUf = 40J for up to an hundred sites, but if the system size required to display
enough chaotic behavior is much larger, this behavior remains a �nite-size e�ect. The con-
nection with the \integrable quench" may qualitatively result in a second crossover number
of particles N int

c above which the proximity of the integrable point is faded and the non-
integrable nature of the Bose-Hubbard model becomes e�ective. One expects a divergence
of this N int

c when reachingU ! 1 . Even though we could get a quantitative number for
this N int

c (see below), one may imagine to add a diverging increasing curve on the right-hand
side of Fig. I.9, signaling this proximity of the integrablepoint.

Reduced density matrices: Before turning to the question of the chaotic nature of the
Bose-Hubbard model, we give non-published results on the question of the observable de-
pendence of the observed non-thermalization. One may arguethat other observables could
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Figure I.12: Quench correlation plots for a commensurate system for the local kinetic energy
g1 and the von Neumann entropy of reduced density-matrices. Thelines indicate the bias
due to large weights that di�er signi�cantly from the Boltzmann weights.

display a thermalized behavior in the same quench protocol.Actually, one could very gen-
erally consider the reduced density matrix� r of half the system and study its time-average.
For a pure statej i decomposed over two blocksA and B (say left and right halves of the
lattice), we have the de�nition

� r = Tr B [j ih j] : (I.17)

Considering that each matrix element of the reduced densitymatrix is itself a kind of
observable, one can apply the result of time-averaging thatintroduced the diagonal ensemble
to �nd that:

�� r =
X

n

pn � n
r (I.18)

in which � n
r are the reduced density matrices of eigenstatejni . Notice that one has equiv-

alently the thermal reduced density matrix by replacingpn with the thermal ensemble
weights. For an observable restricted to the regionA, on hasOn = hnjOjni = Tr[ � n

r O]. If
�� r is far from a thermal reduced density matrix, then any local observable onA is likely to
be non-thermalized. It is yet complicated to handle �� r or the � n

r because it contains a lot of
information through many matrix elements. A simple number that can characterize a given
density matrix is its von Neumann entropy:

SvN [� r ] = � Tr[ � r ln � r ] : (I.19)

This quantity is viewed in quantum information theory as a measure of the entanglement
between the two subsystems. Therefore, we plot on Fig. I.12 the quench correlation plot for
both the g1 observable and the von Neumann entropy of� n

r which shows a similar bias in the
large-U regime as for simpler observables. In conclusion, the observed non-thermalization
is deeply due to the structure of the excited states and to thestructure of the diagonal
ensemble so that, on �nite system, a non-thermal behavior isgenerically expected for any
observable, at least on half the system.
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Figure I.13: Left: Behavior of the observablesgr vs energy for several distancesr . Right:
correlations vs distance in all eigenstates. The ground-state is in black while the others are
in brown. The T = 10J canonical average is well �tted by an exponential (see log scale on
the right panel). Two eigenstates which energies are about the same as the mean-energy for
T = 10J are highlighted in blue showing a strong di�erence.

Birth of thermal correlations and practical use of ETH: At the end of Ref. [37], the
ETH argument is pushed to its limit by saying that On = �O for eigenstates with the same
energy as the initial state, and that for an ergodic system�O also equals the thermal expec-
tation. Then, a practical application is proposed: it is su�cient to compute observables in
a high-energy eigenstate to obtain the thermodynamical behavior of observables. However,
obtaining high-energy eigenstates is not an easy task numerically, essentially because of
the exponential density of states in the bulk of the spectrum, compare to well-established
�nite-temperature techniques such as quantum Monte-Carlo. Second, on a �nite-size sys-
tem, within an energy shell, the observablesOn do not really have the same value, they
usually 
uctuate around a mean value. The precision of the method will then depend on
the corresponding signal to noise ratio. Still, the idea is interesting and looking at the
behavior of observables with energy is de�nitely of interest when one aims to understand
thermodynamics, whatever the algorithm. In this context, we test on Fig. I.13 this argu-
ment to see how far one can reproduce a known physical result:the exponential decay at
�nite temperature of the one-particle correlationsgr . At large temperatures in the weak
interaction regime, we have thatgr � e� r=� th with � th a thermal correlation length. The
behavior ofgr as a function of the energy per particle is given for a small system on Fig. I.13
with U = 2J . We observe a rapid decay toward zero with not so important 
uctuations at
�rst sight since we have chosen a parameter for which the ETH works best. The correlations
in the ground-state show a slow decay corresponding to a power-law. Looking at the same
signal for other eigenstates shows that it 
uctuates strongly from one to another. Now, one
can compare the thermalgr computed in the canonical ensemble with eigenstates chosen
with the same mean energy (black line forT = 10J canonical calculation, blue lines for
selected eigenstates). We already see on linear scale that the eigenstates give a very noisy
signal, coming from the fact that a high-energy state is, to �rst approximation, a random
state of given energy. While the correlations are always positive in a thermal ensemble, the
eigenstates display either positive or negative values andnon-monotonic behavior. Last, the
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thermal average gives very small values at large distance, well distinguishable in log scale
that makes the signal to noise ratio pretty bad at large distances. An alternative conclusion,
rather than saying that ETH is of no practical use, is to notice how the canonical averaging
magically manage to create a simple exponential law out of averaging over almost random
signals.

2.8 Quantum chaos and distance from integrability in the
Bose-Hubbard model

In order to make progress in the understanding of the large-interaction quench in the Bose-
Hubbard model, it is consequently necessary to better characterize the chaotic nature of the
Hamiltonian and to tackle the e�ect of �nite-size scaling. Before turning to the data, we
recall the basics tools developed and the main ideas of quantum chaos and also how we had
to adapt them to tackle the Bose-Hubbard model.

Quantum chaos in a nutshell: Historically, the �rst concepts came from nuclear physics
when physicists tried to understand experimental neutron resonance spectra in high-energy
collisions. Nuclear physics is a many-body problem with strong and non-trivial interac-
tions involving from tens to hundreds of nucleons [58, 59]. Ascomputing the exact energy
spectrum is unfeasible and because the structure of the Hamiltonian is so complicated, a
statistical approach was proposed by Wigner. He studied the statistical properties of hermi-
tian random matrices, sorted by type and general symmetries(with or without time-reversal
symmetry, or including spin-1=2). Let f ei gi =1 ;D be the set of eigenvalues sorted in ascending
order, D = dim H being the size of Hilbert space. We writesi = ei +1 � ei the level spacings.
The mean local level spacing is simply the inverse of the local density of states� (e), which
itself follows a semi-circle law in theD ! 1 limit: � (e) = 1

� D

p
2D � e2. Usually, one com-

pares spectra that are unfolded in the sense that their mean level-spacing is set to unity.
The reason is that it turns out that the density of states doesnot carry any universal feature
and is Hamiltonian dependent while the distribution around the mean level spacing displays
some universal feature. We will come back to the unfolding procedure later and we take
�s = 1 in the following when discussing any level-spacing distributions. Consider the case
where eigenvalues would be independently drawn on the real axis. This yields a Poisson law
for the level spacingsP(s) = e� s. For eigenvalues of random matrices, Wigner showed that
the entries must be Gaussian distributed if they are independently drawn and such that
the ensemble is invariant under unitary transformations. There exist three random matrix
ensembles that correspond to Hermitian random matrices [60]whose entries are respectively
real, (gaussian orthogonal ensemble, (GOE)), complex (gaussian unitary ensemble (GUE))
or quaternionic (gaussian symplectic ensemble (GSE)). Forsuch matrices, the eigenvalues
are non-independent variables that have a non-trivial joint probability distribution, namely

� (e1; : : : ; eD ) = C�; D

Y

1� i<j �D

jei � ej j �
DY

i =1

e� �e 2
i =2; (I.20)

whereC�; D is a known normalization constant and� is the Dyson index equal to 1 (GOE),
2 (GUE) or 4 (GSE). As regards the level spacing distribution, it is a non-trivial function of
the level correlations so that an exact computation yielding a simple practical formula has
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2. Sudden interaction quenches in the Bose-Hubbard model

not been found yet. Remarkably, Wigner devised that a 2� 2 random matrix calculation,
providing a formula which is actually quantitatively useful and that is now called the\Wigner
surmise". It reads

PW (s) = a� s� e� b� s2
; (I.21)

with some explicitly known normalization constantsa� and b� [60]. It yields a very good
agreement with the exact large-D expressions [61].

This level spacing distribution represents one of the main tools to study the chaotic na-
ture of an Hamiltonian. The connection between random matrixtheory and the question
of quantum chaos is not straightforward at all. By quantum chaos, one may understand
the correspondence between chaos in the classical world with its quantum version. In this
context, the Berry-Tabor conjecture [62] �rst stated that a quantum model with an inte-
grable classical counterpart must have a Poisson distribution. The case of Hamiltonians
with a chaotic classical counterpart is expected to follow the Bohigas-Giannoni-Schmit con-
jecture [63] which states that the level spacing distribution must abide by Eq. (I.21) with �
determined by the general symmetry properties of the Hamiltonian2.

These conjectures had a remarkable success over many Hamiltonians in various �elds of
physics and some generalizations to other peculiar ensembles have been made [64]. Inter-
estingly to the �eld of 1D strongly-correlated models, integrability can be de�ned directly
at the quantum level through the Bethe ansatz [65] or if the model is exactly solvable,
as for free fermions. An essential feature of the Bethe ansatzis that three-body scatter-
ing processes can be decomposed into waves with permuted momenta only. This is called
the non-di�ractive property which allows to decompose the scattering of N particles in
sequences of two-body scattering. Di�ractive terms in three-body processes would be re-
sponsible for changing momenta and redistributing energy among particles. Their presence
in non-integrable model in the Bethe picture is expected to drive thermalization at the mi-
croscopic point of view [65]. A natural question then is whether or not similar conjectures
stand and the answer was yes. Early studies [66, 67] in the 90sdisplayed clear signatures
of chaoticity or integrability based on �nite system calculations and the phenomenological
approach from random matrix theory. Eigenfunctions also carry signatures of chaoticity but
we do not review this aspect, we will only give intuitive results when needed later.

The distribution of the ratio of consecutive level spacings : In addressing the level
statistics of the Bose-Hubbard model [68, 69], we face di�culties with the unfolding proce-
dure at large interactions, which is typically the regime weare interested in. Let us �rst
recall the procedure to make the mean level-spacing equal tounity over the whole spectrum.
Unfolding the spectrum consists in changing variables from the true levels,en , to new ones,
en = N (en ), where N (e) is the mean number of levels less thane, or integrated density of
states. The functionN (e) can be obtained either by smoothing over many realizationsin the
case of disordered systems, or by local smoothing over an energy window large compared
to the level spacing but small compared to variations ofN (e). In quantum many-body
systems, there is no disorder average and no known analytical formula for the density of
states so one has to do with cooking a smooth function that best captures the local density
of states. We see on Fig. I.14 that atU = 40J , the density of states displays Mott lobes

2Notice that the Poisson and GOE Wigner curves are now on the LPTMS logo in memory of this so-called
BGS conjecture (see the front page).
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Figure I.14: Left: Density of states of the Bose-Hubbard model for increasing interaction.
Right: Level spacing distributionsP(s) in the chaotic and close to integrable regimes. Several
bins for energies have been used to numerically perform the unfolding procedure. Adapted
from Ref. [68].

separated byU. Quite generically, the density of states in the bulk of the spectrum is
exponential with the number of particles. This is simply dueto the fact that the width of
the spectrum of an Hamiltonian with local interactions scales with the number of particles
or its square depending on the statistics of exchange, and that the size of the Hilbert space
is exponential in the number of particles. Obtaining smoothed functions for Fig. I.14 that
are good enough not to spoil the 
uctuations statistics is di�cult and not very satisfactory
since there is a bit of cooking. Such procedure cannot be usedin a systematic way. Still, we
show on Fig. I.14 that it already gives that theU = 40J spectrum almost follows a Poisson
law.

In order to get rid of the unfolding procedure, one can switchto a variable built to
be independent of the local mean level spacing. In this spirit, Oganesyan and Huse [70]
proposed to consider the distribution of ratios of consecutive level spacingsrn de�ned by

rn =
min(sn ; sn� 1)
max(sn ; sn� 1)

= min
�

~rn ;
1
~rn

�
; (I.22)

where ~rn = sn=sn� 1. Both the numerator and denominator are equal to the mean level
spacing on average, one expects that the distribution of thern or of ~rn will be independent
on the local density of states, something one can already check on random matrices (see
Ref. [68]). Then, no unfolding is required and one can directly compare experimental or
numerical spectra to random matrix ensembles predictions.In the original manuscript of
Ref. [70], apart from the Poisson behaviorP(r ) = 2 =(1 + r )2, there was no analytical
equivalent of the Wigner surmise and the authors resorted tonumerical evaluation ofP(r ).
To get P(r ) analytically from small random matrices, one needs at least 3 � 3 matrices and
we could not pursue the calculation to a tractable formula. Yet, LPTMS have experts on
the subject and they noticed that an ansatz could be obtainedquickly directly from the
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Figure I.15: Left: evolution of the mean ratio of consecutive level spacing hr i as a function
of U=J for several sizes. The two bars indicates the Poisson (integrable) and GOE (non-
integrable) expectations. Right: tentative scaling for selected points showing a tendency
toward GOE with increasing sizesL. Adapted from Ref. [68].

joint probability distribution with N = 3 which we were not very familiar with. This gave
us a nice result which reads

PW (r ) =
2

Z �

(r + r 2)�

(1 + r + r 2)1+ 3
2 �

; (I.23)

with Z � the normalization constant (see values in Table I.1). This formula provides good
practical estimates of the actual distribution to a few percents and we gave additional �ts of
the correction if more precision is desired. Although this work was achieved after the study
of the Bose-Hubbard spectrum, the ratior proved to be a useful tool already for numerical
comparisons.

Ens. Poisson GOE GUE GSE
Z � - 8

27
4
81

�p
3

4
729

�p
3

h~r i W 1 7
4

27
8

p
3

� � 1
2

243
80

p
3

� � 1
2

= 1:75 � 1:360735 � 1:174661
h~r i �t - 1:7781(1) 1:3684(1) 1:1769(1)
hr i W 2 ln 2 � 1 4 � 2

p
3 2

p
3

� � 1
2

32
15

p
3

� � 1
2

� 0:38629 � 0:53590 � 0:60266 � 0:67617
hr i �t - 0:5307(1) 0:5996(1) 0:6744(1)

Table I.1: Values of useful constants and averageshr i and h~r i . Averagesh:i W are calculated
from Eq. (I.23), and h:i �t from numerical data. Adapted from Ref. [71].

Results on the Bose-Hubbard model: The Bose-Hubbard Hamiltonian has real entries
and time-reversal invariant so it falls into the the GOE ensemble class with � = 1. We
reproduce on Fig. I.15 the obtained behavior of the mean ratio hr i versus interactionU=J
and its tentative scaling with system size. Full use of symmetries and rather large RAM
memories are required to go up toL = 12 from full diagonalization. One can compare the full

27



Chapter I. Various faces of quantum quenches

� ��� ��� ��� ��� �
���

���

��	

���

��


���

���

�

�
�
�
�
�
��
�
��

Figure I.16: Left: Shannon entropy of wave-functions averaged over the whole spectrum as a
function of U=(J + U) for four di�erent sizes. Middle: Shannon entropy for each eigenstates
sorted as a function of energy for variousU=J. Right: same plot showing instaed the von
Neumann entropy of the reduced density-matrix of half a chain. Reproduced from Ref. [68].

distributions but for simplicity, we stick to the mean valueonly which di�ers signi�cantly
from Poisson to GOE. One observes that for intermediate values, such thatU ' J , the
spectrum is already close to non-integrable supporting thegood agreement with a chaotic
behavior in other results such as checking ETH. On the two limiting regime U � J and
U � J , the mean value on small systems displays a value closer to Poisson law then to
GOE. Thus, although the model is non-integrable in the Betheansatz sense, the spectrum
does not look so chaotic. The most likely behavior is consequently a �nite-size e�ect which
makes the spectrum look almost integrable while its thermodynamical limit is certainly not.
Interestingly, increasing the system size gives a trend toward GOE. Finite-size scaling is
complicated because there is no analytical hint to �t thehr i (L) curves and evaluate for
which size there is a crossover from quasi integrable to non-integrable.

Another way to characterize the chaotic behavior is through the localization of the eigen-
states wave-function on a given basisfj i ig , which is here the symmetrized Fock states basis.
If a wave-function decomposes asj i =

P
i ci ji i , then one may de�ne the normalized Shan-

non entropy in this basis as

S(j i ) = �
P

i jci j2 ln jci j2

ln D
: (I.24)

When S is close to unity, it means that the wave-function is delocalized over the whole
basis. A wave-function localized on a small part of the Hilbert space displays a small en-
tropy. Fig. I.16 displays the behavior of the Shannon entropy of eigenstates as a function of
interaction and as a function of the energy for various interaction. Integrability is expected
to yield localized states but of course the Shannon entropy is basis dependent so it is not
necessarily the case. For instance, at smallU, while the model on �nite sizes is almost inte-
grable, the Shannon entropy is large simply because eigenstates are close to superpositions
of plane waves (BEC and its excitations ink-space) so that the Shannon entropy in the
Fock basis, which is a real-space de�ned basis, is logicallylarge. On the contrary, large-U
shows a strong tendency to localization due to the proximityof the integrable limit U = 1 .
Finite-size scaling on this quantity shows an even more consistent tendency toward chaos
than the spectral probes. The evolution of the Shannon entropy as a function of energy is
also insightful. Fig. I.16 demonstrates that although the Shannon entropy is not an observ-
able, it has pretty much the same strongly oscillating behavior as the observables with, in
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2. Sudden interaction quenches in the Bose-Hubbard model

particular, strong 
uctuations within Mott lobes at large i nteractions. To complement this
study, we show on Fig. I.16 the behavior of the von Neumann entropy of the reduced density
matrices of eigenstates which displays again large 
uctuations in the large interaction limit.

2.9 A textbook example: free bosons in an harmonic trap

While studying the physics of quench, we investigated a simple non-interacting exactly
solvable model which conveys some interesting results. Thesituation is that of free bosons
con�ned in an harmonic trap which frequency is suddenly changed from ! i to ! f . In this
case, the quench amplitude is de�ned as� = ! f =! i � 1, taking ! i as the unit of energy.
The single-particle excitation spectrum is split into the odd and even parity sectors and the
overlaps are non-zero for even-parity wave-functions only. For integer n, they read:

p2n =
(2n)!

22n (n!)2

p
1 + �

1 + �= 2

�
�

� + 2

� 2n

: (I.25)

At the many-body level, the many-body weight and energy of a Fock con�guration f nj g is
given by

pf n j g = N !
(p0)n0

n0!
(p2)n2

n2!
� � �

(pm )nm

nm !
; and E f n j g = ~! f (2n2+4n4+ � � �+ mnm )+ ~! f N=2 (I.26)

with m even integers and with the constraint
P m=2

j =0 n2j = N .
Several interesting results can be inferred. First, the crossover numbers of bosons from

the two previous de�nitions are computed analytically:

N energy
c = 4

� + 1
� 2

; and N �delity
c =

ln 2

ln
�

1+ �= 2p
1+ �

� : (I.27)

Second, in the limit of large single-particle energy" � ~! f 2n, we have

p2n /
e� "=T (� )

p
"

(I.28)

which has an exponential tail with the e�ective temperatureT(� ) = ~! f =ln j � +2
� j. In the

limit of small quenches, one can observe numerically that the many-body weights follow
approximately a Boltzmann-like law with an e�ective temperature T(� ) ' � ~! f =ln j�= 2j
going to zero with � . This exponential-like behavior is not generic and a simplecounter-
example can be found in the case of a Joule relaxation [72]. Wealso observe that the total
entropy of the diagonal ensemble is very close to the canonical entropy up to a global factor
two coming from selection rules.

A possible question with this setup is to ask whether the quench process can put enough
energies to take the gas into the non-condensate high-temperature regime. Indeed, for a
sudden quench starting from the ground-state, not any �nal state can be reached a priori.
In the free bosons model, there is a crossover to a Bose-condensed state below a critical
temperature Tc. In the 1D harmonic trap and on a �nite size system, the lowestsingle
particle level occupationhn0i becomes of the order ofN below Tc ' ~!N= ln(N ) following
the standard calculation ofTc performed in the grand-canonical ensemble. One sees that for
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�xed e�ective density !N and N ! 1 , then Tc ! 0 in agreement with the fact that their
is no Bose-condensation in this model in the thermodynamical limit. Still, condensed and
non-condensed regimes can be clearly discriminated. This crossover, or critical, temperature
corresponds to a critical energyEc � E0 � ~!N 2. The typical con�guration corresponding
to these energies are qualitatively represented on Fig. I.17.

Figure I.17: Typical con�gurations of N bosons versus energyE for a 1D harmonic trap.

We give here another way to derive this energy from a microcanonical perspective. One
can get the same critical energy by considering the temperature-energy relation obtained
from Boltzmann's formula S = ln 
. It is well known that the microcanonical constraint of
a single-particle equally spaced spectrum maps onto the partitioning problem of an integer
since we have:

8
>>>><

>>>>:

1X

k=0

nk = N

1X

k=0

knk = M = E
~!

=)

(

 � ec

p
M (1 � M � N )


 � M N

N ! (N � M )

=)
S = ln 


(
T �

p
~!E

T � E=N
(I.29)

The two cases above are the limiting low-energy and high-energy regimes. When one looks
for the energy at which the two curves crosses, one gets againthe sameN 2 scaling for the
critical energy.

We can now try to answer the question. The quench puts a mean-energy �E � E0;f ' ~! f

4 N�
so that � � N is required to reachEc and the non-condensed regime. This surprising
behavior, which diverges with the number of bosons, actually agrees with the exact scaling
of the single-particle ground-state occupation number which can be computed for the quench
since we have seen that the distribution is the multinomial one : we havehn0i = Np0 �
N=

p
� at large � . Similarly, the 
uctuations can be computed and readhn2

0 � h n0i 2i =
Np0(1 � p0) so that the relative 
uctuations scale as 1=

p
N with a � -dependent prefactor.

Consequently, starting from the many-body ground-state (for which hn0i = N ), one stays
in the condensed regime for �nite� and one needs� � N z with z > 2 to makehn0i scale
to zero in the thermodynamical limit. The physical origin ofthe fact that the quench
process makes it di�cult to reach the critical temperature is that the many-body ground-
state has vanishing overlaps with the excited states aboveTc because they have negligible
contributions from the single-particle ground-state.
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3. The Galileo ramp for interacting bosons

3 The Galileo ramp for interacting bosons

Sudden quenches have been also discussed with the goal of engineering out-of-equilibrium
states that could be of use or that could have properties not achievable by equilibrium
states. This quantum engineering purpose starts to signi�cantly deviate from the sketch of
Fig. I.1 and we see that the wording quench embraces many di�erent situations. Obviously,
this is again not a new question in quantum physics and, for instance, preparing population
inversion is central to nuclear magnetic resonance and laser physics. Here, some basic ideas
are revisited within the realm of strongly correlated matter and with the new possibilities
o�ered by cold atom engineering. The Galileo ramp setup willbe view as a way to con-
nect bound states to propagative modes of many-body gas, similarly to \ionizing" metals,
atoms or nuclei. We then start with a textbook exercise3 for bachelor students in quantum
mechanics that shares some qualitative features with the setup under discussion.

3.1 A quantum physics exercise: the Tritium disintegration

It is found in Nature that Hydrogen 1
1H has two isotopes equipped with neutrons: Deuterium

D = 2
1H and Tritium T = 3

1H. Tritium is radioactive and disintegrates by the beta decay
following the nuclear equation

T ! 3
2He+ + e � + �� e : (I.30)

The main product is a ionized Helium 3 atom, together with an emitted electron e� generated
by beta decay, and an electronic anti-neutrino �� e.

The analogy with a sudden quench goes as follows: from the point of view of the initial
Tritium electron and considering that the beta decay is almost instantaneous, the electro-
static potential changes from one elementary charge to two,digging the potential quite
substantially. Then, the electron wave-function, assumedto be initially in its ground-state,
projects out on the bound states of the Helium atom which are inthis situation essentially
the same as the Hydrogen ones with a doubled charge. Computingthe probabilities of oc-
cupation pn in this single-particle problem yields

P 1
n=1 pn ' 0:97 6= 1. The physical reason

for this apparent non-conservation of probability is simply that the electron can reach either
a bound state or a di�usive state. If di�usive states get someweight, it just means that
a second electron is emitted with a 3% probability, something observed experimentally. In
short, one can view this process as transferring partially an electron from a bound state to
a di�usive state4. Yet, in this nuclear reaction, there is no tuning or controlparameter, all
numbers are �xed by the fundamental constants.

3.2 The quantum yo-yo: Bloch oscillations

Before describing the quench protocol we worked on, we recall a rather counter-intuitive
single-particle phenomenon called Bloch oscillations. Inclassical physics, if you drop a
ball in the gravity �eld, it will fall down to the ground with i ncreasing velocity because
its potential energy can be converted into kinetic energy since the latter is not bounded,

3We actually realized the existence of this textbook exampleafter completing the study.
4This is of course the situation of most ionization processesbut the chosen example has the merit of having

a clear interpretation and calculations that are closely relation to a quench description.
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at least non-relativistically speaking. Now, in solid statephysics, it is rather common to
have periodic lattices in which the kinetic energy is bounded and periodic with momentum.
Reexamining the previous situation with a ball that is attached to such a periodic lattice
in addition to the linear gravity potential, one �nds that th e ball will not strike the ground
but oscillate close to its initial position, creating a quantum yo-yo. A mere semi-classical
interpretation allows one to understand this surprising behavior catch by Bloch5 in 1928 [73]
and Zener in 1934 [74]. Letx and q be the position and momentum of the particle subjected
to a potential energy � Fx and having a kinetic energy� 2J cosq, so that the velocity
v = 2J sinq remains bounded. F represents the force applied to the particle and energy
conservation gives thatFx(t) + 2 J cosq(t) remains constant. The equation of motion is
integrated to give q(t) = q(0) + F t [2� ] since q leaves on the reciprocal lattice. Thus,
starting from a zero velocity initial condition, the position oscillates according to

x(t) = x(0) +
2J
F

[1 � cosF t] : (I.31)

The period of motionTB = 2�= jF j is called the Bloch period and the associated oscillation
frequency is! B = F . We also observe that the stronger the force the narrower is the range
of admissible positions.

More recently, the single-particle spectrum was solved in the early 60s by Wannier [75].
The analysis shows that the levels are equally spacedEn = E0� ~! B n and the eigenfunctions
are localized and shifted from one minima to the next one n (x) =  0(n + x). This breaking
of the delocalized aspect of the Bloch functions in the presence of an electric �eld was rather
controversial and experimental con�rmations have been awaited until the late 80s and 90s.
They have been observed in many physical domains: semiconductors [76], thermal gases [77,
78], photonics [79], cold atoms [80{82], phonons [83], and exciton-polariton BEC [84].

3.3 Setup and methods

�
�

��� �
�

�� �

�
�

Figure I.18: The Galileo ramp setup:A is the number of sites in the box,F the force (slope)
and VA = FA the height of the potential. Att = 0, the condensate is stuck in the box. A
t > 0 the ramp is turn on with a wave-packet that remains localizedin region A and an
ejected wave-packet. Reproduced from Ref. [85].

With colleagues from Nancy [85], we studied the Galileo ramp setup loaded with bosons
as represented on Fig. I.18 and which parallels other schemes such as in Refs. [86]. Bosons

5Historically, Bloch was rather interested in the motion of an electron in a constant electric �eld.
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are initially con�ned in a box well and then ejected by a linear ramp. An optical lattice is
present all over space. On the ramp, the single-particle eigenstates are essentially localized
Wannier functions while they are propagative modes on the right-hand side. At the single-
particle level already, the wave-function will be cut into regionA with a non-zero probability
of staying localized and a certain occupancy of the propagative modes which will build an
outgoing wave-packet as sketched on Fig. I.18. When many particles are �lling the well, the
interaction and the exchange statistics will a�ect the properties of both the outgoing and
trapped wave-packets.

In the following, we focus on the few results which we �nd the most interesting. To obtain
these results, we used a combination of numerical and analytical approaches. Numerically,
we used ab-initio techniques such as time-dependent DMRG and exact diagonalization for
�nite interaction calculations. In the case of hard-core bosons, a powerful approach allows
one to deal with large system sizes [36, 87{90]. Indeed, hard-core bosons with annihilation
operator bi at site i , even in an inhomogeneous potential, can be mapped into freefermions
quadratic Hamiltonian using the Jordan-Wigner transformation ci =

Q
j>i (1 � 2nj )bi with

nj the number of particle operator. After diagonalizing the quadratic Hamiltonian, one gets
H =

P
q "q� y

q� q with � q =
P

i � q(i )ci the eigenstate operators of pseudo-momentumq. The
time-evolution of the � q is straightforward and one gets the time evolution of the observables
using this mapping. For complicated potential such as the Galileo ramp, one cannot solve
everything analytically but the mapping already helps froma numerical point-of-view as
one essentially has to manipulate single-particle eigenstates and not the whole many-body
Hilbert space.

In addition to that, a coarse-graining or semi-classical orhydrodynamic approach [91] can
be used to make predictions for the local density based on this mapping. In this picture,
one considers that the total density stems from the contribution of particles at distance
x of possible momentaq over the Brillouin zone. The energy of particle at distancex
and momentum q is given by "(x; q) = V(x) � � cos q with V(x) the potential energy
and � = 2 J a shortcut for the bandwidth. In this unitary evolution, it should remain
constant, providing a relation betweenx and q. One knows the motion of each particles
and, taking into account the initial distribution in phase-space (x; q), one reconstructs the
density pro�le � (x; t ) by summing contributions from all particles reachingx at time t.
This intuitive reconstruction is directly based on the quadratic form of the fermions picture
discussed above. This approach provides a useful picture tointerpret the results which is
sketched on Fig. I.19.

3.4 Controlling the number of ejected particles and wave-packet
manipulations

The �rst and simplest quantity to control is the fraction of ejected particles. It depends on
the initial density, the interaction and the height VA = FA of the ramp. The scaling for
F > 2� =A is rather simple. For free particles, one gets

N free
esc = N

�
�

FA
�

1
2�

sin
�

2�
2�
FA

��
/ V � 3

A : (I.32)

while for hard-core bosons, one has

N HCB
esc =

�
�F

[qF + sin qF ] / V � 1
A with qF =

�N
A

: (I.33)
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Figure I.19: Left: Sketch of accessible energies versus position in the hydrodynamical de-
scription, the three lines display the lower, middle and upper energies of the local band
structure. Inset: Density pro�les � (x; t ) showing the evolution of the ejected wave-packet
(dashed lines comes from the hydrodynamic description). Right: number of ejected particles
Nesc versus the potential heightVA . Reproduced from Ref. [85].

On Fig. I.19, the �nite interaction curves display an intermediate behavior for �nite U. The
decrease withVA can be simply understood in the HCB picture of Fig. I.19 where particles
that are coupled to propagative modes lie in the orange region which relative surface shrinks
as VA is increased. As regards the shape of the emitted wave-packed, it can be predicted
quite precisely from the hydrodynamic approach in the case of hard-core bosons.

Without doing much calculations, one observes that the hydrodynamics approach helps
speculate on possible setups to achieve various manipulations of the wave-packets. While
most current atom lasers work in free space, trying to con�negeometrically the coherent
beam, we believe that adding up a lattice would help a better control of the velocity and the
shape of the wave-packet. In this respects, we propose on Fig. I.20 several naive protocols to
create a mirror, beam-splitter or reshaper which seem to work as expected from numerical
simulations in the HCB limit.
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Figure I.20: Left: Qualitative views on manipulating wave-packets. Middle and Right: nu-
merical simulations with HCB for the beam-splitter and Mirror devices. Reproduced from
Ref. [85].
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Figure I.21: Entanglement entropy between the two wave-packets. See text for discussion.
Reproduced from Ref. [85].

3.5 Engineering entanglement between propagative states and bond
states

Another essential feature of the setup which involves many-body gases is that the trapped
bosons will remain entangled with the escaping bosons. Thus, the setup creates two en-
tangled many-body wave-packets which are spatially separated. To estimate the amount of
entanglement between the two sides, one can resort to numerical calculations of the entangle-
ment entropy St (A) = � Tr[ � t (A) ln � t (A)] between regionA and the rest of the system with
� t (A) the reduced density-matrix of regionA at time t. Physically, one expects that when
the two packets are far enough for long times the entanglement will reach an asymptotic
value. Two qualitative e�ects are �rst observed: the entropy is controlled by the number
of escaped particles and by the interaction as well. Larger entropies are achieved when the
Hamiltonian is far from its integrable limits, in agreement to the previous discussion on the
entropy of excited states.

More interestingly, the HCB limit here again o�ers a nice and quantitative interpretation
of the long-time entropy. Indeed, a naive guess would be thatthe long-time entropy could
be related to the initial entropy within the trapped gas. From Fig. I.19, we know that the
escaping particles approximately correspond to particleswith initial distance x � x+

p . In
the initial equilibrium state, conformal �eld theory predictions are available for an arbitrary
cut at x in the gas:

S0(x) =
1
6

ln
� 4A

�
sin(�� ) sin

�x
A

�
+ c0 ; (I.34)

with c0 ' 0:25. The idea is thus to compare the initial entropy between the orange region
and the rest S0(x+

p ) with the �nal entropy between region A and the rest. One can argue
that raising the ramp acts as cutting suddenly the gas so thatthe two should not be very
di�erent. This is indeed numerically supported on Fig. I.21. In the end, we obtain both a
relation between the out-of-equilibrium entanglement andthe equilibrium entanglement in
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Figure I.22: Left: Damping of Bloch oscillations and role of integrability. Momentum dis-
tribution for increasing time (downward). Right: Damping of the condensate fractionf 0(t).
Inset: inverse damping time versusU=J showing larger values close to the integrable limits.
Reproduced from Ref. [85].

the initial state, and also a useful formula to predict the amount of entanglement between
the wave-packets. Yet, this quantity may not be easy to measure experimentally. Last, one
may notice that working a few bosons, say two or three, could yield quantitative predictions
two in a situation were correlation measurements could be more feasible.

3.6 Thermalization and integrability in the swinging box con�gura tion

When not connected with the propagative modes, the ramp can be used to shake the gas
suddenly and study its response. In the interaction quench discussed in the previous section,
there was the fundamental issue that the quenching parameter was also the one controlling
the integrability of the model. If one wants to use quenches as a way to probe the e�ect
of integrability onto relaxation and thermalization, this was not a good strategy. Here, the
force is an additional knob that can be used to perform the quench for various U=J and
study these properties vs integrability. Let us now study the time evolution of the system
after suddenly turning on the forceF .

As we have seen before, the �rst step is to evaluate numerically the chaotic nature of the
�nite-size spectra. The forceF will a�ect the level and one must not use a too largeF=J,
otherwise the spectrum becomes dominated by the Wannier stark ladder levels. This is why
we obtained the best probes of integrability by usingF � J .

The �rst thing one can look at is the damping of simple observables. For instance, a
natural probe of Bloch oscillations, which have a straightforward interpretation in recipro-
cal space, is to look at the time-dependence of the momentum distribution. On Fig. I.22,
we observe that non-integrability translates into a short damping time of the Bloch oscilla-
tions. Actually, this damping and role of integrability was studied previously in a series of
papers [92{97], mostly in the weak interaction limit. We complementary study the approach
of the HCB limit to show that a revival of the Bloch oscillations should occur. Furthermore,
the damping of the condensate fraction is order of magnitudelonger when approaching the
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Figure I.23: Left: testing thermalization in the shaken box con�guration for three di�erent
observables. Right: tentative quantitative correlation between distance from integrability�O
from Eq. (I.35) and level spacing ratio. Reproduced from Ref. [85].

integrable points U = 0 and J = 0, as one can see in the inset of Fig. I.22. A recent
experimental work observed the e�ect of interactions over the damping and period of Bloch
oscillations and gave promising results about the possibility to study quantum many-body
chaotic physics with this setup [98].

The second connection to integrability is done on the time-averaged observables following
the discussion on the ETH of the previous section. In Fig. I.23, we show typical pro�les
of three simple observables: the local density, the local kinetic energy and the momentum
distribution. We see that low and highU=Js favor non-thermalization on �nite systems
while the chaotic spectrum forU = 2J is associated with a reasonably good thermalization
for all observables. In trying to systematically correlatethe onset of thermalization by
plotting the relative distance from thermalization, de�ned as

�O =
1
L

LX

j

�
�
�
�
�
Oj � Oth

j

Oth
j

�
�
�
�
�

; (I.35)

versusU=J in Fig. I.23, we observe that not all observables display a nice correlation with
the measure of integrability. Clearly, the local kinetic energy, in this setup, is the most
adequate probe for non-thermalization.

4 The adiabatic limit and its scaling

4.1 Heat and adiabaticity in thermodynamics

Classical point of view Having a microscopic understanding of heat is not easy although it
would make thermodynamics more intuitive. We here give a possible point of view within a
classical framework, although our ideas always remain a bitfuzzy on these kind of questions.
Forces separate between conservative, associated with potential energy, and non-conservative
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forces. The total energy of a system splits into macroscopickinetic and potential energies
� Emacro, present when the system is not at rest, and microscopic energies, or internal energy
� U, which include kinetic energy of internal degrees of freedom and potential energy of
internal forces. There usually also exist non-conservative forces that one can separate into
macroscopic and microscopic types. The macroscopic type are forces that are associated with
change in a macroscopic variable of the system. For instance, the pressure work� pext � V
is not associated with a conservative force and correspondsto a change of theV variable.
We usually write it W ext and it this corresponds to the work done by an external operator
who is able to modify the macroscopic variables. External microscopic forces often enter
the scene but they do not change the constraints or macroscopic variables of the system.
By dissipative (think of friction) and pumping mechanisms,they are able to modify the
internal state of the system and may mostly transfer energy through the surface of the
system. Their work during the transformation we may call heat and write it Q. In this
picture, the �rst law of thermodynamics is nothing but the kinetic energy theorem in which
work of conservative forces are put on the left-hand side andwork of non-conservative forces
are put on the right:

� Emacro + � U = W ext + Q : (I.36)

This could look nice but trying to interpret heat microscopically is of little use for ther-
modynamical balances and there are other ways to de�ne work and Q from de�nition of
adiabatic and non-adiabatic processes. In particular, if one wants to study the evolution of
a closed quantum system, this �rst law is of little use and oneprefers a discussion in terms
of level occupations.

Quantum statistics point of view Statistical physics aims at describing the repartition of
energy among the microscopic levelsEn of weight pn . It provides a simple interpretation of
the �rst principle according to the following decomposition of an elementary variationdE
of the total energy during an in�nitesimal transformation:

dE =
X

n

pndEn

| {z }
�W rev

+
X

n

Endpn

| {z }
�Q rev

: (I.37)

The energy levelsEn account for all the left-hand side of Eq. (I.36) and they are afunction
of macroscopic variablesx, like the volume, which we may writeEn (x). Thus, a change
dEn is possible if one changesx by applying an external operator forceFn de�ned by
dEn = � Fndx for a level and �F =

P
n pnFn on average. The average force depends on

the thermodynamical parameters, like temperature, as in the example of the pressure. In
a reversible transformation where the weights remain unchanged, which is equivalent to an
adiabatic evolution in this case, the variation of energy equals � �Fdx which is clearly an
external work, written as�W rev in Eq. (I.37). The elementary variation of entropy expressed
in terms of the pn is alwaysdS = � kB

P
n (ln pn )dpn and assuming Boltzmann's law for the

pn yields that TdS =
P

n Endpn . The latter quantity equals the heat transfer only if the
transformation is reversible and this why it is written as�Q rev. In the general situation
of irreversible processes, Eq. (I.37) holds of course, but the mere interpretation of the two
terms is no longer true. For instance, an external force which is applied too quickly will
inevitably change the levels population.
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4. The adiabatic limit and its scaling

For non-in�nitesimal transformations, it has been suggested [46] to take the following
prescription for de�ning the work and heat done on a system:

E(t) =
X

n

pn (0)En (t)

| {z }
work W (t)

+
X

n

En (t)(pn(t) � pn (0))

| {z }
heat Q(t )

: (I.38)

where pn (0) are the initial population of the levels andEn (t) the time-dependent spec-
trum. In a cyclic process, the heat will then vanish in the adiabatic limit. The two terms
are naturally the integration or the two terms of Eq. (I.37) separately, so the de�nition
looks consistent with the previous interpretation. This approach is also consistent with
adiabaticity de�ned in quantum mechanics as unchanged weights among the energy levels,
ie. pn (t) = pn (0). Yet, what is not trivial and may look arbitrary is the presence of the
time-dependent termEn (t), which includes external work, in the contribution to the heat,
and the fact that there is no integrated quantities displayed memory of the path. Anyway,
this de�nition is sensible and of practical use for actual computations, although it may not
correspond to what we understand as heat in other contexts.

Excess energy: a tractable quantity for numerics In actual calculations, a simple quan-
tity that resembles heat is the excess energy de�ned by

Q = E(� ) � E0(� ) (I.39)

using the same notation as for heat. Following Ref. [99], fora quench starting from the
ground-state and changing the Hamiltonian up to time� , E(� ) =

P
n pn (� )En (� ) is the

mean energy at the end andE0(� ) is the ground-state energy of the �nal Hamiltonian.
Sincepn (0) = � n0, this de�nition actually matches the de�nition of the heat in Eq. (I.38).
Clearly, Q(� ) must cancel to zero in the adiabatic� ! 1 limit, and it physically measures
the energy carried by the excited levels populated by the quench mechanism. The physically
interesting issue is the correction from adiabaticity at �nite � . We will see that one expects
quite generically a power-law behaviorQ � � � � . We sketch on Fig. I.24 the typical behavior
of Q versus the \velocity" � � 1. In the sudden quench limit,Q is naturally bounded as the
density of energy cannot diverge.
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Figure I.24: Typical behavior of excess energy densityQ=L versus inverse quench time� .
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4.2 Adiabaticity in quantum mechanics

The Landau-Zener-St •uckelberg transition The Landau-Zener-St•uckelberg transition [4{
6], often shorten as Landau-Zener transition, is the study of the probability for a two-level
system to transit from the lower energy state to the higher energy state when the diagonal
matrix elements are changed linearly at a rate, or velocity,� � 1. The Hamiltonian reads

H(t) =
�

"t=� � =2
� =2 � "t=�

�
(I.40)

such that the minimum gap of the avoided level crossing att = 0 is �. The originally asked
question was \what is the probability Pex that the system starts from the ground-state at
t = �1 and ends up in the excited state att = + 1 . While the spectrum is the simplest one
can imagine, the answer is not so straightforward to derive.It was �rst obtained from the
study of the limits of the derived partial di�erential equations on the coe�cients, although
a direct matrix calculation handling time-ordering might be more transparent [100]. The
result is the following

Pex = e� �
4

� 2

" � ; (I.41)

which shows a non-analytical behavior in the transition rate. As expected, the transition
goes to zero in the adiabatic limit� ! + 1 . Actually, this is a particular limiting case and
starting for instance at t = 0 instead yields a di�erent behavior in � . A more generic result
on this transition [101] is

Pex /
"2

� 4
� � 2 ; (I.42)

which is thus the reference scaling for the limit of adiabaticity. While the model for Landau-
Zener transition is unphysical in the�1 limit, its result can be used physically since when
the gap is large, nothing much happens and the bottleneck forthe probability is when the
two levels are close to each other. It also applies to a restriction of the spectrum when
two avoided levels cross among many. It is indeed found that the formula works to explain
more realistic phenomena. An example is the shape of the magnetization hysteresis cycles
of molecular magnets when varying the scanning speed of the excitation �eld [102].

The Kibble-Zurek mechanism The Kibble-Zurek mechanism is a tentative generalization
of the Landau-Zener transition to the situation of passing acontinuous quantum phase
transition between two gaped phases (see Ref. [101] for a good review). It has been originally
proposed in a cosmological context [103] to interpret the production of inhomogeneities
during in
ation, and rediscussed in the context of super
uid Helium [104] for a crossing
of a classical phase transition, varying temperature. It has been generalized to the case
of quantum phase transition more recently [105]. There are already two novelties with
respect to the Landau-Zener paradigm: the gap closes at the transition and the system has
a continuous spectrum of possible excited states. Furthermore, the vicinity to the quantum
critical point and the critical point itself display scaling at equilibrium featuring universal
exponents. The basic idea of looking for some universality in crossing a second order critical
point is the following: as the gap closes, the relaxation time of the system diverges so that
one cannot stay adiabatic and defects are unavoidably created. Assuming that the system
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Figure I.25: Left: quench setup for releasing a trap slowly. Right: scaling and saturation of
the density of defects. Adapted from Ref. [106].

responds as in equilibrium, one uses the scaling relations to estimate the density of defects
produced. More precisely, let us callg the parameter driving the transition and� = g � gc

the distance from the critical point gc. A linear scan in g is assumed so that� (t) � t=�
with � the inverse rate of variation. The equilibrium scaling behavior of the relaxation
rate readst r � j � j � z� wherez is the dynamical exponent and� is the correlation exponent
appearing in the correlation length divergence� � j � j � � . The �rst step of the argument is
to say that defects are being produced in an non-reversible way when the time remaining
to reach the critical point, denoted byt � , is smaller than the relaxation rate. Between two
gaped phases with the samez on both sides of the transition, the samet � holds for the time
after which the process becomes almost adiabatic after crossing the critical point. We then
assume positivet � and � � for simplicity. This provides the two relations t � � t r and the
corresponding distance� � � t � =� from which one gets the two scaling relations

t � � � z�= (z� +1) and � � � � � 1=(z� +1) : (I.43)

The second step is to consider that defects are separated by the typical distance� � corre-
sponding to � � so that their density in dimensiond simply scales asnd � (� � )� d. Finally,
one obtains that the density of created defects scales with the evolution rate� as

nd � � � d�= (z� +1) : (I.44)

This looks like a remarkable result because the scaling is non-trivial and universal since it
is related to the universal equilibrium exponents. The approach is meaningful only in the
� ! 1 limit since in the sudden quench regime� ! 0, one expects a saturation of the
density of produced defects.

Another way to derive the scaling is to rely on Landau-Zener argument and state that the
crossover between adiabatic and non-adiabatic behavior will occur when the gap and gap
variation rate satisfy � 2 d�

dt � 1. As we have the scaling � � � z� with � � t=� , this gives
the same time scalet � � � z�= (z� +1) as previously, with a typical gap scale �� � � � z�= (z� +1) .
Last, one can use the gap scaling �� � � z to recover the scaling of� � and eventually nd.
There is thus a consistency with the previously derivation.

Although the argument uses some scaling relations, it is onlyvery phenomenological and
its assumptions are not obvious. The obtained scaling does not have the scope of scaling
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relations in critical phenomena at equilibrium. Consequently, it happens that this reasoning
provides the good exponent in some situations but is not always correct. Last, little is said
about the nature of the produced defects (although it was vortices in the original model for
Helium) and the correlations at play. There exist some situations where this argument proves
to be exact. These are situations where the many-body dynamics is usually exactly solvable.
A neat example is that of a quench in the transverse Ising chain where the trapping potential
is progressively smoothed [106]. One can see on Fig. I.25 thegood agreement between exact
solution and scaling arguments as well as the saturation of the density of defects.

Adiabatic perturbation theory in quantum mechanics Adiabaticity in quantum mechan-
ics is when the weights of the decomposition of a state onto the instantaneous basis remain
unchanged. Of course phases appear with time-evolution. Wethus see a direct connection
with the quantum statistical description. One can draw a perturbation theory around the
adiabatic limit and we follow Ref. [107, 108] for this discussion.

The Hamiltonian is changed through a control parameterr (t). The instantaneous basis
fj n(r )ig and its eigenvaluesf En (r )g are de�ned by H(r )jn(r )i = En (r )jn(r )i . After some
algebra, one shows that any time-dependent wave-function can be expanded as

j (t)i =
X

n

ei� n (t )ei
 n (t )bn (t)jn(r (t)) i (I.45)

in which two phase factors have been integrated, namely

� n (t) = �
Z t

0
En (r (s))ds ; and 
 m (t) = i

Z t

0
hm(r (s)) j _m(r (s)) i ds : (I.46)

� n (t) the time-dependent phase coming from the instantaneous basis energies while
 m (t)
are Berry phases associated with levelm. The bn coe�cients satisfy the following evolution
equation

_bm (t) =
X

n6= m

ei 
 nm (t )ei � nm (t )M nm (t)bn(t) ; (I.47)

in which one has the following de�nitions

! nm (t) = En (r (t)) � Em (r (t)) ; and 
 nm (t) = �
Z t

0
! nm (s)ds (I.48)

M nm (t) = hm(r (t)) j _n(r (t)) i =
if n6= m

hm(r (t)) j _Hj n(r (t)) i
! mn (t)

(I.49)

� nm (t) = 
 n (t) � 
 m (t) = i
Z t

0
[M nn (s) � Mmm (s)]ds (I.50)

The M matrix is anti-Hermitian so the � nm (t) are real phase factors. This result is exact,
there is no approximation, it is just a rewriting of the Schr•odinger equation, but a good
starting point for approximation around the adiabatic limit. Indeed, assume that the time
evolution takes places in a time windowt 2 [0; � ]. The approximation is expanded in orders
of v � � � 1 in the small v limit:

j (t)i = j (0) (t)i + vj (1) (t)i + � � � (I.51)
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Adiabaticity is de�ned as the fact that the weights of thenth level does not depend on time,
i.e. one setsM nm = 0, ie. neglects couplings to other levels, and thenbn (t) = bn (0) � bn .
Only the Bohr and geometrical phases remain:

j (0) (t)i =
X

n

ei� n (t )ei
 n (t )bn jn(r (t)) i : (I.52)

One gets �rst corrections in the velocity by usual identi�cation of terms in the expansion of
the perturbative form for the wave-function inserted into the exact equations. Specializing
to the case where one starts from the ground-statebn = � n0, one obtains

j (0) (t)i = ei� 0 (t )ei
 0 (t ) j0(r (t)) i (I.53)

and

j (1) (t)i = iei� 0 (t )ei
 0 (t )

 
X

n6=0

Jn0(t)

!

j0(r (t)) i

+ i
X

n6=0

�
ei� 0 (t )ei
 0 (t ) M n0(t)

! n0(t)
� ei� n (t )ei
 n (t ) M n0(0)

! n0(0)

�
jn(r (t)) i

(I.54)

where we introduced the quantityJmn (t) =
Z t

0

jMmn (s)j2

! mn (s)
ds. We observe that the �rst

order correction populates the excited states and the weights are captured by the various
quantities introduced. The criteria for adiabaticity is that j (1) (t)i has a negligible norm.

Scaling from adiabatic perturbation theory Adiabatic perturbation theory has been used
to re-derive the scaling argument for Kibble-Zurek and to generalize it [109, 110]. The basic
idea is to start from Eq. (I.54) or an approximate version, and to use the scaling features of
the low-energy spectrum. For instance, quasi-particle excitations have a dispersion relation
of the form ! k � kz away from a critical point, or ! k(� ) � � z� F (k=� � ) in the vicinity of
a quantum critical point, with F a scaling function. With another scaling ansatz for the
matrix elements, one comes up with the following predictions for the excess energy:

8
><

>:

Gapless ifd � z Q � � � (d+ z)=z

Close to a QCP ifd � dc = z + 2=� Q � � � (d+ z)�= (z� +1)

Generic Q � � � 2

(I.55)

These results stress the role of dimensionality on scaling,as for equilibrium critical point.
The second case would be the Kibble-Zurek scenario in the sense that the excess energy
density may be estimated fromQ � nd� � in the Kibble-Zurek scaling argument. For
a quench within a Luttinger-liquid phase, the scaling theory then predicts a � � 2 scaling
but re�ned bosonization calculations [111] solving the real-time evolution found logarithmic

corrections to this behaviorQ �
ln(�=� 0)

� 2
.
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4.3 Slow quench in an homogeneous Bose-Hubbard gas

With this context in mind, we now study the adiabatic limit of an interaction quench of the
Bose-Hubbard model using time-dependent ED and DMRG. We use alinear increase of the
interaction so that the quench is parametrized as follows:

U(t) = Ui +
t
�

�U with �U = Uf � Ui : (I.56)

There will be thus two parameters in the discussion: the ramptime � and the quench
amplitude �U . Out of these two parameters, one can build a quench velocityv = �U=� .
The last input is that the perturbing operator, as before, isdiagonal and is here denoted
by B =

P
i nj (nj � 1)=2. We are interested in both the behavior of local observables and of

the excess energy

Q = E f � E0;f (I.57)

where E f is the �nal energy and E0;f is the ground-state energy of the �nal Hamiltonian
which follows Eq. (I.39).
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Figure I.26: Excess energy in the adiabatic limit of an interacting quench in the Bose-
Hubbard model. Reproduced from Ref. [112].

The numerical data are reproduced on Fig. I.26. We may distinguish three di�erent
regimes in theQ(� � 1) curve for a �xed �U : (i) at long times on the ED small system data,
we have a quadratic behavior� � 2 which, as discussed below, is attributed to the �nite-size
gap so that we call that a Landau-Zener behavior; (ii) for large DMRG system sizes, a non-
trivial exponent is found � ' 1:35 which actually connects a small region of the ED data;
(iii) at short times, we observe the approach to the sudden quench limit which is signaled
by a saturation of the injected energy.

In order to interpret these results, one could naturally tryto work with the adiabatic
perturbation theory which small parameter is the velocity of the process. In practical
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4. The adiabatic limit and its scaling

calculations in the context of quenches, as the calculationare complicated, people also take
the limit of small quench amplitude to obtain a scaling in thevelocity. We took another
strategy which is to use a basic time-dependent perturbation theory in the initial basis
fj ni ; Eng. The small parameter is also the velocity and, to second order, one gets

Q(�; �U ) = Q0(�U ) �
�U 2

� 2

Z 1

0+
d!

B(! )
! 3

h
(!� )2 � 4 sin2

� !�
2

�i
; (I.58)

whereQ0(�U ) = �U h0jB j0i + E0;i � E0;f is the exact sudden quench expectation andB(! ) =P
n jhnjB j0ij 2� (! � (En � E0)) is the spectral function associated with operatorB .

Corrections to the sudden quench: In the literature, all the focus was previously on the
small velocity limit since there is a quest for universality. In this approach, we also get some
useful information on the correction to the sudden quench limit. The energy Q0(�U ) is a
function of the quench amplitude only. Although it is perturbative in v, Eq. (I.58) gives the
exact result in the large velocityv limit because the ramp time� becomes short enough in
this regime. We thus obtain short-� corrections computable using ground-state observables:

Q(�; �U ) = Q0(�U ) � L
�U 2

J
(�=� c)2 (I.59)

with the characteristic ramp time � c given by the sum rule

� � 2
c =

J
12L

Z 1

0
d! ! B(! ) =

J 2

12L
h0jB [B; K ]j0i (I.60)

where K is the kinetic term
P

j [b
y
j +1 bj + h.c.]. The scaling of � c with L depends on the

typical behavior of the equilibrium three-point correlator B [B; K ] with distance. In this
quench, �nite-size e�ects are negligible and� c is �nite. This result is not very surprising but
it could be of interest for experimental purpose since it already captures well the deviations
from the sudden quench plateau. It also relates a characteristic time-scale to ground-state
calculations that could be computed by equilibrium numerical methods.

Exponent and universality We now focus on the observed exponent and the possible
universal Kibble-Zurek scenario. Notice that, since we start from Ui = 2J , we cross the
transition as increasingU. If one moves within the super
uid phase, we recall the basic
scaling theory predicts� = 2 while improved Luttinger liquid computations yields loga-
rithmic corrections to this scaling. In the scaling scenario, the quench amplitude is not
directly appearing as the results are given as a scaling in the velocity v. Here, we show that
the exponent depends on the quench amplitude and give an argument for an amplitude-
dependent exponent using the perturbative formula above. Indeed, putting oneself in the
limit of vanishing quench amplitude�U , we get

Q0(�U ) ' �U 2
Z 1

0+
d!

B(! )
!

(I.61)

which, injected in Eq. (I.58), gives that the ratioQ(�; �U )=Q0(�U ) = f (� ) no longer depends
on the quench amplitude. More precisely, we have

Q(�; �U )
Q0(�U )

/ � � 2
Z 1

0+
d!

B(! )
!| {z }

response

sin2
�

!�
2

�

! 2
| {z }

protocol

(I.62)
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Figure I.27: Left: ED data on the ratio Q(�; �U )=Q0(�U ) which collapses at small quench
amplitude. Reproduced from Ref. [112]. Right: identifying amplitude-dependent exponents
in the adiabatic limit from DMRG results.

in which we have separated the contribution from the response function with the contribution
depending on the time-dependent protocol that has been chosen, here a linear ramp. As
discussed before, one could work with the adiabatic basis perturbation theory and it turns
out that the same result is recovered in the�U ! 0 limit with this approach [113]. The
�rst thing we can discuss is that, on a �nite system,B(! ) will be a sum of delta peaks
with a �nite-size gap so that a � � 2 \Landau-Zener" scaling is expected. In this case, the
formula also contains oscillations in� in agreement with the numerics. For a gaped spectral
function, the same Landau-Zener scaling is expected in the thermodynamic limit as well.
As B(! ) can be computed numerically independently with the Lanczos algorithm, one can
numerically compare the exact time-dependent behavior to the perturbative calculation as
done in Fig. I.26. In the case of a gapless system, the spectral function can typically have
a power-law scaling at low-energies, sayB(! ) � ! � . When � < 2, this gives a non-trivial
power-law Q(� ) � � � � in which the exponent is related to the spectral function only and
may be operator dependent, contrary to the Kibble-Zurek scenario.

Numerically, the limit �U ! 0 is the best as the perturbative calculation works better
and better for all � so there no doubt that the exponent should be the one of the spectral
function. The problem is that the �U ! 0 limit is not physically interesting. In fact, one is
just perturbing the ground-state with a time-dependent protocol which is not very standard
but this just changes the form of the response and not the factthat the system responds
perturbatively. We are not then really in a strongly out-of-equilibrium situation nor in a
realistic thermodynamical transformation as one would do in standard thermodynamics to
really move the system from one state to another. In this context, the above argument
provides us with a criteria to separate what is a small quench, in which the \universality"
applies because of perturbation from a non-universal behavior. If we try to collapse the
data Q(�; �U )=Q0(�U ) for several �U , the collapse should work only for small enough�U
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4. The adiabatic limit and its scaling

and this is well seen in the numerics of Fig. I.27 even on smallexact diagonalization data.
And there is more, from DMRG, we can more precisely follow the behavior of the exponent
with �U and we observe a clear dependence on�U which does not seem to be related to
�nite-size e�ects. If the exponent � is a function of �U , no universality is expected in a
realistic quench.

4.4 Slow quench in an inhomogeneous Bose-Hubbard gas

In this last part, the e�ect of inhomogeneities in the gas density due to the harmonic trapping
in real experiments is considered. The same protocol is usedbut new e�ects are expected
because of varying density. Indeed, as all relevant quantities vary from site to site, gradients
will appear leading to a superposition of transport phenomena on top of the \intrinsic"
quench process. The presence of the trap will be taken into account by introducing a site
dependent chemical potential� l .

Continuity equations Our goal was �rst to extract relevant information from the numerics
so as to interpret the data and identify some possible relevant e�ects. To this purpose, we
�rst make basic de�nitions and relations to identify the role of the currents on the time
evolution of local quantities. Continuity equations help separate the contribution of currents
from local source terms in such evolution. Using the notations O(t) = h (t)jÔ(t)j (t)i for
the average of a given observablêO(t) that can explicitly depend on time and h� � �i for
h (t)j� � �j  (t)i , the continuity equation takes, on general grounds, the following form:

~@tO(t) = � divhĴ O i + hŜO i : (I.63)

Ĵ O is the current operator for which we have

� divhĴ O i = ih[H (t); Ô(t)]i = � (hĴ O
l;l +1 i � h Ĵ O

l� 1;l i ) ; (I.64)

in which the second equality is the specialization to a one-dimensional lattice for an ob-
servable located around sitel, with incoming and outgoing currents. The source operator
ŜO(t) = ~@tÔ(t) is non-zero only for an explicitly time-dependent operator.

A trick which is useful to numerics is to integrate Eq. (I.63)between times 0 and� ,
taking the adiabatic limit � ! 1 and doing the change of variablet ! U (in the source
term integral) in order to express the total contribution ofcurrents only as a function of
ground-state expectation values

1Z

0

dt
~

divhĴ O i (t) = Oi � Of +

UfZ

Ui

dU h 0(U)j@UÔj 0(U)i ; (I.65)

wherej 0(U)i is the ground-state corresponding atU. The integral on the right-hand side is
taken along the adiabatic path. Thus, we can access in�nite-time results from ground-state
calculations while they would not be accessible numerically from direct time-evolution. The
observables we are interested in are the local density, compressibility or energy to see how
they redistribute during the quench. It is then �rst useful to have at hand the associated
currents:
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4. The adiabatic limit and its scaling

� density n̂l :
ĵ l;k � Ĵ n l

l;k = iJ (b̂y
k b̂l � b̂y

l b̂k)

� compressibility � l = ĥn2
l i � h n̂l i 2:

Ĵ n2
l

l;l +1 = n̂l ĵ l;l +1 + ĵ l;l +1 n̂l

� kinetic energyK̂ l;k = � J (b̂y
k b̂l + b̂y

l b̂k):

Ĵ K l;l +1
l � 1;l = � � l ĵ l;l +1 + J ĵ l � 1;l+1 +

U(t)
2

(n̂l ĵ l;l +1 + ĵ l;l +1 n̂l )

The origin of this density-assisted current, mixinĝj and n̂p operators, comes from the
evolution equation for the onsite occupancy probabilities, or onsite reduced density-matrix.

Two regimes scenario and Mott barriers On Fig. I.28, we compare the evolution of local
observables at the center of the cloud in the homogeneous (open symbols) and trap (�lled
symbols) situations. The bars indicate the adiabatic expectation value. We notice that two
regimes exist in the inhomogeneous gas. At short times� . ~=J, the density is hardly
modi�ed and no currents develop but the local compressibility and kinetic energies vary
rapidly in the very same manner as in the homogeneous gas. At times� & ~=J, the middle
density decreases because the cloud expands, currents set up and all quantities start to move
toward the adiabatic limit.

The qualitative interpretation of these two regimes is the following: the quench changes
the compressibility and correlations over typical time-scales in an homogeneous system that
we write � n2 and � g and which are �nite. For a translationally invariant lattic e, the density
currents cancel because the total number of particle is conserved, which translates into an
in�nite relaxation time for the density � n = 1 . For a weakly inhomogeneous cloud in a trap
of strength V0, we expect that� n (V0) will be �nite but diverges as V0 ! 0. It is thus always
possible to make� n & � n2 ; � g so that one �rst sees the intrinsic quench behavior before the
redistribution of particles and energy a�ects the evolution of all local observables.

This arguments can be made slightly more quantitative usingagain a perturbation theory
in the initial basis. Generically, we �nd that the observable behaves as

O(�; �U ) ' O00

�
1 �

1
2

f O � 2

�
; (I.66)

with again the notation O�� = h� jÔj� i . The \curvature" f O =
2
3

�U
J

� � 2
O

O00
contains the

intrinsic ramp time � O of observableO:

� � 2
O =

J
~

�
�
�
X

� 6=0

! � O0� I � 0

�
�
� ; (I.67)

where ! � = ( E � � E0)=~ are excitation energies andI �� =
P

lh� jÎ l j� i . These can be
computed with usual techniques. For example, using perturbation theory in J=Ui , one can
have an explicit expression forf n2

f n2 �
32
3

�UJ 2

~2Ui
; (I.68)
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which is even quantitatively consistent Fig. I.28, although the data are not really in the

strongly interacting regime. For an homogeneous gas, one can show that � g =
q

J
Ui

� n2 ,
again in agreement with the �gure.

The second e�ect we highlight occurs after the current have set in. The two clouds for
N = 24 and N = 48 are such that onlyN = 48 possesses Mott insulating plateaus whenU
is su�ciently large. It is known that the Bose-Hubbard model with large U display plateaus
at commensurate densities which are Mott insulating domains and which make it resemble
a wedding cake [115]. AlthoughU is not very large, the e�ect is visible on Fig. I.29 for
N = 48 in the adiabatic limit. The presence of these Mott regions has a drastic e�ect on
the transport properties. Indeed, such insulating gaped domains do not easily let currents

ow through them which strongly increases the time to reach adiabaticity. When the pro�les
of Fig. I.29 have almost converge to the �nal ground-state for N = 24, the pro�les for N = 48
remain trapped in some metastable state over the time windowaccessible with DMRG. We
call this e�ect Mott barrier and it seems to be relevant for certain experiments [116]. A
direct computation of the local currents is compatible withthis simple interpretation.

Energy redistribution We now focus on the energy redistribution. For the local energy
ĥl = 1

2[K̂ l � 1;l + K̂ l;l +1 ] + U(t)Î l � � l n̂l , whereÎ l = n̂l (n̂l � 1)=2, we get

Ĵ h l
l � 1;l = �

(� l � 1 + � l )
2

ĵ l � 1;l (I.69a)

�
U(t)

2
ĵ l � 1;l (I.69b)

�
J
2

(ĵ l � 2;l + ĵ l � 1;l+1 ) (I.69c)

+
U(t)

4

h
(n̂l � 1 + n̂l )ĵ l � 1;l + ĵ l � 1;l (n̂l � 1 + n̂l )

i
; (I.69d)

In addition, since the energy operator is explicitly time-dependent and therefore not a
conserved quantity during the protocol, we have the following source term

Ŝh l
l = ~@tU(t)Î l (I.70)

which shows the importance of the density 
uctuations in theenergy production. In par-
ticular, the total energy E(t) = hH(t)i satis�es the relation

@tE(t) = h (t)j@tHj  (t)i = [ @tU(t)]
X

l

hÎ l i (t) : (I.71)

For an inhomogeneous system, there are two contributions tothe local energy production
as seen from (I.69) and (I.70): one from currents and correlated currents and one from the
external driving of the system. Summing up the total energy,the contribution from currents
must vanish to ful�ll (I.71), but locally, one may have energy redistribution. We can de�ne
the heat produced in the system as the energy of the atoms at the �nal time compared to
that of the ground-state for the �nal interaction strength

Q(� ) = E(� ) � E0;f = E0;i � E0;f +
�U
�

Z �

0
dt

X

l

hÎ l i (t) ; (I.72)
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energy pro�le in the quench. Reproduced from Ref. [114].
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with E0;i=f the ground-state energies. Note thathÎ l i is accessible experimentally, which
makes it possible to measure the interestingQ(� ) dependence. One can de�ne a local excess
energyql as the di�erence in local energies between the �nal energiesand the ground-state
expectation for the �nal parameters. It splits up into threedi�erent contributions

ql (� ) = ĥhl i (� ) � h ĥl i 0;f = ĥhl i 0;i � h ĥl i 0;f (I.73a)

�
1
~

Z �

0
dt divhĴ h i (t) (I.73b)

+
�U
�

Z �

0
dt hÎ l i (t) ; (I.73c)

where the �rst term is simply the local ground-state energy di�erence (independent of� ),
the second term is the integrated contribution of energy currents, and the last term is
the integrated contribution due to the external operator. While Q(� ) is necessarily non-
negative,ql (� ) can be negative or positive depending on the relative contributions of each
term. Finally, using (I.65) with Ô = ĥl allows one to calculate these quantities in the
adiabatic limit:

1Z

0

dt
~

divhĴ h l i (t) = ĥhl i 0;i � h ĥl i 0;f +

UfZ

Ui

dU hÎ l i 0(U) ; (I.74)

where the right-hand side can be computed accurately using numerical techniques.
We apply these de�nitions to the situation described previously. The local energy con-

tributions are presented on Fig. I.30. ForN = 48, the �nal pro�le remains highly excited
even for the longest ramp time considered (� � 25~=J). We �rst notice that the local excess
energy is smaller by nearly an order of magnitude forN = 24 compared toN = 48 and that

uctuations are much pronounced at long times in the presence of Mott barriers. In fact,
the local excess energy pattern resulting from the quench isactually non-trivial even for the
seemingly simplest situation whereN = 24. At short ramp times (sudden quench limit),
particle and energy currents are negligible so that the term(I.73b) does not contribute, all
the �nal excess energy being a balance between the ground-state energy di�erence (I.73a)
and the density 
uctuations average (I.73c). The latter is always positive and distributed
rather uniformly in a Gaussian-like function whose maximumdecreases with� . Hence, for
short ramp times, the bulk retains most of the local excess energy while the edges have
negative ql due to the term (I.73a). For longer ramp times, energy currents set in with
the e�ect of redistributing energy from the bulk to the edges. Thus, these currents tend to
strongly reduce both the spatial 
uctuations and the total excess energy (heat) produced
by the quench. For intermediate times, either negative or positive ql at the edges and in the
bulk (see for instance the opposite distribution for� = 10~=J and � = 15~=J for N = 24)
can be found. ForN = 48, the \Mott barriers e�ect" tends to freeze the excess local energy
pattern to the sudden quench typical distribution with negative ql at the edges and positive
in the bulk. Last, the existence of the two regimes is apparent in the total heat plot on
Fig. I.31.
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Chapter II

The quasi-periodic adventure

Acronyms
DMRG: density-matrix renormalization group
ED: exact diagonalization
BHM: Bose-Hubbard model
SF: super
uid
MI: Mott insulating
BG: Bose-glass
HCB: hard-core bosons
BEC: Bose-Einstein condensate

1 Bose-glass: the Graal of interacting disordered system

1.1 Anderson localization

When a single particle lives on a periodic potential, one canapply Bloch's theorem to
�nd the eigenfunctions which are then naturally delocalized because of the translational
invariance. Extended waves and wave-packets are consequently a legitimate framework to
analyze the motion of electron in crystal for instance. In 1958 [117], Anderson addressed
the issue of having disorder in the potential, thereby breaking translational invariance, and
its consequences on the way wave-functions are deformed. The outcome is rather non-
trivial [118]: depending on the dimensionality and the strength of disorder, wave-functions
become localized spatially, ie. their long-distance behavior has an exponential behavior
e� r=� loc with � loc the localization length. More precisely, if one takes the case of a 3D cubic
lattice with a box disorder of width � while the hoppings t are uniform, the single-particle
spectrum has the following essential properties: at the edges of the spectrum, eigenfunctions
are rapidly localized as the disorder is turn on while at the middle of the spectrum, they
remain delocalized. The energy separating the two regimes is called the mobility edge.
When the disorder reaches a critical value �c, all wave-functions are localized and putting
free fermions at half-�lling would change the conductivity from a metallic to insulating
behavior. This realized scenario is named Anderson localization transition. Another way of
driving the transition is to work at �x disorder and tune the Fermi energy from above to
below the mobility edge. This transition displays remarkable features similar to the ones
analyzed in interacting systems. Scaling behavior exists close to the transition and the
wave-function at the critical point have multi-fractal properties. Last, a renormalization
group approach to the transition showed that dimensionality is crucial to the existence of
the transition for non-zero disorder [119]. 1D systems should display localization as soon as
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disorder is present, 2D also but at a marginal level and 3D should display a true transition.
The study of single-particle disordered models and more generally disordered waves has been
widely developed, being a remarkably transverse domain of research, and although many
concepts and tools have been developed, the physics of some given model requires generally
a thorough analysis to yield non-controversial conclusion.

1.2 Disorder and interaction in boson models

The Bose-glass Of course, the interplay between disorder and interaction is a natural step
forward once the single-particle spectrum is understood. Yet, such competition is very hard
to tackle in a systematic way. We will only take discuss the situation of lattice bosons and
quickly move to the one-dimensional case since this is the only sub-subject on which we have
an approximate understanding. First, if one starts from thenon-interacting basis, all bosons
at zero-temperature will lie in the same ground-state whichis the lowest energy localized
state in the presence of disorder. There is thus a huge density in some restricted region
of space. Adding repulsive interactions is highly non-perturbative since the density is huge
and this will make the gas explode. The outcome from this small-interaction point of view
is not easy to handle but essentially one expects that other single-particle low-energy states
become populated to reduce the cost of interaction, splitting the system into many regions
with a typical density that can sustain interaction [120, 121]. Increasing further interaction
should make these regions expand spatially until the point when particle can signi�cantly
tunnel from one to the next. Exchanging particles can eventually lead to recover coherence
and super
uidity if the initial disorder was not too strong. Another point of view is to start
from the clean interacting system and add disorder on it. Disorder couples to the density
and due to interactions, the localization involves collective phenomena. Localization can be
seen in the fact that disorder will a�ect the self-energy andwill eventually localize one-body
correlations.

In the case of lattice bosons, interactions yield the Mott insulating phase, that competes
the super
uid state. The �rst one is localized and incompressible while the second is coherent
and compressible. A tempting thermodynamical de�nition ofan Anderson localized state
of bosons, the so-called Bose-glass, is then to search for a localized state which remains
compressible [8]. This can be viewed as a thermodynamical de�nition of the Bose-Glass.

Luttinger liquid approach In one-dimension, the physics of disordered bosons has bene-
�ted from existing powerful tools [9]. The seminal contribution was a work by Giamarchi
and Schulz [122, 124] using a replica approach on the bosonization action. The physical in-
terpretation is close to the situation of the locking of a charge density-wave. The following
discussion is valid for a system with a single specie on a chain so that there is only one set
of conjugate �elds that enter the �eld theory. In this case, the correlations in the super
uid
phase are governed by a single parameterK called the Luttinger parameter. For instance,
the leading term of the Green's function behaves asG(r ) / 1=r1=2K . K depends on the
interaction and on the disorder. As it controls the decay of correlations it also naturally
enters the renormalization group as a parameter of the 
ow equations when the Luttinger
liquid is perturbed. In most situations, the transition toward another phase occurs when
the Luttinger parameter reaches some critical valueK c for a relevant perturbation. As an
example, the Mott transition is signaled byK c = 2 and since K is a decreasing function
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Figure II.1: Left: renormalization 
ow of the Luttinger liquid approachshowing the critical
value K c = 3=2, D measures the variance of the disorder. Adapted from Ref. [122]. Right:
two numerical phase diagrams for a commensurate and incommensurate density obtained by
DMRG. Adapted from Ref. [123].

of interaction in the Bose-Hubbard model, this �ts the scenario of an interaction driven
super
uid-Mott transition.

The random potential can pin the density �eld which in turns makes the phase �eld
disordered and the Green's function localized. Yet, the pinned 
uid remains compressible.
The renormalization group 
ow [122, 124] shows that disorder becomes relevant when the
Luttinger parameter reachesK = 3=2 (see Fig. II.1. As interactions decreaseK , the super-

uid to Bose-glass transition occurs for a given critical value. In order to sort out a phase
diagram in one-dimension, we can thus use the various properties gathered in Tab. II.1.

Super
uid Mott insulating Bose-glass
single-particle gap � 0 �nite 0

compressibility �nite 0 �nite
super
uid sti�ness �nite 0 0
Green's function G(r ) / 1=r1=2K G(r ) / e� r=� with � � � � 1 G(r ) / e� r=� loc

Table II.1: Discriminating di�erent phases of one-dimensional bosons.

One-dimensional phase diagrams Phase diagrams in 1D have been proposed based on
QMC and DMRG works [123, 125, 126] for incommensurate and commensurate densities and
are reproduced on Fig. II.1. The phase diagrams show a competition between the super
uid
and Bose-glass phase in the interaction-disorder plane. The super
uid phase survives on a
dome up to a critical interaction and critical disorder. Theexistence of critical interaction
is well understood in the analysis. The same can be said abovethe right-hand side of the
dome. Taking a vertical line and starting from a point withK > 3=2, disorder renormalizes
K to a lower value which �nally hits 3=2 at which the transition should take place. If one
believes that theK = 3=2 criteria survives to a non-perturbative disorder value, then this
explains the dome curve. The left-hand side of the phase diagram, in the small interaction
regime, is more speculative. The previously given arguments support the existence of a line
starting from the free point � = U = 0 which connects the curve from bosonization but
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this weak-interaction limit is harder to analyze in the Bose-Hubbard model. The reason is
that the density 
uctuations are so huge in this regime that bosonization cannot be reliable.
Other approaches such as the real-space renormalization group technique [127] have been
utilized but they are unfortunately uncontrolled so that the issue remains an open debate.

A remarkable feature of the commensurate phase diagram is that there always seems to be
an intervening Bose-glass phase between the super
uid and Mott phases as soon as �6= 0.
This observation has been supported by arguments based on rare events similar to Gri�th's
singularities [128, 129]. One of the main result of Giamarchi and Schulz is the putative
universal valueK = 3=2 of the Luttinger parameter on the transition line. The validity
of this remarkable outcome outside the perturbative disorder regime is one of the current
center of interest of the community [127, 130].

1.3 The Aubry-Andr�e model: single-particle spectrum

Model and band-folding mechanism In the following, we will not actually deal with
a true disorder potential. The reason is that current ongoing experiments on cold atoms
have essentially two ways of generating disorder-like potentials: using laser speckle [131],
which is a kind of true disorder with an exponential law and controlled correlation and a
bichromatic potential [132{134] which is not a true random potential but displays a similar
localization phenomenon that we are now going to describe. Experimentally, it is relatively
easy to superimpose two standing waves of di�erent wave-lengths leading to an intensity
potential V(x) = V1 cos2(k1x)+ V2 cos2(k2x + � ) with � a relative phase. WhenV1 � V2, the
�rst potential will create a lattice at its minima x j and the second will make the e�ective
local chemical potential 
uctuates as� j � V (x j ) = V2 cos2 (r�j + � ) where r = k2=k1 =
� 1=� 2 is the ratio of wave-lengths. For non-interacting particles, we thus have to a good
approximation, a tight-binding model with a cosine potential which commensurability with
the lattice is controlled by r . One ends up with the so-called Aubry-Andr�e model [135, 136]

H = � J
X

j

[by
j +1 bj + h.c.] + �

X

j

cos (2r�j + 2� ) by
j bj ; (II.1)

in which � = V2=2 and a constant term has been dropped for simplicity. One maypoint
out that this is not a random potential, it is fully deterministic and with in�nite-distance
correlation. Typically, the potential forms wells of width 1=(1 � r ) and there is no rare
events in the con�gurations. Yet, the distribution of chemical potential �lls the [ � � ; �]
window if r is irrational (see Fig. II.2.

The rationality or irrationality of r plays a crucial role in the nature of the spectrum. If
r = p=qwith p andqcoprime numbers, the Hamiltonian isq-periodic so that Bloch's theorem
applies for cells of lengthq. Solving a given cell typically givesq levels leading to several
bands. This mechanism is called band-folding. If nowr is irrational, the periodicity and
translational invariance is lost. A way to tackle the problem is to introduce subsequent best
rational approximations of r as rm = pm=qm following a continuous fraction decomposition
of r . This gives a scenario in which the spectrum is divided into more and more bands
separated by smaller and smaller gaps. Such a non-periodic cosine potential can be viewed
as a sort of quasi-periodic model. Physically, it is as well related to the Harper model [138]
describing a particle living on a 2D square lattice experiencing the 
ux associated with a
transverse magnetic �eld.
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Figure II.2: Left: The bichromatic lattice forms wells of typical width1=(1 � r ). Repro-
duced from Ref. [45]. Right: Typical phase-space trajectories showing the duality of the
Hamiltonian. Adapted from Ref. [137].

Duality and localization transition In this paragraph, r is taken to be irrational and we
take � = 0 for simplicity. A remarkable property of the Hamiltonian was unveiled by Aubry
and Andr�e [135]: the Hamiltonian is dual through pseudo-Fourier transformation. Indeed,
the cosine potential is the sum of two delta-peak in Fourier space. It is tempting to use these
momenta as units of wave-vectors and de�ne a pseudo Fourier transformbk = 1p

L

P
j ei 2�rjk bj

with k integers. Sincer is irrational, the whole Brillouin zone will be spanned and the
transformation is canonical. Transforming the Hamiltoniandiagonalizes the kinetic part,
as usual, and the potential energy introduces shifts of one units in reciprocal space, so one
gets:

H =
�
2

X

k

[by
kbk+1 + h.c.] � 2J

X

j

cos(2�rk )by
kbk : (II.2)

Thus, we end up with exactly the same Hamiltonian with nearest-neighbor kinetic term � =2
and potential energy� 2J cos(2�rk ). There exist thus a duality transformation 2J $ � �.
Moreover, if an eigenstate is delocalized in real space (in�nite norm), it will be localized in
pseudo-Fourier space and reciprocally. The duality transformation maps localized states to
delocalized ones. When � = 0, the real-space eigenvectors are plane waves so localization
is likely to occur at large �. In conclusion, Aubry and Andr�e pr edicted a transition exactly
at � = 2 J such that for � < 2J , states are delocalized in real space while they are localized
for � > 2J . The duality can also be understood straightforwardly by analyzing the semi-
classical limit of the model in phase-space (q; p) [137]. The single-particle energy of an orbit
of energy" is given by

"(q; p) = � 2J cos(p) + � cos(2 �rq ) : (II.3)

One clearly sees delocalized orbital inq for � < 2J and delocalized inp otherwise (see
Fig. II.2). Last the localization length in the localized regime can be obtained from this
duality relation [135] and Thouless formula [139]

� loc =
1

ln(� =2J )
: (II.4)

A striking feature is that it is independent of the energy, contrarily to standard Anderson
models in one-dimension. There is no mobility edge in this transition but multi-chromatic
potentials allows such a surprising feature in one-dimensional models [140].
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Figure II.3: Phase diagrams of the bichromatic Bose-Hubbard model for densities n = 1,
n = r and n = 0:5 (lines are guides to the eyes).SF stands for the super
uid phase,MI for
the Mott-insulating phase,BG for the \Bose-glass" phase andICDW for incommensurate
charge-density wave phase. TheU = V2 line with n = 1 indicates theJ = 0 limit. Black
error bars are deduced from calculations averaging over thephase-shift � and �nite-size
scaling. Grey error bars are roughly evaluated from calculations on systems withL = 35
and �xed � = 0. In the phase diagram with densityn = 1, the darker (violet) region in
the BG phase is localized but could have a small gap which cannot be resolved numerically.
Reproduced from Ref. [45].

2 The bichromatic Bose-Hubbard phase diagram

2.1 Numerical phase diagram

As the single-particle physics was well known and the experimental setup able to load
interacting bosons, the situation motivated several groups [45, 141{143] to study rather
extensively the phase diagram of the Bose-Hubbard model witha quasi-periodic bichromatic
lattice, described by the following Hamiltonian

H = � J
X

j

[by
j +1 bj + h.c.] +

U
2

X

j

nj (nj � 1) + �
X

j

cos (2r�j + 2� ) nj ; (II.5)

to which one can add a trapping con�nement. We again recall that instead of �, disorder can
be quanti�ed by the secondary lattice strengthV2 = 2� in which case the transition for the
non-interacting system occurs atV2 = 4J . The literature contains several approaches to the
phase diagram using exact diagonalization, quantum Monte-Carlo and DMRG. We repro-
duced on Fig II.3 our results obtained by DMRG in 2008 for �xeddensity phase diagrams
of homogeneous systems. The competition between the three terms of the Hamiltonian
gives birth to several phases: super
uid (SF), Bose-glass (BG), Mott insulating (MI) and
incommensurate density-wave (ICDW). We have already encountered the �rst three and
their determination was based on observables of Tab. II.1. We now list the main features
and comparison with the random phase diagram.

58



2. The bichromatic Bose-Hubbard phase diagram

2.2 Intervening Bose-glass phase

A striking di�erence with the random phase diagram is �rst that there is always a �nite
critical value for entering the BG phase and which is always larger than the free particle
critical value. For instance this results in a SF dome on top of the V2 = 4J line on the
n = 0:5 phase diagram. A naive interpretation is that one requiressingle-particle states to
be localized at least to enter the BG phase and that repulsiveinteraction favors anyway the
SF phase.

A second di�erence is that there is no intervening BG phase between the MI and SF
dome but rather a direct transition. This is supported by a detailed analysis of the SF-MI
transition at �nite V2 showing that it has the same features as theV2 = 0 one but only with
a shifted critical value of the interaction (see Ref. [45] for details). This absence is not in
contradiction with the \theorem" proposed for random potential because the bichromatic
potential does not satisfy its hypothesis. In particular, it is not possible to make rare events
of large SF or MI domains in the BG phase.

2.3 Incommensurate charge density-waves

The ICDW phase is speci�c to the quasi-periodic lattice. We have seen that the potential
creates a succession of wells of approximately the same width 1=(1 � r ). When the �lling
is such that there is one particle per well, ie.n = r (for a large enough system), and the
interaction su�ciently high compare to the potential width , a fully gaped insulating phase
develops in a very similar way as for a commensurate potential for which one has a charge
density-wave. Contrary to the MI phase, a �niteV2 is required since the system is otherwise
super
uid. Other �llings can lead to similar ICDW.

2.4 Bosonization picture for the mechanism and Luttinger parameter

The renormalization group analysis of the e�ect of the bichromatic potential gives a situa-
tion in between a commensurate charge-density wave scenario and the random BG one. An
external cosine potentialV2(x) = V2 cos(2�rx ) couples to the density via a term with Fourier
peaks at 2� (n � r ) at �rst order. Such terms may induce a commensurate-incommensurate
transition when increasingV2 if the condition n � r 2 Z is ful�lled. In particular, the super-
lattice potential becomes relevant for the densitiesn = r; 1� r; 1+ r; 2� r; : : : , explaining the
main ICDW phases. Treating the superlattice potential in perturbation theory to higher
orders generates other spatial frequencies that become relevant for largerV2. When r is irra-
tional, all densities are eventually a�ected by the potential but the gaps that are generated
should be smaller and smaller. Of course, this perturbativepicture is not realistic for large
V2 but it nicely explains the results for hard-core bosons, or large-U limit, as reproduced in
Fig. II.4. One �rst observes the opening of successive plateaus which are wider for the best
�tting densities n = r; 1 � r; : : : Second, on Fig. II.4, we compute the Luttinger parameter
K for hard-core bosons, it starts fromK = 1 when V2 = 0. This is already below the critical
value for n = r; 1� r; : : : so plateaus open immediately withV2. An open gap is numerically
signaled byK = 0. For the other densities, we see thatK is renormalized by the external
potential and sub-plateaus progressively open. WhenV2 ! 4J , all densities are a�ected and
one enters the Bose-glass phase for all densities except theones with a ICDW phases. In
the hard-core boson limit, the incompressible nature of theBose-glass phase is a bit peculiar
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Figure II.4: Left: Density n versus chemical potential� in the large-U regime close to hard-
core bosons physics. ICDW plateaus are visible atn = r; 1 � r; 1 + r; 2 � r; : : :. Right: Gaps
formation through the Luttinger parameterK for increasing V2 as a function of density.
Reproduced from Ref. [45].

and related to the point-like nature of the spectrum. The wayone can distinguish between
a Bose-glass phase and a ICDW with a tiny gap is not trivial close to the critical point
V2 = 4J . Indeed, a BG is incompressible yet with a �nite correlationlength but the latter
diverges at the critical point. For a ICDW, one expects the correlation length to behave
as the inverse of the gap, so when the latter is tiny, the correlation is pretty large too. In
conclusion, we see that it is at least numerically hard to distinguish an ICDW with a tiny
gap from an emerging BG close to the critical point. When one enters deeper in the BG,
the correlation length becomes decoupled from the spectrumand, for HCB, is controlled by
the single-particle localization length.

A last interesting point with respect to the bosonization framework is the value ofK at
the transition. We remember that the random potential universal value ifK = 3=2. Looking
back at Fig. II.4, we see that there exists super
uid regime with K . 1 for the bichromatic
potential in hard-core bosons. This would not be possible with the random potential, one
would directly enter the BG phase whatever the density. Thisis an hint that the critical
value for the bichromatic lattice is not 3=2 and actually lower. The renormalization group
analysis was carried out by Vidal, Mouhanna, & Giamarchi [144, 145] for an irrational r .
They found numerically that the critical value was below onefor spinless fermions which
are similar to hard-core bosons. For soft-core bosons, we found again a smaller value at
the critical point. This is one of the reason why the system isunderstood as intermediate
between a true random and commensurate potential. Last but not least, the value ofK is
not universal and depends on the parameters.

2.5 Varying the density

Another non-trivial point, yet important when one wishes to investigate inhomogeneous
systems, is the e�ect of density for �xed disorder and interaction. Following the main
observables in Fig. II.5 shows a rather simple overall e�ectwhich is that increasing density
favors delocalization and the super
uid phase. For low-densities even at relatively small
values of the interaction, one rapidly reaches the hard-core boson limit too, since the disorder
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Figure II.5: Condensate fractionf c, correlation length � , super
uid sti�ness � s and single-
particle gap� c for increasing density at rather large disorder and interaction. Reproduced
from Ref. [45].

potential prevents the localized particles from interacting much. The whole system is then
in a BG regime. When the density is large, many single-particle levels in the wells are
occupied, possibly will multiple occupancies, and tunneling can become relevant to rebuild
a super
uid coherent state. The two regimes are separated bya transition occurring at a
critical density. Looking closer at the curve of Fig. II.5, one sees anomalies in the single-
particle gap for certain densities corresponding either toICDW or to the MI phases.

3 An identikit for the Bose-glass phase

In this section, we begin the discussion of experimentally probing localization and compe-
tition between interaction and disorder. We focus �rst on a transport experiment which
guided us to proposing Bragg spectroscopy as a good way to probe not only the localized
phase but also its mechanism, acting as an identikit of the Bose-glass which is di�erent from
a random potential Bose-glass.

3.1 Absence of di�usion and transport experiments

One of the key feature associated with Anderson localizationis the \absence of di�usion".
This stresses the fact that, if one leaves a particle in a disordered potential in the local-
ized regime, it will explore a �nite region of space around its starting point and not di�use
throughout the lattice as a particle in a periodic potentialwould do. This signature of local-
ization found an echo in cold atoms experiments for which releasing the trapping potential
can be done routinely. The usual protocol is to start from a condensate at equilibrium in a
lattice plus trap potential, and release only the trapping at time t = 0. The expansion that
follows is observed for several times in real space. If the expansion stops, this is claimed to
be associated with an absence of di�usion due to localization.

Numerically, such a protocol is not easy to study. First, it requires large systems in
order to be able to let the cloud expand in a box before re
ecting itself on the edges.
Second, the time-scales are rather long with respect to the hopping which makes tDMRG
demanding. Last, interpreting the evolution of the densitypro�le in the general case could
be complicated. For instance, one may imagine that there is �rst a redistribution of density
which could resemble a long-time expansion before the cloudeventually freezes at a longer
time-scale. In order to get reliable calculations, we worked with hard-core bosons for which
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Figure II.6: Expansion after release from a trap. Top Left: numerical calculations on HCB
of density pro�les evolution in position-time diagrams forquasi-periodic and random poten-
tials. Ballistic expansion is observed below theV2 = 4J transition while random potential
always localizes. Top Right: experimental version for free bosons showing the existence of
a critical value (keep in mind that� = V2=2). Adapted from Ref. [134]. Bottom: pseudo
dispersion relations and interpretation of HCB expansion.Reproduced from Ref. [45].

the time-evolution can be expressed in terms of single-particle states and computed to
almost arbitrary times (see Sec. 3.3). The results of Fig. II.6 comparing expansion in a
true random potential with the bichromatic case shows that the protocol indeed probes the
existence of a criticalV2 in the case of a bichromatic potential. Experimental observation
following this protocol was published soon after [134] in experiments but in the other limit
of non-interacting bosons for which the same conclusion canbe drawn (see Fig. II.6).

As the hard-core bosons limit enables to interpret the density expansion in terms of the
initial weights on the eigenstates and their dispersion relation, we give on Fig. II.6 the two
quantities. For non-translationally invariant lattices, there is no real dispersion relation but
one can plot the modulus of the Fourier transform of the eigenfunctions as a function of
energy. For clean systems, pure waves yields a delta-peak which reproduces the dispersion
relation. For disordered model, the spread in reciprocal space signals the real-space local-
ization. Interestingly, while the random potential displays roughly the same overall cosine
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structure scattered by the randomness, the bichromatic lattice displays a strongly di�erent
picture below and above the critical strength. Below, one observes many-bands with gaps
and increased periodicity perfectly compatible with the band-folding mechanism. There is
still some well de�ned dispersion relation which explains the ballistic expansion of the cloud.
For large potential, the wave-functions are extended ink-space in agreement with a strong
localization and gaps are still present in the spectrum, supporting the localization of the
whole cloud.

This strong di�erence in the energy-momentum relation between random and bichromatic
potential is a direct evidence of the di�erence in the localization mechanism behind each
absence of di�usion. Yet, such energy-momentum plots are not easy to access experimentally
and not comparable to the �nite interaction regime of the Bose-Hubbard model.

3.2 Absorption energy spectroscopy

A natural way to access information about the spectrum is to use spectroscopy. We recall
some basic ideas on the strategy that we tested quantitatively on the bichromatic potential.

Time-dependent perturbation theory Spectroscopy works by perturbing the Hamilto-
nian H 0 by some operatorB with time to study its response. If the time-varying coupling
constant is written as�f (t), with � some coupling constant andf (t) a dimensionless func-
tion, the total Hamiltonian at time t > 0 readsH(t) = H 0 + �f (t)B . Let fj ni ; Eng be the
eigenvectors and eigenvalues ofH 0 and ! n = En � E0 the excitation frequencies. Applying
time-dependent perturbation theory with � as the small parameter gives for the absorbed
energy � E(t) = E(t) � E0 at time t the following prediction:

� E(t) = � 2
X

n6=0

jF (! n ; t)j2! n jhnjB j0ij 2 : (II.6)

where F (! n ; t) =
Rt

0ds ei! n sf (s). To discuss harmonic excitations, we takef (t) = e� i!t ,
which gives the di�raction function

jF (! n ; t)j2 =
�

sin(! � ! n )t=2
(! � ! n )=2

� 2

(II.7)

centered around! of typical width 1=t and with a maximum jF (!; t )j2 = t2. In the linear
response regime, the absorbed energy has di�erent typical behaviors depending on both the
time scales and on the nature of the underlying spectrum. At low times, one gets a frequency-
independentt2 behavior which involves a sum rule forB , � E(t) ' t2� 2

P
n6=0 ! n jhnjB j0ij 2.

After the short-time behavior, there is a regime in which the di�raction function overlaps
with poles in a region around! (see Fig. II.7).

For intermediate times, it is worth introducing a continuous spectrum limit by using
the local density of states� (� ) =

P
n � (� � ! n ) and B(! ) a continuous function such that

B(! n ) = jhnjB j0ij 2, so that

� E(t) = � 2
Z + 1

�1
d�� (� )jF (�; t )j2� B(� ) ; (II.8)
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Figure II.7: Principle of absorption energy spectroscopy. Left: typical linear response theory
and non-linear e�ects for increasing amplitudes� � � U. Inset: matrix elementsjhnjB j0ij 2

versus excitation frequencies! n and di�raction functions for increasing time centered around
! = 6J . The closest pole lies at! = 5:985J . Right: Corresponding behavior of the �delity
P(t) = jh 0j (t)ij 2.

If � (� ) and B(� ) vary slower than the width of F , the di�raction function behaves as a
distribution jF (! n ; t)j2 ' 2�t� (! � ! n ) leading to Fermi's Golden rule:

� E(t) = 2 �� 2t� (! )! B(! ) : (II.9)

ie. a behavior linear in time. At larger times, the di�raction function probes the discrete
nature of the spectrum. Then, either! = ! n and the behavior is � E(t) ' t2� 2! n jhnjB j0ij 2,
or the function increases and then oscillates with a typicalmagnitude (! � ! n )� 2. These
details are given for their relevance to �nite-size simulations and experiments.

The perturbative analysis is valid provided the �delity h0j (t)i remains close to one, which
can be cross-checked numerically. Non-linear e�ects can take place rather soon. Physically,
the absorbed energy cannot diverge so there is always a time such that a saturation is
expected. To observe a proper Fermi's Golden rule behavior,one needs to wait not too long
and with a small enough� . Indeed, when� is a bit large, a seemingly linear law can be
observed but not with the correct slope (see Fig. II.7). A di�cult aspect is that the time at
which perturbation fails depend on� , the system size, the magnitude of the matrix elements
jhnjB j0ij 2 and excitation frequency! .

Spectral functions Fermi's Golden rule regime involves the spectral functionI B (! ) asso-
ciated to the B operator since the rate of absorbing energy at frequency! reads

_E(! ) = 2 �� 2! I B (! ) (II.10)

with I B (! ) = � (! )B(! ) and I B (! ) =
P

n6=0 jhnjB j0ij 2� (! � ! n ). Consequently, absorption
spectroscopy in Fermi's Golden rule regime directly gives access to the excitation spectrum
! n and the matrix elementshnjB j0i .

Application to the bichromatic lattice Since cold atoms experiments can almost arbitrar-
ily tune the Hamiltonian parameters and that the time-scale for modulation are accessible,
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Figure II.8: Time-dependent evolution of the total energy for di�erent excitation frequencies.

at least for not too small frequencies, several spectral functions can be investigated. The
most natural one is modulating the lattice depth [146{149]V0 (see Sec. 1.2). If one assumes
that the modulation is small enough with respect to the average depth, then the dominant
perturbation corresponds to the kinetic operatorB =

P
j [b

y
j +1 bj + h.c.]. This di�ers from

solid-state physics where a more natural operator is the current operator that enters the
de�nition of the regular part of the conductivity (see eg. Ref. [150] for the conductivity of
the Bose-Hubbard model)

� reg(! ) =
X

n6=0

jhnjJ q=0 j0ij 2

! n
� (! � ! n ) ; (II.11)

where the zero-momentum current operator isJ q=0 = J
P

j i [by
j +1 bj � by

j bj +1 ]. Recent theo-
retical proposals have suggested horizontal shaking of thelattice to mimic the e�ect of an
oscillating electric �eld [151].

Another way to probe the spectrum is to modulate the scattering length which enters as
a prefactor in the expression ofU. It is then exact that B =

P
j nj (nj � 1). Notice that, for

an homogenous Bose-Hubbard model, the two modulations actually gives the same signal

� En(n� 1)(t) =
�

2J
U

� 2

� Ebyb(t) : (II.12)

up to a known prefactor.
We studied numerically the validity of perturbation theory as a function of time and

perturbing amplitude � on small system using direct time-dependent calculations compared
to spectral functions calculations. A previous work with similar aims was published in
Ref. [147]. Results are given in Fig. II.8 and illustrate thefact that it is not so obvious
to get rid of non-linear e�ects for the magnitude of perturbation typically used in cold
atom experiments. We found that modulation spectroscopy (not shown) allows to track the
closing of the Mott gap and entering the Bose-glass phase. Yet, in the compressible disorder
gas, the weights at low-energies are pretty small so that it is not that easy to probe the
gapless nature. The hard-core bosons limit was worked out byOrso and collaborators [152]
shows for instance that the absorption rate is quadratic with ! at low energies for a random
potential. This work also already provides a nice qualitative di�erence between random and
bichromatic and we reproduce typical spectra on Fig. II.9.
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Figure II.9: Comparison of absorption spectroscopy between random and quasi-periodic po-
tentials with HCB for � = J . � is the �lling. Adapted from Ref. [152].

3.3 Bragg spectroscopy

Principle Although energy absorption spectroscopy already provides us with a clear spec-
tral signature that is di�erent for random and bichromatic potentials, it does not give any
information about the momentum structure of the elementaryexcitations. This can be
achieved using energy-momentum resolved experiments suchas Bragg spectroscopy. The
dynamic structure factor measured with this technique corresponds to the Fourier transform
of density 
uctuations and reads

S(k; ! ) =
X

� 6=0

jh� jnk j0ij 2� (! � ! � ) ; (II.13)

where � labels the eigenstates of the Hamiltonian andnk =
P L

r =1 eikr nr is the density
operator at momentum k. Bragg spectroscopy involves a two-photon transition and the
measurement of the absorbed energy per unit timedE=dt taking advantage of the rela-
tion [147, 153] _E / ! S(k; ! ) where ! is the frequency di�erence between the two photons
and k is the wave-vector di�erence. Alternatively, it can be extracted from the rate of
momentum transfer [154] _P / k S(k; ! ). Both de�nitions have been exploited to extract
S(k; ! ) in recent cold-atom experiments [155{160]. We have studied this response using
Bogolyubov theory, fermionization of hard-core bosons andexact diagonalization for the
�nite- U situation. A nice thing about free and hard-core bosons is that they allow a direct
connection with the single-particle states and their features so that they naturally capture
the signatures of the localization spectrum. We refer to Ref. [161] for additional details.
Whether this survives away from these limiting cases is not obvious and we resort to exact
diagonalization calculation to discuss dynamic structurefactor.

Clean system First, we focus on the behavior of the clean system. In the incommensurate
case at densitiesn < 1, there are two main types of low-energy excitations. The �rst
type is represented by gapless acoustic modes related to thesuper
uid regime and which
have at low-k a dispersion relation! (k) ' uk, with u the sound velocity. The second
type is represented by doublon excitations, namely repulsively bound states of two particles
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3. An identikit for the Bose-glass phase

Figure II.10: Dynamic structure factor S(k; ! ) for the clean system. Up: for an incommen-
surate �lling n = 0:5 (L = 22) from weak to strong interactions. Bogolyubov and hardcore
bosons results are compared to exact diagonalization. Down: for a commensurate �lling
n = 1 (L = 16) where the Mott phase emerges at largeU=J. The perturbative result is also
shown. Colorbars from di�erent �gures are di�erent. Reproduced from Ref. [161].

Figure II.11: Dynamic structure factor S(k; ! ) works as an identikit for the localization
mechanism. Adapted from Ref. [161].
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occupying the same site, occurring when the repulsion energy exceeds the bandwidth; these
bound states appear at the two-body level, and survive in themany-body case [148]. Its
energy creation cost is about 4J + U in the strong coupling limit. In the Mott phase, sound
modes are absent and the elementary excitation is a broken particle-hole bound pair. This
gaped Mott excitation has a typical energy cost of the order of U and its dispersion known
in the Mott regime (see e.g. Ref. [162]).

These elementary excitations are visible in the dynamic structure factor of the clean
Bose-Hubbard model shown in Fig. II.10(a) for increasing interaction U=J and for two
typical densities: incommensurate (n = 0:5) and commensurate (n = 1). We start with the
incommensurate case. At smallU=J, we display the Bogolyubov result which resembles the
ED data faithfully. This is no longer true for stronger interactions, the spectrum is there
split into two lines which we interpret as an hybridization between the acoustic modes and
the gaped doublon state to which we attribute the peak emerging on top of the acoustic
branch. As it gets higher in energy, its spectral weight decreases, as one can see fromS(! )
plotted in Fig. II.10(b). Increasing interaction also transfers spectral weights to the low-
energy states at the 2kF wave-vector k = 2�n (i.e. k = � in the �gure) corresponding
to back-scattering (see eg [163]). This is the very analogueof what is found in the Lieb-
Liniger model [164] in the absence of the lattice. In the hardcore boson limit, the spectrum
corresponds to the XX spin chain model which displays the famous Pearson-De Cloiseaux
continuum (see e.g. [162, 165]).

The commensuraten = 1 case in Fig. II.10 displays the transition from the SF to the
MI phase, although the opening of the gap in the dispersion relation is sizable only at
large enoughU.There, the fully gaped excitation spectrum corresponds tothe particle-hole
dispersion centered around! � U. For U = 10J , the gap is sizable andS(k; ! ) has a similar
support as the perturbative prediction of Ref. [162], but the weight distribution is not yet
symmetric around! = U.

Comparing random and bichromatic potentials In Fig. II.11, we show side by side the
dynamic structure factor for a random box and bichromatic potential using the simpli�ed
notation V � V2. Taking the case of a commensurate density in the super
uid regime
(U = 2J ), a su�ciently large bichromatic potential is required to change the spectrum.
Above the localization transition, it displays many subgapstypical of the band-folding
localization mechanism (as seen in the panel forU = 2J , V = 10J ) before reaching a
strongly localized spectrum at very largeV (see theV = 20J panel). Starting from the MI
phase atU = 10J , and introducing a weak bichromatic potentialV = 2J , we observe that
the spectral gap is initially lowered, and mini-gaps appears in the particle-hole dispersion.
For a stronger bichromatic potentialV = U = 10J , the gap closes and the system enters the
strongly-correlated Bose glass phase. The spectrum exhibits both low-energy excitations
with weights around k = 0 - corresponding to phonon-like modes of locally super
uid
regions - and excitations at relatively high energies - corresponding to short-wavelength
localized excitations. Increasing furtherV to largely exceed the Mott gap (V = 20J =
2U), the spectrum appears as composed of two parts: a low-energy one, associated with
regions exhibiting locally incommensurate densities; anda higher-energy part with ! �
U, associated with localized particle-hole excitations appearing in regions with local Mott
behavior at commensurate �lling. The typical bichromatic signature is best observed when
the spectrum possesses subbands and is very broad ink. The commensurate spectrum for
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U = 2J , V = 10J displays nicely this �ngerprint.
The true random potential has a qualitatively di�erent spectrum due to the fact that it

scatters Bloch waves at any wave-vector, while the bichromatic potential primarily a�ects
Bloch waves with a wave-vectork � �r; � � �r , and others at higher orders of perturbation.
Moreover, the bichromatic potential induces a stronger localization than the RB, leading
to much broader momentum features. In the case of strong interactions, U = 10J , the
random potential also leads to a closing of the Mott gap, and deep in the Bose-glass phase
(V = 20J ), we recover a double structure made of a low-energy arc-shaped part correspond-
ing to localized sound modes, and high-energy localized particle-hole excitations of the Mott
insulator at weak disorder. As for the bichromatic potential, this is a clear signature of a
strongly-correlated Bose glass regime, with the coexistence of regions with locally incom-
mensurate �lling and gapless excitations, and regions which preserve a commensurate �lling
and a Mott-like behavior.

4 Phenomenological comparison with experiments

We now turn to a more recent work that aims at investigating experimentally the interaction-
disorder phase diagram over the whole range of parameters and conduct a tentative com-
parison with the theoretical phase diagrams discussed previously.

4.1 Experimental setup and constraints

Figure II.12: Sketch of the experimental setup and resulting bichromaticlattice.

The experimental setup at Florence uses Potassium39K atoms which are bosons for which
the scattering length can be �nely tuned by a Feshbach resonance. Tuning the interaction
independently of the lattice depth is crucial to scan the whole phase diagram and is the
novelty of this set of experiments with respect to the previous ones [133, 166].

Once a 3D BEC has been obtained by sympathetic cooling, the optical lattices are loaded,
splitting the condensate into many 1D tubes as sketched on Fig. II.12. Each tube is subjected
to the harmonic trapping potential which acts mainly along the 1D direction. Because of the
preparation, each tube contains a di�erent number of atoms.The total number of atoms is
known to be approximately 2� 4 104. To determine the number of atoms in the tubes, one
can use a Thomas-Fermi approximation for the initial 3D structure of the cloud, since the
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Figure II.13: Typical density pro�les of three di�erent tubes, computed by DMRG at T = 0
and with numbers of atomsN = 20; 55; 96.

atoms are prepared in a strongly-interacting state, and assume that the lattices cut locally
this density distribution. By doing this, one has a reasonable estimate of the distribution of
atoms in the tubes, which varies from a few to about an hundred. We will have to average
over this distribution when computing observables. As we know that the phase diagrams are
rather sensitive to the density, this will give a �rst reasonfor smoothing out the transition,
in addition to the mesoscopic character of the tubes. Anotherdi�culty for comparison with
�xed density phase diagrams is that the harmonic con�nementnaturally induces a strongly
inhomogeneous density distribution within each tube. UsingDMRG calculation, typical
zero-temperature density pro�les are reproduced on Fig. II.13 showing the wedding-cake
structure at large interaction [115]. The onsite density can reach rather large values for
small interaction and in the presence of disorder, sayn(x) ' 10, but is typically restrained
for n(x) ' 2 � 3 in the large-U regime.

4.2 Coherence phase diagram

A �rst important measure that is routinely accessible in cold atoms experiments is the
momentum distribution P(k) inferred from time-of-
ight detection. The momentum dis-
tribution is related to the one-particle correlation function and thus probes the coherence
of the gas. It enables to distinguish between the coherent/super
uid regime with incoher-
ent/localized regimes of Bose-glass and Mott insulating. Yet, it cannot directly discriminate
the BG from the MI. Practically, we have

P(k) = jW(k)j2
X

nm

eik (n� m)hby
nbm i (II.14)

whereW(k) is the Fourier transform of the Wannier function of the lattice sites. The latter
is computed numerically and is actually pretty well �tted by an inverse parabola over the
range k 2 [� �=a; �=a ], a being the lattice spacing. A number featuring the coherenceof
the system is the root-mean-square ofP(k) which is denoted by � in the following. The
experimental diagram is reproduced on Fig. II.14 where one observes a reentrance of the
incoherent behavior starting from a �xed bichromatic strength � and increasing interaction
U.
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4. Phenomenological comparison with experiments

experiment DMRG at T=0

Figure II.14: Diagram showing the root-mean-square� of the momentum distributionP(k)
versus interactionU and bichromatic strength� in the experiment and in zero-temperature
DMRG calculations averaged over many tubes. Notice the di�erence in the colorbar range.
The crosses represent the chosen grid points from which the 2D color map is interpolated
from. The left dashed line shows a mean-�eld estimate for theSF-BG transition while the
right one is the border of the region in which MI domains existin the typical tube with
N = 55 atoms. Adapted from Ref. [167].

Comparing the data with �xed density phase diagrams is not easy although we see an
overall qualitative agreement. One can still easily compute numerically P(k) with T = 0
DMRG for the many tubes present in the experiment and taking into account the trapping
potential. This yields the diagram shown on Fig. II.14. We see that the mesoscopic size
and the averaging smooth out the transition into crossoversbetween di�erent regimes. Still,
DMRG can give more insight on interpreting the data. For instance, one can determine at
T = 0 whether there are MI domains within the density pro�les ofthe typical1 tube with
N = 55. This gives a line on Fig. II.14 above which the cloud is ina strongly-correlated
regime, either mixing SF and MI when � � 2J or mixing BG and MI as on Fig. II.13.
When disorder is too strong, MI domains disappear and there is only an inhomogeneous
BG phase.

4.3 A minimal approach to temperature e�ects

Although the qualitative agreement looks encouraging, it isnot satisfactory quantitatively
and one may argue that the observed broadening of the momentum distribution could be
attributed to spurious e�ects or temperature. This is why wetried to introduce the e�ect
of temperature.

Clean Bose-Hubbard model First, we recall some results on the non-disordered model
for �xed density. To do so, we invoke some basics predictions, for instance from Luttinger
liquid theory, and we have performed full diagonalization calculations on small clusters to
complete our knowledge. The outcome, which is still a work under progress, is summarized
on Fig. II.15 throughout the behavior of the correlation length of the model and its tem-
perature dependence. Indeed, the long-distance behavior in one-dimension is expected to

1This typical tube is chosen because it has approximately themean number of atom of a tube and because
in the super
uid regime it almost reproduces the averaged momentum distribution.
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Figure II.15: Sketch of the �nite-temperature behavior of the correlation length for the Bose-
Hubbard model at unit �lling. See text for explanations.

be G(r ) / e� r=� with � a correlation length which originates from thermal 
uctuations and
from the zero-temperature correlation length in the case where it is �nite.

First, the e�ect of temperature on an homogenous 1D super
uid is expected to follow
Luttinger liquid theory at small enough temperature, ie.

G(r ) / exp
�

�
1

2K
ln

�
sinh(2Kr=� T )

2K=n� T

��
; (II.15)

where K is the Luttinger parameter, n the mean-density and� T a thermal correlation
length. This formula interpolates between two limits: ifr � � T , one recovers the zero-
temperature algebraic behaviorG(r ) � r � 1=2K , while if r � � T , the thermal correlation
length dominates and kills the correlations exponentiallyG(r ) � e� r=� T . Thus, � T is the
typical length over which quasi-coherence takes place. Actually, one expects an exponential
decay of the correlations at �nite-T and long-distance more generally. What Luttinger liquid
theory gives is a linear-dependence with temperature of theinverse correlation length

� � 1
T =

�
2K

kB T
~u

; (II.16)

where u is the sound velocity. The entropy and speci�c heat should also be linear in the
low-temperature regime. At large temperature, one can argue and one can show numerically
on small systems2 that there is a crossover to a logarithmic growth of the inverse thermal
length (see Fig. II.16):

� � 1
T � ln

�
T
T0

�
: (II.17)

We may call this regime the \classical" or high-temperatureregime. Last, if one starts at
low temperatures from the MI phase of gap �, one expects an activated law for the thermal
correlation which �ts well numerical data

� � 1
T / T � e� � =kB T ; (II.18)

2It is su�cient to work on small systems since � T becomes very short at large-T.
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Figure II.16: Behavior of the inverse of the total correlation length� with temperature in the
main three regimes SF, MI and BG from full diagonalization calculations on small systems,
�tting the real-space decay of the Green's function over a few sites. Unpublished and adapted
from Ref. [167].

where� is an exponent of order one, which matches 1=2 for instance in the non-linear sigma
model. When the system already has a �nite correlation length at zero-temperature (for the
MI and BG phases), which we write� 0, then the �nite- T correlations have a total correlation
length � which follows

� ' � � 1 ' � � 1
0 + � � 1

T : (II.19)

For the MI phase, a melting temperature can be de�ned when� � 1
T becomes sizable with

respect to� 0, signaling the onset of thermal 
uctuations. The same onsetshows up in the
entropy and speci�c heat. We �nd in the large-U limit that the crossover temperature is
approximately given byT ' 0:2U (see Fig. II.16). For the clean Bose-Hubbard model, these
various behaviors can be drawn schematically on Fig. II.15 on an interaction-temperature
phase diagram showing the interplay between the three regimes separated by crossovers.
We will see soon that the information about� T can be used as a thermometer to evaluate
the temperature.

A phenomenological approach to the e�ect of temperature The experimental system is
rather strongly inhomogeneous so one cannot apply the previous results directly. In partic-
ular, there is no known analytical form for the correlationsand the momentum distribution.
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Figure II.17: Top: testing the phenomenological approach on small systemsfrom full diag-
onalization. Middle: Fitting the momentum distributionP(k) for four points accross the
diagram with DMRG. Bottom: comparison between experiment and theory using the same
colorbar. Extracted thermal correlation length� T . Unpublished and adapted from Ref. [167].
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Moreover, there is about an hundred points on the phase diagram and for each point, one
as to average over tubes of di�erent numbers of particles. Itthen looks numerically chal-
lenging in addition to that, for a �rst step of understanding, to scan the temperature to �t
the experimental data3.

Since DMRG is rather fast at zero-temperature and already includes all the trapping and
tubes averaging e�ects, we decided to introduce temperature in a phenomenological way by
multiplying the raw hby

nbm i data at T = 0 with a factor e�j n� mj=� T and then take the Fourier
transform to obtain the momentum distribution. This is roughly speaking equivalent to
convolving the momentum distribution with a Lorentzian of width � � 1

T . Of course, in an
inhomogeneous system, this is not quite justi�ed as� T depends on the density but we wanted
a kind of e�ective � T as a single parameter �t to do a minimum of cooking. On small �nite
homogeneous systems, we checked numerically this approachin all regimes. It gave decent
results at large temperaturesT � 5J according to Fig. II.17. Of course, at low temperatures,
the approach fails. Fortunately for us, it turned out that the experiments are performed in
this typical range of temperature. Then, with only one free �tting parameter for each point
of the phase diagram, we �tted the whole experimental momentum distribution with DMRG
data. Four typical �ts across the phase diagram are given in Fig. II.17. Apart from the
large-U and � = 0 point, the experimental data are well-�tted by the ap proach within the
experimental noise. The relative failure at large-U could be explained by the presence of SF
and MI domains and the fact that it is known that both reacts di�erently to temperature,
with, in addition, crossed contributions between domains in the momentum distribution. If
one now goes back to the � colormap, DMRG data supplemented bythe � T input reproduce
quite quantitatively the experimental diagram (see Fig. II.17).

Looking at the behavior of� T across the interaction-disorder plane helps to interpret the
experiment (see Fig. II.17). First, in the low-U region, one �nds typical values of� T � 1,
which is small. It explains the strong broadening of the super
uid data. Using Fig. II.15,
one gets a rough estimate of the temperature ofT ' 3 � 6J which is consistent with the
initial preparation of the condensate. Such a temperature of the order of the bandwidth is
at the bottom of the classical regime and the quantum coherence takes place only within
a few sites. In order to really reach a Luttinger liquid behavior, one would need to go
below T ' 0:1J . Still, the advantage of the setup is that localization (either Mott or
bichromatic) can be very strong. This means that one can achieve� 0 that are smaller than
� T for large � and large U. Using Eq. (II.19) as a guide, one can argue that the data of
Fig. II.17 show that the broadening at large-� and large U is mainly due to the intrinsic
T = 0 broadening rather than the e�ect of temperature (see di�erence between red and
blue curves for instance). A �rst conclusion that can be drawn from this minimal approach
is that the experiment is indeed compatible with the Hamiltonian which it is supposed to
simulate, making it a good quantum simulator for disorderedbosons physics, but which is
yet working at rather high temperatures in a regime where quantum coherence is restricted
to a few sites. These obtained temperatures are actually typically the ones of other current
lattice experiments that go down toT � J . One di�culty here is the necessity to maintain
a largeV2 required to use the mapping of the bichromatic potential onto the Aubry-Andr�e

3A more truthful reason is that we would have had to learn �nite -T DMRG or QMC (as done in the work
by Roscilde [142] for instance). Yet, looking back at the time it took for the study to be published,
we think we could have taken this time. Now that this study is still under progress with more serious
methods, it is actually not a so easy system so maybe the \cheap" approach was anyway a good start.

75



Chapter II. The quasi-periodic adventure

Figure II.18: Modulation spectroscopy at �xed and rather large interaction. The two peaks
at � ' 2kHz ' U and 2U are Mott excitations. From left to right the disorder is increased,
creating low-energy excitations. The last right panel compared HCB �nite- T predictions to
these low-energy excitations. The arrows signal� . Reproduced from Ref. [167].

model, its reduces the kinetic exchangeJ which controls the development of coherence.

4.4 Spectroscopy

As we have seen, the momentum distribution discriminates between super
uid and localized
regimes but it does not help discriminate between Bose-glass and Mott mechanism. In
order to show the e�ect of disorder on the low-energy excitations and their gapless nature,
experimentalists have performed modulation spectroscopyof the main lattice, at 15%, and
measured the evolution of the condensate fraction with time. The spectra are reproduced in
Fig. II.18 for di�erent disorders. At large enough disorder, low-energy excitations develop
below the Mott excitations and are reasonably well �tted by the �nite- T hard-core bosons
approach of Orso and coworkers [152], using a superpositionof two fermionic clouds to take
the inhomogeneity into account, up to densitiesn = 2 which is typical in this regime, and
following the approach of Ref. [168].
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Chapter III

Disorder and frustration in
low-dimensional antiferromagnets

Acronyms
DMRG: density-matrix renormalization group
ED: exact diagonalization
QMC: quantum Monte-Carlo
RSRG: real-space renormalization group
BOMF: bond-order mean-�eld theory
RS: rung-singlet phase
RVB: resonating valence bond
(R)MG: (random) Majumdar-Ghosh
F-AF: Ferromagnetic-Antiferromagnetic

1 Quantum magnetism in one-dimension: a quick selection

We start by review a few known results about quantum magnetism models that will enter
the presentation of the results. Quantum magnetism focuseson the physical properties of
quantum spins Si localized on a lattice and interacting mostly through Heisenberg type
Hamiltonian

H =
X

hi;j i

Jij Si � Sj + : : : ; (III.1)

where dots can include many type of competing terms, breaking SU(2) symmetry or involv-
ing many spins-operators. The dimensionality and geometryof the lattice, the size of the
spins and the competition between couplings give birth to a wealth of behaviors and phase
diagrams. Already in one-dimension, highly non-trivial physics occurs. We only discuss an-
tiferromagnets which dominant couplings are positive, expected to lead to a N�eel ordering
and favoring a zero total spin in the ground-state. When we talk about a gap, it usually is
the spin gap, ie. the di�erence between the energy of the �rstexcitation of total spin S = 1
with respect to the S = 0 ground-state.

1.1 One plus one Heisenberg chains

A single chain A single Heisenberg spin chain is exactly solvable by Bethe ansatz [169]
and displays a quasi ordered N�eel phase. Because of quantum
uctuations and in agreement
with Mermin-Wagner theorem, no long-range order is possible even at T = 0 and the
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Chapter III. Disorder and frustration in low-dimensional antiferromagnets

spin correlations decay in a power-lawhS+
i + r S

�
i i � (� 1)r

p
ln r
r . Its elementary excitations

have a linear behavior for small wave-vector, typical of a Luttinger liquid and are well
understood as the combination of domain walls excitations between two N�eel domains, or
spinons excitations carrying a \charge" 1/2.

The two-leg ladder Surprisingly [170], when one couples two chains to build a ladder with
transverse couplingJ? , a spin gap opens as soon as the coupling is turn on. The elementary
excitations are magnons excitations which are best understood in the large-J? limit. In this
limit, a good starting point is to put dimers on each rung and dimer have a gap equal to
J? . Branching the couplingJk along the chains makes the triplet excitations disperse on the
lattice which lowers the gap but it survives. The ground-state made up of dimers is a singlet
and the dimers resonate whenJk is present. This gaped phase of resonating singlets has
some analogies which resonating valence bond (RVB) phases proposed for two-dimensional
models which sustained the study of ladders in the beginning. When a magnetic �eld is
applied, it stabilizes the triplet excitations and serves as a chemical potential for this kind
of hard-core bosons. At �nite density, a analog of Bose-Einstein condensation [171] for
these quasi-particles develops and interactions and dimensionality make this quantum 
uid
belong to the Luttinger liquid class. Many ladders compounds have been realized, both in
inorganic and organic materials and are now one of the best playground and understood
system to investigate Luttinger liquid physics [172, 173].

1.2 Strong disorder approaches in one dimension

For one-dimensional disordered systems, a possible tool isthe Luttinger liquid approach
provided the clean phase is in this class [9], yielding scenarios similar to the one described
in the previous chapter. Another method of choice, which is treated either fully numerically
or analytically when possible, is the real-space renormalization group (RSRG) technique
designed by Ma, Dasgupta and Hu [174, 175] to address the physics of the random antifer-
romagnetic chain. A good review can be found in Refs. [176, 177].

Real-space renormalization group and the random singlet ph ase We brie
y describe
the procedure and its outcome in the case of the random anti-ferromagnetic chain with
random Heisenberg couplings. Given a distribution of couplings, one looks for the stronger
bond, sayJ12, corresponding to the higher energy scale, and decimates itaccording to the
following rule, illustrated by Fig. III.1. Spins 1 and 2 forma strong dimer that creates an

Figure III.1: A decimation of the RSRG procedure in the random antiferromagnetic chain.

e�ective coupling ~Jij between the neighboring spinsi and j , which, according to a second
order perturbation theory estimate, reads

~Jij =
Ji 1J2j

2J12
; (III.2)
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and remains antiferromagnetic. The bond disappear from thechain and one can start
again the procedure with the new set of couplings. The procedure can be parametrized
through the energy scale 
 which is the highest coupling at a given step (the decimated
one) 
 = max Jij . If all the couplings are drawn independently initially, then Eq. III.2
preserves this statistical independence and one can write down analytically the equation of
evolution of the probability distribution P(J; 
). Fisher [178] showed that a �xed point of
the renormalization 
ow is the probability distribution

P(J; 
) =
� (
)




�


J

� 1� � (
)

�(
 � J ) : (III.3)

with � (
) = � 1=ln 
 ! 0 as 
 ! 0. It is thus a power-law which becomes more and
more peaked around zero. With such distribution of the couplings, the ratio between the

uctuations and average coupling scales as� � 1=2 and diverges during the procedure. Since
the e�ect of disorder becomes more and more relevant during the 
ow, the �xed point is
called an in�nite disorder �xed point which makes the procedure asymptotically exact for
this model. The physical picture is a phase in which arbitrary distance singlets continue
to form down to arbitrary low-energy scales and is called therandom singlet phase. It
possesses some universal behaviors. For instance, the magnetic susceptibility diverges at
low-temperatures as� � 1=T(ln T)2 in which the correction to the Curie law is due to the
scaling of the density of dimers with 
 . T so that their spins are decoupled by temperature.
Another striking feature is that the averaged spin correlations follow (� 1)r =r2 and is not
exponential as in localized phases.

The RSRG procedure in other cases does not lead to such tractable and remarkable
results. It can be applied numerically to follow the evolution of the distribution of the
couplings and the relative strength of disorder during the 
ow. There are typically two
other situations: the ratio converges toward a constant andthe distribution is often a
power-law as in Eq. III.3 with a �xed exponent. Such phase is called a �nite-disorder �xed
point and belongs to Gri�th's type because large and rare regions of almost homogeneous
couplings are still possible. In such case, it is usual that the �xed point exponent depends
on the initial distribution so that the physics is not universal as for the random singlet case.
The validity of RSRG in this case remains questionable starting for weak disorder. The
RSRG is believed to capture the physics in the strong disorder limit but its connection with
the weak disordered phase is uncontrolled. The last situation is when the ratio goes to zero
meaning that the disorder is irrelevant and the low-energy physics should be controlled by
that of the pure phase.

Random ferromagnetic-antiferromagnetic chain and the lar ge-spin phase This intro-
duction ends with the physics of the random ferro-antiferromagnetic (F-AF) chain which

ows towards the so-called large-spin phase [179{181]. Thebehavior is summarized as fol-
lows. The presence of ferromagnetic couplings drasticallychanges the decimation because
larger spins will be built, all bonds will not remain in a singlet state. One has to follow
the average total spin �S as well as the distributions of the ferro and antiferro couplings.
They converge toward power-laws with �xed exponents which makes the phase belongs to
Gri�th's type. Let n be the density of remaining spins at the energy scale 
. As 
 is
similar to a gap scale, one introduces a dynamical exponentz such that 
 � nz. Numer-
ically, this exponent has been shown to display a universal value z ' 1=0:44 provided the
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Chapter III. Disorder and frustration in low-dimensional antiferromagnets

distribution is less singular thenJ � 0:7 (the exponent of the initial distribution is used as
a tuning parameter) but remains non-universal otherwise. Last, the total spin undergoes
a random walk during the procedure as its value increases of decreases randomly at each
step. From this argument, one gets the scalings�S � n� 1=2 and S2 = 1=4n. From this, the
estimate of the Curie per spin, taking again the cuto� 
 � T in the energy scale, reads

c(T) = n
S(S + 1)

3
=

1
12

+K T1=2z; where K ' 0:117 and 1
2z ' 0:22 : (III.4)

2 The frustrated spin- 1=2 chain and its Majumdar-Ghosh
point

Before investigating the e�ect of disorder on the frustrated chain, we review the physics in
the absence of disorder to which we contributed in giving a simple view on the elementary
excitations.

2.1 Phase diagram

We start by recalling known results on the frustrated spin-1=2 chain Hamiltonian which
reads

H =
LX

i =1

J1Si � Si +1 + J2Si � Si +2 ; (III.5)

in which J1;2 > 0 are antiferromagnetic couplings andSi are spin-1=2 operators.L denotes
the length of the chain and periodic or open boundary conditions can be used. A next-nearest
neighbor coupling is known to bring two main features. Thereis �rst a transition from the
quasi-long range ordered phase to a gaped phase (see Fig. III.2) which order parameter
is the dimerization d = hSi � Si +1 i � h Si � 1 � Si i , breaking translational invariance. The
second is the onset of incommensurability in the spin correlations and dispersion relation of
elementary excitations. TheJ1-J2 frustrated chain model is thus a paradigmatic model for
quantum magnetism which has been widely studied and from which stemmed the physics
of valence bond solid phases.

The phase transition to a dimerized state can be understood by bosonization arguments,
leading to a Kosterlitz-Thouless type of transition [183{185]. The transition point can be
e�ciently determined by level spectroscopy [186] and is found to be located at J2=J1 '
0:241167 [184, 186, 187]. Another way to understand the openingof the spin gap � S =
E0(S = 1) � E0(S = 0), with E0(S) the ground-state in the sector of total spinS, and
the onset of a dimerized phase is to start the bosonization from the limit of two chains
coupled in a zig-zag geometry [182], ie. theJ2 � J1 limit. Then, the gap is shown to
decay exponentially with J2=J1, so as the dimerization. Between both regimes, the gap
and dimerization curves display an intermediate maximum, not at the same location for
both quantity, which is captured by numerics [182, 184]. Deep in the dimerized phase,
the two degenerate ground-states in the thermodynamical limit are well pictured by the
Majumdar-Ghosh (MG) state which is a product of decoupled dimers on bondsjMGi =
j i , where dimers are represented byj i = 1p

2
(j"#i � j#"i ) and an even
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Figure III.2: Phase transition in the frustrated chain from DMRG calculations. The red
arrow indicates the transition from quasi-ordered to dimerized phase.� is the spin gap,d
the dimerization order parameter andq the incommensurate wave-vector. The blue point
locates the Majumdar-Ghosh point. Adapted from Ref. [182].

length is assumed. Actually, for the special valueJ2 = J1=2, this MG state is the exact
ground-state of the Hamiltonian [188, 189].

2.2 Incommensurability

The other feature introduced by frustration is incommensurability in real-space spin correla-
tions: they start to oscillate at a wave-vectorq 6= � above a point called the disorder point.
This e�ect already emerges in the classical limit [190] in which it is simply understood as
a best compromise between the two couplings, one aiming to order at � while the other
aims to order at �= 2. The classical disorder point is atJ2=J1 = 0:25. In the quantum
version, the easiest and actually the only quantitative wayso far, is to compute numerically
the real-space spin correlations [182, 184, 191, 192]. It can be argued [193] that the on-
set of incommensurability should match the minimum of the spin correlation length which
corresponds to the MG point in the model under study. This scenario is con�rmed in the nu-
merics and also supported by variational [194] and perturbative [195] arguments. Moreover,
incommensurability will naturally show up in the spin structure factor then [182, 194, 196].
Yet, in the presence of a �nite correlation length, the onsetof incommensurability in this
signal occurs for a stronger frustration [193], called the Lifshitz point. This point has been
estimated numerically at J2=J1 = 0:52036 [196], and it has been recently shown that for
odd size chains (in which the MG state cannot be the ground-state) the Lifshitz point is
actually shifted toward a larger valueJ2=J1 = 0:538.

Last, the dispersion relation becomes incommensurate too,in the sense that the mini-
mum of the triplet excitation lies at a wave-vector away fromthe K = � antiferromagnetic
wave-vector, and for which we will use the notationq� in the following. Together with the
dispersion relation, the dynamics of elementary excitations has been investigated in several
limits of the model. For the Heisenberg chain, the Bethe-ansatz solution provides a quanti-
tative and physically transparent picture in terms of two-spinons continuum, corresponding
to the so-called des-Cloizeaux Pearson law [165, 197, 198].At the MG point, variational
methods have been used to tackle the dispersion relation [199{206]. Working in the dimer
basis gave a good account for the shape of the dispersion relation with, in particular, the
explanation for a triplet bound-state [199] close toK = �= 2. Going away from the MG
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point is more di�cult and other techniques such as matrix-product states [207] have been
used to clarify the behavior and the onset of incommensurability that was found to be at
J2=J1 = 9=17 ' 0:52941. This shows that this de�nes a third di�erent point for the onset
of incommensurability.

2.3 Variational approach to spinon excitations

We now reuse the variational method but in a slightly di�erent way which enables us to
obtain analytical results away from the MG point. We introduce the method on the single
spinon case, living on odd size chain of lengthL assumed to be open. The variational
approach consists in working with the subspace generated bystates of the form j2i i =
j i with a spinon at site 2i which separates two MG domains. They constitute
a free family but they do not span [208] the whole spin sectorf Stot = 1=2; Sz

tot = 1=2g,
making the approach variational. A crucial point is that the states are non-orthogonal.
The situation is the same as in quantum chemistry, like H•uckel theory, and one has to
introduce the overlap matrix

�
O

�
and a di�erent notation

�
A

�
for the matrix representation

of operator A since Dirac notation can be confusing while working with non-orthogonal
states. The elements of

�
O

�
are

�
O

�
ij

= h2i j2j i =
�

�
1
2

� j i � j j

: (III.6)

The goal of the variational approach is to diagonalize the restriction eH of H in the subspace
fj 2i ig for which we have eH = PHP, whereP is the orthogonal projector on that subspace.
SinceP is self-adjoint, the e�ective Hamiltonian eH is self-adjoint two which ensures that its
eigenvalues are real. Diagonalizing the representation ofeH in the basisfj 2i ig is a generalized
eigenvalue problem that reads

X

i

h2j jHj 2i i  i = E
X

i

h2j j2i i  i : (III.7)

whereE is an eigenenergy and

j i =
X

i

 i j2i i (III.8)

is the decomposition of the associated eigenfunction in this basis. We would like to stress
the fact that the h2j j eHj 2i i are not the matrix elements

� eH
�

ij
of eH in the basisfj 2i ig since

the latter in non-orthogonal. Yet, they are connected by theprojector P which writes as
the inverse of the overlap matrixP =

X

ij

�
O� 1

�
ij

j2i ih2j j. Then, one gets the relation

� eH
�

ij
=

X

k

�
O� 1

�
ik

h2kjHj 2j i : (III.9)

In general, inverting the overlap matrix is hard and authorsprefer to solve (III.7) directly
with numerical methods. However, in the case of a chain, we found that the inverse of the
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overlap matrix takes the following tridiagonal form

�
O� 1

�
=

1
3

0

B
B
B
B
B
B
B
B
@

4 2

2 5 2

2 5 2
. . . . . . . . .

2 5 2

2 4

1

C
C
C
C
C
C
C
C
A

; (III.10)

which will allow some analytical solutions of the diagonalization of the e�ective Hamiltonian.

2.4 Application to single-spinon spectra

In what follows, we work with (III.5) which can rewritten at t he MG point as

H MG = J2

X

i

(2Si � Si +1 + Si � Si +2 ) ; (III.11)

with J = J2. We also recall two basic facts on the two MG states. Their energy is

EMG = �
3
4

LJ 2 ; (III.12)

for periodic boundary conditions and for the ground-state with open boundary conditions.

Second, they are non-orthogonal and their overlap readshMGjMG' i = �
�
� 1

2

� L
2 � 1

, irrespec-
tive of the boundary conditions. In practical calculations, one can choose a more pedestrian
way to obtain the Hamiltonian by applying the terms on the basis elements and keep only
the orthonormally projected result. For instance, at the MGpoint, one gets a tight-binding
Hamiltonian for the single-spinon dynamics

� eH MG � EMG
�
j2j i =

J
2

�
j2j � 2i +

5
2

j2j i + j2j + 2 i
�

; (III.13)

which gives back the known dispersion relation

! (k) = J2

�
5
4

+ cos 2k
�

: (III.14)

The same procedure away from the MG point yields a dense matrix with Fourier transform
elements can be resumed. Then, the general dispersion relation of a single spinon within
the variational method reads

! (k) =
7
8

J1 �
1
2

J2 + ( J1 � J2) cos 2k + 4( J1 � 2J2)
sin2 2k

5 + 4 cos 2k
: (III.15)

The same dispersion relation, tough di�ering from a constant, was obtained from a matrix-
product states ansatz in Ref. [207]. Their gap was not the same because the constant factor
is di�erent. Within our variational approach, we obtain a vanishing gap forJ2 = 0:25J1

which is actually rather close to the numerical value for thetransition, thereby giving a
simple picture for the onset of the transition, starting from the dimerized phase.
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Figure III.3: Single spinon dispersion relations: variational predictions are plotted
against ED data on odd size chains for increasing frustration J2, taking J1 = 1 as the unit of
energy. The grey area represents the region for which energies belong to theStot

z = 3=2 sector
in ED. The black curves are the lowest branches of spinon dispersion expected from Bethe
ansatz calculations. ForJ2 = 0, the J1

�
2 j coskj is exact while forJ2 = 0:25J1, the prefactor

is �tted to the curve. In the J2 = 4J1 plot, J2
�
2 j cos 2kj is used as the system consists in

almost decoupled chains with double lattice spacing. Notice that, strictly speaking, plots with
J2 = 0:25J1 and J2 = 4J1 correspond to gaped systems but the gap is so small that the ED
data cannot resolve it and the Bethe ansatz curve reproduce well the higher energies part.
The cyan curve is the variational result(III.15) . The orange curve is the lowest branch of
3-spinons dispersion relation in the variational approachand assuming independent spinons,
to be compared to the region of states withSz

tot = 3=2. Reproduced from Ref. [209].

The minimum of the dispersion relation is atk = �= 2 for smallJ2 but becomes incommen-
surate above the thresholdJ2=J1 = 9=17 ' 0:52941. This value is the same as in Ref. [207]
and in agreement with the recent numerical study of Ref. [206]. In the incommensurate
regime, the positionk� of the minimum of the single-spinon dispersion relation follows

k� =
1
2

arccos

 

�
5
4

+
3
4

r

2 �
J1

J2

!

and
�
2

� k� /
J2=J1 ! 9=17

�
J2

J1
�

9
17

� 1=2

: (III.16)

Fig. III.3 compares these results to exact diagonalizationspectra both in theSz
tot = 1=2 and

Sz
tot = 3=2 sectors to observe the opening of the gap and the onset of incommensurability. At

the Heisenberg pointJ2 = 0), comparison is made with Bethe ansatz exact solution! (k) '
J1

�
2 jcoskj (black curve). Using the variational approach and assuming three independent

spinons, one obtains the lowest part of theSz
tot = 3=2 sector from

! 3-spinons(k) = min
k1 ;k2 ;k3P

i k i = k

[! (k1) + ! (k2) + ! (k3)] ; (III.17)

in which ! (k) is (III.15) and displayed as the orange curve on Fig. III.3 and which can be
compared to the boundary of the grey area.

2.5 Two-spinons spectra

We now study the elementary excitations on an even length chain at the MG point using
states with two-spinons excitationsj i such that the spin sector is determined by
the two spinons while the rest of the chain is in the singlet sector because of MG domains.
After writing the e�ective Hamiltonian, one goes to the center-of-mass frame and there are
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2. The frustrated spin-1=2 chain and its Majumdar-Ghosh point

wave-vectorsK for motion of the center-of-mass andk for the relative motion. One ends
up with an K -dependent Schr•odinger equation onr and the singlet and triplet sectors di�er
only by the boundary condition at r = 1. In the singlet sector, a continuum is obtained
which follows

! (K; k ) =
5
2

J2 + 2J2 cos(K ) cos(2k) ; (III.18)

where k 2 [� �
2 ; �

2 ] and K 2 [� �
2 ; �

2 ]. In the triplet sector, the same dispersion relation
is recovered except forK 2 [ �

3 ; 2�
3 ] for which a bound-state of width � (K ) exists, with a

dispersion relation

! (K ) =
5
2

J2 � J2

s

4 cos2 K +
�

1
2

+ cos 2K
� 2

; (III.19)

below the singlet continuum, and� (K ) satisfying to

e� 2=� (K ) =

q
4 cos2 K +

�
1
2 + cos 2K

� 2
� 1

2 � cos 2K

2 cosK
; (III.20)

which displays a divergence� (K ) ! + 1 when K ! �
3

+ for which one recovers decon�ned
excitations as for the singlet sector and the disappearanceof the bound-state.

We now compare these predictions to numerics from exact diagonalization on Fig. III.4.
In particular, we show the bottom of the Sz

tot = 1 and Sz
tot = 2 spectra to discuss the

bound state and many-spinons excitations. We could not derive the exact dispersion rela-
tion analytically for two spinons away from the MG point, but the single spinon dynamics
can already give insights through an independent spinons picture in which the two-spinon
dispersion relation reads

! 2-spinons(K ) = min
k1 ;k2

k1+ k2= K

[! (k1) + ! (k2)] ; (III.21)

in which ! (k) is (III.15), and for which singlet and triplet sectors are naturally degenerate.
Similarly, a four independent spinons dispersion relationcan be obtained to compare with
numerics. The two-spinons Bethe ansatz solution at the Heisenberg point J2 = 0 reads
! 2-spinons(K ) = J1

�
2 sinK . At the MG point, the dispersion relations for the di�erent spin

sectors are very well reproduced by the variational approach. In particular, the triplet
bound-state is the lowestK = �= 2 energy. Interestingly, displaying theSz

tot = 2 sector
shows that the four spinons continuum start much higher in energy than the two-spinon
continuum, essentially because of the single spinon gap. The independent spinons picture
shows that close to and atK = �= 2, the lowest boundary of the continuum is actually
due to four spinons excitations and not due to two-spinons bound-state which lies higher in
energies.

Increasing further the frustration (J2 = 9=17J1 and J2 = 0:6J1) brings incommensura-
bility in the dispersion relation. The shapes of the continua are well reproduced by the
variational method but, as we saw for a single spinon, the gapis not quantitatively repro-
duced. Therefore, we shifted the variational curves upwardby an amount which is speci�ed
on the two plots for each line. The shift for the four spinons line is nearly twice the one for
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Figure III.4: Two spinons dispersion relations: Evolution of the low-energy spectrum
of even sizeJ1-J2 chain for increasingJ2=J1, taking J1 = 1 as the unit of energy. The light
grey area stands for energy belonging to theSz

tot = 1 sector (2 spinons in a triplet state)
while the dark grey area corresponds to theSz

tot = 2 (4 spinons). These are compared to
Bethe ansatz (black lines) and the variational approach fortwo independent spinons (blue
line, exact at the MG point) and four independent spinons (green line). The yellow line at
the MG point shows the variational result for the triplet bound-state. Extra numbers close
to the variational lines for J2=J1 = 9=17; 0:6 indicate that a vertical shift has been applied
to the variational prediction to better �t the ED data. Reproduced from Ref. [209].

the two spinons line which is reasonable. ForJ2 = 9=17J1, the 
attening to a quartic be-
havior for small K is visible in the ED data thanks to the variational curve. ForJ2 = 0:6J1,
the incommensurate wave-vectorq� is well resolved by the ED data and in good agreement
with the variational prediction. Looking for the minimum over K in (III.21) gives twice the
minimum of the single spinon dispersion relation. Thus, theindependent spinons picture
gives the following prediction for the incommensurate wave-vector:

q� = arccos

 

�
5
4

+
3
4

r

2 �
J1

J2

!

: (III.22)

Interactions between spinons can a�ect both the magnitude of the gap and the incommen-
surate wave-vector through their variation with the relative distance. At the MG point,
this dependence is very weak at smallk since the interaction is essentially local. As the
incommensurability in q� occurs close to the MG point, these corrections should be small.
The least one can say is that ED cannot resolve them. Notice that both the ED and the vari-
ational ansatz shows that theK = 0 energy is actually almost degenerate with theK = q�

energy. This may be seen as a precursor of the degeneracy of the ground-state in the large
J2 limit in which q� ! �= 2 gets degenerate with theK = 0 sector. Interestingly and as
expected from an independent spinon picture, the bottom of the four spinons continuum
also displays incommensurability with six minima over the full Brillouin zone. Last, in the
limit of large J2 and eluding the resolution of the tiny gap of the system, the excitation
spectrum is here again well �tted by the Bethe ansatz prediction replacing J1 by J2 and
folding the �rst Brillouin zone (see plot for J2 = 4J1).

3 The random Majumdar-Ghosh chain

We now turn to the e�ect of disorder on this frustrated chain. We take random antiferro-
magnetic couplings with a bounded distribution, typicallya box distribution of width �,
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3. The random Majumdar-Ghosh chain

and set ourselves at the MG point on average to bene�t from thegood variational descrip-
tion of the elementary excitations at this point. The initial and naive idea that motivated
this work with Arthur was that a single spinon at the MG point behaves almost as a free
particle and adding disorder would localize it through Anderson mechanism. We could then
get a simple scenario for localized excitations in a random frustrated magnets, and also a
analogue of localized solitons known in cold atoms [210]. The situation turned out to be
actually more complicated but also more interesting.

3.1 Decoupling of the Hamiltonian and random Majumdar-Ghosh
point

We consider a frustrated dimerized spin-1=2 chain with random nearest-neighbor couplings1

� i and next-nearest neighbor couplings� i :

H =
X

i

� i Si � Si +1 + � i Si � 1 � Si +1 ; (III.23)

In the following, the average couplings are written� i = � and � i = � with � = 2� to start
from the usual MG point. Applying H on the state jMGi which starts on even sitesi � 2j
gives [211]

Hj MGi =
1
4

X

i

(� 3� i + � i +1 � � i � � i +1 ) jMGi +
1
2

X

i

(� i � 1 � � i � � i � 1) j[i � 2; i + 1] i ;

(III.24)

where we writej[i � 2; i + 1] i = j i , the state with a dimer on bond (i � 2; i +
1). Consequently, the latter remain degenerate eigenstates of the Hamiltonian provided

� i = � i + � i +1 ; (III.25)

which we call the random Majumdar-Ghosh (RMG) point. It imposes a local correlation
between the random couplings. The Hamiltonian is then split into H = H RMG + H dim ,
whereH RMG follows (III.25) and H dim is the remaining part. We will now observe that two
localization mechanisms for the spinon are associated witheach parts of the Hamiltonian.

3.2 Anderson localization from H RMG

Assuming (III.25), we apply the variational method to derivean e�ective Hamiltonian for
H RMG , using the spinon statesjj i = j i with a spinon at site 2j + 1 separating
two MG domains. One gets

( eH RMG � EMG )jj i =
� 2j +1

2

�
jj � 1i +

5
2

jj i + jj + 1 i
�

; (III.26)

where EMG = � 3
4

P
i � i is the MG state energy extrapolated to odd sizes. This is special

kind of Anderson Hamiltonian with both random onsite and hopping enegies that are cor-
related. The matrix of eH RMG is non-hermitian becausefj j ig is not orthogonal but has real

1We switched to simpler notations due to the index for disorder.
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Figure III.5: Anderson localization at the RMG point : (a) Lyapunov exponent
 vs
energyE of the e�ective model. (b) magnetization pro�le from DMRG in sector Sz = 1=2.
Inset: log plot. (c) dimerization pro�le showing the MG domains. (d) �nite size e�ects on
the Lyapunov exponent. Reproduced from Ref. [215].

eigenvalues. It is then easy to solve the e�ective Hamiltonian numerically. Furthermore, this
tridiagonal form is well suited for perturbative disorder calculations based on the Dyson-
Schmidt method [212{214]. This method allows us to compute analytically the integrated
density of states of eH RMG , denoted by N (E) and Lyapunov exponent
 (E) which is the
inverse of the localization length. In the case of a uniform distribution over [� � � ; � + �],
the explicit calculation for energiesE < �= 4 gives


 (E) = arcosh
�

5
4

�
E
�

�
�

1
6

E 2

(E � 5
4 � )2 � � 2

�
�
�

� 2

: (III.27)

The result is compared to numerics on Fig III.5(a). In particular, we obtain that the
RMG spinon localization length � RMG = 1=
 (Emin ) in the state with the lowest energy
Emin = � min =4 (where� min = min ~� j ), scales as:

� RMG '

r
2�
�

: (III.28)

Notice that � RMG is not related to the spin correlation length of a MG state which is still
one site.

Another important outcome of the e�ective model is that it provides hints on the �nite-
size e�ects on the spinon energies, with consequences on thelocalization length. The lowest
energy spinon states correspond to the regime of Lifshitz localization, in the tail of the
density of states and controlled by a rare-events scenario.Adapting Lifshitz argument [213,
216] as sketched on Fig. III.6, a region of length̀with many ~� j close to� min { i.e. provided
j ~� j � � min j � C(E` � Emin ) for all j in the region, with C a constant { has its lowest energy
of the order ofE` ' Emin + � min � 2=2`2, assuming� min > 0 and writing Emin = � min =4. Since
the probability of creating such region scales asP` / [C(E` � Emin )=2�] ` for a uniform
distribution, the low-energy behavior of the integrated density of states is

N (E) / exp

(

� �

s
� min =2

E � Emin
ln

 
2� =C

E � Emin

!)

: (III.29)
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3. The random Majumdar-Ghosh chain

Figure III.6: Lifshitz argument for low-energy states of a disordered chain.
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Figure III.7: (a) Magnetization pro�le of a single spinon wave-function away from the RMG
point. (b) Log plot showing �ts by Airy functions and the e�ective local potentialhi jH dim ji i
coming from the dimerization Hamiltonian. Reproduced fromRef. [215].

Regarding �nite-size e�ects on the spinon energyEL in a chain of lengthL, the probability
to have the minimum energy must be such thatP` � 1=L. This yields N (EL ) � 1=L
in Eq. (III.29). Asymptotically, we thus expect �nite-size corrections of the formEL '
Emin + K� min (ln(ln L)=ln L)2 with K a constant.

In order to validate this e�ective model, we compare it to accurate DMRG calculations
of the magnetization pro�le in a chain with total spin Sz = 1=2 with the e�ective model
predictions wheremi � h Sz

i i is deduced from the coe�cients of the eigenfunction. As judged
by the results of Fig. III.5(b), the e�ective model providesquantitative predictions of the
magnetization pro�le. From the local dimerization pattern di = hSi � Si +1 i of Fig. III.5(c),
the localized spinon clearly separates two di�erent MG domains. One can extract the actual
� RMG from DMRG pro�les. On Fig. III.5(d), strong deviations between DMRG calculations
and the in�nite size result (III.28) are observed. This di�erence actually originates from
�nite-size e�ects : one has to take� RMG = 1=
 (EL ) on a �nite system, which yields strong
deviations, even for large sizes.
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Chapter III. Disorder and frustration in low-dimensional antiferromagnets

3.3 Random con�nement from H dim

We now move to the e�ect of the rest of the split Hamiltonian which explicitly reads

H dim =
X

i

� i Si � Si +1 ; (III.30)

with � i = � i � � i � � i +1 . This is nothing but a random dimerization term such that the
random couplings have a mean-value� i = 0. The e�ect of H dim is to localize spinons via
a random con�nement mechanism that can be understood withinthe variational approach.
The associated e�ective HamiltonianeH dim in the single spinon basis takes a rather compli-
cated form [215], with a dense-matrix representation. Still, its main e�ect is to induce an
e�ective random chemical potential� i for the spinon which reads

� i = hi jH dim ji i = �
3
4

� i � 1X

n=0

� 2n+1 +
(L � 1)=2X

n= i +1

� 2n

�
: (III.31)

It is the sum of two independent random walks (the� s on each sublattice) constrained to
have a total �xed length. Such a potential typically has a minimum in the bulk of large
chains and creates a well which localizes the spinon as shownon Fig. III.7. As for explicitly
dimerized chains [203], moving away from the minimum of the potential is locally analogous
to a linear con�nement. DMRG calculations of Fig. III.7 are nicely �tted by diagonalizing
the full e�ective Hamiltonian eH matrix. The location of the spinon is found to be principally
governed by the� i while both Anderson and con�nement mechanisms are to be takeninto
account for a quantitative description. We also notice thatthe almost linear shape of the
con�nement well on average translates into wave-function tails that are closer to an Airy
function rather than a true exponential.

3.4 Domains formation and Imry-Ma mechanism

We now see that another essential feature ofH dim is that it is responsible for an Imry-Ma
mechanism [217]. This basic idea is that if you are in an ordered state with several degenerate
ground-states and that if disorder can stabilize energetically and locally a domain usually
proportionally to the domain size, then the cost of creatinginterfaces will be compensated
by this gain. Consequently, the initially single domain will be fragmented into many sub-
domains. The scenario takes a quantitative form in the RMG model with H dim acting as a
perturbation which locally lifts the degeneracy between the two MG states [211]. Clearly,
MG states are no longer eigenstates since the perturbation put weights on long dimer states
j[2i � 1; 2j ]i = j i with a dimer on bond (2i � 1; 2j ). To analyze the Imry-Ma
e�ect, we compute the energy di�erence�E ij = h[2i � 1; 2j ]jHj [2i � 1; 2j ]i � EMG between
j[2i � 1; 2j ]i and the corresponding MG state reads

�E ij =
3
4

�
� 2i � 1 + � 2j

�

| {z }
Energy cost of

creating spinons

�
3
4

2j � 1X

n=2 i � 1

(� 1)n � n

| {z }
Energy gain for

stabilizing a domain

: (III.32)

The �rst term which averages to 3
2 � stems from the cost of creating two domain walls

(spinons). The second term can as well be viewed as an e�ective long range interaction be-
tween the two spinons induced by disorder. It averages to zero but rare events can de�nitely
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Figure III.8: (a) Magnetization pro�le of a MG chain with uncorrelated couplings displaying
localized spinons. Lines are the e�ective model predictionson each sublattices. (b) Dimer-
ization pattern and corresponding average of the random� -dimerization term of Eq. (III.32)
over MG domains (orange line). Reproduced from Ref. [215].

bring this state to a lower energy than the MG state: in an in�nitely large system, it is
always possible to �nd a region with� s that do not compensate and such that the random
interaction scales as the region size to make�E ij < 0. We exhibit in Fig. III.8(a) DMRG
calculations on a sample where four spinons are present in the ground-state. To complete
the description, the magnetization pro�le along each domain wall is pretty well reproduced
by using the local e�ective Hamiltonian for a single spinon (Born-like approximation). Fi-
nally, the averaged ofH dim in each domain, plotted in Fig. III.8(b), supports the pining
mechanism of the MG domains. Preliminary unpublished results on the spinon density and
the average size of a domain and their scaling exponents at small disorder can be found in
Ref. [218].

3.5 Residual interactions and strong-coupling picture using the RSRG
approach

To complete the physical picture of the nature from this weak-disorder approach, the residual
interactions between localized spinons are to be discussed. The magnetic couplings depend
on the overlap of the spinon wave-functions which vanishes with the density of spinons.
Therefore, magnetic couplings can have arbitrary low magnitude. Second, there is no con-
straint on their signs, and local con�gurations can have large ferromagnetic couplings. In
consequence, we may infer that the spin gap is immediately destroyed be a minute amount
of disorder and that the phase is partially polarized. The e�ective low-energy model for the
spinon is likely to be that of a ferromagnetic-antiferromagnetic random chain. In particular,
it has been shown that the model pertains to the large-spin phase of Gri�th's type. In this
end, it sounds surprising to end up with a gapless partially polarized phase starting from a
gaped phase with only antiferromagnetic couplings.

We conclude the discussion of this model by recalling results from the literature [219] that
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Chapter III. Disorder and frustration in low-dimensional antiferromagnets

capture the emergence of e�ective ferromagnetic couplingsfrom a strong-disorder renormal-
ization group approach. Applying RSRG to the frustrated random chain indeed yields two
kinds of processes provided one does not miss to take into account the possibility to generate
spins higher than 1=2. The renormalized couplings, which are here written in thegeneral
form Jij , depend on the spin sizesi . We have the following two equations corresponding to
the decimation scheme sketched in Fig. III.9:

Figure III.9: Decimation scheme for the RSRG procedure of Model(III.23) . Reproduced
from Ref. [215].

� if s1 6= s2 or J12 < 0, we takes = s1 + s2 for J12 < 0 and s = js1 � s2j for J12 > 0 and
we have

eJ =
s(s + 1) + s1(s1 + 1) � s2(s2 + 1)

2s(s + 1)
J01 +

s(s + 1) + s2(s2 + 1) � s1(s1 + 1)
2s(s + 1)

J02

(III.33)

� if s1 = s2 and J12 > 0, we have

eJ03 = J03 +
2
3

s1(s1 + 1)
(J01 � J02)(J23 � J13)

J12
(III.34)

Negative couplings can clearly occur out of antiferromagnetic couplings, and this is made
possible only due to the presence of frustration.

4 The frustrated ladder

We now turn to two J1-J2 chains coupled by a rung couplingJ? . The model under study
bridges the physics of the two famous spin-liquids which arethe two-leg ladder and the
frustrated chain. It realizes a transition from a columnar dimer phase to the rung-singlet
phase. The search for a transition between the RS phase and dimerized phases in spin-1=2
two-leg ladders was initially triggered by Ref. [220] whichproposed two scenarios. Based on
the rewriting of the low-energy physics in terms of four gaped Majorana fermions �elds [221]
comprising one in the singlet sector and three in the tripletsector. Taking into account a four
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4. The frustrated ladder

spin interaction [220] leads to closing the triplet gap or the singlet gap while the other sector
remains gaped. The �rst scenario was realized in the well-studied two-leg ladder model with
ring exchange [222], displaying a transition to staggered dimer phase. The second scenario
has been realized following the initial proposal by taking into account four spin interaction
with a negative coupling [223]. Restricting models to two-body exchanges only, the main
frustrated models which have been investigated to stabilize dimerized phases are two-leg
ladders with cross-coupled, zig-zag and inequivalent exchanges on plaquettes [224]. In the
context of the con�nement-decon�nement transition [225],the J1-J2 ladder model for which
there is an experimental realization [226], was studied using the low-energy physics [227]
and numerics, yet limited to the MG point [228, 229]J2=J1 = 0:5 and with little evidence.

Besides the mere theoretical interest, this model is also relevant to the spin ladder material
BiCu2PO6 where several studies have pointed towards a scenario involving a sizable intra-
chain frustration J2=J1 [230{232]. In particular, inelastic neutron scattering experiments
display incommensurate spin correlations which originatefrom magnetic frustration [231].
Based on numerical and analytical calculations, we report acareful study of the incommen-
surate response upon increasing the frustrating coupling.

4.1 Phase diagram

We study the following Hamiltonian on a spin-1=2 two-leg ladder and depicted on �g-
ure III.10: H =

P L
i =1 hi , with the three couplings

hi = J1 [Si; 1 � Si +1 ;1 + Si; 2 � Si +1 ;2] (III.35)

+ J2 [Si; 1 � Si +2 ;1 + Si; 2 � Si +2 ;2] (III.36)

+ J? Si; 1 � Si; 2 ; (III.37)

with the various couplings taken to be antiferromagnetic (J > 0). The zero-temperature
phase diagram is derived using ED and DMRG. We now describe below the main features
of the obtained phase diagram of Fig. III.10.

The phase diagram of Fig. III.10 displays two main phases (apart from the critical line
J? = 0 and J2 < J 2;c) : a columnar phase of dimer which breaks the translational symmetry
and the RS phase. The columnar phase, �rst proposed by Vekua and Honecker [229] along
the MG line J2 = 0:5J1, emerges naturally as the combination of two dimerized chains
with their dimer patterns in phase. The physical picture of the transition is the following
: starting from J? = 0, we have two dimerized chains between which the interchain an-
tiferromagnetic coupling will favor resonating valence bond (RVB) 
uctuations leading to
the alignment of their dimers (reminiscent of two-dimensional [227] columnar phases) and
a lowering of the order. RVB 
uctuations enhanced by largerJ? eventually destroy the
dimer order through an Ising second-order transition to theRS phase (as expected for a
single-component order parameter, the transition corresponding to breaking a discreteZ2

symmetry). As we will see, the triplet gap remains �nite across the phase diagram and on
the transition line between these two distinct spin-liquidphases. This melting of the dimer
crystal is driven by the low-energy 
uctuations which lie inthe singlet sector.

The transition line has a remarkable non-monotonic behavior showing a reentrance of the
RS phase at smallJ? when increasing the frustrationJ2. This shape can be understood
on simple qualitative grounds : the order parameter and spingap in the J1-J2 chain (along
the J? = 0 line) typically have a steep increase above the transition point and then a slow
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Figure III.10: The J1-J2 two-leg ladder model (top). Qualitative sketches of the twophases
realized : the columnar dimer phase (middle) and the rung-singlet phase (down). Phase
diagram of theJ1-J2 ladder. The commensurate-incommensurate regimes separated by the
dashed green line corresponds to the incommensurability emerging in the real-space spin cor-
relation functions. The violet transition line at �nite J? is of the Ising type. The dashed
violet line is the conjectured behavior of the transition line close toJ2;c = 0:241J1. Repro-
duced from Ref. [233].

decrease for largeJ2. ConsideringJ? as a perturbation, the larger the initial order, the
larger J? is required to destroy it. This argument is all the more validas the magnitude of
J? along the transition does not exceed 0:4J1. When the order parameter is in the ordered
region, we may use its scalingD(J? ) / (J? ;c � J? )1=8 as a rough estimate of the transition
line which yields : J? ;c / [D(J2)]8, with D(J2) the dimer order parameter of a singleJ1 � J2

chain. Furthermore, the numerics are particularly di�cult whenJ? and the gaps are small,
which corresponds to the behavior of the transition line close toJ2;c ' 0:24J1 and at large
J2. There, we may conjecture that the transition line qualitatively follows the behavior
of the J? = 0 order parameter and should therefore exhibit an exponential-like opening
J? ;c / e� AJ 1=(J2 � J2;c ) close toJ2;c and an exponential tailJ? ;c / e� A 0J2=J1 at large J2=J1.

4.2 Incommensurability and correlations

The second remarkable feature of this phase diagram is the onset of incommensurability
which is a typical signature of frustration. We have alreadyseen that the onset of in-
commensurability depends on the quantity we look at, although the most natural one is
real-space correlations, and to keep the same notation as before, we recall the three de�ni-
tions and notations of wave-vectors signaling incommensurability:

8
><

>:

q : real-space spin correlations

�q : maximum of the spin structure-factor

q� : minimum of the magnon dispersion relation

(III.38)

94



4. The frustrated ladder

0 p/2 p

kx

0
2

4
6

8

0 p/2 p

kx

0
0.

5
1

1.
5

2
2.

5
3

0 p/2 p

kx

0
0.

5
1

0 p/2 p

kx

0
0.

5
1

(E
-E

0)/
J

1
singlet ky= 0
singlet ky= p
triplet k y= 0
triplet k y= p

0 0.05 0.1 0.15
1/L

0
0.

5
1

singlet gap
at ( p - 2p/L,0)
triplet gap (OBC)
triplet gap (PBC)

J^ = 0.2J1 J^ = 0.37J1 J^ = J1 J^ = 3J1
J^ = 0.37J1

(a)
(e)

(b) (c) (d)

q* q*

q* q*

Figure III.11: (a-d) Low-energy excitations spectra for �xedJ2 = 0:6J1 and increasing
J? . The up arrows indicate an approximate location of the incommensurate wave-vector
q� corresponding to the minimum of the magnon relation dispersion. Full (dashed) symbols
are for L = 18 (L = 16). (e) scaling of relevant gaps very close to the transition point
: the triplet excitations remain gapped while a gapless singlet mode develops around the
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In Fig. III.10, we chose the standard de�nition for the onsetof incommensurability as the
appearance of an incommensurate wave-vector in the real-space spin correlations. The
magnitude of the frustrating term required to driveq away from � is reported on Fig. III.10
by the green dashed line. The line starts at the MG pointJ2=J1 = 0:5 for J? = 0 and
asymptotically decreases towardsJ2=J1 = 0 in the large J? limit. There, an accurate
description of the onset line, as well as the comparison between the wave-vectors (III.38)
is accessible (see hereafter). We lastly notice that for large J2=J1, q naturally reaches�= 2
since the model boils down to two weakly coupled ladders witha doubled unit cell.

4.3 Elementary excitations and gaps

We reproduce on Fig. III.11 the �nite-size spectra as a function of the momentumkx in the
two parity sectors (de�ned by the transverse momentumky) and for the singlet and triplet
channels (identi�ed using spin inversion symmetry), for a �xed frustration J2 = 0:6J1 and
increasingJ? .

Starting with a small J? (Fig. III.11(a)), the spectrum has four nearly degenerate low-
energy states. They clearly stem from the four possible singlet states corresponding to the
combination of two doubly degenerate chains. The degeneracy is lifted by J? which stabilizes
the combinations associated with the columnar phase, whilestaggered con�gurations have
a gap controlled by J? . Above these four low-energy singlet states, gaped singlet and
triplet modes reminiscent of the dimerized chain [199] develop around kx = 0; � . Their
near degeneracy is a signature of weakly con�ned spinons. Wenotice a minimum in the
magnon dispersion relation occurring at an incommensuratewave-vectorq� ' 3�= 4, using
the notation of Eq. (III.38). Comparison between the two wave-vectorsq and q� will be
addressed hereafter.

Very close to the critical point (spectrum withJ? = 0:37J1 of Fig. III.11(b)), we observe
that the triplet excitations remain fully gaped, while a low-energy singlet mode emerges
around (�; 0) (the wave-vector of the nearly degenerate ground-state). The emergence of
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Chapter III. Disorder and frustration in low-dimensional antiferromagnets

this mode is signaled in Fig. III.11(e) by the scaling to zeroof the singlet gap at (� � 2�=L; 0).
On the contrary, the triplet modes clearly have a �nite gap inthe thermodynamic limit.
This singlet mode is related to the algebraic decay of the dimer correlations, supporting the
melting of the dimer crystal scenario for the transition. This scenario seems to agree with
the �eld theoretical approach and early numerical results of Ref. [229].

Entering the RS phase by increasing furtherJ? , the ground-state is now non-degenerate
and the spectrum fully gaped with an incommensurate magnon branch as the lowest exci-
tation. For J? = J1 (Fig. III.11(c)), this branch enters the continuum of many-magnons
excitations for small and largekx , but for large enough transverse coupling (J? = 3J1 in
Fig. III.11(d)), the incommensurate magnon branch is well separated from the continuum
(as usually found for Heisenberg ladders). This strong-coupling physics is well captured by
the perturbative calculations that we now discuss.

4.4 The large-J? limit: magnon dispersion relation

Thanks to strong-coupling expansion and the bond-order mean-�eld (BOMF) technique, the
large-J? limit, taking J1 and J2 as perturbations, is investigated analytically. For instance,
a strong-coupling expansion gives the following magnon dispersion relation

! (k) = J? + J1 cos(k) + J2 cos(2k) +
3
4

J 2
1 + J 2

2

J?
: (III.39)

In comparison to the standard ladder dispersion relation, frustration brings the harmonic
2k leading to incommensurability. Remarkably, and contrary to the case of a singleJ1-J2

chain, we here have an exact estimate for the wave-vector minimizing the magnon gap,
which we wroteq� and which is, in principle, di�erent from q. In this limit, if J2 � J1=4,
the minimum of the dispersion remains atq� = � while for J2 � J1=4, the minimum takes
place at the incommensurate wave-vector

q� = arccos
�

�
J1

4J2

�
; (III.40)

which reaches�= 2 in the large-J2 limit.
The bond-order mean-�eld approach can give slightly improved results and we only recall

here its principle [234]. The local Hilbert space on each rungis spanned by introducing a
singlet creation operatorsy

i , and three triplet creation operatorsty
i;x , ty

i;y and ty
i;z . Due to the

fact that there is either a singlet or a triplet on a rung, the local constraintsy
i si +

P
� ty

i;� t i;� =
1 is introduced using a Lagrange multiplier which identi�esto a local chemical potential� .
Rewriting H in these variables leads to an Hamiltonian with quadratic andquartic terms.
This is where there is a little bit of physical input: one can see the RS phase as a condensed
phase for singlets so that one introduces the mean-�eld parameter si ' �s which value,
together with � will be obtained self-consistently. Before that, neglecting some terms and
performing a Bogolyubov transformation on the remaining quadratic Hamiltonian allows to
diagonalize it, providing the magnon dispersion relation.

4.5 The large-J? limit: incommensurability

The most interesting thing about the large-J2 limit is that we can derive the behavior of
the incommensurate vectorq analytically. We �rst recall that we write �q the wave-vector
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Figure III.12: Incommensurate wave-vectorsq and �q with increasing frustration J2 for dif-
ferent J? from DMRG results (dots) and compared with BOMF formula(III.42) (straight
lines). The black line gives the strong-coupling prediction for q� from Eq. (III.40) . Repro-
duced from Ref. [233].

at which the spin structure factorS(k) is maximum. In unfrustrated antiferromagnets, the
tendency to N�eel ordering usually translates in the fact that q = q� = �q = � . In a gaped
system with incommensurateq, the di�erence betweenq and �q is easily understood from a
Rayleigh criterion. Indeed, by taking the Fourier transform of short-range correlations at
wave-vectorq, one gets a double-peak structure forS(k), which width is governed by the
inverse of the spin correlation length� � 1

spin. We thus expect �q to be larger thanq, qualitatively
�q = q + const. � � � 1

spin. Clearly, the onset of �q will occur after that of q (when increasing
frustration).

Typical cuts at �xed J? and increasingJ2 are gathered in Fig. III.12, showing that the
larger J? , the larger the discrepancy between the onset and the behavior of q and �q. The
black line recalls the prediction forq� from Eq. (III.40) for comparison. In particular, we
observe that �q is very close toq� in the strong-coupling regime.

These observations can be explained using a scenario proposed by Nomura [193]. Within
the BOMF [234] or single-mode approximations, we obtain thefollowing expression2 for
S(k):

S(k) / 1=! (k) : (III.41)

First, this shows that incommensurability in S(k) occurs on the same lineJ2 = J1=4 as
for the dispersion relation, in other words �q = q� (valid only in the strong-coupling limit,
small deviations are found otherwise). The idea of the scenario is the following [193, 235]:
by extending S(k) to the complex plane and studying the evolution of its branch cuts
and singularities, one will get a scenario for the maximum onthe real axis. In particular,
the onset of incommensurability in the correlation function can be interpreted as a fusion of
branch points in the complex plane. We will not detail the reasoning here, which analyzes the

2Since the one-magnon dispersion relation is in theky = � sector, we only consider the structure factor in
this sector which amplitude is much bigger than the one atky = 0.
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Figure III.13: Evolution of singularities (dots) and branch cuts (green lines) of the BOMF
structure factor with increasing frustration. Dotted lines are the lines whereIm[P(cosk)] =
0. Reproduced from Ref. [233].

roots of! (k) [233], but it is graphically summarized in Fig. III.13. Theparametersd1;2 enters
the dispersion relation and are such thatd2=d1 = J2=J1. There are three di�erent steps while
increasing frustration, shown in the complex plane (a; b): for d2 < d 2;c, there are four branch
points on the axisa = � so the maximum lies atq = �q = � . For d2;c < d 2 < d 1=4, the branch
points leave thea = � axis so that the real-space correlations become incommensurate. Still,
the maximum on the real axis remains at �q = � . Last, when d2 > d 1=4, both �q and q are
incommensurate and they are not equal since one has thenq� = �q. One can show that good
approximations of the critical value for the onset of incommensurability J2;c and wave-vector
q are

J2;c = J 2
1 =4J? ; and q ' arccos

�
�

J1

2
p

J2J?

�
; (III.42)

showing that it vanishes at largeJ? in the phase diagram of Fig III.10, while the lines
corresponding toq� and �q would saturate at J2=J1 = 1=4. The prediction for q is in very
good agreement with the DMRG calculations of Fig. III.13. Inparticular, we see that the
departure from � for both q and q� = �q has the same scaling exponent 1=2.

5 Impurities in the frustrated ladder model

5.1 Looking beyond the Brillouin response

In this section, we analyze the behavior of the magnetization curve of frustrated ladder
doped with non-magnetic impurities. In this system, disorder enters through only one
parameter, the dopingz, since impurities are assumed to be distributed independently from
one to another as on Fig. III.14. Such model was studied in the90s and regains attention
nowadays due to the possibility to address the Bose-glass physics with doped compounds.
A seminal work was carried out by Sigrist and Furusaki [236] and following contributions
but little attention was given to the actual shape of the magnetization curve. The goal of
this contribution is to improve on existing results by providing more quantitative results
and to discuss the shape of the magnetization curve in the low-�eld regime, below the gap
of the undoped ladder.
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5. Impurities in the frustrated ladder model

Figure III.14: A typically ladder compound where Cu atoms carry a spin-1=2 while Zn are
non-magnetic impurities.

Physically, putting a non-magnetic impurity in a ladder frees a spin-1=2, which we may
also call a spinon, that appears on the opposite site of the rung containing the impurity
and remains con�ned to the impurity. For instance, this translates into an exponential
magnetization pro�le around the impurity, as sketched in Fig. III.14, and which is well seen
in NMR experiments. Consequently, for a low impurities concentration, the simpler picture
would be that of a paramagnetic gas ofN i spin-1=2 which magnetization curve is given by
a Brillouin curve

m(H; T ) = z tanh[H=2T] ; (III.43)

where z corresponds to theimpurity saturation plateau, and drawn below on Fig. III.15.
The region we focus on is the region below the spin gap �S so that the spinons should be
the only ones to contribute to the magnetization.

Figure III.15: Sketch of the magnetic curve of non-interacting spinons freed by impurities.

Naturally, there exists some e�ective interaction between the spinons which is mediated by
the spin-gaped bulk of the ladder. Our goal is to look for the impact of these interactions
on the magnetic curvem(H; T ) with H the magnetic excitation andT the temperature.
We �rst need to better understand the e�ective interaction before focusing on two main

quantities already present on the Brillouin curve: whenT � H , one hasm '
c(T)

T
H where

c(T) is an e�ective Curie constant which depends on temperature. Otherwise, whenH & T,
we may interested in the way the magnetization approaches saturation.

5.2 Main considerations

E�ective two-body interactions between impurities In order to better understand the
e�ective interaction between impurities, sketched on Fig.III.16, we assume that two-body
processes will be dominant at low-doping and one can see thatthe e�ective model can be
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Figure III.16: E�ective model for interacting impurities.

viewed as spin-1=2 operatorsSI living on the impurity at site I , in a similar approach as holes
describing the absence of electrons. Previous works along this direction are Refs. [236, 237].
Adopting a RKKY-like reasoning, an impurity at site SI will create locally a magnetiza-
tion pattern that reaches other impurity spins at sitesSJ and acts as a local magnetic �eld.
Assuming linear response, the spin atSJ will respond to this �eld with the magnetic suscep-
tibility � of the bulk system. In the end, one can write the following e�ective Hamiltonian
for the impurity spins

H imp =
X

I ;J

J e�
I � J SI � SJ ; (III.44)

where J e�
R = �

X

k

jJk j2� k e� i k �R and Jk is the Fourier transform of the couplings. This

formula can be computed analytically in the strong-J? limit where the susceptibility can be
obtained from BOMF theory. From intermediate to long distance, the behavior in real-space
is very well �tted by the formula

J e�
x;y = J0(� 1)y+1 e� x=� cos(qx + � ) : (III.45)

In the commensurate regime,q = � and the couplings alternate sign according to the
antiferromagnetic background. The three parametersJ0, � and q can be derived analytically
or computed numerically with DMRG. � and q are the same as for the real-space spin
correlations. For short-distances, special con�gurations and frustration can lead to couplings
that have a di�erent sign or magnitude than what is expected from the formula. In any
case, DMRG allows one to compute them almost exactly for all these special cases. The
key feature of the couplings is that they decay exponentially with the relative distance,
something expected for most gaped systems with gaped susceptibility.

Coupling distribution The coupling distribution is then simply inferred from the distribu-
tion of relative positions, labeled with two integers (nx ; ny). It is given by a geometric law
pnx ;ny = z(1 � z)2nx + ny � 1 for nx + ny > 0. The exact distribution is discrete but, to keep
things tractable for some discussion, a fair continuous approximation of it is the following
power-law behavior

p(J ) =
z�
J0

�
jJ j
J0

� � � 1

with � = 2�z ; (III.46)

for J 2 [� J0; J0]. The exponent� , which will enter many observables, is doping-dependent.
In the presence of incommensurability, the distribution ofcouplings for same�z is hardly
a�ected. As the observables we are interested in are essentially controlled by p(J ), we foresee
that frustration, through incommensurability, will not pl ay a crucial role in the physics.
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5. Impurities in the frustrated ladder model

Chain breaks and cluster size distribution Ladder is a one-dimensional system but not
a chain. A single impurity cannot break the connectivity of the ladder but two impurities
can, and they have three ways of doing that, depending on their positions on a plaquette,
as sketched on Fig. III.17.

Figure III.17: Chain breaks and typical cluster in the doped ladder.

A chain which is doped breaks into �nite clusters, which are pure chains of �nite length
`. The distribution of ` in a a chain is simply an exponential of mean-value�̀ ' 1=z in the
low-doping regime. A ladder also breaks into �nite-size clusters, but the di�erence is that
the clusters are generally doped themselves in a fully-connected manner and with an average
doping close toz. If one knows the physics of a �nite-size cluster at some given doping,
one must average over cluster sizes and doping distributions to obtain quantities in the
thermodynamical limit, susceptible to be compared to experiments or ab-initio numerics.
The ladder is thus much more involved and we do not know the exact p(`; z) distribution.
In Ref. [215], we give a re�ned analysis of the cluster-size distribution which is itself not so
trivial. For sake of simplicity, one can stick to an exponential law at low-doping

� (`) '
1
�̀ e� `= �̀

; (III.47)

with �̀ ' 1=3z2 in the diluted and continuum limit. The factor three comes from the three
possibilities for breaking the ladder, and the square from the need of two impurities to break
the ladder.

Di�erent kind of approaches In order to understand the physics, we resort to various
complementary methods:

� brute-force ab-initio calculations on �nite-size samplesof ladders in which some sites
have been removed. Using DMRG and quantum Monte-Carlo, in collaboration with
Nicolas La
orencie, we can access bothT = 0 and �nite- T behavior of the Curie
constant and magnetization curve.

� numerical solution of the e�ective model of Eq. (III.44) using the exact coupling distri-
bution computed by DMRG or an analytical ansatz. As the Heisenberg model is fully-
connected, we use a full diagonalization which also gives access to �nite-temperature
properties. Usually, the e�ective size of the correspondingsample is comparable or
larger than for the ab-initio calculations. QMC has also been used on the e�ective
model directly.

� The simplest analytical calculations one could buy and which is expected to be rea-
sonable at large and intermediate energy scales, is to consider that each spins is bound

101



Chapter III. Disorder and frustration in low-dimensional antiferromagnets

to its neighbour in a dimer state each two links. The magnetization curve is simply
the sum over the contributions of independent dimers of coupling J :

m(H; T ) = 2 z
Z

dJp(J )
sinh[H=T]

1 + eJ=T + 2 cosh[H=T]
: (III.48)

This can be pictured as on Fig. III.18 and gives a simple routeto the connection
between the magnetic curve andp(J ).

Figure III.18: The independent random dimer model.

� comparison with known results in the literature on the random Ferromagnetic-
Antiferromagnetic (F-AF) chain.

5.3 Curie (not so) constant

The total Curie constant C(T) characterizes the limit of vanishing magnetic excitationH !
0 at �nite temperature T. It is related to the total static susceptibility as � (T) = C(T)=T.
In a system of total spin hSz

tot i = 0 at H = 0 taken to be along z, the Curie constant
measures the 
uctuations of the total spinStot according to

C(T) = h(Sz
tot )

2i =
hStot (Stot + 1) i

3
; (III.49)

in which the average can mix quantum expectation, �nite-temperature e�ects and disorder
averaging. It is thus a simple global quantity that is relatively accessible to experiment
through static susceptibility measurements. In the following, we rather discuss the Curie
constant per rung de�ned byc = C=L with L the length of the ladder. A single spin-1=2
has a Curie constantc = 1=4. Thus, in the limit of high-temperature in the ladder, we
should havec = (1 � z)=2 when all spins are uncorrelated by thermal 
uctuations. Ifone
decreases temperature and assumes that the spin gap �S can be signi�cantly larger than
the maximum couplings between the impurities, typicallyJ0, then there exists a regime such
that J0 � T � � S in which the magnons contribution is frozen and the impurityspins
are uncorrelated. This yields a plateauc ' z=2, which value is a�ected by chain breaking
e�ects3. The evolution below this plateau is a non-trivial power-law with temperature
that reaches a second plateau at very low temperature at value c ' z=6, if here again we
neglect chain breaking e�ects. This scenario, �rst intuited by Sigrist and Furusaki [236], is
summarized on Fig. III.19 and shows that this simple quantity already captures the main
energy scales of the system. We now explain in more details the last two behaviors, starting
from zero-temperature.

3It lowers the actual number of freed spinons. Consider for instance the case of two impurities on the same
rung. A �rst correction would be c ' z(1 � z)=2.
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Figure III.19: Sketch of the behavior of the Curie constant. The plateauc = z=2 corresponds
to free impurity spins.

Zero-temperature limit The z=6 plateau is understood in a bipartite lattice, ie for the
non-frustrated model, directly from the distribution of impurities over each sub-lattices.
Indeed, by denotingN = 2L the total number of sites (including impurity sites),N i = zN
the number of impurities, and assuming that there is no chainbreaking e�ects, applying
Marshall's theorem yields that the total spinS of such cluster matchesS = 1

2 jN i;A � N i;B j =
1
2 j2N i;A � N i j, whereN i;A (resp. N i;B ) is the number of impurities on sublatticeA (resp. B).
This theorem transforms the search of the total spin distribution into a purely geometric
problem. The probability of having a con�guration with N i;A impurities on sublattice A is
given by

P(N i;A ) =

� N=2
N i;A

�� N=2
N i � N i;A

�

� N
N i

� ; (III.50)

so that the probability of having a total spin S on a sample is

Pz;N i (S) =

� N=2
N i
2 + S

�� N=2
N i
2 � S

�

� N
N i

� (2 � � S;0) ; (III.51)

whereS 2 [0; N i =2]. This result is exact and allows to compute numerically the mean total
spin and the Curie constant. Controlling the �nite-size e�ects on the T = 0 plateau is
essential to be able to extract properly the power-law exponent as discussed hereafter. It
is also essential if one wants to average over cluster sizes when considering chain breaking
e�ects.

For largeN i and �xed z, according to the central limit theorem,Pz;N i (S) converges towards
a Gaussian. A saddle-point calculation gives the asymptotic behavior:

Pz;N i (S) '
2

p
2�� 2

S

e� S2=2� 2
S ; (III.52)

of variance� 2
S =

N i

4
(1 � z). One then obtains the average spin and total Curie constantin
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the N ! 1 limit as

S '

r
1 � z

2�

p
N i and Cz;N i =

N i

12
(1 � z)

"

1 +

s
8

� (1 � z)
N � 1=2

i

#

: (III.53)

For a large number of impurities, the Curie constantper impurity is then (1 � z)=12 at
T = 0, while the Curie constant per spin is z=12. Taking the same de�nition as before,
the T = 0 plateau is well approximated byc = z(1 � z)=6. The doping dependence of the
prefactors and �nite-size corrections were missed in previous work. They originate from the
dilution of the lattice and play a crucial role in the quantitative comparison with numerics
that usually work with a restricted number of impurities. For the frustrated model for which
Marshall's theorem is not applicable, and numerical simulations on the e�ective model with
incommensurability show an appreciable reduction of both the total spin and the Curie
constant, essentially due to the short distance behavior ofthe e�ective interaction.

Last, one can average over the cluster sizes, assuming that they have a �xed densityz,
which is not fully correct. The total spin per unit length �s = S=�̀ and averaged Curie
constant follow

�s '
1
2

q
z(1 � z)=�̀ '

p
3

2
z3=2 (III.54)

and

c '
z
6

(1 � z)(1 � 1=�̀) +
1
6

q
z(1 � z)=�̀ '

z
6

(1 +
p

3z + : : :) ; (III.55)

Notice that the system has a �nite total spin density in the thermodynamical limit thanks
to the chain breaking mechanism. This means that it is partially polarized at T = 0,
or partially ferromagnetic. Again, disorder non-trivially makes a purely antiferromagnetic
model partially polarized at T = 0.

Power-law behavior and doping dependent exponent The power-law behavior at inter-
mediate temperatures is not easy to catch properly numerically. The picture we obtain in
the end is that there is probably two regimes featuring an exponent close to thez=2 plateau
and another one at lower temperatures. There is a simple way to see how a power-law can
emerge in this context by considering the random dimer model. Indeed, the Curie-constant
computed under these assumptions is

c(T) = 2 z
Z

dJp(J )
1

3 + eJ=T
: (III.56)

It clearly shows aT-dependence and also reproduces thez=2 plateau in the large-T limit.
By doing a Sommerfeld-like expansion at low-T, one gets

c(T)
2z

=
1
6

+ K �

�
T
J0

� �

(III.57)

with K � a known numerical constant of the order of 0:1-0:2. The �rst constant is not
correct (it should be 1=12) because the model does not take into account the possibility to
build large total spin. The predicted exponent is� = 2�z is doping-dependent and simply
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5. Impurities in the frustrated ladder model

Figure III.20: Left: scaling of the Curie constant with temperature from QMC. Right: esti-
mates for the Curie constant exponent� (z) from the e�ective model withN i = 100 impurities
with � = 3. The horizontal � = 0:21 line indicates the RSRG universal regime of the F-AF
chain. In all cases, the exponent� (z) is smaller than the prediction2z� which seems to
hold only in the limit z� ! 0. Reproduced from Ref. [238].

connected to the coupling distribution. This exponent actually matches well the ED results
on small e�ective model at rather large temperatures, although Eq. (III.57) does not �t
at all the data. We consequently believe that the departure from the z=2 plateau is well
understood as a power-law originating essentially from thecoupling distribution.

This is actually in agreement with large-scale QMC simulations reproduced on Fig. III.20,
at least for the high temperatures close to the free spinons plateau. The full lines indicate
the slope given by the 2�z exponent. Yet, one observes at very low energy scales that another
exponent, slightly smaller, emerges and the larger the doping, the larger the deviation from
the 2�z exponent. These low-temperature exponents are reported onFig. III.20 and tenta-
tively explained with a scenario based on the RSRG studies onthe random ferromagnetic-
antiferromagnetic chain [179{181, 239].

Indeed, for reasonably short correlation lengths� , the e�ective model should fall into the
F-AF universality class in the RSRG sense. As regards the possible universal exponents of
this phase, it was found numerically [179] that it is strongly dependent on the singular nature
of the initial coupling distribution. By denoting P(J ) � j J j � y the initial distribution of the
couplings, the following scenario is proposed: (i) wheny > y c with yc ' 0:7, the RSRG

ows towards a non-universal �xed point with non-universal value of � . This exponent
should depend onz and � but is not necessarily equal to 2z� ; (ii) when y < y c (initial
distribution \not too singular"), the RSRG 
ows towards a un iversal �xed point with � '
0:21. QMC calculations [180, 181] have demonstrated the following typical behavior for
the Curie constant on the F-AF random chain: at high-temperatures below the saturation
plateau, c(T) strongly depends on the initial distribution coupling. Yet, at low enough
temperatures, the variousc(T) curves collapse very close to the RSRG prediction with
c(T) � c(0) = K (T=Jmax)0:21 wherec(0) = 1=12 andK ' 0:117.

Coming back to the situation of doped ladders, the RSRG picture is certainly applicable
to the ladder provided z� � 1 but hard to justify when z� � 1, we �rst expect from
Refs. [180, 181] that the high-temperature regime is alwaysdependent on the distribution,
which is consistent with the previous observations and the random dimer picture. Then,
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Figure III.21: Typical magnetization curve of the doped ladder for increasing temperature.
ED is done on the e�ective model. Reproduced from Ref. [238].

one expects that the RSRG picture develops at low-temperatures with two possibles cases.
The yc ' 0:7 criteria translates on ladder to a critical dopingzc ' 1 � e� 0:15=� such that
(i) if z < zc, the low-temperature exponent is non-universal, dependent on z and � and
could di�er from the high-temperature exponent expected tobe 2z� ; (ii) if z > zc, one
can fall into the RSRG universality class and the low-temperature exponent should become
independent ofz and � and reaches 0:22. One must notice that the second situation can
actually be realistic for doped ladders in the weakly coupled regime, since, for instance,
� & 7 for J? = Jk=2, giving zc ' 2%.

We observe on Fig. III.20 that the low-doping regime is consistent with the 2�z limit
while intermediate dopings display signi�cant deviationsand a tendency to saturate around
the RSRG universal regime forz & zc. Yet, the validity of the random F-AF RSRG picture
can be questioned for two main reasons: whenz� becomes large, the dilute short range
interaction limit fails and it is not guaranteed that the RSRG is still under control with
longer range interaction. Second, as we will see on the magnetic curve, the discrete nature
of the distribution can play a quantitative role. The criteria for the initial distribution
exponenty is valid within a continuous description but the discrete nature of the coupling
can make the distribution more singular. Interpretation inthat sense was proposed on the
same model through the study on correlation lengths [240].

5.4 Magnetization curves

We now brie
y comment on the behavior of the magnetization curve m(H; T ).

Magnetization jump and impurity plateau Strictly speaking, we must havem(H; T ) = 0
when H = 0 due to the SU(2) symmetry. If one now considers a �nite-system with T = 0
and a small but �nite magnetic �eld, the degeneracy within a sector of total spin S will
be lifted to favor the state Sz = S. Then, there exists a disorder averaged magnetization
jump �m = m(H = 0+ ; T = 0) � m(H = 0; T = 0) which matches �m = �s of Eq. (III.54).
This is typical of a partially ferromagnetic state. Moreover, as for the Curie constant, the
saturation plateau, expected to lie atm = z, is actually a�ected by chain breaks e�ects since
all impurities do not bring in a free spin. First order corrections in z makesm ' z(1 � z).
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5. Impurities in the frustrated ladder model

Zero-temperature curve Using the random dimer model, the low-temperature magneti-
zation curve forH � T takes a Fermi-Dirac form to a good approximation

m(H; T ) ' z
Z

dJp(J )
1

e(J � H )=T + 1
; (III.58)

where H plays the role of the chemical potential. This is physicallytransparent as the
system is equivalent in this limit to a collection of two-level systems with only the singlet
and triplet Sz = 1 states contributing to the low-energy physics which naturally maps

onto fermionic statistics. Introducing the repartition function R(J ) =
Z J

�1
P(J 0)dJ0 of the

couplings, we getm(H; T = 0) = zR(H ), and for the continuous distribution (III.46), this
yields a power-law behavior

m(H; T = 0) =
z
2

�
1 +

�
H
J0

� � �
; (III.59)

with � = 2z� . This already deviates signi�cantly from the Brillouin picture. Still, the
random dimer model fails to reproduce the correctH ! 0 limit and gives for the jump
�m = R(0) = z=2. One can incorporate the exact result discussed above in the RDM by
stretching the repartition function of antiferromagneticcouplingsR+ (J ) de�ned by

R+ (J ) =
R(J ) � R(0)

1 � R(0)
for J > 0 : (III.60)

We thus de�ne the phenomenological "stretched random dimer" ansatz as

m(H; T = 0) = �m + ( z � �m )R+ (H ) : (III.61)

Physically, the issue of the random dimer model is that it works with total spins S = 0 and
S = 1 and cannot capture the large-spin formation. This formula can be used numerically
using the actual discreteR+ (H ) constructed from the DMRG computed couplings. This
stretching does not a�ect the exponent and a rough understanding of the shape of the
curve leads to the following simple power-law �t which couldbe useful for experiments or
numerical calculations:

m(H; T = 0) = �m + ( z � �m )
�

H
J0

� �

; (III.62)

in which one can leave free the three parameters�m , J0 and � . Interestingly, RSRG argu-
ments [179] have also proposed a power-law behavior for the magnetic curve whenH � T
based on energy scales phenomenology. As shown on the �rst panel of Fig. III.21, the phe-
nomenological formula (III.61) reproduces quite nicely the DMRG T = 0 data as well as
the ED on the e�ective model, up to the spin gap energy scale �S.

Finite-temperature e�ects The same game can be played at �nite-temperature. A phe-
nomenological �ts for the curve, based on the random dimer model is given by

m(H; T ) = �m tanh
�

H
2T

�
+

z � �m
1 � R(0)

Z

J> 0

mdimer (H; T ; J )p(J )dJ ; (III.63)
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Chapter III. Disorder and frustration in low-dimensional antiferromagnets

wheremdimer (H; T ; J ) =
2 sinh[H=T]

1 + eJ=T + 2 cosh[H=T]
is the magnetization of a single dimer. The

�rst part accounts for the contribution of ferromagnetic couplings, while the second accounts
for the magnetization process of antiferromagnetic dimers. The �rst term should in principle
correspond to a Brillouin function of spin�S but this version already gives satisfactory results.
Fig. III.21 shows that this ansatz captures rather well the numerics on the e�ective model
and explains the signi�cant deviation from Brillouin that is observed, even at temperature
of the order of the rung couplingJ1.
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Overview and perspectives

In this conclusion, we give an overview on the work summarized in this Habilitation
manuscript as well as some perspectives and possible guidelines of research for the near
future. A �rst comment is that, apart from the mere numerical implementation perspec-
tive, we did not develop new tools nor concepts to address strongly-correlated models. The
�eld is actually rather mature in the sense that many ideas and tools are now at hand and
awaiting for application on speci�c models, usually more involved than the ones for which
they were designed for. Still, learning the tools and using them to get a physical picture
of the behavior is very pleasant. A second comment is that thechoice of subjects, because
it may look rather scattered at �rst sight although some connections are clearly emerging,
�nds its origin in various motivations. The out-of-equilibrium subject was addressed not
at all because of its scope about the foundations of statistical mechanics, but merely be-
cause we wrote the algorithm for time-dependent ED during the PhD, for no purpose, and
that this availability met our own curiosity on looking for a bridge between the results of
Refs. [34] and [38]. The work on the bichromatic model was my post-doc project, so we can-
not claim to have had the view on the importance of it at that time. This forced us to learn
about disordered models and Anderson localization which became part of our culture and
allowed us to have some ideas on possible projects for Arthur's thesis which were eventually
achieved with more success than we could have ever hoped to. Learning and developing
more numerical tools is de�nitely a task that we should pursue and that would help future
students get a start with strongly-correlated systems. We now highlight the obtained results
and our personal perspectives on each of the three topics discussed previously.

Various faces of quantum quenches Quantum quenches have been devoted an impressive
number of publications in the last decade and we presented our results within the context
at the time they were published. A �rst impression on the sudden interaction quench in the
Bose-Hubbard model is that our contribution could be interpreted in a rather pessimistic
way. In small interaction quenches, �nite-size e�ects prevent us from a convincing con-
clusion on thermalization. One indeed obtains good agreement with canonical ensemble
calculations, but this is a rather speci�c phenomenon and subject to strong �nite-size ef-
fects in the comparison. In large interaction quenches, another kind of �nite-size e�ect
may turn the discussion into speculative statements due to the fact that the proximity of
the integrable point smears out the �nite interaction data. A more optimistic view is that
studying this particular quench allowed for a better understanding of the spectrum of the
Bose-Hubbard model, in particular high-energy states in thelarge-U regime, and that it
o�ered two counter-examples of naively expected behaviors: a pseudo-thermalized regime
at small energies and a strongly non-thermalized one at large energies. If one is to give
a tentative scope of the results on this model, one may say that quenches reaching the
classical limit of an Hamiltonian starting from a strongly quantum state may generically
result in a non-thermalized behavior, at least on �nite sizes. The last good point is we
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saw that non-thermalized e�ects due to integrability can survive to non-integrable pertur-
bations thanks to �nite-size e�ects and for sizes which are relevant to current cold atoms
lattice setups. This could explain why, although non-integrable e�ects are always present
in an experimental setup, one can observe integrable behavior even for a many-body gas.
In this respect, the use of the tilted potential o�ers a quenching parameter independent of
the U=J ratio which controls the integrability of the model. Ongoing experiments in this
direction are certainly promising. The manipulation of many-body wave-packets with time-
dependent potential looks nice on the paper but its experimental relevance is beyond our
expertise. On the issue of thermalization in an isolated quantum system, the community4

has already produced signi�cant progresses on the two main issues which are an equivalent
of the KAM theorem in the vicinity of an integrable point, and the question of the scal-
ing of the 
uctuations [241, 242] of observables with increasing system size to \prove" the
eigenstate thermalization hypothesis. The connection between many-body localization and
non-thermalization is also an appealing topic [243, 244].

On the scaling of the excess energy and Kibble-Zurek mechanism, it seems that the issue of
the exponent is still open. Ref. [99] and our results suggested deviations from Kibble-Zurek
scaling in non-trivial and non-integrable models, while the scaling is known to work in many
cases but restricted to solvable models. We gave a simple argument for non-universality but
the numerics are limited in time and a di�erent behavior at longer times could be expected.
The work on inhomogeneous quenches might be the one that is more open. The search
for an hydrodynamical description of strongly-correlatedinhomogeneous system could be
promising. Such approaches already exist but the combination of inhomogeneity or interfaces
with out-of-equilibrium physics may be a place for new mechanisms.

The quasi-periodic adventure Our contribution to the physics of bosons in quasi-periodic
lattices was initially to complete the phase diagram, together with other groups. As it is
well understood that the localization mechanism is not the same as in Anderson localization,
with speci�city such a critical value for localization and gaps in the excitation spectrum,
a legitimate motivation has been to suggest probes that are identikits of the Bose-glass
phase and its mechanism. Last, we tried to help interpret theexperimental coherence
and modulation spectroscopy spectra in collaboration withthe group at Florence. Using
a phenomenological approach to the e�ect of temperature, wereproduced the coherence
diagram from weak to strong interaction. The main interpretation is that the temperature
is rather high, making the super
uid regime almost in its classical limit but low enough so
that the localization lengths, either from Mott or quasi-periodic mechanisms are dominated
by the zero-temperature physics. We have thus at hand a good quantum simulator but
lowering the temperature is desirable, though not trivial at all experimentally considering
the hierarchy in energy scales required to map the physics onto the Aubry-Andr�e model.
However, the study is not fully satisfactory for largeU and small disorder and a better
understanding of the e�ect of temperature is one of our plansin the near future.

Frustration and disorder The manuscript concludes on yet another series of examples
pertaining to the general context of the interplay of frustration and disorder in quantum
magnetism. One of the aim was to have a good understanding of the elementary excitations

4We apologize for very partial citations among many ongoing works, we selected some of the most recent
as examples and with the hope they cite previous ones more comprehensively than we do.
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of the clean system �rst. In the frustrated chain at the Majumdar-Ghosh point, revisit-
ing the variational method allowed us to treat the random situation with a weak-disorder
perspective in a gaped system which is in principle not possible by bosonization or RSRG
methods. We found two mechanisms at play that localize the spinon elementary excita-
tions: Anderson localization and random con�nement. Through an Imry-Ma instability,
domain walls spontaneously nucleate in the chain and the freed spinons behave e�ectively
at low energies as in the random ferromagnetic-antiferromagnetic chain. This model, with
its partially polarized \large-spin" phase, displays a Curie tail. Hence, disorder proves to
have drastic e�ects on top of frustration in this model: starting from a gaped antiferromag-
netic chain and adding a minute amount of disorder that preserves the positive signs of the
couplings, one enters a gapless and partially polarized phase. The same low-energy physics
is recovered starting from a rather di�erent initial model which are ladders doped with
non-magnetic impurities. This gaped but non-degenerate ground-state also contains local-
ized spinons when doped, the spinons being attached to impurity sites. The low-magnetic
part of the magnetization has been analyzed and we showed that sizable deviations from
the Brillouin response are due to interactions. We providedquantitative predictions and
possible phenomenological �ts for these experimentally accessible quantity.

To give a broader view from these two examples, although the random antiferromagnetic
chain displays a beautiful random singlet phase at its in�nite disorder �xed point, the
low-energy physics of models of localized spinons in 1D might generically belong to the
universality class of the random ferromagnetic-antiferromagnetic chain since we do not see
any general argument to prevent e�ective couplings from being negative for some of them.
Future perspectives in this direction, despite the mere continuation of the discarded aspects
of the models with for instance the higher part of the magnetic curve of the ladder, are
motivated by experiments. The doped ladder physics is stillunder active investigation in
experiments with the hope of �nding a testbed for Bose-glassphysics [245{249]. Another line
of research is the frustrated chain with spin-3=2 and doped with non-magnetic impurities
that is studied by colleagues at L�eon Brillouin [250, 251].
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