N
N

N

HAL

open science

Some contributions to many-body quantum mathematics

Nicolas Rougerie

» To cite this version:

Nicolas Rougerie. Some contributions to many-body quantum mathematics. Mathematical Physics

[math-ph]. Université Grenoble-Alpes, 2016. tel-01394670

HAL Id: tel-01394670
https://hal.science/tel-01394670
Submitted on 29 Nov 2016

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

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


https://hal.science/tel-01394670
https://hal.archives-ouvertes.fr

Some contributions to many-body
quantum mathematics

These d’habilitation a diriger des recherches de ’auteur, résumant des résultats
obtenus entre 2011 et 2016 en collaboration avec: Michele Correggi, Mathieu Lewin,
Douglas Lundholm, Phan Thanh Nam, Robert Seiringer, Sylvia Serfaty et
Jakob Yngvason.

La soutenance a eu lieu le 8 Novembre 2016 au LPMMC (Université Grenoble-Alpes
& CNRS).

Composition du jury:

e Patrick Gérard (Président)

e Alain Joye (Coordinateur)

e Volker Bach (Rapporteur)

e Clément Mouhot (Rapporteur)
e Maxim Olshanii (Rapporteur)
e Eric Cances (Membre)

e Djalil Chafai (Membre)

e Stéphane Ouvry (Membre)

Nicolas Rougerie
Laboratoire de Physique et Modélisation des Milieux Condensés

Université Grenoble-Alpes & CNRS.

UNIVERSITE GRENOBLE-ALPES & CNRS, LPMMC, UMR 5493, BP 166, 38042
GRENOBLE, FRANCE.
E-mail address: nicolas.rougerie@lpmmc.cnrs.fr






Contents

[ntroduction]
[Eoreword]
[Publicat = I =]
|Content of Chapter |1
|Content of Chapter [2|
|Content of Chapter [3|
|Content of Chapter [4|
|Content of Chapter [5|
|Content of Chapter [6]
|Content of Chapter [7|

|Chapter 1. Polarons in quantum crystals|
[1.1. Models for quantum crystals|
[1.2. A new polaron model, existence ot bound states|

[1.3.  Derivation of the Pekar functionall

|Chapter 2. Mean-field models of superfluids and superconductors|
[2.1. Inhomogeneous vortex lattices in rotating Bose-Einstein condensates|
[2.2. The surface superconductivity regime in Ginzburg-Landau theory|

|[Chapter 3. Rigorous studies of fractional quantum Hall states|
[3.1. General framework
13.2. The fractional quantum Hall regime in rotating trapped Bose gases|
13.3.  Incompressibility estimates for the Laughlin phase|

|Chapter 4. On the classical Coulomb gas|
4.1. The Coulomb gas in the mean-field limit|
|4.2. Beyond mean-field: the renormalized jellium energy|
|4.3.  Asymptotics for the ground state]|
|4.4. Asymptotics for the Gibbs states|
|4.5.  Fluctuations around mean-field theory]|

|[Chapter 5. Ground states of large bosonic systems|
[5.1.  Models and scaling regimes|
[5.2. Structure of bosonic states: quantum de Finetti theorems
E3 Moo ficld Tois
5 DI T

[Chapter 6. Bosonic thermal states and non-linear Gibbs measures

3

© © 000~y ot

Ne]

—_ = = =
[ RN

N DN DN
o

= oW
N O W

51
52
55
59
61
62

65
66
71
74
79

85



|6.1. The grand-canonical ensemble

6.2, Non-linear Gibbs measures|

6.3. Mean-field/small temperature regime

6.4. Berezin-Lieb inequality for relative entropies|

|Chapter 7. Emergent fractional statistics|
[7.1. The concept of 2D anyons|
[7.2. Anyons in quantum Hall physics|
[7.3.  Average-field approximation for almost bosonic anyons|

86
87
89
90

93
93
97
101

105



Introduction

Foreword

The results summarized here are intended as rigorous mathematical statements on vari-
ous physical models coming from condensed matter physics, statistical mechanics (classical
and quantum), quantum field theory and cold atoms physics. The main tools are mostly
those of the mathematical analyst: partial differential equations, functional analysis, spec-
tral theory, calculus of variations, with some incursions into probability theory. A running
thread is the construction, by rigorous asymptotic analysis most of the time, of bridges
between different levels of mathematical modeling of physical phenomena.

In choosing a title for this memoir I have followed an interesting piece of advice put
forward in [182]. Quoting Sergiu Klainerman: “I think we need to reevaluate our current
preconception about what subjects we consider as belonging properly within Mathemat-
ics.” Personally, I would also agree to the same statement had “Physics” been substituted
for “Mathematics”.

The pun with “Many-body quantum mathematics”, as compared with “Many-body
quantum physics” or “Many-body quantum mechanics”, stresses that the mathematical
analysis of models and problems from many-body physics has long since grown into a field
of its own, within the more general mathematical physics literature.

There is an ever-going debate trying to decide whether the latter field consists of the
intersection of mathematics with physics, or of their union, or something in between. I
could personally be happy with the conservative alternative, namely the intersection. It
is my impression however that the overlap is considerably larger than usually agreed on.
In particular, all the material discussed in the sequel fits therein.

“Many-body quantum mathematics” provides a unifying theme every chapter can be
loosely related to, although not all deal with quantum mechanics and not all with many-
body theory. It is my hope that the contributions summarized in this memoir will be
of interest not only to pure mathematical physicistsﬂ but also to mathematicians and
physicists with an interest in rigorous mathematical foundations of physical theories.

Let me emphasize that, this being a habilitation thesis, everything contained herein is
completely and (almost) unashamedly biased towards my own work. Only papers to which
I contributed (all in collaboration with subsets of the co-authors list on the front page) are
discussed in some detail, along with the necessary elements of context and perspective.

This memoir is thus not a review paper: contributions by other authors are of course
mentioned when appropriate, but I have neither tried to be exhaustive nor to give the

LA “purely interdisciplinary” field seems to contain somewhat of a contradiction anyway.
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amount of details that would be required. I still hope that this text can be useful to an ex-
tended readership, in particular because some of the chapters contain the first streamlined
discussion (as opposed to the original research papers) of projects I have been involved in.
Any comment is welcome and can be sent to the author by email.

Publications summarized in this memoir.

The results I will discuss were obtained in the original papers listed below (in chrono-
logical order):

(1) M. LEwIN, N. ROUGERIE, Derivation of Pekar’s Polarons from a Microscopic
Model of Quantum Crystals, SIAM Journal on Mathematical Analysis 45, 1267—
1301 (2013)

(2) M. LEwIN, N. ROUGERIE, On the binding of polarons in a mean-field quan-
tum crystal, ESAIM: Control, Optimization, Calculus of Variations 19, 629-656
(2012)

(3) M. CorrREGGI, N. ROUGERIE, Inhomogeneous Vortex Patterns in Rotating Bose-
Einstein Condensates, Communications in Mathematical Physics 321, 817-860
(2013)

(4) N. ROUGERIE, S. SERFATY, J. YNGVASON, Quantum Hall states of bosons in
rotating anharmonic traps, Physical Review A, 87, 023618 (2013)

(5) N. ROUGERIE, S. SERFATY, J. YNGVASON, Quantum Hall phases and plasma
analogy in rotating trapped Bose gases, Journal of Statistical Physics 154, 2-50
(2014)

(6) M. LEwiN, P.T. NAM, N. ROUGERIE, Derivation of Hartree’s theory for generic
mean-field Bose systems, Advances in Mathematics 254, 570-621 (2014)

(7) N. ROUGERIE, S. SERFATY, Higher Dimensional Coulomb Gases and Renormal-
ized Energy Functionals, Communications on Pure and Applied Mathematics 69
(3), 519 (2016)

(8) M. CORREGGI, N. ROUGERIE, On the Ginzburg-Landau functional in the surface
superconductivity regime, Communications in Mathematical Physics 332 (3),
1297-1343 (2014)

(9) M. LEwiN, P.T. NamMm, N. ROUGERIE, Remarks on the quantum de Finetti
theorem for bosonic systems, Applied Mathematics Research Ezpress 2015, 48-
63 (2015)

(10) N. ROUGERIE, J. YNGVASON, Incompressibility estimates for the Laughlin phase,
Communications in Mathematical Physics 336 (3), 1109-1140 (2015)

(11) M. LEwiN, P.T. NaM, N. ROUGERIE, The mean-field approximation and the
non-linear Schrédinger functional for trapped Bose gases, Transactions of the
American Mathematical Society 368, 6131-6157 (2016)

(12) M. CORREGGI, N. ROUGERIE, Boundary behavior of the Ginzburg-Landau order
parameter in the surface superconductivity regime, Archive for Rational Mechan-
ics and Analysis 219 (1), 553-606 (2016)

(13) M. LEwin, P.T. NaM, N. ROUGERIE, Derivation of nonlinear Gibbs measures
from many-body quantum mechanics, Journal de [’Ecole Polytechnique 2, 65-115
(2015)
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(14) N. ROUGERIE, J. YNGVASON, Incompressibility estimates for the Laughlin phase,
part 11, Communications in Mathematical Physics 339, 263-277 (2015)

(15) P.T. NAM, N. ROUGERIE, R. SEIRINGER, Ground states of large bosonic sys-
tems: The Gross-Pitaevskii limit revisited, Analysis and PDEs 9 (2), 459-485
(2016)

(16) D. LunpHOLM, N. ROUGERIE, The average field approximation for almost
bosonic extended anyons, Journal of Statistical Physics 161 (5), 1236-1267
(2015)

(17) M. LEwiN, P.T. NaMm, N. ROUGERIE, A note on 2D focusing many-bosons
systems, arXiv:1509.09045 (2015)

(18) M. CORREGGI, N. ROUGERIE, Effects of boundary curvature on surface super-
conductivity, Letters in Mathematical Physics 106 (4), 445-467 (2016)

(19) D. LunpHOLM, N. ROUGERIE, Emergence of fractional statistics for tracer par-
ticles in a Laughlin liquid, Physical Review Letters 116, 170401 (2016)

Some of the results pertaining to Chapters and [0] have already been re-
viewed [203), 299), 300, 302, 298, B01] in lecture notes, conference proceedings or other
texts.

The papers [35, 93], 295, 296, 297], included in my PHD thesis [294], are not
discussed here. Neither are the papers [82] [83] [84], whose subject is very much related
to that of my PHD. They are not included in the memoir [294] but have already been
reviewed in conference proceedings [85), [86].

Content of Chapter
Papers 1 and 2, joint work with Mathieu Lewin.

A polaron is the quasi-particle formed by the interaction between a charged particle
and a deformation of an underlying polarizable medium. We shall discuss a new model for
coupling several charged particles to a mean-field theory of an infinite quantum crystal.
The model for the latter is microscopic. We may thus describe the small polaron regime
where the immersed particles’ extension is comparable to the crystal’s lattice spacing.

We first study the well-posedness of the new model, at the level of the ground state. We
prove binding (existence of a ground state) for a single polaron and reduce the question
of binding for several polarons to the study of HVZ-type inequalities. Physically, this
corresponds to the fact that each polaron is trapped in a polarization field it creates in
the medium.

Next, we consider the macroscopic limit of the new model. When the immersed po-
larons live on a scale much larger than the underlying crystal’s lattice spacing, we recover
the Landau-Pekar-Tomasevich model. In this description, the polarons interact with a
continuous polarizable medium, characterized by the crystal’s dielectric matrix.

Content of Chapter
Papers 3, 8, 12 and 18, joint work with Michele Correggi.

We study two related mean-field models for the response of superflu-
ids/superconductors to external gauge fields.



In Section we address the nucleation of vortex lattices in rotating Bose-Einstein
condensates, within the framework of 2D Gross-Pitaevskii theory. We consider an asymp-
totic limit corresponding to strong interparticle interactions, with the rotation frequency
tuned so as to capture the critical value where vortices first appear. In this regime, vortices
are tightly packed in the condensate and their density is inhomogeneous. We investigate
their distribution’s subtle dependence on the underlying matter density profile via the
derivation of an effective electrostatic model. As expected, for large rotation speeds (com-
pared to the first critical value), the vortex density fills the whole sample and becomes
homogeneous.

In Section [2.2] we focus on the surface superconductivity regime of type I superconduc-
tors. In this phase, the sample is normal in the bulk but superconductivity persists close
to the boundary. We use 2D Ginzburg-Landau theory to obtain a detailed description of
the phenomenon, in the asymptotic limit of “extreme-type II superconductors”. We derive
a limit model for the distribution of superconductivity along the boundary, deducing a
few important facts: absence of normal inclusions in the surface superconductivity layer,
estimate of the phase circulation along the boundary, description of the order parameter’s
dependence on the curvature of the sample’s boundary.

Content of Chapter
Papers 4, 5, 10 and 14, joint work with Sylvia Serfaty and Jakob Yngvason.

The Laughlin wave-function and its descendants form the basis of our current under-
standing of the fractional quantum Hall effect. They describe strongly correlated quantum
fluids, where the interplay between a strong external magnetic field and repulsive interac-
tions forces a very special and rigid form on the ground state of a 2D many-body system.
Most of the chapter is concerned with the response of the Laughlin state to external fields
modeling trapping and/or disorder.

We first discuss results bearing on a model for trapped rotating bosons, where we
investigate the effect of varying the shape of the trapping potential. This is motivated by
experimental issues, in particular the instability of the system due to the centrifugal force.

Then we turn to a more general study of incompressibility/rigidity properties. We
formulate and prove some asymptotic bounds, coined “incompressibility estimates”. Those
give some rigorous basis to the conjectured stiffness of the Laughlin state in its reaction
to external fields. The proofs proceed via an analogy with the 2D Coulomb gas (one-
component plasma), and generalizations thereof.

Content of Chapter
Paper 7, joint work with Sylvia Serfaty.

The classical Coulomb gas is a much studied model of statistical mechanics, both for
its own sake (that is, as a basic model for bulk matter and trapped plasmas) and for
its relation to other fields (random matrix theory, classical and quantum vortices, the
fractional quantum Hall effect ...). In this chapter we investigate the ground and thermal
states of the trapped Coulomb gas, in any spatial dimension larger than two, and in the
mean-field regime. We characterize fluctuations around mean-field theory in terms of a
“renormalized jellium energy” giving the energy per unit volume of an infinite system of
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point charges in a neutralizing background. We obtain an asymptotic expansion of the
ground state configurations, showing that the renormalized jellium energy governs the
distribution of charges at the microscopic scale. We next prove large deviations estimates
for the Gibbs states at small enough temperature. We also use the renormalized energy
to derive new estimates on the local charge deviations and correlation functions.

Content of Chapter

Papers 6, 9, 11, 15 and 17, joint work with Mathieu Lewin, Phan Thanh Nam
and Robert Seiringer.

This long chapter is devoted to a summary of several related works on the interacting
Bose gas, in connection with the Bose-Einstein condensation phenomenon. We introduced
a general method, based on (new versions of) the quantum de Finetti theorem, in order to
derive mean-field descriptions of the ground state of a generic Bose system. We avoid as
much as possible to rely on specific properties of physical models, using instead structural
results on large bosonic states. This allows to treat a large variety of models and scaling
limits in a unified way. For so-called mean-field limits, essentially no other ingredient
is needed to derive non-linear Schrédinger models from many-body quantum mechanics.
For the more delicate dilute limits, we have to rely in addition on some new many-body
estimates for the ground states of specific models, but the general strategy still constitutes
the backbone of the proofs.

Content of Chapter [6]
Paper 13, joint work with Mathieu Lewin and Phan Thanh Nam.

Here we move on to studying thermal states of the interacting Bose gas, with the long-
term goal of discussing the Bose-Einstein phase transition. For an interacting gas, this is
a very delicate problem, and we mostly obtain preliminary results. The general strategy is
to relate, in a mean-field limit with an appropriate scaling of the temperature, many-body
Gibbs states to non-linear Gibbs measures (classical field theory). This is a semi-classical
limit, which requires specific tools (inter alias, a new Berezin-Lieb inequality), in addition
to the quantum de Finetti theorem previously alluded to. For the 1D Bose gas we obtain a
full derivation of the non-linear Gibbs measure based on the mean-field energy functional.
For larger spatial dimensions, well-known obstructions to the measure’s construction lead
us to consider simplified models, with a smooth interaction. The analysis is nevertheless
highly non trivial because the limit objects are not trace-class operators.

Content of Chapter
Papers 16 and 19, joint work with Douglas Lundholm.

Anyons are (hitherto hypothetical) quantum particles with statistical properties not
falling in the ubiquitous bosons/fermions dichotomy. They have been conjectured to
emerge as quasi-particles of low-dimensional systems. One of the most promising candidate
physical systems comes from fractional quantum Hall physics: it is widely believed that
the elementary excitations of the Laughlin (and related) states should behave as anyons.
In this chapter we do two things:
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First, we give a new argument for the emergence of anyon statistics, in the context
of the Laughlin phase. While not mathematically rigorous, we believe that the derivation
settles some issues with previous arguments. In brief, we show that tracer particles in
a Laughlin liquid, by coupling to quasi-holes of the Laughlin wave-function, acquire an
emergent anyonic behavior.

We next consider the rigorous derivation of simplified models for 2D anyon systems.
Because of the intricacies of the many-anyons problem, there is a crucial need for those.
We make a step in this direction by rigorously deriving an effective one-body energy
functional for almost bosonic anyons. Its main unusual feature is that it contains a self-
consistent magnetic field. The general proof strategy is inspired by that of Chapter [5] but
the peculiarities of the anyon Hamiltonian require some specific tools and techniques.



CHAPTER 1

Polarons in quantum crystals

In condensed matter physics (see e.g. [12]), one calls a polaron the system formed
by the interaction between a crystal and a charged particle (an electron, most of the
time). Similarly, one calls multi-polaron the system formed by several charged particles
interacting among themselves and with a crystal. A remarkable fact is the possibility to
obtain bound states in such a situation. Indeed, in vacuum, the dispersive nature of the
quantum kinetic energy and the Coulomb repulsion between particles of the same charge
prevent bound states of electrons from being energetically favorable. The interaction with
the crystal results in an attractive force that allows electrons to form a stable bound
state. Roughly, the mechanism is the following: each electron creates a local polarization
of the crystal’s atoms by attracting their nuclei and repelling their electrons. This local
polarization around each electron is in turn felt by the other electrons forming the multi-
polaron. The effective interaction thus mediated by the crystal can eventually overcome
the Coulomb repulsion between the charged particles one adds to the crystal.

The polaron is the effective quasi-particle formed by the electron added to the crystal,
together with the polarization field it creates by locally moving the crystal’s charges. The
dressing of the electron by the interaction with the Fermi sea of the crystal is somewhat
similar to the dressing all actual electrons experience through their interaction with the
“fictitious” particles of the Dirac sea in quantum electrodynamics. In the following pre-
sentation we shall refer to the charged quantum particles added to an otherwise stable
quantum crystal as “polarons”, in order to distinguish them from the electrons of the
crystal, which will not be modeled on the same footing.

In this chapter, which summarizes the findings of [211}, 212], we discuss a new polaron
model obtained by coupling the N-body Schrédinger equation with a mean-field model of
a quantum crystal with a charge defect. The main results are:

e existence of bound states, i.e. minimizers of the energy functional of the model.
e derivation of the Pekar functional from the new model, in a macroscopic limit.

The present exposition is based on [298] where the french reader can find a more detailed
review of the context and results.

1.1. Models for quantum crystals

1.1.1. The perfect crystal. Our model for the host quantum crystal is Born-
Oppenheimer-like, in that the nuclei are considered as fixed classical particles, but the
electrons as mobile quantum particles that optimize their configuration to take the nu-
clei’s distribution into account. The electron’s configuration is determined within a mean-
field approximation, through the minimization of a reduced Hartree-Fock (a.k.a. Hartree)
functional.

11



12

Let thus ,uger be a positive measure on R?3, periodic with respect to a given lattice .%
corresponding to the nuclei’s periodic arrangement. We should first give a meaning to the
reduced Hartree-Fock functional

EW Y = IYL—Aﬂ ‘K/ ?liper (U dMy+// P& (Mm@,@LU
Hper RS xR3 \33 — R3xR3 [T — Y|

giving the energy of a given infinite electron configuration. Here, v is a reduced one-particle
density matrix, a self-adjoint, positive, trace-class operator on L?(R3). Identifying v with
its kernel, we denote p,(z) = y(z,z) the corresponding one-body density. The above is
a mean-field model where correlations beyond those imposed by the Pauli principle are
neglected. The first term is the quantum kinetic energy, the second one the Coulomb
attraction to the nuclei, and the third one the Coulomb repulsion between electrons. Note
the absence of an exchange term, which would be of the form

/ / byl g,
R3xR3 |$—2/|

and would render the functional non-convex in . We neglect such a term for several
reasons, both physical (it usually plays a second order role) and mathematical (due to its
non-convexity, the behavior of the functional including exchange is much more involved).
The one-body density matrix v should satisfy

0<~y<1 (1.1.2)

as appropriate for fermions (this inequality embodies the Pauli exclusion principle).

The first challenge here is that we want to see the crystal as an ambient medium.
To avoid boundary effects we have to give a meaning to the above energy functional for
an infinite locally neutral system of nuclei and electrons. This is done by considering a
thermodynamic limit (infinite volume with fixed charge density) as in [233), 57, 58, 59].
The variational problem obtained by this procedure is posed on the set of one-body density
matrices that commute with the translations of the lattice .Z

Poer 1= {’y eB (LQ(R?’)) |y=7"0<~y <1,y =1y Vk € .,2”} (1.1.3)

where B($)) is the set of bounded operators on some Hilbert space §). The energy (per unit
volume) can then be given a meaning through Bloch-Floquet theory [285]. We will not
recall all the details. Most relevant for the forthcoming discussion of the polaron model
is the Euler-Lagrange equation of the infinite-volume energy functional. It is established
in [59], [52] that the unique minimizing density matrix VSer satisfies
’Vger = ]1( 100 &‘F)(HI(J)GI‘)
ngr = A + Vl:?er

V}?er - (iuper pper) * | : |_1

with pl..(z) = 79 (2, x) the associated density and ep the Lagrange multiplier (or chemi-

(1.1.4)

cal potential, or Fermi level). Here ]1(700 (Hper) denotes the spectral projector up to the
Fermi level ep. The interpretation of is as follows: because of the Pauli principle,
non-interacting electrons fill the successive energy levels of their Hamiltonian. In the pres-

ence of mean-field interactions, the electrons of the crystal feel an effective self-consistent
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Hamiltonian ngr and fill its energy levels up to the Fermi level. The latter is set so as to
ensure local neutrality of the crystal.

In all the following we assume that the host crystal is an insulator, i.e. that the
spectrum of ngr (made of Bloch band) has gaps, and that the Fermi level ep lies in one
of those.

1.1.2. Crystal with local charge defects. The natural idea to insert polarons in
the previous model is to see them as a local charge defect in an otherwise perfect crystal.
To this end, we make use of the model introduced in [52), 53] where the energy of the
crystal in presence of a defect is defined by reference to that of the perfect crystal discussed
previously. The following description is inspired by the works [62), 63, 149, 150, 151
where the energy of relativistic particles in the presence of a Dirac sea of virtual electrons
is rigorously defined (see [152], 202] for reviews).

In the presence of a charge defect v perturbing the periodic nuclei density uger, we
write the density matrix « of the crystal’s electrons as a perturbation of the density matrix
of the perfect crystal:

Y= yger +Q.
The energy as a function of () is given by the formal computation
1
Eor 1 = €07 4 ] = Tr [HpeQ] + D(v, pq) + 5D(Pq: ra) (1.1.5)

with
D(v,pn) = /R3 v (p*]. ) (1.1.6)

the Coulomb interaction energy and pg the charge density associated with ). Of course,
in infinite volume, both terms of the left-hand side of are infinite. One can however
give a rigorous meaning to their difference in the sense that, when first defined in finite
volume, it has a well-defined thermodynamic limit which coincides with the right-hand
side.

Actually (we again refer to [52} (54| for more details) the appropriate functional setting
for the minimization of is highly non-trivial. This is because the response of the
crystal to a local charge defect is highly non-local. Due to the long range nature of the
Coulomb interaction, the charge density of () has long range oscillations and fails to be
in L'(R3) as one might have naively hoped. Then, defining an appropriate notion for the
trace of @ is highly not immediate. We follow [22, 149), 150] and split @ as

Q = VgerQ’Yger + (1 - ’Yger)Q(l - ’Yger) + ’YgerQ(l - Vger) + (1 - ’Yger)Q’Yger

= +QTT+Q T +QT. (1.1.7)
One can then define a generalized trace in the manner
Tro[Q] := Tr[Q™ 7] + Tr[Q ™. (1.1.8)

Of course, for a trace-class operator (), the generalized trace coincides with the usual
notion, but this need not be the case in general. We shall also make use of the fact that,
because of the Pauli principle (1.1.2)), @ should satisfy the operator inequality

- ’Yger < Q < 1- ﬁyger (119)
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which turns out to be equivalent to
QTt—Q > Q% (1.1.10)
The natural interpretation of the kinetic energy term in is then
Tro [H)0@Q] = Tr [HYo Q] +Tr [H)Q 7] = Tr [|HDoy — er| (QTT — Q7 7) ] +er Tro Q.
The coercivity property
Tro [(HYer — 27) Q] > Tr [|Ho, — 27| Q7] (1.1.11)
allows to define a natural variational spaceﬂ
0={|VIQe & Q=Q" [VIQTT|V|e &', [VIQ " |V|e &'} (1.1.12)
where the p-th Schatten class is
&"(L(R?)) = {Q € B (L*®?) , Tr [|QF]'/P < +oo} .

For all Q € Q, there exists a charge density pg € L*(R3)) such that

TI‘Q [QV] = /R3 pQV

for all sufficiently regular V', and one has D(pg, pg) < oco. In this setting, one can give a
meaning to the expression

Ferys[v; Q) = Tro [(Hper — 27) Q] + D(v, pg) + %D(anPQ) (1.1.13)

for the energy change of the crystal in the presence of the charge defect ». The minimal
energy is

. 1
Fogsl)i=_, b {Tfo [(Hper = €¥) Q] + D(v, po) + QD(pQ,pQ)} . (L1.14)

and it is shown in [52] that a minimizer exists. Some of its properties are worked out
in [54].

1.2. A new polaron model, existence of bound states

Now we can define the polaron model introduced in [211], 212]. The idea is simply to
set the charge defect v in equal to the charge density of the (multi)-polaron, and
add the energy of the (multi)-polaron in vacuum. One should not forget to include the
energy due to the polaron feeling the electrostatic potential of the perfect crystal.

Thus, for one polaron with wave-function ¢ € L?(R?), we have

el = [ Vo@Pdr+ [ Va@lw@Pdo+ Foall0]  (:2)

IThe reader should bear in mind the rule of thumb |HYor — er| ~ —A = |V
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and for N interacting polarons,

N

1 U(z1, ... 2
ewi= [ (31 e Y I gy

23 1<k<t<N |2k — @l

+ /]1%3 Vpoerp‘l’ + Fcrys[P\IJ] (1.2.2)

where ¥ € L?(R3Y) is the multi-polaron’s many-body wave-function, with associated
charge density

pw(x) ::/ |U(z,25...,25)|*ds . .. dey. (1.2.3)
R3(N-1)

Since ¥ describes electrons, it should satisfy the Pauli exclusion principle, i.e. be anti-
symmetric:

‘Il(xl,...,xi,...,a:j,...,acN) = —\I/(xl,...,xj,...,xi,...,mN) (124)

for all i # j and all (z1,...,2x5) € R?N. Note that this assumption is not crucial for the
results of [211], [212]. We could deal with the case where the polarons are actually bosons,

so that the wave-function is symmetric (no minus sign in the right-hand side of ((1.2.4)).
In the above, the potential V0 is that generated by the perfect crystal in (I.1.4) and

per
the energy Fi,ys is defined via ((1.1.14). A few comments are in order:

e The main novelty of this model is that it makes no assumption on the ratio of the
size of the (multi)-polaron to the crystal’s lattice spacing. It is thus appropriate
for describing a “small polaron” as opposed to the more famous and widely used
Frohlich and Pekar models, that can only handle the case of a “large polaron”.

e The Frohlich and Pekar models are based on an effective description of the crys-
tal’s excitations in terms of phonons. Our model can take into account the
detailed structure of the host quantum crystal.

e The price to pay for these advantages is the highly non-linear nature of the above
functional. It is the source of very serious mathematical difficulties in the proofs.

e We have neglected possible correlations between the polarons and the crystal.
In that sense it does not cover some of the physics included in the Frohlich
model. However, the Pekar model can be derived from ours, as we shall discuss
in Section L3l

We now state the main results of [212], referring to the original paper for their proofs
and to [298] for streamlined comments. We denote

E(1) :=inf {5[1/;], Y € HY(R?), /Rg | = 1} (1.2.5)

E(N) :=inf {5[\1/], U e HY(R3Y), U satisfies (1.2.4)), / ? = 1} (1.2.6)
R3N
the minimal energies for a single polaron and a multi-polaron, respectively. We have

Theorem 1.2.1 (Existence of small polarons [212]).
All minimizing sequences for E(1) converge to a minimizer, strongly in H'(R3), up to
extraction and translation.
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In other words, the model does account for the binding of a single polaron in
an insulating quantum crystal: the attraction due to the crystal’s deformation is sufficient
to overcome the dispersive nature of the quantum kinetic energy.

The case of a multi-polaron is more subtle since the attraction mediated by the host
crystal also has to overcome the usual Coulomb repulsion between the additional electrons.
The existence of a bound state depends on the balance between the two forces, and we
can give necessary and sufficient conditions for binding to occur:

Theorem 1.2.2 (HVZ theorem for small multi-polarons [212]).
Let N > 2. The following assertions are equivalent:

(1) One has the binding inequality
E(N)< E(N —k)+ E(k) forallk=1,...,N — 1. (1.2.7)

(2) All minimizing sequences for E(N) converge to a minimizer, strongly in
HY(R3N), up to extraction and translation.

This is the natural generalization of the celebrated HVZ theorem [163], 342, [362] to
the non-linear setting of the multi-polaron. The binding inequalities express the
fact that it is not favorable to split the N-polaron into two smaller objects, a k-polaron
and a (N — k)-polaron. It is easy to see that

E(N)<E(N—k)+E(k) forallk=1,...,N—1

always holds, and the case of equality corresponds to dichotomy in the concentration-
compactness principle [243), 244, 245]. One can still imagine that there are minimizers
in this case, but then not all minimizing sequences will converge, see [129] where such a
case is discussed. Note finally that checking the binding inequalities in practice would be
very difficult for our model. One can however use that its macroscopic limit is given by
the simplest Pekar functional, for which some results on binding are known [146, 130,
131, 201].

As regards the proofs of the above results, they are based on a standard concentration-
compactness approach in the case of one polaron, and on the natural generalization to
non-linear quantum many-body systems thereof [201] in the case of the multi-polaron.
The main difficulty is to rule out the dichotomy case in the concentration-compactness
principle. This is made highly non-trivial by the long range oscillations in the response
of the Fermi sea to a local charge defect. It is not at all obvious that if the defect splits
into two independent, well-separated pieces, so does the perturbation of the Fermi sea.
Proving that this nevertheless happens, in a sufficiently strong sense, is the key lemma
of [212].

1.3. Derivation of the Pekar functional

1.3.1. Macroscopic limit. The Pekar model is appropriate for a “large polaron”,
where large means “compared to the host crystal’s lattice spacing”. To derive it from the
model we previously defined, we thus introduce a small parameter m < 1 to quantify the
ratio between macroscopic and microscopic length scales:

Eultl =5 [ IV0@Pdetm™ [ Vi(em)o@) do +m Py [ (m ),
(1.3.1)
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with Vrg)er et Fiys defined as previously. The corresponding ground state energy is

En(1) = inf{é’m[w], /Rs |2 = 1}. (1.3.2)

Similarly, for N > 2 the energy functional of the N-polaron is defined as

1 U (21, ..., 2n)|?
W] = - 2 U(y, 2 LA dzy...d
R B 5 S R el LT
j=1 1<k<t<N

+m! /R3 Vpoer(a?/m)p\p(x)d:c+mflpcrys[m3|qu(m')’2]7 (1.3.3)

with the one-body density pg given by (1.2.3]). The associated ground state energy is

En(N) = inf{Em[\ll], / |U|% =1, ¥ satisfying (T.2.4) } (1.3.4)
R3N

Here we impose the scale separation by choosing a lattice whose unit cell has a character-
istic length of order m. The weights of the different terms of the functional are chosen in
view of the scaling properties of electrostatic energies, so that all terms contribute in the
limit m — 0.

A change of length and density units ¢ = m3/ 24p(m-) shows that, from the (micro-
scopic) point of view of the crystal (the macroscopic point of view of the polaron being

expressed in ([1.3.1])), the energy looks like

Enli = (g [ V0P e+ [ V@R + e [0F]). (135)

Our choice of scaling is thus equivalent to having a fixed crystal and a very light polaron,
with mass m < 1 (which justifies the choice of notation).

In the rest of this section we explain how to recover the Pekar functional in the limit
m — 0. Note that this is very different from the usual derivation starting from the
Frohlich model. In the latter derivation [105), 238, [262], the point is to understand
why, in a strong coupling limit, the polaron and phonons degrees of freedom decorrelate.
Here we have already neglected possible polaron/crystal correlations in writing our small
polaron model, and our task is to see how, in a large polaron limit, one can reduce the
description of the crystal to its macroscopic dielectric properties.

1.3.2. Anisotropic Pekar functional. The model we will obtain in the limit takes

the dielectric matrix ey of the crystal as a parameter. This is a scalar only in the case of a
cubic crystalline lattice, .Z = Z3. Here is the Pekar functional defining the limit problem:

1
en = [ I9odo -+ FE, [l (136)
R3

where FspM is defined using Fourier variables

. 1 1
FE [p] = 2n /RB 1p(k)|? (/ngMk; — Ik\2> dk. (1.3.7)
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Equivalently, one can define EEPM and Fgw by considering the solution W, to the Poisson
equation
—div (emVW,) = 4mp. (1.3.8)

Then . .
ex, vl :—2/ Vo |Pda + 5 / W2 (Wige — [ =] -|7) (1.3.9)

and the corresponding ground state energy is

EL (1) = 1nf{ S / Y]* = 1} (1.3.10)

Since a dielectric matrix always satisfies epy > 1 as an operator, it is clear that the
interaction FfM is attractive.
For a N-polaron we define similarly

p 2 ‘\I/(J}l,...,xNﬂQ
Een!Y] /RSN Z|ijllfx1,... ME+ Y dzy - d

1<k<(<N ok —
+ FL [pw] (1.3.11)
and
EL (N) = inf {EEM (@], /RBN U2 =1, ¥ satisfying } : (1.3.12)

The case mostly considered in the literature [216), 201), 105, 130, 131, 146] has ey
proportional to the identity matrix (isotropic Pekar model), but see [290] for results on
the anisotropic functional.

1.3.3. The dielectric matrix of the crystal. Theres is an explicit formula for the
dielectric matrix of a given crystal [25), [54], but the most convenient definition in the
present context is through the approach of [54]. The matrix e\ is obtained by considering
a macroscopic excitation of the Fermi sea: take a charge defect of the form

U (z) = m3 v(mz)

with v fixed, and insert this in the model discussed in Section[I.1] We call @, an associated
solution to (|1.1.14)) and W,, the corresponding electrostatic potential, rescaled back:

W(z) :=m (v —pg,.) * || (z/m). (1.3.13)

Cances and Lewin proved in [54] Theorem 3] that there exists a matrix ey (that one can
calculate given ngr and .Z) such that

W — W, (1.3.14)

with W, the unique solution to Equation where p is set equal to v. This will serve
as our definition of the dielectric matrix: take a charge defect, smear it over a large length
scale while fixing the charge, compute the electrostatic response of the Fermi, properly
rescaled.

We first state a theorem giving the link between (1.1.14]) and (1.3.7)), where the matrix
em entering the above quantity is defined as above:
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Theorem 1.3.1 (Macroscopic limit of the crystal’s energy [211]).
Let (¥m)m be a bounded sequence in H*(R3), for some s > 1/4. Then
lim (m—lpcrys [m3 [y (m-)[2] — FF. Wmﬂ) = 0. (1.3.15)

m—0

This is the key ingredient in our approach. The assumption on the sequence (¢, )m
ensures local compactness to be able to pass to the limit. Without such an assumption,
the sequence might concentrate on too small a scale for the energy to be given only in
terms of macroscopic dielectric properties (see [211], Section 3.3] for an example).

1.3.4. The anisotropic Pekar model as the macroscopic limit of the small
polaron. In order to discuss the main results in [211], we note that the potential per( /m)
appearing in ((1.3.1)) lives on the scale of the crystal, much smaller than that of the polaron.
One should thus expect that the wave-function of the polaron will have fast oscillations
to accommodate this potential. Those are neglected in the Pekar functional, but can
be taken into account via a very simple eigenvalue problem: we denote u}, the unique
positive solution to

EP = inf{é‘%er[v] v € Hp];er / ]v\z \F\} EPub]
where I' is the unit cell of the lattice . and
1
EPery] :/FmevvF + Vool (1.3.16)

gives the energy of particle of mass m in the periodic potential Vpoer

By periodicity one can extend ub," to the whole of R3. A simple perturbative argument
shows that ub,” — 1 in L°°(R3) when m — 0, and that

EP = lim m 'ER® = lim m &R [ul] = / O P (1.3.17)

m—0 m—0

where fP € L°°(R3) is the unique #-periodic solution to

{Afper = 2V

fr frer=0.
This function shows up in a perturbative expansion of ubs', see [211] Section 2]:
luby™ =1 = mfP ) oo sy < Cm. (1.3.18)

One can in fact rather easily get rid of the microscopic oscillations of the polaron’s wave
function by an energy decoupling. This leads to the main result of this section:

Theorem 1.3.2 (Pekar’s functional as a macroscopic limit [211]).
We denote ey > 1 the dielectric matriz defined by (1.3.8) and (1.3.14). Let N > 1 be an
integer.

e (Convergence of the ground state energy). We have

lim E,,(N) = N EP* + EF

€
m—0 M

(N) (1.3.19)




with EP" given in (1.3.17)), and EfM (N) the Pekar energy defined by (1.3.10) for
N =1 and (1.3.12)) for N > 2.

e (Convergence of states). Let (V) be a sequence of approrimate minimizers
for E,,(N), in the sense that

7713310 (gm[q/m] - Em(N)) = 0.

Define gro! by setting

N

Uy (21, ) = [ b (s /m) OB (1, . ). (1.3.20)
j=1

Then (\Ifﬁfl)m s a minimizing sequence for the Pekar energy EfM (N).
If either N =1 or N > 2 and binding inequalities hold for the Pekar model,
there exists a sequence of translations (T)m C R? and a minimizer \IIEM for

EL (N) such that
WP () — T o N — Ton) — \IJEPM(xl, ez strongly in H(R3Y) (1.3.21)
along a subsequence when m — 0.

Two concluding comments:

e The result shows the micro/macro scale separation. The polaron’s wave-
function follows at the macroscopic scale a profile given by minimizing the Pekar
functional, but also incorporates microscopic oscillations on the scale of the crys-
tal, described by ub, . We could just as well use the expansion to replace
uby . The fast oscillations would not appear in a result phrased in terms of a
norm not involving derivatives. In view of they however contribute to
the energy at the same level as the Pekar energy and it is crucial to extract them
to obtain convergence in H!.

e Combining with a result of Lewin [201], Theorem 28], we see that for certain values
of N and ey, and in the macroscopic limit, minimizing sequences of our small
polaron model do converge strongly, thus correctly accounting for the binging
phenomenon, at least for large polarons.



CHAPTER 2

Mean-field models of superfluids and superconductors

This chapter describes results on two related models: Ginzburg-Landau theory for type
II superconductors and Gross-Pitaevskii theory for rotating superfluids. In both cases, the
main question is the response of a superfluid (or superconductor, which is often thought
of as a charged superfluid) to external gauge fields. This response is indeed subtle and
beautiful, and constitutes a hallmark of superfluidity /superconductivity. In this memoir
we describe works in two directions:

e on the appearance and theoretical description of vortex lattices in rotating
trapped Bose gases, Section
e on the surface superconductivity state of type Il superconductors, Section

Previous contributions to the field by the author (in collaborations with Xavier Blanc,
Michele Correggi, Florian Pinsker and Jakob Yngvason) can be found in [35], 93] [295),
296, 297, [82], 83, [84]. They shall not be discussed here, see rather [85], 86, 294] for
overviews.

2.1. Inhomogeneous vortex lattices in rotating Bose-Einstein condensates

One of the remarkable properties of Bose-Einstein condensates is their superfluidity. It
leads in particular to the nucleation of quantized vortices, i.e. isolated zeros of the matter
density surrounded by a quantized phase circulation, in response to rotation. Among other
spectacular observations, that of triangular latticesﬂ containing up to hundreds of vortices
(see, e.g., [254, 46, 1, [74), [283]) gave a strong motivation for theoretical studies.

The rigorous mathematical understanding of vortex patterns in superfluids and su-
perconductors has grown into a field of its own in the past 20 years [3, B4, B11]. In
particular, for a rotating trapped Bose-Einstein condensate, several transitions char-
acterized by the number and arrangement of vortices have been rigorously investi-
gated [3, 4, 10, 166, 165, 88, 87, 82, 84, 296, 297|]. In this section we discuss the
results of [89], where the onset of vortex lattices is studied in a two-dimensional rotating
condensate, starting from 2D Gross-Pitaevskii theory.

The main finding is that, if the rotation frequency is larger than, but of the same
order of magnitude as, a certain critical value, a dense pattern of vortices fills part of
the condensate. One can derive an explicit formula for the mean distribution of vortices,
showing that in this regime, the distribution is not uniform but responds to the under-
lying inhomogeneous matter density. This contrasts with the situation for larger angular
velocities, where the vortex density is uniform, although the matter density might vary in
space.

L Abrikosov lattices’ of vortices analogous to those occurring in type-II superconductors.
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2.1.1. 2D Gross-Pitaevskii theory of the rotating Bose gas. The mathemat-
ical framework is as follows: we consider a two-dimensional rotating BEC confined by a
trapping potential. After a suitable scaling of length units (see [84, Section 1.1]), the GP
energy functional can be written

Vir)
£2

[t

1
£CP[p] = / Livwp - owre + Y02 4 (2.1.1)
RQ
where (2 is the angular velocity, the axis of rotation being perpendicular to the plane of

the condensate. For simplicity, we consider a homogeneous trapping potential of the form

V(r):=r°, 5> 2. (2.1.2)
In (2.1.1), L stands for the vertical component of the angular momentum. In polar coor-
dinates r = (r,7),

L = —i0y
or equivalently
L =r-V! with V* = (-9,,0,).

The coupling parameter € > 0 is going to be assumed small (¢ < 1), i.e., we study the
so called Thomas-Fermi (TF) limit of strong interactions. The ground state energy of the
system is obtained by the minimization of £F:

ESY .= inf  £9P[w] = £GP (WO, (2.1.3)
ng\\I/P:l

We denote by WP any associated minimizer (there is no uniqueness in the presence of
vortices [316), [88), 84]).

2.1.2. Thomas-Fermi approximation for the density profile. In the regime we
shall study, the vortex distribution in the condensate will depend on the variations of the
underlying matter density profile. The latter, given by |¥SP|2, can be approximated in
the regime £ — 0, by minimizing the simplified Thomas-Fermi (TF) functional

ETFp] =72 /R? [r* + p] p, (2.1.4)

obtained by dropping the kinetic terms in (2.1.1])). Here p > 0 plays the role of the matter
density, normalized in L'(R?). The minimizer of (2.1.4)) is the explicit radial function

() = 5 -], (2.15)

where [ -], stands for the positive part and AT is a normalization parameter that ensures

/ pTF 1.
RQ

Note that p™" has compact support in a ball of radius RTY and that a rather simple
computation yields

)

s/(s+2)
TF s TF\2(s+1)/s TF _ (\TF\1/s Tt [2(s+2)
E _4(5—1—1)52()\ ) , R _()\ ) A _< TS

(2.1.6)
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with ETF standing for the TF ground state energy. Essentially, B(0, R™") is the region

occupied by the condensate: we are able to prove that that WGP decays exponentially
(both as a function of r and ¢) in R?\ B(0, RTF).

2.1.3. The cost function and the critical velocity. The mechanism for vortex
nucleation in rotating superfluids is now rather well understood [4], 166, [165], 93, 297].
One can encode in a so-called cost function the energetic contribution of a vortex located
at a given point. We construct this function from two ingredients:

e The energetic cost for vortex nucleation, given by
| logel|d;[p™™ (ay) (2.1.7)

with d; the degree of the vortex and a; its location. This is the kinetic energy that
is needed to generate the phase circulation around the vortex. The dependence
on ¢ is due to the fact that the healing length of the condensate, which sets the
vortex core radius, is equal to .

e The energetic gain brought by the vortex locally compensating the rotation field.
This, it turns out, we can express using a potential function

Q RTF
FTE(r) = —/ tptE (). (2.1.8)
Toge] J,
The energetic gain associated with a single vortex of degree d; located at a; is
then
27| logel|d; F(aj). (2.1.9)

The cost function we shall use to determine whether or not a vortex can become energet-
ically favorable at a given location is then
1
§pTF(T) + FTE(p). (2.1.10)
Here we take into account the facts that vortices should have positive degrees d;, because
FTF is clearly negative, and that several vortices of degree 1 are known to be more favorable
than a single vortex of larger degree.

Looking for the minimum of H™, one finds that it lies at r = 0, indicating that this
is where a vortex is most favorable. Equating gain and cost of a vortex at the origin, one
can see that the critical speed for vortex nucleation is given by

s/(s+2)
O, = N logel, Q=2 <2(3+2)> , (2.1.11)
2 T8

namely H'¥(0) > 0 for Q < Q., and HTF(0) < 0 for Q > Q,. The above value is that
already found in [166], 10].

HTF (7”) —

2.1.4. The limit problem for the vorticity. The question we address here is what
happens when 2 is chosen of the form

Q:Q()“Ogd, Qo > Qq, Q():O(l), (2.1.12)

i.e., when €2 is strictly larger than the first critical speed but of the same order of magnitude
when € — 0. In this regime many vortices are nucleated in the condensate, and their mean
distribution is found by minimizing a certain energy functional that we now describe.
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The energy of a given vorticity measure v, i.e. a given mean distribution of vortices is
given in units of |loge|? by the expression

1 1
) = ——|Vh, |+ =p™F FTF 2.1.13
V= [ { gl + gt vl + £ (21.13)
where
DT .= Supp(p™™) = B(0, R™), (2.1.14)

and the potential h, is determined through the elliptic PDE

{v (/)T%Vhy) — v in DTF,

h, =0 on ODTF. (2:1.15)

The last two terms of the functional give, as previously mentioned, the balance of local
energy cost and gain of individual vortices. The first term accounts for the long-range,
Coulomb-like, interaction between vortices. Note indeed the analogy between this expres-
sion and classical electrostatics: h, corresponds to a potential generated by v in a medium
with inhomogeneous conductivity (encoded in the variations of p™F).

The minimization of ZTF in its natural energy space

Mp(DTF) = {V e (CO(D™))", / {/);th,,y? +pTFV} < —i—oo} (2.1.16)
DTF

turns out to be explicit. We proved that ZTF has a unique minimizer p, among the
measures in M re (DF). Tt is explicitly given by

1
[ = [V <TFVHTF)] Lygrr<gy, (2.1.17)
p +
and we also get
1
MY =7, = / H™ . (2.1.18)
2 JSupp(u.)
Note that (2.1.17) can be rewritten as
1
Ly = |:283 log (pTF) + 290:| ]l{HTFSO}v (2.1.19)
+

a formula that had previously been obtained by formal means in [325), 326]. Our goal
will be to derive it rigorously from the full GP theory.

2.1.5. Definition of the vorticity measure. It is convenient to be a little bit
more precise in our way of describing the variations of matter density. Corrections to the
Thomas-Fermi profile previously introduced can be taken into account through the energy
functional

EP(f) = /R %!W\Q e[+ 2] 2 (2.1.20)

i.e. the original GP functional (2.1.1) restricted to real functions. It is a standard fact
that the ground state energy

ECSP .= min ECP[f] = £9P[g] (2.1.21)

Jr2 |F12=1
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is achieved by a function g which is unique up to sign. We take the convention that g > 0
and one can show that g does not vanish. This function corresponds to a vortex-free
profile, taking into account radial kinetic energy corrections to the TF minimizer due to
the bending of the matter density.

It is natural to write WGP in the form

TP = gu, (2.1.22)
where u is essentially a phase factor accounting for the vortices of WP, A convenient way
of spotting those is to use the so-called vorticity measure

= |loge|tcurl % (uVu* — u*Vu) (2.1.23)
which is (up to the |loge|~! factor) nothing but the curl of the superfluid current
j= % (uVu* —u*Vu) (2.1.24)

and thus (in analogy with fluid mechanics) a good candidate to count the vortices of u. On
can indeed show that, in the regime of our interest, this “intrinsic” measure is very-well
approximated by an “explicit” measure counting the vortices of WGP weighted by their
degrees.

2.1.6. Main theorem: the onset of vortex lattices. We may now state the main
result of [89]. As usual [4, 165 297], one cannot spot vortices lying too close to the
boundary of the domain. Indeed, p** vanishes on 9DTY and thus, according to (2.1.7)), a
vortex lying close to the boundary carries very little energy. We will thus limit ourselves
to analyzing the behavior of u in the smaller ball B(0, Ryuk) with Rpyy satisfying

Ry < RTF, ‘Rbulk — RTF‘ = O(Qfl). (2.1.25)
The convergence of the vorticity measure will be quantified in the norm
1l == sup B(O’R?;g‘) (2.1.26)
$€CE(B(0,Rpuix)) / 1 !V¢\2 V4|
e + oo
B(D7Rbulk) pTF L (B(Ovaulk))

which turns our to be well-adapted to both the study of the limit problem (2.1.13)) and to
the methods of proofs we use. The statement is as follows:

Theorem 2.1.1 (Asymptotics for the vorticity measure).

Let v and py be defined respectively in (2.1.23) and (2.1.17)). Then we have

log | log e|'/?
— M <O| ———————— 2.1.27
b el < (|1oge|1/4 (2.1.27)

i the limit € — 0.

In the course of the proof we establish the following energy estimate, showing that the
vortex energy gives the first correction to the density profile energy in the limit € — 0:



26

Theorem 2.1.2 (Ground state energy asymptotics).
If Q = Qqlloge|, with Q¢ > Qy, then

) log |1
ECP — fOP 4 [TF|log 2 (14 0 (1081108¢] (2.1.28)
[log=[1/2

m the limit € — 0.

To conclude, we discuss several properties of the (average) vortex distribution that

can be read off from .

e When Qp < ©; in (2.1.11)), a straightforward computation reveals that the cost
function H™ is positive everywhere. Vortices are thus not favorable and the
vortex distribution vanishes identically. We thus recover the expression of [166]
10] for the first critical speed.

e In the regime , one can compute that there is a non-empty region where
H™ < 0 and V-iz VHTF > 0, whose size increases with increasing €y until it
finally fills the whole sample in the limit 29 — oo. This region is, according
to , filled with vortices, a behavior that is reminiscent of the ‘obstacle
problem regime’ in Ginzburg-Landau theory [311].

e The first term in the right-hand side of cannot be constant, except when
p™ is constant itself, which can only happen in the flat trap, where one formally
sets s = oo. This term is thus responsible for an inhomogeneity of the vortex
distribution, whereas the second term yields a constant contribution of 2Qg (22
in the physical variables) units of vorticity per unit area.

e The first term in (2.1.19), responsible for the inhomogeneity, is independent of
Q. Its importance relative to the second one thus diminishes with increasing
Qo. The inhomogeneity then becomes a second order correction in the limit
Qo — oo, which corresponds to 2 > |loge|. This is observed in experiments [74]
and numerical simulations [97] and bridges with the situation considered in [84],
where we proved that, if Q@ > |loge|, the vortex density is to leading order
constant and proportional to 2(2.

2.2. The surface superconductivity regime in Ginzburg-Landau theory

The response of a superconducting material to an applied magnetic field displays very
rich physics. It is commonly [311], 124] studied within the effective mean-field/semi-
classical Ginzburg-Landau theory. The latter has been introduced on phenomenological
grounds in [135] and later derived [142), 100] from the microscopic Bardeen-Cooper-
Schrieffer [24] theory. The derivation has been made mathematically rigorous only very
recently [128].

Here we describe the results of [90} 91, 92] on the surface superconductivity state
of type II superconductors. This is one of the two main types of mixed phases occur-
ring for large Ginzburg-Landau parameter when a magnetic field is applied. Indeed, the
phenomenology is as follows:

e For low applied magnetic field hey, the full sample is superconducting and the
applied magnetic field is expelled (zero magnetic field in the sample). This is the
so-called Meissner effect.
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e When the applied field reaches a first critical value H.1, vortices start to appear
in the sample. These are small regions where the material is in its normal, non-
superconducting, phase, surrounded by a sea of the superconducting phase. The
vortices carry a phase circulation and organize in triangular lattices, see [157]
for experiments. The situation in this regime is reminiscent of what has been
discussed in Section for trapped superfluids (see [311] for review) but shall
not concern us here.

e At a second critical value Hco of the applied field, superconductivity is lost uni-
formly in the bulk of the material, but survives close to the boundary. This is the
surface superconductivity phenomenon we shall focus on, first predicted in [309].
Although clear experimental evidence has been reported pretty soon after the
prediction [334], it seems that direct experimental pictures of this phase became
available only very recently [269].

e Finally, for applied fields larger than a third critical value H.3, even surface
superconductivity is destroyed by the magnetic field, and the full sample is in the
normal phase.

Note that the above phenomenology stricto sensu applies only to samples with smooth
boundaries. If the boundary has corners, superconductivity can survive in those for fields
Hes < hex < Hey where Hy is yet another, distinct, critical value. We shall not discuss
this case here: we restrict to smooth boundaries, and thus there are only three critical
fields. We shall work in the regime Heo < hex < Hcs. A review of the state of the art on
this regime, prior to our papers [90], 91, 92], can be found in the monograph [124].

2.2.1. 2D Ginzburg-Landau theory. We consider an infinitely long superconduct-
ing cylinder of cross-section 2 C R2. Throughout, we assume that € is compact and simply
connected, with smooth boundary. The state of a superconductor is described by an order
parameter ¥ :  — C and an induced magnetic vector potential A : Q — R? generating
an induced magnetic field

h:%curIA
15

which is different from the applied field.
We write the Ginzburg-Landau energy functional in units convenient for the discussion
of surface superconductivity (other conventions are commonly used [311), [124]):

1 1
GL _ 2 4 2 2
gsBLAL_A{WQW\%§QW|—mm)+6ﬂmﬂA—¢} (2.2.1)
Here we use the standard covariant derivative
Vai=V+ 2A,
€

b and e are positive parameters depending on the material and the applied field, that
we assume to be constant. Units have been chosen in such a way that e~2 measures the
intensity of the external magnetic field. We shall study the asymptotic regime € — 0, for
values of b satisfying

1<b<O;'~17 (2.2.2)
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where Oy is a spectral parameter (minimum ground state energy of the shifted harmonic
oscillator on the half-line):

+00 +o0
©p := min min {/ |0ul? 4 (t + a)?|ul?, / lu|? = 1} .
0 0

aceR

The case b = 1 (respectively b = O 1) corresponds to the second critical field (respectively

the third critical field).
The above functional is invariant under the change of gauge

U — Ue®, A — A—e2Vo.

Thus, the only physically relevant quantities are the gauge invariant ones such as the den-
sity |W|2, which provides the local relative density of superconducting electrons (bound in
Cooper pairs). Any minimizing ¥ must satisfy || < 1. A value |¥| = 1 (respectively,
|¥| = 0) corresponds to the superconducting (respectively, normal) phase where all (re-
spectively, none) of the electrons form Cooper pairs. We are interested in the ground state
problem

ESY = min SV, Al (2.2.3)

and denote (UG, AGL) any minimizing pair.

2.2.2. Effective functionals. In the surface superconductivity regime (2.2.2)), the
order parameter WG is concentrated on a length scale of order ¢ close to the boundary of
the sample. In addition, the applied magnetic field essentially penetrates the sample, so
that

curl AGL ~ 1.

Justifying these expectations mathematically is a hard task [124]. Accepting them, one
is lead to natural reduced models describing the physics in the boundary layer. We use
scaled boundary coordinates s and t (tangential and normal coordinates, in units of e~ 1).
Performing a suitable choice of gauge, one may obtain:

e A functional corresponding to the case of a half-plane sample

|0Qle~t  ptoo 1 1
Enpt] = /_0 /t:o {\(v — ites) Y[° + %\wr‘ - bw} : (2.2.4)

Here one approximates the physical boundary by a straight line using the fact
that all the physics happens at distance O(e) of the boundary and neglecting
lower order corrections in €.

e A 1D functional obtained by inserting an ansatz (s, t) = f(t)e~* in the above:

S0 = [ 0P 0l (- 2) (2.2.5)
0, = 0 t (07 % . 2.

It is certainly not obvious, but nevertheless true and part of our results, that such
an ansatz is optimal for computing the energy in the regime ([2.2.2]).
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e The above functionals neglect the boundary’s curvature altogether. One can,
and must, go beyond this approximation for the next results. This is done by
introducing a refined 1D functional

LI = ACOlog€|(1—€kt){’atf‘2 (tJr(a_ngtQ) 12+ (f4—2f2)} (2.2.6)

where k plays the role of a local curvature and ¢p is an (essentially) arbitrary
constant. This is the natural refinement of one should introduce in the case
of a disk sample of radius R = k~'. One can then use it to locally approximate the
physical sample’s boundary by the auscultating circle rather than by the tangent.

2.2.3. Energy and density asymptotics. The link between the full Ginzburg-
Landau energy and the above reduced functionals is given by the next theorem. Mini-
mizing (2.2.6]) with respect to both the function f and the real number o we obtain an
optimal energy ELP(k), an optimal profile f; and an optimal phase (k). The rationale
is that essentially

U (r) = U9 (s, 1) & frs) (t) exp (—iays)s)
up to a suitable gauge choice, i.e. that for a fixed tangential coordinate s,
approximated by minimizing the reduced energy (2.2.6)).

UGL s well-

Theorem 2.2.1 (Surface superconductivity: energy and density asymptotics).
Denote s — k(s) the curvature of the boundary 2. For any fired 1 < b < @ , in the
limit e — 0, we have

[0Q]

1
ESt =2 0 E'P (k(s)) ds + O(e| log e|®). (2.2.7)

and

19642 = | fu )|

for some power a > 0.

0(%?|log ¢]|?) (2.2.8)

L2(Q)

Note that the error terms in the estimates are much smaller than the subleading order
of the main terms, as one can easily realize. The above generalizes and complements
previous results of [274, 13|, 125] in two directions:

e The theorem is valid for the full surface superconductivity regime . The
only previous result holding in this generality is that of [274] where an energy
estimate in terms of is obtained. The reduction to a 1D functional was
performed in [13), 125] but only for 1.25 < b. This was accomplished by pertur-
bative methods: the limiting regime b — O ! being essentially linear, one can
use several spectral theory tools there and try to push the regime of applicability
as far as one can. It turns out that this approach does not cover the full phys-
ical regime and indeed, we use a completely different method for the 1D
reduction.

e The estimates above contain information at subleading order: the minimization
of gives the leading order of Problem and previous results were
all limited to that level of precision. In this theorem, one actually computes
the energetic contribution of the domain’s curvature, something that had so far
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remained elusive in the regime (2.2.2)). This bridges with previous results [124]
in the regime b — ©y ! Wwhere the role of curvature is much better understood.

2.2.4. Absence of vortices and estimate of the phase circulation. The above
theorem only gives averaged (in the L? sense) information about the Ginzburg-Landau
minimizer. In particular, in the absence of uniform estimates, it does not rule out the
possibility that the surface superconductivity layer might contain normal inclusions, e.g.
vortices. This seems rather unnatural from a physical point of view, but had never been
ruled out in a mathematically rigorous manner. We can deduce from the refined energy
estimates of Theorem a L* estimate in the boundary layer

Ay = {dist(r, Q) < %5\/| log'ys|}, (2.2.9)

where bl stands for “boundary layer” and 0 < . < 1 is any quantity such thatﬂ
Yo > e/ logel®. (2.2.10)

Theorem 2.2.2 (Uniform density estimates and Pan’s conjecture).
Under the assumptions of the previous theorem, it holds

T @) = fo (Ol e 4, < Cr32et 4 loge|* < 1 (2.2.11)
for some constant a > 0. In particular for any r € 9Q we have
[[TCE ()| = fo(0)] < CY*|loge|” < 1, (2.2.12)
where C' does not depend on r.

Estimate solves the original form of a conjecture by Xing-Bin Pan [274], Con-
jecture 1]. In addition, since fy is strictly positive, the stronger estimate ensures
that UG does not vanish in the boundary layer . A physical consequence of the
theorem is thus that normal inclusions such as vortices may not occur in the surface
superconductivity phase.

Since WGL cannot vanish on 05, its phase is well-defined there, and one could try to
estimate it. Of course, only gauge invariant quantities make sense physically. One such
quantity is the winding number (a.k.a. phase circulation or topological degree) of WSk
around the boundary 9€:

21 deg (¥, 00) = —z/ —0s | — | ds, 2.2.13
( ) oo ¥ | ( )

0s standing for the tangential derivative. Theorem ensures that deg (¥,00) € Z is
well-defined. Roughly, this quantity measures the number of quantized phase singularities
(vortices) that ST has inside 2. Our estimate is as follows:

Theorem 2.2.3 (Winding number of ¥S" on the boundary).

Under the previous assumptions, any GL minimizer WG satisfies
Q )
deg (UL, 00) = LJ 4 lool | O34 1og e|>) (2.2.14)
€ €

i the limit € — 0.

2a>0isa suitably large constant.
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Note that the last two theorems only capture the leading 1D contribution of ,
and do not show curvature corrections. Their proofs however require the full precision of
the energy estimate . Indeed, one can easily see that the energetic cost of a normal
inclusion would scale as O(e). It is thus necessary to expand the energy at least to that
order if one is to rule this possibility out.

2.2.5. Influence of boundary curvature. As already mentioned, one of the main
novelties of Theorem [2.2.1] is that it exhibits energetic contributions due to the sample’s
curvature. It is desirable to obtain more precise results, expliciting the distribution of
superconducting electrons along the boundary, as a function of curvature. For obvious
physical reasons, it would be desirable to have estimates of the density |[¥ST|2. This

we cannot do with the desired precision, but we can obtain a rather explicit estimate of
|\I,GL|4:

Theorem 2.2.4 (Curvature dependence of the order parameter).
Let ST be o Ginzburg-Landau minimizer and D C Q a measurable set whose boundary
0D intersects 02 with 7/2 angles. Denote s — k(s) the curvature of O as a (smooth)
function of the tangential coordinate s.

For any 1 <b< @61, in the limit € — 0,

/ (WOL[ — £ 0y (5)]0 N OD| + £2C(b) / k(s)ds + o(<2), (2.2.15)
D dDNIN
where ds stands for the 1D Lebesgue measure along 02 and
+oo
Cy(b) = —20ELP = / fo>0 (2.2.16)
0
2
Co(b) = 20 €7 [fo] = 3P £2(0) — 2bag ESP. (2.2.17)

Moreover, for |b— @al| small enough (independently of €), Ca(b) > 0.

The leading order term in had previously been computed [126,, 169, 274], with
a less explicit expression of the constant C (b) however. The above theorem shows that the
concentration of superconducting electrons along the boundary depends linearly on the
curvature. Close to the third critical field, we are able to show that curvature, counted
inwards, favors surface superconductivity. This is in accord with previous results (see
again [124] for review) obtained in the perturbative regime b — O ! in particular with
known corrections to the expression of the third critical field. Note that the assumption
that the set D intersects 9€) at right angles is probably necessary to state the result in
the form above: integration along lines of constant tangential coordinate and delicate
estimates of tangential variations of the order parameter are involved in the proof.

Let us explain briefly how one obtains the above expressions. The variations due to the
boundary’s geometry are encoded in the behavior of the 1D functional . Since we
work in the regime ¢ — 0, it is natural to consider a perturbative expansion of E!P (k(s)).
We then get that the leading order is given by the & = 0 functional and that the
first correction is —ek times

colloge|
EC(f] = /0 ) t{|8tf!2 + 2 <—a(t +a) - % + 21bf2> } (2.2.18)
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which is obtained by retaining only linear terms in ek when expanding . It turns
out that this correction, evaluated at f = fy, is equal to Co(b) defined above. Then, if
one can localize in the set D the energy estimate , a version of with WG4
replaced by the Ginzburg-Landau energy density results. Integrating the Ginzburg-Landau
variational equation over D and estimating a boundary term (a delicate step) leads to the
result for the distribution of [WGL |4,



CHAPTER 3

Rigorous studies of fractional quantum Hall states

The Hall effect has been discovered in the 19th century: if an electric current is
imposed on a 2D sample in the presence of a perpendicular magnetic field, a voltage drop
perpendicular to both the current and the magnetic field develops, due to the Lorentz
force acting on charge carriers. This effect is in fact a popular way to measure the carriers’
density and charge in a sample. The more recent discovery of the quantum Hall effects
(integer, and then fractional) has lead to two Nobel prizes in physics (von Klitzing in 1985,
Laughlin-Stérmer-Tsui in 1998). The conductance associated to the perpendicular voltage
drop is in fact quantized in certain fractionsﬂ of €2/h. The precision of the quantization
is astonishing, independently of the sample’s details. So much so that it is nowadays used
to set the resistivity standard.

The integer quantum Hall effect (IQHE) can be understood within non-interacting
electron models. While a full theoretical understanding is lengthy and difficult (see e.g. [26),
139] for reviews), the basic ingredients are the well-known Landau quantization of kinetic
energy levels in presence of a magnetic field, and the Pauli principle. The fractional
quantum Hall effect (FQHE) on the other hand has been recognized very early as being
due to the occurrence of new, strongly correlated, electronic ground states (see [137, 139,
333, 189, 167] for reviews). The theoretical understanding of these new states of matter
is still one of the most challenging problems of condensed matter physics. Very little is
known at a full mathematical level of rigor. In this chapter we describe some results aiming
at filling part of this gap. We focus on studies of the most basic fractional quantum Hall
states, introduced by Laughlin in 1983.

As happened with many condensed matter phenomena, it has been suggested [36]
345|, [77] that insight on the FQHE could be gained by emulating (part of) the physics in
a cold atoms system. This has so far remained elusive (see however [242], 190] for recent
experimental progress), but this promising possibility opens new theoretical questions.
These regard both the proposed specific cold atoms realizations of FQHE physics, and
basic properties of FQHE states that could be probed more easily in those than in actual
2D electron gases.

Section below is a short general introduction to the topics addressed in this chapter.
In Section we discuss FQHE states in rotating trapped Bose gases, with a special
emphasis on how the trap should be taken into account. This issue, and related ones in
the 2D electron gas setting, leads to the introduction of a new variational problem and
related asymptotic estimates that we study in Section We refer to these inequalities
as “incompressibility estimates” because they shed light on the rigidity that the Laughlin

lWith e and h the charge of the electron and Planck’s constant, respectively.
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state displays in its response to external potentials, a crucial property in FQHE physics.
A (very) streamlined review of this material has already appeared in [302].

3.1. General framework

The situation of interest for this chapter is that of interacting particles confined in two
space dimensions, submitted to a perpendicular magnetic field of constant strength. The
Hamiltonian of the full system is given by

N
Hy = Z ((—iVj + iA(xj))Q + V(Xj)) + A Z w(x; — X;) (3.1.1)

j=1 1<i<j<N
where A is the vector potential of the applied magnetic field of strength B, given by
B
AG) = 5 (—y,2)

in the symmetric gauge. The pair interaction potential is denoted w, the coupling con-
stant A. Here we think of repulsive interactions,

w>0, A>0.

Units are chosen so that Planck’s constant A, the velocity of light and the charge are equal
to 1, and the mass is equal to 1/2. The potential V' can model both trapping of the
particles and disorder in the sample. We will study systems made of fermions or bosons,
so Hy will act either on ®i\gym L?(R?) or ®é\;m L?(R?), the anti-symmetric or symmetric
N-fold tensor products of L?(R?).

The quantum Hall effect (integer or fractional) occurs in the regime of very large
applied magnetic fields, B > 1. We shall thus here restrict attention to single particle
states corresponding to the lowest eigenvalue of (—iV + A(x))?, i.e., the lowest Landau
level (LLL)

H = {¢ € L*(R?): ¢(x) = f(z)e_B|Z‘2/4, f holomorphic } (3.1.2)

as the single-particle Hilbert space. Here and in the sequel we identify vectors x = (z,y) €
R? and complex numbers z = = + iy € C. We choose units so that the magnetic field is 2,
in order to comply with the conventions for rotating Bose gases as in [304), [305] where B
corresponds to 2 times the angular velocity.

The best understood situation leading to a FQHE is that where the interactions are
repulsive enough to force the many-body wave-function to vanish whenever particles come
close together. Laughlin [187] suggested the very fruitful idea that the ground state of
a 2D electron gas could be described, in such a parameter regime, by many-body wave-
functions of the form

N
ULau(21, -3 2N) = CLau H (z — zj)gff Y= lzil/2, (3.1.3)
1<i<j<N
Here ¢ > 3 is an odd integer and z1, ..., zy the coordinates of the 2D electrons, identified

with complex numbers, and measured in units of the magnetic length. The constant cpay
normalizes the state in L2(R?Y). One can trivially adapt the wave-function to the bosonic
case by taking ¢ even, £ = 2 being the most relevant case. Much of FQHE physics is based
on the strong inter-particle correlations included in Laughlin’s wave-function.
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The proposed trial state (3.1.3]) satisfies three requirements:

e it is built solely out of one-particle orbitals of the lowest Landau level, and thus
minimizes the magnetic kinetic energy;

e it vanishes when two electrons collide, at a faster rate than that imposed by the
Pauli principle (which corresponds to ¢ = 1);

e one can argue that it corresponds to a filling factor v (number of electrons per
unit magnetic area) of approximately 1/¢.

It historically served as the basis of a theory explaining the FQHE at v = 1/3, the first
case where it was observed. It also allowed to predict the effect at v = 1/5, observed later.
Noteworthily, this wave-function is proposed as a ground state ansatz for the Hamilton-
ian with V' = 0. The rationale is that the FQHE happens when the energy scales
are, by order of importancﬂ7 first the magnetic kinetic energy, then the repulsive interac-
tions and last the potential energy due to trapping and disorder.

More generally, one may restrict the wave function to live in the space

,Cév = {\IJ S Lz(R2N) : \11(2’1, . ,ZN) = \IlLau(zl, .. .,ZN)F(Zl, . ,ZN), Fe BN}
(3.1.4)

where

N
BN .= ®B = {F holomorphic and symmetric | F'(z1,...,2zy)e" il ¢ LZ(R2N)}
sym
(3.1.5)
is the N-body bosonic Bargmann space (symmetric here means invariant under exchange
of two particles z;, z;), with scalar product

(F,G) gy = <Fe— il Ge= ik |z]-|2/2> . (3.1.6)
L2(R2N)
In allowing this more general class of states we want to have some flexibility to accom-
modate the external potential V' in . We still assume that the main energy scales
are set by the magnetic kinetic energy and the repulsive interactions, but this leaves some
freedom, which is important in applications:

e In the 2D electron gas where the FQHE is observed, the disorder potential due
to impurities is absolutely crucial to explain the effect. Indeed, a large part of
Laughlin’s theory concerns the response of his proposed ground state to disorder.

e In experiments with cold Bose gases, a trapping potential is ubiquitous, and it
is of importance to understand how the Laughlin state responds to it. Actually,
some recent proposals [263), 291], 276] to emulate FQHE physics with cold atoms
require some non-trivial engineering of the trap.

It is of some importance in Laughlin’s theory that the system actually chooses simple
functions such as

N
V(21,0 2n) = cp@nan(z, - 2n) [ [ £(29) (3.1.7)
j=1

2Ac‘cually, one assumes first that the electrons’ spins are all aligned with the magnetic field, but this

is already implicit in (3.1.1)).
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for some one-particle analytic function f, rather than having a genuine general F' in .
Comparisons with experiments are pretty convincing, but the profound reason for the
emergence of such forms is not quite obvious. A large part of the works presented here is
motivated by this issue.

3.2. The fractional quantum Hall regime in rotating trapped Bose gases

The formal similarity between the Hamiltonian of a rotating Bose gas and that of a 2D
electron gas in a magnetic field suggests the possibility of studying bosonic analogues of the
FQHE in cold quantum gases set in rapid rotation. In particular, a phase transition from
a Bose-Einstein condensate (BEC) with a vortex lattice (studied e.g. in [7), 5, 9], 8]) to a
strongly correlated Laughlin state should happen [33), [79), [80] at total angular momentum
o N? (filling factor of order 1), where N > 1 denotes the particle number. This phase
transition has not been observed yet because it is extremely difficult to reach such high
angular momenta in the laboratory.

The reasons for this difficulty can be understood as follows. The usual experimental
setup consists of bosonic atoms in a rotating trap modeled by a harmonic potential. The
usual approximations for large rotation frequency are that the gas is essentially 2D, that
single-particle orbitals are confined to the lowest Landau level and that the inter-particles
interactions are described by a Dirac delta potential. These can to some extent be backed
with rigorous mathematics [213]. Accepting them, the relevant Hamiltonian boils down
to

N
Hy :Zw\xj\Q—l—gZé(a:i—xj) (3.2.1)
j=1 i<j
operating on wave functions ¥(z1,...,zy), ¥; € R?, in the lowest Landau level (LLL) of

a two-dimensional magnetic Hamiltonian. Here w > 0 is half the difference between the
squares of the frequency of the harmonic trap and of the rotation velocity, measured in
units of the latter, and g > 0 is the coupling constant of the interaction. When w/g is
large, one can prove [232] that the ground state of Hx shows Bose-Einstein condensation,
i.e. correlations between particles almost vanish. To obtain correlated states, one wants
to favor the interaction, i.e., consider small values of w/g. Clearly this corresponds to
a singular limit where the gas is no longer confined against centrifugal forces. This is
the main source of difficulty that has to be overcome to create the Bose-Laughlin state
(see [291] for a more quantitative discussion).

A natural proposal [46, [345), 263] is to add a confining term that should be stronger
than quadratic (i.e., stronger than the centrifugal force). Here we investigate asymptotic
properties of ground states after such an addition to the Hamiltonian. We focus in a
regime where the parameters are tuned to favor strong correlations. A simple model for
the additional term is > k|xz;|* with k& > 0, that has already been considered in the
context of rotating BECs [4, [46], 35, [83), [84), 295]. A new problem that has to be tackled
is the lack of commutativity of the anharmonic potential term, projected onto the lowest
Landau level, and the interaction. This implies that the Laughlin state is not an exact
eigenstate of the modified Hamiltonian as it is for the Hamiltonian in a purely harmonic
trap. In this section we summarize the papers [304, [305] where we studied this situation
from a mathematical point of view.
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3.2.1. Model for the quantum Hall regime. Taking for granted the approxima-
tions mentioned previously, we shall consider a model with one-particle states reduced to
the lowest Landau level . For a rotating Bose gas, the role of the magnetic field B
is played by twice the rotation frequency. Setting the latter equal to 1 for simplicity, the
N-particle Hilbert space is thus

HN = {\Il(zl, e an) = Fzn, ... an)e S B2 ¢ AR2N) e BN} . (3.2.2)
where the Bargmann space for N bosons is defined as

BN = {F holomorphic and symmetric such that F(z1,...,2n)e" il =2 € LQ(RQN)}
(3.2.3)
This is a Hilbert space with scalar product inherited from the usual L? product:

SN L2 SN2
(F, G) v = <Fe S lEl2 e il /2>L2(R2N)_ (3.2.4)

We are interested in an energy functional corresponding to (3.2.1), with an additional
quartic term in the one-body potential:

£L10] = N/ Vo (F)pw(2)dz + AN (N — 1)9/ (2, 20, 2 o) 2 dzs. .y
R2 R2(N-1)
(3.2.5)
where
pw(z) = / W(z,29,...,25) P dza . .. d2y (3.2.6)
R2(N-1)

is the one-body density of ¥, normalized to 1, and

Vor(r) =wr? + krt, r=|z% (3.2.7)

The second term in corresponds to contact interactions, where only the value of
the wave-function along the diagonals of configuration space is penalized. For a general
wave-function ¥ this is of course ill-defined, but we are interested in minimizing amongst
the extremely regular functions of the N-particles LLL :

EY = inf {5%11] — (U, H*T), W € HY, | W] 2 gony = 1}. (3.2.8)

Then, the energy functional (3.2.5)) is perfectly well-defined, and one can show that it is
in fact the quadratic form associated with a certain bounded operator on the Bargmann

space (3.2.3):

N
HP :=N(w+2k)+ > (w+3k) Ly + kL) +g > & (3.2.9)
j=1 1<i<j<N
with
L; = 20,
the angular momentum operator in the j-th variable and
P 217TF( ;(zi F2)nns %(zi +z),.). (3.2.10)

We state the correspondence between (3.2.5) and (3.2.9) as a lemma, whose proof is a
combination of well-known arguments (see [6], 275], [305]):
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Lemma 3.2.1 (Hamiltonian in the Bargmann space).
We have, for any ¥ € $HV,

N 12
EV) = (F,HPF) 5y with ¥ = Fexp [ - ) ’Z;’ , FeBN, (3.2.11)
j=1
In particular
EY = EB .= infoun HE. (3.2.12)

Moreover, EB is an eigenvalue of H® with (possibly non unique) eigenfunction FB. One
may choose FB to have a definite total angular momentum, say
LNFB = LyFP

where
N

Ly =) 20y (3.2.13)
j=1
Equivalently, the infimum in (3.2.8)) is attained. One may choose a minimizer W with
definite angular momentum Ly.

In the sequel we are interested in properties of a ground state with fixed angular
momentum, in the regime where correlations between particles are so strong that the
wave-function essentially belongs to a space of the form , and thus contains (at
least) the correlations built-in in the Laughlin state.

3.2.2. Criteria for strong correlations in the ground state. It is easy to see
that the space (3.1.4)), for ¢ = 2, corresponds to the null space of the total interaction
operator

In= > & (3.2.14)
1<i<j<N
ie. for F e BN
INF =0 = U := Fe~ 21 lal’/2 ¢ £,
We first state criteria ensuring that the ground state of our problem almost fully lives
in £J'. These are stated in terms of the gaps of the so-called yrast curveﬂ

gap (L) := min (0 (Inlzy=ry) \ {0}) (3.2.15)
whose dependence on the total particle number N and angular momentum L is unfortu-
nately unknown at present.

Theorem 3.2.2 (Criteria for strong correlations in the ground state).
Let UL be a minimizer of (3.2.8)) and PKer(,ch)l the projector on the orthogonal complement
of LY. Define the spectral gaps

Ay = gap(2N?), Az = gap(Lqn + V3N?), Ay = gap(Lygn + \/gLé{fN), (3.2.16)

where N
Lo = —L‘;—k +0(1). (3.2.17)

3Note that the total angular momentum commutes with the total interaction.
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We have
HPKer(%V)L\IlLH 0 (3.2.18)

in the limit N — oo, w,k — 0 if one of the following conditions holds :
Case 1. w >0 and

(9 A1) (WN? + kN?) = 0.
Case 2. —2kN <w <0 and

(g A1) (Nw?/k +wN? + kN3) — 0.

Case 3. w < —2kN and

(9 A3) M EN® = 0.
Case 4. w < —2kN and

(9 A4) " w|N = 0.

We believe that these criteria for entering the strongly correlated Laughlin phase Eév
are essentially optimal. They set bounds on parameters of a putative experiment needed to
obtain the new physics (beyond that of Bose-Einstein condensates) of the FQHE regime.

Note that obtaining such a theorem in the case k = 0 is essentially trivial since in that
case the Hamiltonian is made of two parts, one proportional to the total angular momen-
tum and the other to the total interaction. These commute with one another (because
of rotational invariance of the full interaction) and may thus be jointly diagonalized, so
that the ground state must lie on the yrast line, i.e. achieve the infimum in for
some L. The difficulties in the proof of Theorem thus reside in the quartic addition
to the trapping potential, which destroys the nice structure of the k = 0 case.

Of course, one would be interested in gaining more knowledge on the N-dependence
of the gaps setting the conditions for strong correlations. In view of existing
numerical results [286), 287, 288], [346], a natural conjecture seems to be that

gap (L) = gap(N(N —1) — N) for any L > N(N —1) — N, (3.2.19)
gap(L) > gap(N(N —1) — N) > C for any L € N, (3.2.20)

so that one could replace A1, As, A3 by universal constants in the statement, but this
remains an open problem. The different cases in the theorem correspond to changes in
the nature of the ground state, as we discuss next.

3.2.3. Angular momentum estimates. We have just introduced criteria for enter-
ing the strongly correlated regime. In the purely harmonic case k = 0, one can easily show
that as soon as the ground state essentially lives on [Zév , then it is essentially proportional
to the Laughlin state . This is because the Laughlin state clearly has the smallest
angular momentum amongst functions canceling the interaction operator. When k& > 0
and w < 0, the one-body potential develops a local maximum at the origin, which results
in new physics: a state of £) with larger angular momentum can be preferred over the
Laughlin state.

Theorem 3.2.3 (Angular momentum estimates).
In the limit N — 0o, w, k — 0 the angular momentum Lg of a ground state of H" satisfies
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(1) If w> —2kN,

Lo < 2N? (3.2.21)
(2) If w < —2kN and |w|/k < N?,
|Lo — Lan| < V3N?, (3.2.22)
where
Lgn = —% +0(1). (3.2.23)

In particular Lo/Lgn — 1 if N < |w|/k < N2.
(3) If w < —2kN and |w|/k > N?

Lo — Lan| < V3LYN. (3.2.24)
In particular Lo/Lgn — 1 if |w|/k > N2.

The first estimate is compatible with the Laughlin state staying an (approximate)
ground state, and we indeed believe this is the case. On the contrary, in the other two
cases, the theorem shows that the ground state has a strictly larger angular momentum
(for ¢ = 2, the Laughlin state has angular momentum N(N — 1)). There should be a
phase transition associated with the passage from a strictly increasing trap when w > 0
to a mexican-hat potential when w < 0. We are not able at present to characterize more
precisely the ground states. A possible track to do so is discussed in Section [3.3] Before
proceeding to this, we illustrate the expected behavior by considering trial states.

3.2.4. Behavior of trial states. The proof of the above results relies heavily on the
construction and analysis of suitable trial states. We believe , but cannot prove at present,
that those are essentially optimal in the regime of parameters discussed in Theorem [3.2.2)
The structural changes in these trial functions provides the rationale for the occurrence
of different regimes, and in particular for the changes in the total angular momentum of
the ground state obtained in Theorem [3.2.3]

As noticed above, the one-body potential of our problem changes from having a local
minimum at the origin to having a local maximum when w is decreased. We need to have
some flexibility in the matter density of our trial states to adapt to this behavior, which
leads us to the form

N
v =cen [T [I Gi-2)%e Sl (3.2.25)
j=1

1<i<j<N

were ¢, is a normalization constant. One recovers the pure Laughlin state for m = 0
and the states with m > 0 are usually referred to as Laughlin quasi-holes (whence the
label gh). The factor H;V: 1 ij is interpreted as a multiply quantized vortex located at
the origin. Its role is to deplete the density of the state when w < 0 to reduce potential
energy. We shall be lead to taking m rather large, and will thus also refer to the above
functions as “Laughlin + giant vortex” states.

Our task is to calculate the potential energy

N/R2 Vok(r)pw(z)dz (3.2.26)



41

of our trial states, with py as in (3.2.6). Given a candidate trial state we thus want to
evaluate precisely what the corresponding matter density is. It is convenient to work with
scaled variables, defining (we do not emphasize the dependence on m)

2
un(Z) = NNV ‘xpg?(\/ﬁZ)’ (3.2.27)
We compare the one-body density corresponding to (3.2.27)), i.e.
,ug)(z) = / un(z,z2,...,2n)dze ... dzy,
R2(N-1)
with the minimizer oM¥ of the mean-field free energy functional
M o] =/ Vinp + 2D (p, p) + N‘l/ plog p (3.2.28)
R2 R?2
amongst probability measures on R?. Here
Vin(r) =% — 2% log r
and the notation
D(p,p) = — // p(z)log |z — ylp(y)dzdy (3.2.29)
R2 xRR2

stands for the 2D Coulomb energy. Our results on the trial states’ density profiles may be
summarized as follows:

Theorem 3.2.4 (Density estimates for Laughlin + giant vortex trial states).
There exists a constant C > 0 such that for large enough N and any smooth function V
on R?

/}R2 v (M%) _ QMF>
if m < N2, and
/R2 % (ME\I/) _ QMF>

Our main tool is the well-known plasma analogy, originating in [187, [188], wherein the
density of the Laughlin state is interpreted as the Gibbs measure of a classical 2D Coulomb
gas (one component plasma). More precisely, after the scaling of space variables, one can
identify the N-particle density of the Laughlin state with the Gibbs measure of a 2D
jellium with mean-field scaling, that is a system of N particles in the plane interacting via
weak (with a prefactor N~1) logarithmic pair-potentials and with a constant neutralizing
background. Within this analogy the vortex of degree m in is interpreted as an
additional point charge pinned at the origin.

Existing knowledge about the mean-field limit for classical particles then suggests the
approximation made rigorous in the above theorem. For our purpose, precise estimates
that were not available in the literature are required, so we developed a new strategy for
the study of the mean field limit that gives explicit and quantitative estimates on the
fluctuations around the mean field density that are of independent interest.

< CNY2log N||VV | r2me) + CN V2 |VV ] oy (3.2.30)

< CNY2m V4|V || oo oy (3.2.31)

if m > N2.
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This result allows to evaluate the one-particle density of our trial states in a simple
and explicit way and deduce estimates of the potential energy (3.2.26)). Optimizing these
over m, we find

(3.2.32)

0if w> —2kN
Mopt = w .

We interpret this as a strong indication that, within the fully correlated regime, a transition
occurs for w < 0 and |w| o< kN between a pure Laughlin state and a correlated state with
a density depletion at the origin. Interestingly we also find that the character of the
mean-field density oM¥ and thus that of the one-particle density of the state (3.2.25))
strongly depends on m: For m < N? it is correctly approximated by a flat density profile
located in a disc or an annulus (depending on the value of m), whereas for m > N? the
density profile is approximately a radial Gaussian centered on some circle. This is due to
a transition from a dominantly electrostatic to a dominantly thermal behavior of the 2D
Coulomb gas to which we compare our trial states. Using the expression of the optimal
value of m given in this suggests a further transition in the ground state of
in the regime |w| o kN* . Establishing these phenomena rigorously remains a challenging
open problem, but they provide a rationale for the estimates on the true ground states
that we stated previously.

3.3. Incompressibility estimates for the Laughlin phase

In the previous section we were interested in a cold-atoms physics situation where
ground states should be of the form , and we were looking for a factor F' (or more
simply, a f in ) that would optimize the potential energy in a trapping potential.
As discussed earlier this kind of situation also occurs in FQHE physics proper (i.e. in
2D electron gases) where the one-body potential accounts for trapping, but also, more
importantly, for disorder. The recurrence of this kind of problem has lead us to consider
in the papers [306}, [307] a general framework for studying such questions. We summarize
this work in this section. In short, the programme is:

(1) Assume, as is often done in FQHE physics, that the interaction is strong enough
to force the ground state to live in for some /.

(2) Assume further, in first approximation, that choosing such a form renders the
interaction energy negligible.

(3) Consider then minimizing the remaining part of the energy, namely that due to
the one-body potential, within the class .

(4) What can be said in general of the minimization problem, of the ground state
energy 7

(5) What general features do the one-body densities of states of the form have
in common 7

(6) In particular, can one argue rigorously for some form of incompressibility, as
expected from physical arguments ?

(7) Can one show that, in this simplified context, minimizers always (approximately)

take the form (3.1.7]) ?

The physical motivation comes from Items 6 and 7. Incompressibility is expected to be an
essential feature of FQHE states, and trial states of the form (3.1.7)) play a very prominent
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role in the theory. Note that the trial states (3.2.25)) we have discussed previously are of
this form. The above programme, if completed, would confirm that they are energetically
optimal, as we discuss further below.

3.3.1. A new variational problem. The programme sketched above leads us to
the study of a very simple energy functional. Given a one-body potential V : R? — R we
consider the energy of a state ¥ € Eév

E¥y] = N/ V(2)pw(z)dz (3.3.1)
R2
depending only on the 1-particle probability density py
pw(z) == / |U(2, 29,...,2n)|2dzs . .. dzn. (3.3.2)
R2(N-1)

We will be interested in studying the ground state problem of minimizing , within
the Laughlin phase Eév . We take for granted the reduction to the LLL and cancellation of
the interactions by the vanishing of the wave function along the diagonals of configuration
space. We wish to see whether the Laughlin state, or a close variant, emerges as the
natural ground state in a given potential. In particular we investigate the robustness of
the correlations of Laughlin’s wave function when the trapping potential is varied.

In view of (3.1.4)) we are looking for a wave-function of the form
\I/F(Zl, ceey ZN) = CF\IILau(zla e ,ZN)F(Zl, ceey ZN)

where F' € BN and cp is a normalization factor. A natural guess is that, whatever the
one-body potential, the correlations stay in the same form and the ground state is well-
approximated by a wave function

N
U(z1,...,2n) = cpPran(zr, .. 2n) [ £(2)) (3.3.3)
j=1

where the additional holomorphic factor F' that characterizes functions of Eév is uncorre-
lated. Indeed, the energy functional dictating the form of W contains only one-body terms
once the form is assumed. It thus does not seem favorable to correlate the state
more than necessary. Although intuitively appealing, this reasoning is too simplistic, and
the emergence of the ansatz (3.3.3) is far from trivial. This is because is a one-
body functional in terms of ¥, but the correlation factor F itself really sees an effective,
complicated, many-body Hamiltonian. This is due to the factor Wy,, it is combined with
to form the state ¥p.

3.3.2. Incompressibility of the Laughlin phase. The energy functional is
of course very simple and all the difficulty of the problem lies in the intricate structure of
the variational set . The expected rigidity of the strongly correlated states of
should manifest itself through the property that their densities are essentially bounded
above by a universal constant

1

¢ N
This is the incompressibility notion we will investigate, in the limit N — oco. In view of
existing numerical computations of the Laughlin state [72], Estimate (3.3.4)) can hold only

NS for any ¥ € L}, (3.3.4)
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in some appropriate weak sense. We now discuss the approach we follow, formulated in
terms of the previous variational problem.

It is a well-known fact [I87] (a rigorous justification follows from Theorem [3.2.4]above)
that the one-particle density of the Laughlin state is approximately constant over a disc
of radius ~ v/N and then quickly drops to 0. It is thus natural to also consider external
potentials that live on this scale, which amounts to scale space variablesﬂ and consider
rather the energy functional

En[¥] = (N — 1) /RQ V (%) pu (\/ﬁ x) (3.3.5)

where ¥ is of the form (3.1.4) and py is the corresponding matter density. We shall be
concerned with the large N behavior of the ground state energy

E(N) :=inf {EN[TF], Vp e L), U] =1}, (3.3.6)
By scaling, the bound

(N —1)pgw (\/ﬁx) < %

follows from the conjectured estimate (3.3.4)). We thus expect the bath-tub energy [219],
Theorem 1.14]

Ey(f) := inf{/ Vplpe L'(R?*),0<p< i, / p= 1}. (3.3.7)
R2 7T€ R2

to play a role in this context. We recast (3.3.4]) in a “weak dual formulation” by conjec-
turing that

liminf E(N) > Ey (¢) (3.3.8)

N—oo

for any (reasonable) one-body potential V. More generally, introducing

C
Ey (¢/C) := inf {/ Vp ’ peL'R?),0<p< —, / p= 1} (3.3.9)
R2 7T£ R2
we shall refer to a bound of the form
liminf E(N) > Ey(¢/C) (3.3.10)
N—oo

as an incompressibility estimate corresponding to a density bound

<

PYR for any ¥ € L} (3.3.11)

These bounds state that, whatever the external potential V' imposed on the system, it is
never possible to create a density bump above a certain maximum value. Doing so might
be energetically favorable to accommodate the variations of V', but is prohibited by the
imposed form ¥ € Eév .

AThat we scale lengths by a factor /N — 1 instead of v/ N is of course irrelevant for large N. It only
serves to simplify some expressions.
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3.3.3. Unconditional incompressibility estimates. We can now state the main
result of [307]:

Theorem 3.3.1 (Unconditional incompressibility for £1V).
Let V € C?(R?) be increasing at infinity in the sense that

|rr|1ir11%V(x) — o0 for R — . (3.3.12)
Then
liminf B(N) > By (¢/4) (3.3.13)
—00

where the bath-tub energy Ey (¢/4) is defined as in (3.3.9)).

As explained above, since this result holds for a very large class of potentials V', it can
be interpreted as a weak formulation of the density bound

4
s N for any ¥ € LY.
It thus misses the conjectured optimal bound (3.3.4) by a factor 4, but has the correct
order of magnitude (mind the scaling in the definition of the energy). To appreciate this

we make the

Remark 3.3.2 (Illustrative comparisons).

How would the energy behave in less constrained variational sets 7 Three interesting
cases are worth considering, keeping in mind that ming2 V' sets the energy scale, and can
with no loss of generality be chosen to be 0:

e Particles outside the LLL. Suppose the single-particle Hilbert space was the full
space L?(IR?) instead of the constrained space §). The minimization is then of
course very simple and we would obtain F(/N) = min V' by taking a minimizing
sequence concentrating around a minimum point of V.

e Uncorrelated bosons in the LLL. For non interacting bosons in a strong magnetic
field, one should consider the space ®évmf), the symmetric tensor product of
N copies of the LLL. The infimum in can then be computed considering
uncorrelated trial states of the form f®V, f € §. LLL functions do satisfy a
kind of incompressibility property because they are of the form holomorphic x
gaussian. This can be made precise by the inequality [8], 55|, 213]

< [[£eret 12|

sup ‘f(z)e_wz/2 ’ (3.3.14)

’2
zeC

L2(R2)

This is a much weaker notion however: it only leads to pg < 1 for ¥ € £év . One
may still construct a sequence of the form f®V concentrating around a minimum
point of V' without violating . The liminf in is thus also equal to
min V' in this case.

o Minimally correlated fermions in the LLL. Due to the Pauli exclusion principle,
fermions can never be uncorrelated: the corresponding wave functions have to be
antisymmetric w.r.t. exchange of particles:

\I/(Xl,...,XZ',...,Xj,...,XN) = —\I/(Xl,...,Xj,...,Xi,...,XN). (3315)
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For LLL wave functions (which are continuous) this implies
V(x; = x;) =0 for any i # j,

i.e. the wave function vanishes on the diagonals of the configuration space. Due
to the holomorphy constraint, any N-body LLL fermionic wave-function is then
of the form , for £ = 1. If F = f®N_ one could then talk of “minimally cor-
related” fermions. This case is covered by our theorem, and one obtains Ey (1/4)
as a lower bound to the energy.

g

We call the above an “unconditional” result, because it is obtained under the sole

assumption that the variational set for the energy E(N) is given by (3.1.4). This is in
contrast with the result we discuss next, where the optimal bound (3.3.8]) is obtained

under an additional assumption.

3.3.4. Conditional optimal estimates. We can obtain a sharper result than The-
orem if we follow Laughlin’s original intuition that particles are correlated only
pairwise. This means that F' contains only two-body correlation factors, i.e. that it can
be written in the form

N
Fzr,....zn) = [[Az) T folziz) (3.3.16)
j=1

(4,5)€{1,...,N}

with fi and f2 two polynomials (f2 being in addition a symmetric function of z,z’). We
also assume

deg(fi) < DN, deg(f2) <D (3.3.17)

for some constant D independent of N. The degree of fa(z,2’) is here understood as
the degree of the polynomial in z with 2’ fixed (and vice versa). Assumptions
and are, of course, restrictive, but still cover a huge class of functions with possibly
very intricate correlations.

Then, defining

VP = {F e BY . there exist (f1, f2) € B x B2,deg(f1) < DN, deg(f2) < D,
N
F(Zl,...,ZN) = Hfl(zj) H fg(Zi,Zj)} (3.3.18)
j=1 1<i<j<N
and the corresponding ground state energy
EP(N) :=inf {EN[TF], U of the form B.1.4) with F € V), | Vp|,. =1}, (3.3.19)
we have

Theorem 3.3.3 (Conditional optimal incompressibility estimates).
Let V € C?(R?) be increasing at infinity as in Theorem m Then

liminf EP(N) > Ey(0). (3.3.20)
N—oo
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This is a weak formulation of the optimal density bound , under a reasonable but
unproven assumption on the states we minimize over. To see that the lower bound
is indeed optimal and can, at least in some cases, be achieved with a function of the
form , we state a result that follows rather straightforwardly from the analysis of
“quasi-holes trial states” in [305] (see Theorem [3.2.4)):

Corollary 3.3.4 (Optimization of the energy in radial potentials).
Let V : R? — R be as in Theorems|3.3.1 and|3.3.9. Assume further that V is radial, has
at most polynomial growth at infinity, and satisfies one of the two following assumptions

(1) V is radially increasing,
(2) V has a “mexican-hat” shape: V(|x|) has a single local mazimum at the origin
and a single global minimum at some radius R.
Then for D large enough we have
limsup E(N) < lim EP(N) = Ey(¢). (3.3.21)
N—00

N—o0

More precisely, in case (1)
EN[YLau] — Ev(£) when N — oo (3.3.22)

and in case (2) one can find a fivzed number m € R and a sequence m(N) € N with
m ~ mN as N — oo such that, defining
N
V(21 ..oy 28) = emVPran(21, - - -, 2N) H 27" (3.3.23)
j=1
we have
ENIYm] — Ev(f) when N — oo. (3.3.24)

Note that the potentials considered in Section [3.2] are of the form above. That the
Laughlin state itself is always (asymptotically) optimal in case 1, whatever the rate of
growth of V, is a strong manifestation of its rigidity. The only way to accommodate a
steeper potential barrier by creating a density maximum around the origin is to leave
the Laughlin phase , at the expense of increasing either the kinetic energy or the
interaction energy.

3.3.5. Hints of proofs. As for the proof of Theorem the starting point is
Laughlin’s plasma analogy, which is reminiscent of the log-gas analogy in random matrix
theory [19], 107, 121], 134, 258)]. The crucial observation [187, [188] is that the absolute
square of the wave-function can be regarded as the Gibbs state of a 2D Coulomb
gas (one-component plasma). To prove Theorems and we generalize this idea
and map any state of Eé\f to a Gibbs state of a classical Hamiltonian.

Let us consider a function of the form

\I/F:CF\I/Lau(Zl,...,ZN)F(ZI,...,ZN> (3325)

where W,y is the Laughlin state (3.1.3)), ' is holomorphic and symmetric and cp is a
normalization factor. The idea is simply to write

]‘I/F\z = c% exp (—2log [¥au| — 2log |F)
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and interpret 2log |¥iau| + 2log |F| as a classical Hamilton function. One of the reasons
why this is an effective procedure is that we can take advantage of the good scaling
properties of |Wp..|? to first change variables and obtain a classical Gibbs states with
mean-field two-body interactions and small effective temperature. Specifically, we define

pv(2) = (N~ )N s (VI =1 2) ‘2 _ 1N exp (HN(Z)> (3.3.26)

where Zy ensures normalization of py in L'(R?Y),

1
T=_
N’
and the classical Hamiltonian is of the form
N 20 1
2
Hn(Z) = Z 5+ v Z w(zi = 2) + 15— W(2). (3.3.27)
j=1 1<i<j<N
We have here written
w(z) := —log|z| (3.3.28)

for the 2D Coulomb kernel and defined
W (Z) := —2log ‘F (\/N 1 Z) ‘ . (3.3.29)

We are ultimately interested in an incompressibility bound of the form

1) const.

I (3.3.30)

in an appropriate weak sense, independently of the details of W. Here, the n-th marginal
of ppy is defined as
u%)(zl,...,zn) ::/ UN(z1, - 2N)d2n41 - - dZN.
]RQN—n
The function (3.3.29)) can be rather intricate and represents in general a genuine N-

body interaction term of the Hamiltonian (3.3.27]). The only thing we know a priori about
W is that it is superharmonic in each of its variables:

~A,W>0 Vj=1...N (3.3.31)

which follows from the fact that F' is holomorphic. Under the additional assumption that
F belongs to V2D , it is possible to regard W as a few-body interaction in a mean-field like
scaling. Then, a mean-field approximation for p can be rigorously proven to be accurate:
We first justify that an ansatz of the form

un ~ p®N, pe LYR?) (3.3.32)

is effective for deriving density bounds on ug\l,). We then show that the appropriate p

should minimize an effective mean-field energy functional, and thus satisfy a variational
equation, depending on W. Using this equation jointly with (3.3.31) we obtain that the
optimal p always satisfies

< —
p_wf
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and Theorem follows. The difficult part in this approach is the justification of the
ansatz . In the general case there does not seem to be any reason why it should
be a good approximation, and another strategy is called for.

There is another way to bound the one-particle density in ground states of Coulomb
systems without using any mean-field approximation. The argument is due to Lieb (un-
published), and variants thereof have been used recently in [278), 293, [303]. It is based
solely on some properties of the Coulomb kernel and general superharmonicity arguments,
so that it can be adapted to Hamiltonians of the form . Our strategy to prove
Theorem is then the following:

e We adapt Lieb’s argument to obtain a bound on the minimal separation of points
in the ground state configurations . This implies a local density upper bound at
the level of the ground state, but not yet the Gibbs state (3.3.26)).

o We exploit the fact that is a Gibbs state for Hy with small temperature
T — 0 in the limit N — co. It is thus reasonable to expect the density bound on
the ground state to also apply to the Gibbs state.

e More precisely, appropriate upper and lower bounds to the free-energy —1'log Zx
confirm that it is close to the ground state energy of Hy in the limit T — 0.
Applying these bounds to a suitably perturbed Hamiltonian gives the desired es-
timates on the density by a Feynman-Hellmann type argument, i.e. by evaluating
the derivative of the free-energy with respect to the perturbation.






CHAPTER 4

On the classical Coulomb gas

Classical Coulomb systems are most central objects (see [323] [324] for reviews) in
statistical mechanics, random matrix theory and fractional quantum Hall physics (see
Chapter |3 for this latter aspect). They can be seen as a toy model for matter, containing
the truly long-range nature of electrostatic interactions. As was pointed out by Wigner
[352], 353 and Dyson [107, 108, 109], two-dimensional Coulomb systems are directly
related to Gaussian random matrices, more precisely the Ginibre ensemble, and such
random matrix models have also received much attention for their own sake. A similar
connection exists between “log-gases” in dimension 1 and the GUEﬂ and GOEﬂ ensembles
of random matrices, as well as more indirectly to orthogonal polynomial ensembles. For
more details on these aspects we refer to [121], and for an introduction to the random
matrix aspect to the texts [19] [258].

In this chapter we discuss the main results of [303]. We shall be concerned with the
mean-field regime for many-particles trapped Coulomb gases in any dimension d > 2,
thus in particular the most physically relevant case d = 3, and the case of interest for
random matrix theory, vortices in superfluids and quantum Hall physics d = 2. Some of
the methods can be applied to the one-dimensional log-gas (where the interaction kernel is
—log |z|) see [313]. Our goal is to characterize, in terms of a new object, the renormalized
jellium energy, the fluctuations around mean-field theory in low temperature equilibrium
states. Results include

e a subleading order expansion of the ground state energy and asymptotic results
on corresponding equilibrium configurations that reveal a two scale structure,

e a characterization of the microscopic distribution of charges in terms of the jellium
problem,

e similar results for the Gibbs states at sufficiently low temperature, together with
free-energy estimates leading to a natural conjecture on the liquid to crystal phase
transition,

e precise estimates on the accuracy of mean-field theory for different observables
of the systems.

We refer to [278), [293], 192, 191, 193], 194] for more recent developments.

We start by a short introduction to the problem in Section [£.1] briefly reviewing
what is known about the mean-field limit on a macroscopic scale. We then heuristically
discuss the physics that should be expected to govern the microscopic scale in Section [4.2
This leads us to defining the jellium renormalized energy, in a new, more flexible way

lGaussian Unitary Ensemble.
2Gaussian Orthogonal Ensemble.
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(as opposed to the previous works [312, [314]). We then state our main results in two
separate subsections, one concerning the ground state problem, Section [£:3] one concerning
the equilibrium states at positive temperature [£.4] Finally, we state results quantifying
the precision of mean-field theory, obtained as corollaries of the main line of attack, in
Section

4.1. The Coulomb gas in the mean-field limit

Denoting x1, ..., z, the positions of the particles, the total energy at rest of our system
is given by the Hamiltonian

Hy(2y,.xn) = w(z —z;) +n > Vi) (4.1.1)
i#j i=1
where

= ifd>3
iz T 0= (4.1.2)

w(z) = —log|z| if d=2
is a multiple of the Coulomb potential in dimensions d > 2, i.e. we have
—Aw = Cd50 (4.1.3)

w(z) =

with

co = 2m, cg = (d—2)|S*!| when d > 3 (4.1.4)
and dy is the Dirac mass at the origin. The one-body potential V : R? — R is a continuous
function, growing at infinity (confining potential). More precisely, we assume

‘Ilim V(z) = +o0 ifd>3
T|—00
(4.1.5)
lim <V(x) - 1og|x\) =400 ifd=2.
|z|—o0 2

For simplicity, we assume in this chapter that V is smooth, see [303] for the optimal
assumptions. Note the factor n in front of the one-body term (second term) in
that puts us in a mean-field scaling where the one-body energy and the two-body energy
(first term) are of the same order of magnitude. This choice is equivalent to demanding
that the pair-interaction strength be of order n~'. By scaling, one can always reduce to
this situation in the particular case where the trapping potential V' has some homogeneity,
which is particularly important in applications.

We are interested in equilibrium properties of the system in the regime n — oo, that is
on the large particle number asymptotics of the ground state and the Gibbs state at given
temperature. In the former case we consider configurations (x1, ..., z,) that minimize the

total energy (4.1.1)). We will denote

E, := min H, (4.1.6)
Rdn

the ground state energy. To characterize ground state configurations we shall consider the
asymptotics of the empirical measure

1 n
L = n.zl%' (4.1.7)
‘7:
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At positive temperature we study the Gibbs state at inverse temperature 3, i.e. the
probability lawf]

1
Pn,ﬂ(xla cee a$n) = ?e_an(zl’m”T") dry...dx, (418)
n

where ZJ is a normalization constant (partition function). By definition, the Gibbs mea-
sure minimizes the n-body free energy functional

2
Fupl] = / R Hu(x)dx + = [ p(x) log(p(x))dx (4.1.9)
Rdn B Rdn
over probability measures u € P(R%™). We also have the standard relation
2
F,z:= inf F, = Fp 3[Pnsg] = —= log Z5. 4.1.10
LR Alul 8[Pn,s] 5 log ( )

between the minimal free-energy and the partition function Zﬁ .
In the mean-field regime of our interest, it is fairly standard to derive the leading-order
behavior of these objects when n — oo, as we now recall.

4.1.1. The mean-field regime: continuum limit. It is well-known that to leading
order
En = n2Euo)(1 + o(1)) (4.1.11)

in the limit n — oo where
b= [, wla—ndu@dn) + [ Vi) duto) (4.1.12)

is the mean-field energy functional defined for Radon measures p, and po (the equilibrium
measure) is the minimizer of £ amongst probability measures on RY. The functional
is nothing but the continuum energy corresponding to : the first term is
the classical Coulomb interaction energy of the charge distribution u and the second the
potential energy in the potential V. If the interaction potential w was regular at the origin
we could use the empirical measure (4.1.7) to write

oo =0 ([ V@ i)+ [ o= i) dun)) =m0

= n%E ] (1+0(n™)

and (4.1.11)) would easily follow from a simple compactness argument. In the case where
w has a singularity at the origin, a regularization procedure is needed but this mean-field
limit result still holds true, meaning that for minimizers of H,, the empirical measure p,

converges to pg, the minimizer of (4.1.12):
[y, — o when n — oo (4.1.13)

as measures. This is standard and can be found in a variety of sources. The physics
here is that (at least if V is reasonably regular), the many charges get confined in a
bounded region of space and their distribution thus converges to a continuum limit, given
by minimizing the continuum energy functional .

3Remark the conventions in the units, chosen to comply with standard choices in random matrix
theory.
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At small enough temperature (large enough [3) one should essentially expect that the
above results hold P, g-almost surely. One can in fact derive a large deviation principle
vindicating this point, see [27, 28], (61, 324]. For larger temperatures, the typical behavior
of the system is more easily guessed through an alternate point of view on the mean-field
regime, that we discuss next.

4.1.2. The mean-field regime: vanishing of correlations. Another way to think
of the mean-field limit, less immediate in the present context but more suited for gener-
alizations (see e.g. Chapter |5, is as a regime of low correlations. In reality, particles
are indistinguishable, and the configuration of the system should thus be described by a
probability measure p(x) = p(x1,...,xy), which is symmetric under particle exchange:

w1, ..., 20) = P(To(1); - - - To(ny) for any permutation o. (4.1.14)
A ground state configuration p,, is found by minimizing the n-body energy functional
Top] := ) H, (x)p(dx) (4.1.15)
R n

amongst symmetric probability measures p € Psym(Rd”). It is immediate to see that
H,, must be a convex superposition of measures of the form 0(,, . ..) with (z1,...,25)
minimizing H,, (in other words it has to be a symmetrization of some dx for a minimizing

configuration x). The infimum of the functional (4.1.15]) of course coincides with
inf H,x)p(dx) =FE
ot | HGouta) = B,

and a way to understand the asymptotic formula (4.1.11)) is to think of the minimizing pu,,
as being almost factorized

n

@y, mn) = [ ple) (4.1.16)

J=1

with a regular probability measure p € P(Rd). Plugging this ansatz into (4.1.15)) we indeed
obtain

un(l‘lv"'yxn) ~p

Lo[p®"] = n*Elp] (1 + O(n™ 1))
and the optimal choice is p = pg. The mean-field limit can thus also be understood as one
where correlations amongst the particles of the system vanish in the limit n — oo, which
is the meaning of the factorized ansatz.
This point of view readily generalizes to the Gibbs state. Imagine that P,, 3 approxi-
mately factorizes:

P (21, an) & p" (@1, ) = [ | pl2:) (4.1.17)
j=1

and insert this ansatz in the free-energy functional (4.1.9). One obtains the mean-field
free-energy functional

ﬂmzwmgi/m%p (4.1.18)

and the optimal choice of p in (4.1.17)) should minimize this object. It is then clear that
for nB > 1, the entropy term becomes negligible and we should expect (4.1.17)) to hold
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with p = po. At low temperature we thus see no difference between Gibbs states and
ground states. For nf8 < 1 however the entropy is not negligible. Then should
hold with p = ug, the minimizer of . One way to give a rigorous meaning to this
is to consider the marginals

Pg%(ﬂﬁ, W) = /’eRd(nk> P, s(x1,. .., 2k, x') dx/, (4.1.19)

interpreted as the probability density for having one particle at x1, one particle at xo, ...,
and one particle at xx. Then one can show [50} 259], 173, 174, 175}, 299] that for nS
and k fixed

Pv(fé - u?k as measures when n — oo (4.1.20)
and that for nf8 — oo and k fixed
Pv(lké — ,u(‘?k as measures when n — oo. (4.1.21)

This essentially implies (see [156), [260), 261] and references therein for discussions of this
point) that for P, g-almost every (zi,...,z,) the empirical measure converges to ug in

case (4.1.20)) and to pg in case (4.1.21]).

4.2. Beyond mean-field: the renormalized jellium energy

The main results of [303] concern the behavior of the Coulomb gas beyond the mean-
field asymptotics we just recalled. In this section we motivate, and then define rigorously,
an energy functional that is the cornerstone of our approach. Previous versions of this
object had been defined, in 2D only, by Sandier and Serfaty [312], [314]. The main novelty
here is to propose an alternate definition which is more wieldy than the original one, in
that it easily generalizes to higher dimensions and significantly simplifies some proofs.

4.2.1. Heuristics. As already mentioned, points minimizing H, tend to be densely
packed in a bounded region of space (the support of ug, that we shall denote X) in the
limit n — oo. Their distribution (i.e. the empirical measure) has to follow py on the
macroscopic scale but this requirement still leaves a lot of freedom on the configuration
at the microscopic scale, that is on length scales of order n~1/¢ (the mean inter-particle
distance). A natural idea is thus to blow-up at scale n~1/4 in order to consider configu-
rations where points are typically separated by distances of order unity, and investigate
which microscopic configuration is favored. On such length scales, the equilibrium mea-
sure g varies slowly so the points will want to follow a constant density given locally by
the value of pp. Since the problem is electrostatic in nature it is intuitive that the correct
way to measure the distance between the configuration of points and the local value of the
equilibrium measure should use the Coulomb energy. This leads to the idea that the local
energy around a blow-up origin should be the electrostatic energy of what is often called a
jellium in physics: an infinite collection of interacting particles in a constant neutralizing
background of opposite charge, a model originally introduced in [351]. At this microscopic
scale the pair-interactions will no longer be of mean-field type, their strength will be of
order 1. A splitting formula will allow us to separate exactly the Coulomb energy of this
jellium as the next to leading order term, except that what will come out is more pre-
cisely some average of all the energies of the jellium configurations obtained after blow-up
around all possible origins.
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Of course, it is a delicate matter to define the energy of the infinite jellium in a
mathematically rigorous way: one has to take into account the pair-interaction energy
of infinitely many charges, without assuming any local charge neutrality, and the overall
energy may be finite only via screening effects between the charges and the neutralizing
background that are difficult to quantify. This has been done for the first time in 2D in
[312], 314], the energy functional for the jellium being the renormalized energy W alluded
to above. As already mentioned, one of the main contributions of the work reviewed here
is to present an alternate definition W that generalizes better to higher dimensions.

4.2.2. The renormalized jellium energy. The renormalized energy is defined via
the electric field E generated by the full charged system: a (typically infinite) distribu-
tion of point charges in a constant neutralizing background. Note first that the classical
Coulomb interaction of two charge distributions (bounded Radon measures) f and g,

D9y = [[ | wle—n)di@)dsty) (1.2.)

is linked to the (electrostatic) potentials hy = w * f, hy = w * g that they generate via the

formula
1
D(f,g):/ fhg:/ ghf:/ Vhy - Vhy (4.2.2)
]Rd ]Rd Rd

Cd
where we used the fact that by definition of w,

—Ahy =cqf, —Ahg=cqg.

The electric field generated by the distribution f is given by Vhy, and its square norm
thus gives a constant times the electrostatic energy density of the charge distribution f:

e L

The electric field generated by a jellium is of the form described in the following
definition.

Definition 4.2.1 (Admissible electric fields).
Let m > 0. Let E be a vector field in RY. We say that E belongs to the class A, if
E = Vh with

— Ah = cd(z Nyé, — m) in R? (4.2.3)
peEA

for some discrete set A C R, and N, integers in N*.

In the present definition h corresponds to the electrostatic potential generated by the
jellium and E to its electric field, while the constant m represents the mean number of
particles per unit volume, or the density of the neutralizing background. An important
difficulty is that the electrostatic energy D(dy,dp) of a point charge, where 6, denotes the
Dirac mass at p, is infinite, or in other words, that the electric field generated by point
charges fails to be in Ll20c- This is where the need for a “renormalization” of this infinite
contribution comes from.
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To remedy this, we replace point charges by smeared-out charges, as in Onsager’s
lemma [271]: We pick some arbitrary fixed radial nonnegative function p, supported in
B(0,1) and with integral 1. For any point p and n > 0 we introduce the smeared charge

1 x
A simple example is to take p = 500, 1)|]lB(0 1), in which case
1
P S S
NV TOR Tl

We also define
Kd 1= cdD(é( ) 5(1)) ford >3, kg =cy, Yo = CQD((S(()D, 5(()1)) ford=2. (4.2.5)

The numbers kg4, 2, depend only on the choice of the function p and on the dimension.
This non symmetric definition is due to the fact that the logarithm behaves differently
from power functions under rescaling, and is made to simplify formulas below.

Newton’s theorem [219, Theorem 9.7] asserts that the Coulomb potentials generated

by the smeared charge 51(;77) and the point charge d,, coincide outside of B(p,n). A conse-

quence of this is that there exists a radial function f; solution to

{_Afn =cq ((5(()77) — 50) in Rd (426)
fr=0 in RA\B(0,7).

and it is easy to define the field E, generated by a jellium with smeared charges starting
from the field of the jellium with (singular) point charges, using f:

Definition 4.2.2 (Smeared electric fields).
For any vector field E = Vh satisfying

—div E = ca( > Nydp —m) (4.2.7)
peEA

in some subset U of R?, with A C U a discrete set of points, we let

E,=Vh+Y NVf@—p) hy=h+> Npfylz—p)
pEA pEA
We have
— div By = ~Ahy = ca( Y Nyl —m) (4.2.8)
peEA

and denoting by ®, the map E — E,, we note that ®, realizes a bijection from the set

of vector fields satisfying (4.2.7)) and which are gradients, to those satisfying (4.2.8) and
which are also gradients.

For any fixed n > 0 one may then define the electrostatic energy per unit volume of
the infinite jellium with smeared charges as

limsup][ E,|? ::limsup|KR|_1/ E,|? (4.2.9)
Kgr R—o

R—o0 Kgr
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where E, is as in the above definition and Kp denotes the cube [~R, R]?. Note that
the quantity J[KR |E;|? may not have a limit (this does occur for somewhat pathological
configurations). This motivates the use of the lim sup instead.

This energy is now well-defined for > 0 and blows up as  — 0, since it includes the
self-energy of each smeared charge in the collection, absent in the original energy (i.e. in
the Hamiltonian (4.1.1))). One should thus renormalize by removing the self-energy
of each smeared charge before taking the limit n — 0. We will see that the leading order
energy of a smeared charge is kqw(n), and this is the quantity that should be removed for
each point. But in order for the charges to efficiently screen the neutralizing background,
configurations will need to have the same charge density as the neutralizing background
(i.e. m points per unit volume). We are then led to the definition

Definition 4.2.3 (The renormalized energy).
For any E € A,,, we define

W, (E) = limsup ][ B, |2 — m(kaw(n) +y2las) (4.2.10)
Kg

R—o0

and the renormalized energy is given by

W(E) = lim iélf W, (E) = lim inf <lim sup][ |E, > — m(kqw(n) + 72]1d:2)> :
n— Kr

n—0 R—o0
It is easy to see that if E € A,,, then E' := m!/4 1E(m~1/%) belongs to A, and
Wy(E) = m> 240, 0 (E) W(E) = m>~ 2 W(E') ifd >3
{WH(E) =m (anl/d(E’) -2 logm) W(E) =m (W(E') — Zlogm) ifd=2,

(4.2.11)
thus the same scaling formulae hold for infz W. One may thus reduce to the study of

W(E) on Aj, for which we have the following result:

Theorem 4.2.4 (Minimization of the renormalized energy).
The infimum
ag = inf W(E) (4.2.12)
EcA,
is achieved and is finite. Moreover, there exists a sequence (Eyn)nen of periodic vector
fields (with diverging period in the limit n — oo) in Ay such that

W(E,) = a4 as n — oo. (4.2.13)

We should stress at this point that the definition of the jellium (renormalized) energy
we use is essential for our approach to the study of equilibrium states of . In
particular it is crucial that we are allowed to define the energy of an infinite system via
a local density (square norm of the electric field). For a different definition of the jellium
energy, the existence of the thermodynamic limit was previously proved in [220], using
ideas from [195], 218]. This approach does not transpose easily in our context however,
and our proof that oy is finite follows a different route.

The natural, but so far unproven, conjecture is that a4 can be attained by a periodic
(or crystalline) distribution of charge. In 2D, it is known that the the optimal lattice is
the triangular one [312], but in higher dimensions, even the optimal arrangement amongst
regular lattices is unknown.
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4.3. Asymptotics for the ground state

We are now equipped to investigate the corrections to (4.1.11) and (4.1.13). The
subleading behavior of the ground state energy is most easily stated:

Theorem 4.3.1 (Expansion of the ground state energy).

Let E,, denote the ground state energy (4.1.6) and agy denote the minimum of W for a
jellium of density 1 in dimension d, defined in Theorem [{.2.4. In the limit n — oo, we
have

2-2/d

n25[uo] + n
n2E[uo] — glogn +n <;[72r — ;/,uo(x) log 110() dx) +o(n) ifd=2.

(4.3.1)

ad/ug_z/d(x)dw +o (nQ*Q/d> if d>3
E, =

This result encodes the double scale nature of the charge distribution: the first term
is due to the points following the macroscopic distribution pug — we assume that the prob-
ability po has a density that we also denote pg by abuse of notation. The next order
correction, which happens to lie at the order n2=2/4, governs the configurations at the
microscopic scale and the crystallization, by selecting configurations which minimize W
(on average, with respect to the blow-up centers).

The factors involving pp in the correction come from scaling, and from the fact that
the points locally see a neutralizing background whose charge density is given by the
value of pg. The scaling properties of the renormalized energy imply that the minimal

- : . : . 2-2/d .
energy of a jellium with neutralizing density po(x) is aguy ~" (z) (respectively po(z)as —
o () log o (x) when d = 2). Integrating this energy density on the support of pg leads to
the formula.

The interpretation of the correction is thus that around (almost) any point = in the
support of g there are approximately po(z) points per unit volume, distributed so as
to minimize a jellium energy with background density uo(z). Due to the properties of
the jellium, this implies that, up to a pg(x)-dependent rescaling, the local distribution
of particles are the same around any blow-up origin = in the support of pg. This can
be interpreted as a result of universality with respect to the potential V in , in
connection with recent works on the 1D log gas [39, 40, 192, B313].

We now proceed to give a rigorous meaning to the above, somewhat vague, assertions
about the ground state configurations. This requires a bit of formalism. To describe the
behavior of minimizers at the microscopic scale we follow the same approach as in [314]
and perform a blow-up: For a given (z1,...,xz,), we let =, = n'/dg; and

W(2') = w (Z Sy — uo(nl/dx/)> , (4.3.2)
=1

Note that the associated electric field VA, isin LI (R4, R) if and only if p < d%‘ll. We next
embed (R?)" into the set of probabilities on X = ¥ x L} (R R%), for some 1 < p < 2.

loc
For any n and x = (1, ...,7,) € (R)" we let i, (x) = P,,, where v,, = > | 6, and P,
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is the push-forward of the normalized Lebesgue measure on ¥ by
T (:L’, Vi (nY 42 + )> .
Explicitly:
Zn(X) = Pl/n = ]é 5(x,Vh’n(nl/dx+-))d:L“ (433)

This way i,(x) is an element of P(X), the set of probability measures on X = 3 X
Ly C(Rd, R%) (couples of blown-up centers, blown-up electric fields) that measures the prob-
ability of having a given blown-up electric field around a given blow-up point in X. As
suggested by the above discussion, the natural object we should look at is really i, (x)
and its limits up to extraction, P.

Due to the fact that the renormalized jellium functional describing the small-scale
physics is invariant under translations of the electric field, and by definition of i,, we
should of course expect the objects we have just introduced to have a certain translation

invariance, formalized as follows:
Definition 4.3.2 (T)(,)-invariance).
We say a probability measure P on X is T)(,-invariant if P is invariant by (x,E) —
(z, E(A(z) +-)), for any A(x) of class C! from ¥ to R
Note that T (,)-invariant implies translation-invariant (simply take A = 1).

Definition 4.3.3 (Admissible configurations). We say that P € P(X) is admissible
if its first marginal is the normalized Lebesgue measure on ¥, if it holds for P-a.e. (z,E)

that B € A, (), and if P is T)(,-invariant.

We next define an “average with respect to blow-up centers” of W:
by
| | / W(E) dP(z,E), (4.3.4)

if P is admissible, and +oo otherwise. In view of the scaling relation (4.2.11f), we may
guess that

1
N “minW [ @27 ifd >3
min W = & = Ciz Ay Rdl (4.3.5)
P admissible — minW — = / Lo log 140 if d=2.
2 4, 2 Jr2

Note that the minima on the right-hand side exist thanks to Theorem[4.2.4] Also, the left-
hand side is clearly larger than the right-hand side in view of the definition of W, that of
admissible, and . That there is actually equality is a consequence of the following
theorem on the behavior of ground state configurations (i.e. minimizers of (4.1.1])

Theorem 4.3.4 (Microscopic behavior of ground state configurations).
Let (x1,...,1,) € (RN minimize H,. Let h!, be associated via (4.3.2) and
P, =in(z1,...,2p)

be defined as in (4.3.3).

Up to extraction of a subsequence we have that
P, =P
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in the sense of probability measures on X, where P is admissible. Moreover, P is a

) for P-a.e. (x,E).

minimizer of W and E minimizes W over A, (,

If the crystallization conjecture is correct, and if the only minimizers of VW are peri-
odic configurations, this means that after blow-up around (almost) any point in X, one
should see a crystalline configuration of points, the one minimizing WV, packed at the scale
corresponding to po(z).

4.4. Asymptotics for the Gibbs states

We now turn to the case of positive temperature and study the Gibbs measure (4.1.8]).
We shall need a slight strengthening of the assumption (4.1.5): we assume that there exists
(81 > 0 such that

(4.4.1)

fe—b’l(wgz) “loglzl) 4y <« 00 when d = 2.

We first state a generalization of Theorem to positive temperature:

{f e PV@)/2 gy < 5o when d > 3

Theorem 4.4.1 (Free energy/partition function estimates).
The following estimates hold in the limit n — oo.

1) (Low temperature regime). Let &4 be as in (£.3.5). For 8> n?/%1 we have
1) ( p g d

Fp 3 =n"Elpo] +n*2/9¢4(1 + o(1)) (4.4.2)
ifd >3 and
Fop = n*Elpo] — 3 logn + nés(1+ o(1)) (4.4.3)
if d = 2.
(2) (High temperature regime). If d >3 and n=* < g < n?/41
2n
Fop= n%‘[ug] + 5 /Rd pglog pg(1 4 0(1)) (4.4.4)
respectively if d =2 and n=' < B < (logn) ™!
2n
Fop =n"Elug] + 5 /Rd pglog pg(1 4 o(1)). (4.4.5)

The dichotomy in the above suggests strongly that the liquid to crystal transition must
happen in the temperature regime 8 ~ n?/4=1. Indeed, for lower temperatures, the free-
energy can basically not be distinguished from the ground state energy, and the occurrence
of the jellium ground state energy as the subleading order suggests crystallization of typical
thermal configurations. On the contrary, for larger temperatureﬂ the subleading term is
of entropic nature, which suggests a melting of the crystal. This picture has been recently
strengthened in [194, 191] by a more detail study of the critical regime 5 ~ n2/d-1,

Our next result exposes the consequences of the low temperature estimates (4.4.2)-
(4.4.3) for the Gibbs measure itself. Roughly speaking, we prove that it charges only

configurations whose renormalized energy W is below a certain threshold. This is a large

4Remark the small gap between the two regimes in 2D, due to scaling properties of the log kernel.
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deviations type upper bound, at speed n2=2/¢. The threshold of renormalized energy van-
ishes in the limit 8 > n?/9~!, showing that the Gibbs measure charges only configurations
that minimize the renormalized energy at the microscopic scale. This is a step towards a
proof of crystallization, in that the crystallization for the thermal states in the low tem-
perature regime is reduced to a question (still open) about ground states of the jellium
problem.

The statement below uses the same framework as Theorem in terms of the limit-
ing probability measures P, which should now be seen as random, due to the temperature.
We consider the limit of the probability that the system is in a state (z1,...,x,) € A, for
a given sequence of sets A, C (Rd)” in configuration space. Associated to this sequence
we introduce

A ={P € P(X):3x, € A,, P,, — P up to a subsequence} (4.4.6)

where P, is as in (4.3.3)) with x = x,, and the convergence is weakly as measures. The
set Ay, can be thought of as the limsup of the sequence i, (A4,).

Theorem 4.4.2 (Behavior of thermal states in the low temperature regime).
For anyn >0 let A, C (R)"™ and Ay be as above. Let

B := lim sup Bnl_Q/d

n——+oo

and &g be as in [(A.3.5). Assume 0 < B < +oo. There exists Cp such that Cz = 0 for
B =00 and

lim su < -
n%oop n2-2/d - 2

log P, 5( A, . —~
logPy5(An) _ B (ngmmp)_gd_cg). (4.4.7)

Note that the error term Cjz becomes negligible when 5 > n?/4=1 Thus the Gibbs

measure concentrates on minimizers of W in that regime. When 8 = fn?/4-1, we have
instead a threshold phenomenon: the Gibbs measure concentrates on configurations whose
W is below the minimum plus CB'

4.5. Fluctuations around mean-field theory

Our methods also yield some quantitative estimates on the fluctuations around the
equilibrium measure. These are obtained through nice coercivity properties of (precursors
of) the renormalized energy functional. We shall focus on the low temperature regime
for concreteness and stress that the following estimates are insufficient for a strong crys-
tallization result (estimates on the location of charges down to the optimal scale n=1/ 4,
They however set bounds on the possible deviations from mean-field theory in a stronger
sense than what has been considered so far in this memoir. In this sense they can come
in handy if such estimates are needed in applications (compare with Theorem in the
previous chapter).

We shall estimate the following quantity, defined for any configuration (x1,...,x,) €
Rdn

D(z,R) := v,(B(z,R)) — n/B( o 1o, (4.5.1)
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i.e. the deviation of the charge contained in a ball B(z, R) with respect to the prediction
drawn from the equilibrium measure. Here

Up = i&xi. (4.5.2)
i=1

Note that since pg is a fixed bounded function, the second term in is of order
nR?, and typically the difference of the two terms is much smaller than this, since the
distribution of points at least approximately follows the equilibrium measure.

We state three typical results:

(1) the probability of a large deviation of the number of points in a ball B(z, R) (i.e.
a deviation of order nR?) is exponentially small as soon as R > n~H(d+2),

(2) the probability of a charge deviation of order n'~'/¢ in a macroscopic ball B(z, R)
with R = O(1) is exponentially small.

(3) an estimate on the discrepancy between v, and the equilibrium measure nyg in
weak Sobolev norms.

We denote W~14(Q) the dual of the Sobolev space Wol’q/(Q) with 1/¢ +1/¢ = 1, in
particular W11 is the dual of Lipschitz functions.

Theorem 4.5.1 (Charge fluctuations).
Assume there is a constant C > 0 such that § > Cn?/=1. Then the following holds for
any x € R%.

(1) (Large fluctuations on microscopic scales). Let Ry, be a sequence of radii satisfying

1
R, > Crn a2 for some constant Cr. Then, for any X > 0 we have, for n large
enough,

Pos (1D(, Ra)| = AnRy ) < Cem O 1(CRN=0), (4.5.3)

for some C' depending only on dimension.

(2) (Small fluctuations at the macroscopic scale). Let R > 0 be a fized radius. There
s a constant C' depending only on dimension such that for any A > 0, for n large
enough,

P, (]D(:U,R)] > )\nkl/d) < Cle—CBn*?/ A (min(NR*~4 M R2724)—C) (4.5.4)

(3) (Control in weak Sobolev norms). Let R > 0 be some fized radius. Let 1 < q <
% and define

1 1
tgg=2—-—-<1
qyd d q
- 1 2
tga=3————-—>0.
q,d d dq

There is a constant Cr > 0 such that the following holds for n large enough, and
any A large enough,

3
Prs (”Vn = npollw-1apy) = )\ntq’d> < Qe FCRN W, (4.5.5)
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As regards , note that only estimates in W14 pnorm with q < d%dl make sense,
since a Dirac mass is in W54 if and only if ¢ < ffl (hence the same for v,). In view
of the values of the parameters t,4 and f,4 defined above, our results give meaningful
estimates for any such norm: a large deviation in a ball of fixed radius would be a devi-
ation of order n. Since t,4 < 1, equation above implies that such deviations are
exponentially unlikely in W14 for any ¢ < %, in particular in W11 for any space
dimension.

Finally, we return to the “uncorrelated point of view” on the mean field limit, stating
some consequences for the reduced densities (4.1.19) of the Gibbs state:

Corollary 4.5.2 (Reduced densities in the low temperature regime).

Let R > 0 be some fized radius, 1 < q < %. Under the same assumptions as Theo-
rem [4.5.1], there exists a constant C > 0 depending only on the dimension such that the
following holds:

e (Estimate on the one-particle reduced density).

e (Estimate on k-particle reduced densities). Let k > 2 and ¢ : R% — R be a
smooth function with compact support, symmetric w.r.t. particle exchange. Then
we have

/ <P£lk)5 — u%z’k> ap‘ < Cknl=Yd=1/q sup ... sup ||Ve(z1,...,25-1, - )HL,,(Rd) ,
Rdk z1ERI xk_1€]Rd
(4.5.7)

(1) _ < l_l/d_l/q =
P “‘)Hw—l,q(BR) <Cn on(1). (4.5.6)

where 1/p=1—1/q.

As our other results, Corollary concerns the low temperature regime. One may
use the same technique to estimate the discrepancy between the n-body problem and
mean-field theory in other regimes. When n becomes small however (large temperature),
in particular when 8 ~ n~! so that entropy and energy terms in are of the same
order of magnitude, a different method can give slightly better estimates, see the original
paper for details.



CHAPTER 5

Ground states of large bosonic systems

The quest for Bose-Einstein condensation (BEC) is a long story that spanned most of
the 20th century, from the original theoretical prediction [38), [112] to the first experimental
realizations [81,, 171]. In short, one of the main questions is to understand why, how,
and when, a system of bosonsE] shows macroscopic occupancy, with most particles residing
in a single quantum state. This phenomenon paves the way for the direct observation
of macroscopic quantum effects, such as superfluidity, alluded to in Section of this
memoir.

Ultimately, one would like to derive the existence of a critical temperature under which
BEC occurs in thermal equilibrium states of an interacting bosonic system. This question
is still mostly open from a mathematical point of view, and shall be touched upon only in
Chapter 6] below. In fact, for interacting Bose gases, even the existence of BEC in the zero-
temperature ground states is a very delicate question. In this chapter we shall summarize
the papers [204, 206, 208, 205, 267] that deal with this issue. The general goal is to
show that, in appropriate scaling limits, the many-body bosonic problem reduces, at the
level of the ground state, to the study of effective one-body nonlinear Schrédinger (NLS)
theories.

This problem corresponds to the existence of “molecular chaos” in related fields such as
kinetic theory. It logically precedes the “propagation of chaos” problem. The latter deals
with the same question at the level of the appropriate evolution equation. Indeed, in the
dynamical problem, one assumes BEC and emergence of NLS theory (or molecular chaos)
in the initial datum and shows that it is propagated in time by the many-body Schrodinger
flow. The rationale is that, in most experiments, the initial datum is a ground state for
some many-body Hamiltonian, and the evolution is generated by a sudden perturbation
thereof.

The chapter is organized as follows:

e Section [5.1] sets the stage and discusses the various mathematical problems ad-
dressed here. There is actually a large variety of models and scalings for which
one would like to study basically the same kind of questions. Several of these
are described here, emphasizing various key difficulties one may encounter in the
analysis.

e Section [5.2|addresses the quantum de Finetti theorems, focusing on contributions
from the author, together with Mathieu Lewin and Phan Thanh Nam [204, 206].
These tools offer a lot of flexibility in dealing with the problems discussed in
Section Indeed, they describe remarkable structural properties of general
admissible states for large bosonic systems. They can thus be applied (almost)

Le. quantum particles that do not satisfy the Pauli exclusion principle.
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independently of the particular physics at hand, provided one is dealing with
bosons. This observation is the main key in the research program summarized in
this chapter.

e Section contains the main results of [204, [208]. They concern so-called
mean-field limits where the occurrence of BEC is a consequence of inter-particles
interactions being weak but frequent. In this case, very general proof strategies
can be implemented, resting solely on the quantum de Finetti theorems and
general tools of many-body quantum mechanics. Very little of the properties of
the Hamiltonians at hand enter the proof strategy.

e Section [5.4] is concerned with the more challenging, but also more experimen-
tally relevant, dilute regimes wherein BEC occurs because interactions are strong
but rare. Here one has to complement the very general tools discussed so far
with methods and estimates more directly linked to specific models. We shall
discuss a new treatment of the Gross-Pitaevskii limit for the 3D Bose gas [267]
and a derivation of 2D NLS theory in the presence of possibly attractive interac-
tions [205].

More general discussions and extensive lists of references on various aspects of the
topics discussed here may be found in [36}, 95, 96, 277, 281, 119, [77] (physics literature)
and [2], (30}, 141], 200}, 227, 299, 300, 315], 318, 344] (mathematics literature).

5.1. Models and scaling regimes

Let us first introduce the general type of problems we will be interested in. All these
being formulated in roughly the same way, they should ideally also be treated in the same
way. The results of this chapter can be seen as means to this end.

5.1.1. A general Hamiltonian. The Hamilton operator we will consider in this
chapter can be written in the general form

N
Hy:=Y" {(—ivj + A(z)? + V(:gj)} + Y wan(w —a) (5.1.1)
7j=1 1<i<j<N
acting on
N
AV = L2, (R™) ~ Q) L*(RY) (5.1.2)
sym

as appropriate for a system made of bosons, whose many-body wave function must satisfy
the symmetry condition

\I/N(:L'l,...,.CCN) :\IIN(l'o(l)v---axcr(N)) (513)

for every permutation o of N indices.

This model is not the most general one that can be dealt with using the tools discussed
here. However, it can already include most of the technical difficulties one might encounter,
as discussed below. As far as applications are concerned, this is, to the best of the author’s
knowledge, the most general form relevant for the cold atoms experiments where BEC is
observed. Indeed
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e The space dimension d can be 1,2,3, all three cases being relevant to current
experiments. One can even allow for larger d, with less practical relevance of
course.

e We allow for the presence of a gauge vector potential A : R — R? which
can reflect the fact that the problem is formulated in a rotating frame, model a
(possibly artificial) magnetic field ...

e The one-body potential V : R - R can be either trapping (increasing) or
decaying at infinity.

e We make no structural assumption on the interaction potential wg . We do not
assume a priori that it has a sign, nor that its Fourier transform has. Provided
stability holds, we can thus deal with either attractive or repulsive interactions.

e We consider a general family of scaling limits by choosing wg n of the form

wa,N(z) = ﬁN‘ww (N6:U> . (5.1.4)
Here 3 shall be a fixed parameter in the limit N — co. The larger it is, the more
singular the interaction potential. The prefactor (N — 1)~! makes the one-body
and two-body terms of of the same order of magnitude, so that one may
hope for a well-defined limit problem. The potential N%w (N 530) has a fixed
integral, so that one should think of it as being of order 1 when N — oco.

In this chapter we are interested in the ground state problem of minimizing the energy
corresponding to ([5.1.1J):

E(N) := inf {(\I/N,HN\I/N>, Uy € HY, / |Un|? = 1} = inf o(Hy) (5.1.5)
RAN

and in the associated minimizers (if they exist) or minimizing sequences. Equivalently,
we consider the lowest eigenvalue (or bottom of the essential spectrum), and associated
(generalized) eigenfunctions, of Hy.

5.1.2. Limit problems. Roughly speaking, one is interested in showing that a min-
imizer of ([5.1.5) has, in a certain sense to be discussed below, all its particles in the same
quantum state. If one assumes this to be true and picks as ansatz a pure BEC of the form

N
Un(zy,. . zn) =uN (2,...,2n) = Hu(a:j), u e L*(RY),
7=1

evaluating the energy leads to a NLS-like functional

N1 (BN, Hyu®VY o £95[] = / (=¥ + Al + V]uf2 + % (wet * [ul?) [ul?. (5.1.6)
Rd

Here, A and V are inherited from but weg can depend on the context. For 8 =0

in (5.1.4) one makes the obvious choice weg = w. For > 0 the natural guess should be

Weff = f]Rd w) dp but this can be misleading in some cases (an important example shall
be discussed in the sequel).

If we expect the guess Uy ~ u®V to be correct, then the linear many-body min-

imization problem should be connected for N large to the nonlinear one-body
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minimization problem

E"S .= inf {Sn‘S[u], u € L*(RY), / lul? = 1} : (5.1.7)
Rd

We shall denote a minimizer by uyg if it exists. It might not be unique, in which case we
denote by My the set of all minimizers.

5.1.3. A meta-theorem. We now state a vague general theorem relating the min-
imization problems and . This statement will serve as a model and will
be declined in several rigorous avatars in the sequel, depending on the various concrete
choices of settings we will make.

The main thing we still have to specify is in which sense the approximation

QN

\IIN = nls

N—00
for a ground state (or approximate ground state) Wy of is correct, where uyig is a
ground state for . Clearly, this cannot be a convergence since both objects depend
on N. There are known obstructions to obtaining an estimate in norm [103, 145, 210,
268, [319], connected to Bogoliubov’s theory. Moreover, there might not be a unique
relevant ups.

For all these reasons, the convergence of states will be expressed in terms of the reduced
density matrices of ¥y rather than on the wave-function itself. Let us recall the definition:
the reduced k-particles density matrix of Wy is the positive trace-class operator on $*
defined by

A = Trpn UM (U] (5.1.8)
where |U ) (¥ | is the orthogonal projector onto W, and the partial trace can be taken,
because of the symmetry , on any choice of N — k variables amongst the IV original
ones. Note our choice of normalization: 715) has trace 1 for all k if ¥ is L?-normalized.

We can now state the informal statement that will serve as a model for more rigorous
versions in the rest of the chapter:

Statement 5.1.1 (Derivation of NLS theory, informal version).
Suppose that the data A, V,w and 0 < B < By € RT of the many-body Hamiltonian (5.1.1))
are such that Hy makes sense as a self-adjoint operator, and is bounded from below by

—CN for C fized. Then the energy functional (5.1.7)) is bounded from below and we have

(1) Convergence of the ground-state energy:

E(N) s
Enls 5.1.9
N N:io ( )

(2) Convergence of states: let (¥ n)nen be a sequence of approzimate minimizers for

E(N), i.e.

(U, Hv¥ ) = E(N) +o(N)

for large N. Let fy](\lf) be the corresponding reduced density matriz, defined as

in (518). Then
k
Y / ) (0 dpa () (5.1.10)
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weakly-+ in the trace-class when N — oo, where i is a Borel probability measure
concentrated on the weak limits of minimizing sequences for (5.1.7)).
(3) Bose-FEinstein condensation: if the infimum in (5.1.7) is reached at a unique

(modulo a constant phase) uys, then

V) By (uBF) (5.1.11)

nls nls

strongly in the trace-class when N — oo.

A few comments:

e Since this is not supposed to be a rigorous statement yet, we are a bit sloppy on
the assumptions. Ideally they reduce to those ensuring that both the N-body
theory and the one-body NLS theory are reasonably well-defined. In most cases,
we manage to get pretty close to that minimal requirement.

e The choice of the effective interaction potential weg in depends on the
value of 8. The larger it is, the harder the analysis, and one ideally wants to be
able to push it as far as one can.

e The fact that Hy > —C'N as an operator will in practice be part of the statement,
under specified, more explicit, assumptions on the data of the problem.

e Equation , involving a statistical mixtures of NLS “minimizers” described
by the measure pu, is due to the fact that the latter might not be unique. This
case does occur in several physically relevant situations and then one cannot hope
for a stronger result.

e The statement is complicated by the fact that E™$ might not have mini-
mizers. In this case, minimizing sequences for the NLS problem will only converge
weakly in L?. This case does occur if the one-body potential V is not strong
enough to bind all particles (loss of compactness at infinity). If all minimizing
sequences for E™S converge strongly, the measure ; charges only minimizers, and
since they all have mass 1, the convergence in is strong in the trace-class.

e The result implies BEC in the usual sense: the eigenvalues of the one-
body density matrix are interpreted as the (normalized) occupation numbers of
single-particle orbitals present in a many-body state. The convergence in trace-
class to a projector implies that one and only one of these occupation numbers
is macroscopic. It corresponds to the single quantum state occupied by most of
the particles.

Before we proceed to state several rigorous versions of Statement in Sections
and we explain the general character of the result by listing several key variations on
a same theme that are included in the above. We hope this will make it clear that general
tools, independent of the details of the Hamiltonian , are needed. Section is
devoted to the discussion of the most useful of such tools, that is used repeatedly to prove
the rigorous versions of Statement

5.1.4. Several sources of mathematical difficulties. The ideal case for the above
problem is that where A = 0, V is trapping, § = 0 and w is of positive type (positive
Fourier transform w > 0). When the Hamiltonian has such a nice structure, one may use
it to give a relatively simple proof of Theorem [5.1.1} This approach has been pioneered
in [31] and is used repeatedly in the literature [319), 145], 320]. If instead w < 0, one
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can still proceed [239] by using a trick due to Lévy-Leblond [199}, 237]. One can actually
merge the two methods [200] to deal with a general w but, at this stage, things are already
considerably trickier. In fact, violating any of the above conditions leads to considerable
difficulties, as we now explain.

(1)

If A # 0, the Hoffmann-Ostenhof inequality [I59] is not available, and one has
thus no simple way of connecting the many-body kinetic energy to a one-body
object. Moreover, for A #£ 0 the bosonic ground state in general does not coincide
with the absolute ground state (with no symmetry restriction). Deriving the NLS
functional then requires to take bosonic symmetry explicitly into account. On
top of that, the minimizer for the limit problem is then generically not unique,
which causes difficulties in the proof.

If V is not trapping, it is far from obvious that one can pass to the limit in the
energy, because a lack of compactness occurs at infinity. Mass may be lost if
the potential is not strong enough to bind all particles, leading to a dichotomy
situation in the concentration-compactness principle [243), 244, 245]. This is
reflected by the convergence being a priori only weak-x.

If B > 0 there are in fact two limits to deal with at the same time: large particle
number and short-range interaction. Compactness arguments are then either
totally useless, or at least very difficult to employ. Moreover, the singularity of
the interaction for large 8 could quite simply render the result false.

Note also that there is a clear physical dichotomy between the cases § < 1/d
where the range of the interaction is much larger than the typical interparticle
distance, and 5 > 1/d where it is the opposite. In the former case, interactions
are frequent but weak, in the latter they are rare but strong. Nevertheless, the
general result looks pretty much the same, although the choice of the effective
potential can become subtle for large .

One way to understand the emergence of is that the particles become
almost independent and identically distributed. That the interactions take a
mean-field form is then a consequence of the law of large numbers. If w has no
particular structure, it is not so easy to understand why particles should become
approximately independent in the limit.

Strategies based on structural properties of Hpy are particularly sensitive to these
difficulties, especially if at least two of them occur at the same time. The general idea
in the sequel is to avoid as much as possible using the structure of the Hamiltonian.
One can instead rely on a remarkable property of bosonic states themselves, that is of
wave-functions satisfying . For ease of notation we focus on the model
which includes the above sources of difficulties, but let us quickly mention other possible
generalizations not explicitly considered here:

e The dispersion relation could be more complicated, that is we could replace the

(magnetic) Laplacian by a fractional (magnetic) Laplacian or a variant thereof.
This is of relevance for relativistic bosonic systems.

e The interaction term could be more general. Three-body or k-body interactions

for arbitrary k could be included in the model. The interaction operator could
also be a more general operator, e.g. mixing position and momentum variables.
We refer to Section [T.3] where we shall be lead to consider such cases.



71

e The Hilbert space could be restricted, and the Hamiltonian projected accord-
ingly, to model particles constrained by very strong external forces. The particles
could live on a lattice instead of in the continuum for example (tight-binding
approximation) or in the lowest Landau level (large magnetic field limit).

e More generally, at least for a trapped mean-field-like situation corresponding to
B =0 and V trapping, one could consider a fully abstract model, with a general
separable Hilbert space $ replacing LQ(Rd), and an abstract operator acting
on HV.

5.2. Structure of bosonic states: quantum de Finetti theorems

Roughly speaking, the quantum de Finetti theorem asserts that any N-body bosonic
state looks, for large N, as a convex combination (statistical mixture) of pure BECs.
Let $) be any separable complex Hilbert space and I'y a (sequence of) bosonic N-body
states. Thus I'y is a self-adjoint, positive, trace-class operator on $HV = ®Sym5§, e.g.

Iy = |Un){(Uy| for Uy € HV. Then, modulo extraction of a subsequence, one should
have in mind an approximation of the form

v =~ /,3 V) (BN | d(u) (5.2.1)

with u a Borel probability measure on the one-body Hilbert space §. Thus, for large N,
there are so to say only pure BECs in the N-body state space. Of course the latter is
convex, so it must also obviously contain convex combinations of BECs, as in the right-
hand of , but these are, for many practical purposes, the only relevant possibilities.
The energy functional appearing in being a linear function of |¥ ) (¥ /|, it becomes
intuitively clear that it is energetically favorable to have a single BEC as an approximate
ground state, provided one is able to pass to the large N limit in the energy.

There is actually a condition that Hy should satisfy, namely it should be a few-body
Hamiltonian including only k-body terms for k fixed, or at least k small compared to V.
This is because the correct meaning one should give to (5.2.1]) involves reduced density
matrices: let

(k)

IN = Trk%N [FN] . (522)
The true statement is that, modulo extraction of a subsequence independent of k&,
W [ 1) (5.23)
N N—oo 9

where the measure p does not depend on k. This kind of result is a quantum analogue
of the famous classical de Finetti/Hewitt-Savage theorem [98), (99, 158, 104, 156, 261,
246, [11), 170], used extensively to deal with classical mean-field limits. The quantum
version originates in [332], 162]. Recent variants and improvements may be found in [15),
16, 17, 18, [70, 118, 184, 67, 155]. In this section we describe two results obtained
jointly with Mathieu Lewin and Phan Thanh Nam, respectively in [206] and [204]. Put
together, these lead to a fully constructive proof of (the rigorous version of) (5.2.3)). I
refer to my lecture notes [299, [300] for a more detailed exposition of this proof, which is
reminiscent of a semi-classical approach due to Ammari and Nier [14}, 15], 16].
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5.2.1. A finite dimensional quantitative version. The main content of [206] is
a new proof of results originating in [70, [67]. It has also been found independently by
Lieb and Solovej [234] (for other purposes than the quantum de Finetti theorem), and
yet another proof appeared in [155]. Variants of the result have also been considered [60],
70, 71, 73], 289, [45].

A question one might want to ask is whether can be made quantitative. The
answer is known in the classical setting [104, [156]: it is possible to construct an explicit
measure for which explicit error estimates can be proven. Unfortunately, this construction
cannot be used in a quantum setting (it is based on empirical measures, a purely classical
concept). A quantum analogue of the Diaconis-Freedman theorem is available only in the
case where the one-body Hilbert space is finite dimensional:

Theorem 5.2.1 (Quantitative quantum de Finetti theorem).
Let $ be a finite dimensional complex Hilbert space

dim($)) = d.

Let I'y € Gl(fjé\yfm) be a N-body bosonic state and fy](\lf) its reduced density matrices. Let
un € P(S$H) be the probability measure
dp (u) == dim H Trgn [FN|U®N><U®N|] du
= dim HJ,, Tron (u®Y, Tyu®Y) du, (5.2.4)

with du the Lebesgue measure on the unit sphere S$ of ).

Denoting
I ::/ [Ny (u®N | dp (u) (5.2.5)
uESH
the associated state and :y](\];) its reduced density matrices, we have
-1 k
k) (N+k+d-1 N\
N = < A ; P P (5.2.6)

This implies in particular the bound

TI'S:Jk

2%(d + 2k
®) ~(’“)‘§7( - 2k) (5.2.7)

TN —IN N

forallk=1...N.

A few comments:

e As mentioned previously, the result is not new. The construction was first in-
troduced in [70], where a bound similar to is derived. The explicit for-
mula (5.2.6)) originates in [67]. In [206] we re-derived the result using an analogy
with well-known semi-classical ideas (coherent states, upper and lower symbols,
cf [214), [328]) and the second-quantized formalism (the CCR algebra).

e The error bound easily follows from the explicit formula . The latter
does come in handy in some cases, e.g. in the proof of some results of Chapter [6]
below.
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e Note that the estimate ([5.2.7)) is interesting mostly when d < N (think of k as
being fixed), i.e. when there are many more particles than available one-body
states. It is rather intuitive that something special should happen in this case.

e It is very satisfying that one has a simple explicit construction such as .
The error bound we obtain can be shown to be (essentially) optimal with this
construction, and it remains an open problem to see whether another one would
improve the error.

e However, the particular form of the approximate de Finetti measure used above
is crucial in the proof of the results of Chapter [6] In short, this has the form of
a lower symbol in a coherent state basis, which allows to apply (variants of) the
celebrated Berezin-Lieb inequalities [32), 214, [328].

5.2.2. The weak quantum de Finetti theorem. For infinite dimensional one-
body Hilbert spaces such as L2(Rd), no explicit error bound quantifying the precision
of is known at present. One has to be content with formulating as a limit
statement, or as an equality in the case of states having infinitely many particles. This
formulation is actually the original one [332], 162]. It provides useful information on the
limit of N-body states only if one is able to pass to the strong &'($H*) - limit in 'y(k),
where &' (") denotes the trace class. This requirement can turn into a severe restriction
in applications: if the system under consideration is not confined, mass may be lost in the
limit, and one cannot hope for a strong limit.

To remedy this, we introduced and proved in [204] a so-called weak quantum de Finetti
theorem, which generalizes the original statement to the case where one is able to pass to
the weak-x limilﬂ Our proof is constructive, reducing the infinite dimensional statement
to the finite dimensional case via “geometric localization” arguments as presented in [201].

Theorem 5.2.2 (Weak quantum de Finetti).
Let $) be a complex separable Hilbert space and (I'y)nen a sequence of bosonic states with
'y € &Y HY). We assume that for all k € N

7 = A ®) (5.2.8)

in GY($HF). Then there exists a unique probability measure p € P(BH) on the unit ball
B$ = {u € 9, ||lu| <1} of 9, invariant under the action of St, such that

3 = [ ) du(w) (5.2.9)
B$H
for all k > 0.

A few comments:

e The above essentially describes the generic case : given a sequence of N-body
states, one can always extract diagonal subsequences to ensure that holds.

e When the convergence in is strong, the mass is conserved in the limit,
and thus g has to be concentrated on the unit sphere of §. The converse is also
true. Also, since u does not depend on k, we see that strong convergence for one
particular k > 1 implies convergence for all k.

2Whence the name we coined. Beware that the weak theorem is actually stronger than the usual
version, refered to as “strong quantum de Finetti” in [204] and subsequent papers.
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e The constructive proof via geometric localization yields corollaries that turn use-
ful when dealing with a mean-field problem with loss of mass at infinity.

e Ammari and Nier have more general results [14), 15, 16, 17]. In particular, it
is not necessary to start from a state with a fixed particle number. One can
consider a state on Fock space provided suitable bounds on its particle number
(seen as a random variable in this framework) are available. See Chapter |§| below
for a discussion of this situation.

5.3. Mean-field limits

We now turn to stating rigorous versions of the meta-Theorem [5.1.1]in two cases where
inter-particles interactions are frequent but weak. One usually refers to this situation as
the mean-field regime. Since every particle interacts weakly with essentially all the others,
one can hope that correlations effects will average out. Then particles should behave
independently, and their interactions converge to a mean self-consistent effect, because of
the law of large numbers. The quantum de Finetti theorem discussed above is the main
tool we use to substantiate this picture.

5.3.1. Mean-field regime. The main focus in the paper [204] is the case where the
one-body potential V is not trapping. Then, some particles can fly apart and the issue
is to prove that those which stay bound do form a Bose-Einstein condensate. Note that
there might be several clusters of bound particles: those staying in the well of the one-body
potential, and those who are bound by the attractive part of the interaction potential if
it is strong enough. The proof of the following theorem requires to show that all these
clusters form BECs.

In this section we have to rely on several (concentration-)compactness arguments. We
can thus not deal with two limits at the same time and take 8 = 0 in . As for
the external and interaction potentials A, V, w we make standard assumptions [284), [285]
ensuring self-adjointness of the many-body Hamiltonian

V=Ffi+ fa |A‘2:f3+f4, w=fs+ fe (5.3.1)

where f1, f3, f5 € LP(R?) for max(1,d/2) < p < oo and fo, f1, fo € L°(R?) and decay at
infinity. To state the result, we denote

Enlu] := /Rd [(—=iV + A)ul® + V|u> + % //Rded |u(z)Pw(z — y)|u(y)|*dzdy  (5.3.2)

the appropriate NLS functional, usually called Hartree functional in this context where
the interaction is non-local. To describe particles escaping the potential wells, we also
need the functional without external fields:

b= [ Vel g [[ @)t - () Pdsdy, (5.33)
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The mass of minimizing sequences can be split into several clusters. Accordingly, we

denote
en(A) = inf{SH[u],/ fuf? = )\}
Rd

¢0.(A) = inf {gg[u],/Rd uf? = )\} .

We may now state (a particular case of) the main result of [204], where Hy and the
corresponding E(N) are defined as in Section

(5.3.4)

Theorem 5.3.1 (Derivation of Hartree’s theory in the mean-field regime).
Under the preceding assumptions, we have:

(i) Convergence of energy.

lim EEVN) =en(l). (5.3.5)

(i1) Convergence of states. Let U be a sequence of L*(RN)-normalized quasi-minimizers
fOT HN N

(Un, HyV ) = E(N) + o(N) when N — oo, (5.3.6)
and %(\I;) be the corresponding reduced density matrices. There exists p € P(B$)) a proba-

bility measure on the unit ball of $ with (M) =1, where
M={ueBs : &l = en(lul’) = en() — (1= [ul)}.  (537)

such that, along a subsequence,

A = [ dut) (5:35)

weakly-+ in &1(H), for all k > 1.
(#i7) If in addition the strict binding inequality

en(1) < eg(\) + €% (1 —N) (5.3.9)
holds for all0 < X\ < 1, the measure p has its support in the sphere S§ and the limit

holds in trace-class norm. In particular, if ex(1) has a unique (modulo a constant phase)
minimizer ug, then for the whole sequence

’y](\lf) — UG (WG| strongly in &'(HF) (5.3.10)

for all fixed k > 1.

e The main originality here is to deal with the case where mass is lost at infinity.
When V is trapping, similar results had been obtained previously [117, 279,
282, 349).

e The measure appearing in the above is of course the de Finetti measure defined
by Theorem [5.2.2] The latter, together with its constructive proof and corollaries,
is basically the only tool needed to prove Theorem [5.3.1
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e It is a classical fact that M coincides with the set of weak limits of minimizing
sequences for (5.3.2). This follows from the usual concentration-compactness
method for non-linear one-body variational problems. Thus, the weak limits for
the N-body problem are fully characterized in terms of the weak limits for the
one-body problem. Also, for large N, the HVZ-like binding inequalities for the
many-body problem reduce to binding inequalities for the Hartree functional.

e It is certainly possible for the convergence in the above statement to be only
weak-*, which covers a certain physical reality. If the one-body potential is not
attractive enough to retain all particles, we will typically have a scenario where

eg(N) <eg(l) for 0 <A< A
eg(A) =en(l) for A <A <1

where . is a critical mass that can be bound by the potential V. In this case,
eg(A) will not be achieved if A < A < 1 and one will have a minimizer for
Hartree’s energy only for a mass 0 < A < A.. If for example the minimizer uy at
mass A. is unique modulo a constant phase, the above result implies

W e [uf) (i
and one should note that the limit has a mass A\¥ < 1. This scenario happens for
example in the case of a “bosonic atom” [31), 21, 23], 329, 161].

e Note that, in actual experiments, one-body potentials that decay at infinity are
always used to cool the gas below the critical temperature for BEC, by allowing
the hotter atoms to escape the trap (evaporative cooling). Such a situation can
be modeled by the above setting.

5.3.2. Weak NLS regime. We next consider the case of small but positive [
in . Then the effective interaction is short-range (a Dirac delta), although the
interaction range is much larger than the typical interparticle distance. This is still a
mean-field situation, but the fact that two limits need to be dealt with at the same time
adds some difficulties. In particular, a quantitative argument is required: one cannot sim-
ply use compactness arguments to pass to the limit. The estimates we rely on are those
of Theorem Since they are valid only in finite dimension we need a way to project
the many-body Hamiltonian and control the error thus made. In [208] we project on
the low-lying eigenstates of the one-body Hamiltonian and control their number (which
enters the error in ) via a semi-classical inequality a la Cwikel-Lieb-Rosenblum
(CLR) [94, 217, 292]. This method requires V' to be trapping, but does not use any
sophisticated estimate beyond Theorem and the CLR inequality. It is thus very
general, and pays the price for this by being limited to rather small 3, i.e. not too singular
interactions. We shall go beyond this limitation in Section below.

We here deal with the case of trapped bosons, assuming that for some con-
stants ¢,C > 0

V(x) > clx|® — C. (5.3.11)

In this case, the one-body Hamiltonian —A + V' has a discrete spectrum on which we
have a good control thanks to Lieb-Thirring-like inequalities. As for the vector potential
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A, that can model a magnetic field or Coriolis forces acting on rotating particles, it is
sufficient to assume
Ae L} (RYRY). (5.3.12)

A particularly relevant example is given by A(x) = Q(—x2,21,0) for d = 3 and A(z) =
Q(—x9,x1) for d = 2, corresponding to Coriolis forces due to a rotation at speed 2 around
the zz-axis, or a constant magnetic field of strength 2 pointing in this direction.

Since wg y becomes singular in the limit anyway, we make comfortable assumptions
on the unscaled potential w:

w € L®(RYR) and w(z) = w(—z). (5.3.13)
We also assume that
z— (1+|z))w(z) € LYRY), (5.3.14)
which simplifies the replacement of wg y by a Dirac mass to obtain the limit functional
EMS[y] = / |(=iV + A)ul* + V|ul? + a/ Ju(x)|* (5.3.15)
Rd 2 Rd

and the associated ground state energy

B = inf{é’nls[u], / |u|2:1}. (5.3.16)
Rd

The latter being finite depends on the sign of the effective coupling constant, which will
in this section be taken as
a= / w.
]Rd

In order for the limit problem to be well-defined, we need some assumptions on w. Indeed,
if a < 0, the interaction is attractive and it is not obvious that the quantum kinetic
energy is strong enough to stabilize the system. It in fact turns out that the validity of
the mean-field approximation demands slightly stronger assumptions than those ensuring

that to be finite:

e When d = 3, a ground state for exists if and only if @ > 0. This is because
the cubic non-linearity is super-critical” in this case: the interaction energy dominates the
quantum kinetic energy in stability issues. It is moreover easy to see that N~ E(N) — —oo
if w is negative at the origin. The optimal assumption happens to be a classical stability
notion for the interaction potential:

// p(z)w(z — y)p(y)dzdy > 0, for all p e LY(RY), p > 0. (5.3.17)
Rd xR

This is satisfied as soon as w = wy +wsq, wy > 0 and w9 > 0 with wsy the Fourier transform
of wy. This assumption clearly implies fRd w > 0, and one may easily see by changing
scales that if it is violated for a certain p > 0, then E(N)/N — —oc.

e When d = 2, the cubic non-linearity is critical, i.e. it competes with the quantum
kinetic energy at the same order of magnitude. A minimizer for ([5.3.16|) exists if and only
if a > —a* with
2
a* = |QI2 (5.3.18)

30ne may for example consult [176}, [337] for a classification of non-linearities in the NLS equation.
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where Q € H'(R?) is the unique [185] (modulo translations) solution to
—AQ+Q-@Q*=0. (5.3.19)

The critical interaction parameter a* is the best possible constant in the interpolation

inequality
/ uf* < ¢ (/ |Vu2> </ yuP). (5.3.20)
R2 R2 R2

We refer to [148), [255] for the existence of a ground state and to [348] for the inequal-
ity (5.3.20). A pedagogical discussion may be found in [127].

In view of the above conditions, it is clear that in 2D we have to assume [w > —a*,
but this is in fact not sufficient: as in 3D, if the interaction potential is sufficiently negative
at the origin, one may see that N~1E(N) — —oo. The appropriate assumption is now

1
lullZz [Vl 7z + 5 //R2 u [u(@) P luy) Pw(a — y) dady > 0 (5.3.21)
X

for all w € H'(R?). Replacing u by Au(\z) and taking the limit A — 0 shows that this

implies
/ w(z)dr > —a™.
R2

If the strict inequality in is reversed for a certain u, then E(N)/N — —oo. The
case where equality may occur in is left aside here. It requires a more thorough
analysis, see [148] where this is provided at the level of the NLS functional.

e When d = 1, the cubic non-linearity is sub-critical and there always exists a NLS
minimizer. In this case we need no further assumption because the quantum kinetic
energy always dominates the interaction energy.

The following theorem is proved in [208]:

Theorem 5.3.2 (Weak NLS limit of the many-body problem).

Assume that either d =1, or d = 2 and (5.3.21)) holds, or d = 3 and (5.3.17)) holds. For
d > 2, further suppose that
S

0< B < Bod,s) = <
B=bolds)i= o o
where s is the exponent appearing in (5.3.11)). We then have

(1) Convergence of the energy:

E(N)
N

(2) Convergence of states: Let Uy be a ground state of (5.1.1)) and wz(\lf) its reduced
density matrices. Along a subsequence we have, for all k € N,

lim ) = / dpa(u) [u®™) (u| (5.3.24)
N—o0o UEM s

1. (5.3.22)

— E™S when N — oo. (5.3.23)

strongly in &' (L?(R%)). Here p is a probability measure supported on
My = {u e LARY), |ullp2 = 1, E%[u] = Efﬂs} . (5.3.25)
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In particular, when (5.3.15)) has a unique minimizer uys (up to a constant phase),
we have for the whole sequence

Jim e = ugh) ugh]. (5.3.26)

e Apart from the d = 1 case (where there is no restriction), the assumption
we make on [ is rather strong. It can be improved a little bit, see the original
paper for a discussion. In any case, the methods of [208] always require 5 < 1/d,
i.e. a mean-field-like regime.

e As previously mentioned, the assumptions on w are close to optimal, thanks to
the method of proof based on the quantum de Finetti theorem. In particular,
the above result seems to be the first derivation of ground states with attractive
interactions. This is particularly tricky in 2D, since such minimizers exist only
for small enough values of the effective coupling constant.

5.4. Dilute limits

The next step of the program discussed in this chapter is to consider dilute limits
where interactions are rare but strong. In other words: improve the range of 5 obtained in
Theorem[5.3.2] This is very important in practical applications: in the cold atoms context,
the emergence of BEC in interacting Bose gases has much more to do with diluteness of
the quantum gases under consideration than with the weakness of the interactions.

The mathematical state of the art on this question, prior to the results discussed below,
is contained in a seminal series of papers by Lieb, Seiringer and Yngvason [240}, [241], 228),
229, 230, 232, 231, 223}, 224, [317], parts of which are reviewed in [227, 318, [359]. In
this approach, structural properties of the Hamiltonian play a key role in the proofs. In
particular, the interaction potential is required to be positive. As we mentioned previously,
in the dilute regime, delicate estimates are required, and we cannot avoid relying on the
structure of the Hamiltonian to prove these. Nevertheless, the use of the quantum de
Finetti theorem simplifies a lot the proofs.

In the following we present two results, proved respectively in [267] and [205]:

o We first revisit the so-called Gross-Pitaevskii limit (5 = 1) for the ground state
of a trapped 3D Bose gas. Relying on the quantum de Finetti theorem and a
new two-body estimate we simplify the Lieb-Seiringer-Yngvason approach of this
problem. Interestingly, the new approach is rather insensitive to the presence of
a gauge field A, which is a considerable simplification. Indeed, improving the
results of [228] to the case of non zero A was a technical tour de force in [224].

e Next we discuss the case of the attractive 2D Bose gas. Using specific two-body
estimates and a bootstrap argument, we can improve the range of 5 available to
B < (s+1)/(s+2) with s as in (5.3.11)). Note that [241} [229] can go much
further in the case of repulsive interactions. The novelty of [267] is thus to reach
the dilute limit (it is always possible to take 8 > 1/d = 1/2 with this method) in
the case of the attractive 2D Bose gas.

5.4.1. 3D case, the Gross-Pitaevskii regime. In this section we start again
from (5.1.1)), with d = 3. The one-body potential V' shall be trapping, but we do not
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need a specific assumption on its growth at infinity:

0<VelLl (R, lim V(z)=+oo. (5.4.1)

|z|—o00
As for the gauge vector potential A, only mild assumptions are required:

Ae L (R R%, lim |[A(z)le bl =0 (5.4.2)
|z|—o0

for some constant b > 0. For simplicity, we assume that the interaction potential w is a

fixed function which is non-negative, radial and of finite range,

1(]z] > Rp)w(x) =0 for some constant Ry > 0.

The main point in this section is that we shall take § = 1. This is essentially the largest
relevant value of 8 in 3D, and the result changes qualitatively in this regime, as we now
explain.

For 8 =1, the naive approximation

N3¥w(NPz) — (/ w) o (5.4.3)
N—o00 R3
does not capture the leading order behavior of the physical system. In fact, strong corre-
lations at short distances O(N~1) yield a nonlinear correction, which essentially amounts
to replacing the coupling constant [ w by (8m)x the scattering length of w, whose defini-
tion we now recall (see [227, Appendix C]): Under our assumption on w, the zero-energy
scattering equation
(—2A + w(@)f(x) =0, lim fa)=1,

|z|—o00
has a unique solution and it satisfies

f(a) =1— = Vla| > R
|z
for some constant @ > 0 which is called the scattering length of w. In particular, if w is
the potential for hard spheres, namely w(z) = 400 when |z| < Ry and w(z) = 0 when
|x| > Ro, then the scattering length of w is exactly Ryp. In a dilute gas, the scattering
length can be interpreted as an effective range of the interaction: a quantum particle
far from the others is felt by them as a hard sphere of radius a. A useful variational
characterization of a is as follows:

87ra:inf{/ 2\VF12 4+ w|f|?, 1|im f(x)zl}. (5.4.4)
R3 T|—00

\
Consequently, 8ma is smaller than [ w. Moreover, a simple scaling shows that the scat-
tering length of wy = N?w(N.) is a/N, so that the scenario 8 = 1 corresponds to fixing
the scattering length of the interaction potential, the so-called Gross-Pitaevskii limit. The
limit problem then consists in a NLS functional where the strength of the interactions is
set by the scattering length:

Eaplu] == /]R3 |(—iV + A) ul* + 47a /RS lu(z)|*dz (5.4.5)
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Note that this functional is mot obtained by testing Hy with factorized states of the
form u®Y. We shall denote

eqp := inf {SGP [u], / lul? = 1} (5.4.6)
RQ
the Gross-Pitaevskii ground state energy.

Theorem 5.4.1 (Derivation of the Gross-Pitaevskii functional).
Under the above assumptions on A,V and w, we have, for =1,

E(N
5\7) — egp when N — cc. (5.4.7)

Moreover, if ¥ is an approximate ground state for Hpy, namely

Uy, HyW

:ep
N—oo N GPs

then there exists a Borel probability measure p supported on the set of minimizers of Egp(u)
such that, along a subsequence,

lim ) = / dp(w) [ (u®"|, Yk eN (5.4.8)

N—oo

strongly in &'(L*(R3%)) where 'y](\];) is the k-particle reduced density matriz of V. In
particular, if Egp(u) subject to ||u||f2 = 1 has a unique minimizer ug (up to a complex
phase), then there is complete Bose-Einstein condensation

lim Tr ‘%(5) - |u§k><u§k|\ —0, VkeN. (5.4.9)
N—00

As we mentioned previously, the result in itself is not new (only is for k > 2):
it was first proved in [228] in the case where A = 0 and then extended to non-zero A
in [224]. Both proofs, in particular that for A # 0, are pretty difficult, and the main
contribution in [267] is to provide substantial simplifications. We shall discuss only the
energy lower bound and convergence of states proofs, the energy upper bound being taken
directly from [228), [317].

The main difficulty in dealing with the GP limit is that an ansatz u®Y does not give
the correct energy asymptotics. In this regime, correlations between particles do matter,
and one should rather think of an ansatz of the form

N
[Tu@) ] flai—a), (5.4.10)
i=1

1<i<j<N

or a close variant, where f is linked to the two-body scattering process. In the time-
dependent literature, one may find different ways of taking this most crucial fact into
account, see [114, 115], [29] 280]. For the ground state problem we consider here, there
seems to exist only one approach, relying on an idea due to Dyson [106], generalized
several times as need arose [240), [226], 224, [227]. The trick is to bound the Hamiltonian
from below by an effective one which is much less singular (roughly, has a smaller 3), but
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still encodes the scattering length of the original interaction potential. The philosophy is
that if Uy is the ground state of the original Hamiltonian, then roughly

\I/N%\i/N H f(xz—:vl)

1<i<j<N

where f encodes the two-body scattering process and Ty isa ground state for the effective
Dyson Hamiltonian.

The next task is then to justify the mean-field approximation for the ground state Uy
of the Dyson Hamiltonian. There are two key difficulties:

e The effective Hamiltonian has a three-body interaction term. Obviously one has
to show that it can be neglected, e.g. by showing that the probability of having
three particles close by is small.

e Although the Dyson Hamiltonian has a smaller 5 than the original one, we still
have to deal with the mean-field approximation in the “rare but strong collisions”
limit if we are to be able to neglect three-body interactions. In other words, even
though the effective Hamiltonian is much less singular than the original one, we
do not have the freedom to reduce the singularity as much as we would like.

It is in treating these two difficulties that our new method significantly departs from
the previous works [208, 224]. We shall rely on a strong a priori estimate for ground
states of the Dyson Hamiltonian. Roughly speaking, we use the variational equation to
prove a bound of the form

(Un, (—A)1(=A)2¥y) < C (5.4.11)

independently of N. This second moment estimate is the key point in our analysis. It is
reminiscent of similar estimates used in the literature for the time-dependent problem [113),
114], 115, 116]. The use of Dyson’s lemma is crucial here: one should not expect
to hold for the ground state of the original Hamiltonian.

We use (5.4.11)) for two distinct purposes:

e Control three-body contributions in the Dyson Hamiltonian, showing that they
can safely be neglected. In [224] this was achieved by a complicated argument
based on path integrals.

e Improve the strategy of [208] (discussed in Section to extend it to the
“rare but strong collisions” regime. Indeed, although much less singular than
the full model, the Dyson Hamiltonian still is in this regime. The two-body
estimate gives a very strong control on the errors made by projecting the
Dyson Hamiltonian onto low kinetic energy modes.

Finally, the use of the quantum de Finetti theorem as a basic building block of the proof
gives a simplified interpretation of the emergence of the effective one-body energy. More-
over, it simplifies drastically the convergence of states proof, which goes via a Feynman-
Hellmann-type argument. That is, by applying the whole strategy to an auxiliary Hamil-
tonian with a smooth, small, k-body say, perturbation and ultimately taking the size of
the perturbation to 0.
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5.4.2. 2D case, attractive interactions. As a last instance of Statement we
consider the dilute limit for 2D particles with attractive interactions:

d:2,5>1/2,/ w < 0.
RZ

As alluded to in Section this is the most delicate case in so far as the interplay
between quantum kinetic energy and pair interactions is concerned. Indeed, for d > 3
and 8 > 0, attractive interactions generically lead to a collapse of the ground state, while
for d = 1, the system is stable for any interaction strength. In 2D, the NLS functional is
stable only for small enough values of the coupling constant, which corresponds (beware
the scaling of the coupling constant in ) to the existence of a critical mass for stability
of the many-body system. This mass-critical scenario at the level of the ground state has
a natural extension to the dynamical problem, where global existence versus finite time
blow-up are strongly conditioned by the mass of the initial datum (see [176), 337] and
references therein).

As in Section [5.3.2] our results depend on the growth at infinity of the one-body
potential V. We assume that

VelLl (RLR), AcLi (R%R? and V(z)>C Y|A@)*+ |z]*) —C. (5.4.12)

To have a stable system we make an almost optimal assumption on the interactions po-
tential, similarly as in Section [5.3.2}

//szRz ) [*|u(y)Pw(z — y) dz dy

. i > -1 (5.4.13)
ueH(R2) 2 HUHL2(R2) IVullz2ge)

It is easy to see that this implies ng w > —a* with a* the critical coupling constant ((5.3.18|)
for existence of a NLS ground state. Thus the ground state energy

EMS .= inf{é’nls[u], / yu\2:1}. (5.4.14)
R2

is well-defined, where

£y / [(=iV + A)ul? + V]ul® + / Ju(z)|* (5.4.15)
R2

a = w.
R2

A simple condition implying (5.4.13)) is [p. [w—| < a*.
The results of [208] allow to derive the above limit problem when N — oo, provided

with

s
In [205] we extend this range to
s+1
= . 4.1
0<B<Bi(s) P (5.4.16)

This is a qualitative improvement: while 5y(s) < 1/2, we have £1(s) > 1/2. We can thus
treat a dilute limit where interactions are rare but strong:
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Theorem 5.4.2 (Attractive dilute 2D Bose gases).
Assume that V', A, w satisfy the above. Then, for every 0 < < (s+1)/(s+2),

lim ey = ey > —00. (5.4.17)
N—oo

Moreover, for any ground state Vy of Hy, there exists a Borel probability measure p
supported on the ground states of Ens(u) such that, along a subsequence,

/‘u®k ®k]d,u(

If Enis(u) has a unique minimizer ug (up to a phase), then for the whole sequence

W)~ [u§*y wSF|| =0, VkeN. (5.4.19)

lim Tr|y
N—o0

=0, VkeN. (5.4.18)

hm Tr |y

e The estimates leading to the above result answer a question raised by Xuwen
Chen and Justin Holmer in their derivation of focusing time-dependent NLS
equations [65}, [64]. In the case of the harmonic trap s = 2, one can combine their
BBGKY—typdﬂ approach and the results of [205] to derive the time-dependent 2D
focusing NLS equation in the regime 8 < 3/4. If 8 < 1/2, the next order correc-
tion to the 2D focusing quantum dynamics can be obtained using the Bogoliubov
approach [209), 266, 265] (see [37] for the defocusing case).

e The basic strategy of proof is the same as in [208], see Section projection
onto low-lying energy eigenstates of the one-body Hamiltonian and use of the
finite dimensional quantum de Finetti theorem [5.2.1

e The main novelty allowing to reach larger values of 5 is the use of a priori moments
estimates having the same flavor as . Roughly speaking, the variational
equation for ground states of implies

Tr [—m}&’] <C(14+NYEN))|)

Tr [(—Al)(—Ag)fy](\?)] <C(1+N BN (5.4.20)

e Note that the above estimates are not truly a priori bounds since they involve
the many-body ground-state energy E(N) in the right-hand side. The ideal case
would be to know stability of the second kind: E(N) > —CN. Of course, this is
far from obvious: it should be the conclusion and not the premise. To put
to good use, the starting point is an energy lower bound obtained in [200] by the
operator methods alluded to in Section This yields stability of the second
kind for the mean-field regime 5 < 1/2 and may be combined with and
the quantum de Finetti theorem in an induction procedure leading to stability

s+1
for § < 13-

4That is, based on the Bogoliubov-Born-Green-Kirkwood-Yvon hierarchy of evolution equations for
reduced density matrices.



CHAPTER 6

Bosonic thermal states and non-linear Gibbs measures

We now move one step further in the description of large bosonic systems by con-
sidering equilibrium states at positive temperature, with the upshot of gaining a bet-
ter understanding of the BEC phase transition. Here we present joint results with
M. Lewin and P.T. Nam [207], following mainly the expository note [203]. We refer
to [301] for another look at the main results of [207], with an emphasis on their re-
lation to constructive quantum field theory [102, 138, 247, 327, 335, [343] and the
use of invariant measures in the study of non-linear dispersive partial differential equa-
tions [196), 41}, 142}, 143, 144, 341, 48, [47, 338, [49].

Recall that full Bose-Einstein condensation is the phenomenon that, below a certain
critical temperature T, (almost) all particles of a bosonic system must reside in a single
quantum state of low energy. Ideally one would like to prove the existence of such a tem-
perature and provide an estimate thereof. For an interacting gas this has so far remained
out of reach. In particular, for the homogeneous Bose gas, there is still no proof of Bose-
Einstein condensation in the thermodynamic limit, even in the ground state. However,
this might not be the main question of interest for the description of cold atoms experi-
ments. Indeed, those are performed in magneto-optic traps, which set a fixed length scale
to the problem. The gases in which BEC is observed are thus not homogeneous, and the
thermodynamic limit is not the most physically relevant regime in this context.

A lot of progress has been achieved in recent years by considering different scaling
regimes, more adapted to the case of inhomogeneous systems, e.g. the mean-field and the
Gross-Pitaevskii limits. For trapped systems, BEC in the ground state and its propagation
by the many-body Schrédinger dynamics is now fairly well understood (see [30, [141),
200, 227, 299, (300, 315, [318] and Chapter [5| for reviews). Even in these somewhat
more wieldy regimes, very little is known about positive temperature equilibrium states.
In particular, an estimate of the critical temperature (or, more generally, temperature
regime) is lacking.

In this chapter, we discuss some of our recent results [207], in the perspective of the
previously mentioned issues. The main idea is to relate, in a certain limit, Gibbs states
of large bosonic systems to non-linear Gibbs measures built on the associated mean-field
functionals. This is a semi-classical method, where the BEC phenomenon can be recast in
the context of a classical field theory. Although, as far as the study of BEC is concerned,
our results are rather partial, it is our hope that our methods might in the future help to
shed some light on the physics we just discussed.
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6.1. The grand-canonical ensemble
We consider N bosons living in R? and work in the grand-canonical ensemble. Let
thus $ = L?(R),

N
9" = @9 = Lim(RY)

sym

be the symmetric N-fold tensor product appropriate for bosons and

F=Conaenae..ensVe..
_ 2 d 2 2d 2 Nd
F=CoL*RY) e[}, (R @.. 0L%, R a...

be the bosonic Fock space. We are interested in the positive temperature equilibrium
states of the second-quantized Hamiltonian H, defined as

WithEl

3
8
3

n=2 \1<i<j<n
Here v € R is a chemical potential, V' is a trapping potential, i.e.
V(z) — 400 when |z| — 0o

and w is a positive, symmetric, self-adjoint operator on $?. The methods of [207] are
limited to rather smooth repulsive interactions, thus w will in general not be a multipli-
cation operator. We shall comment on this issue below but, for the time being, think of
a finite-rank w with smooth eigenvectors, corresponding to a regularization of a physical
interaction.

We are interested in the asymptotic behavior of the grand-canonical Gibbs state at
temperature T

1 1
Iy =——= —=MH, . 6.1.1
vr = 7y o (~ 1) (6.1.1)
The partition function Z)(T") fixes the trace equal to 1 and satisfies
— Tlog Zy(T) = F\(T) (6.1.2)

where F)\(T) is the infimum of the free energy functional

FAll] = Trp [HAT] + T Trgr [Clog T (6.1.3)

1We do not consider a gauge field in this discussion. This is for simplicity only, cf the original paper.
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over all grand-canonical states (trace-class self-adjoint operators on F with trace 1). It
turns out that an interesting limiting behavior emerges in the regime

1
T o0, A= 7 Y fixed, (6.1.4)
provided one makes the following assumptions:

Assumption 6.1.1 (One-body hamiltonian).
We assume that, as an operator on $ = L*(R%),
hi=—A+V —-v>0
and that there exists p > 0 such that
Try h ™ < . (6.1.5)

Note that one can always find a p such that holds. The easiest case, for which
our results are the most satisfying, is that where one can take p = 1 (refered to as the
trace-class case). This happens only in 1D and if the trapping potential grows sufficiently
fast at infinity, i.e.

d2

I
dx?

+ |z|* —v (6.1.6)
with v small enough and a > 2.

Assumption 6.1.2 (Interaction term).
We pick w a positive self-adjoint operator on $H? and distinguish two cases:

e cither one can take p =1 in (6.1.5) and then we assume

Trge [wh™' @ k7] < oo (6.1.7)
e orp>1in (6.1.5) and we make the stronger assumption that
0<w<h'" P @n ¥ (6.1.8)

for some p' > p.

In essence, these (rather restrictive) assumptions correspond to asking that the non-
interacting Gibbs state has a well-controlled interaction energy. Indeed, one can compute
that its two-body density matrix behaves as T?h~! ® h~! in the limit 7' — oco. In the 1D
case (6.1.6) where p = 1, we can take for example w a multiplication operator, e.g. by a
bounded function w(z — y). The assumption we make when p > 1 does not cover such
operators.

6.2. Non-linear Gibbs measures

The natural limiting object in the setting we just described turns out to be the non-
linear Gibbs measure on one-body quantum states given formally by

dp(u) = %e‘g[u} du, (6.2.1)

where Z is a partition function and EJu| is the mean-field energy functional
Eu] == (ul —A—i—V—V|u>ﬁ+%<u®u\w|u®u>ﬁz. (6.2.2)
The rigorous meaning of is given by the two following standard lemmas/definitions:
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Lemma 6.2.1 (Free Gibbs measure).
Write

h=-A+V—v=72 Alu)yl
j=1

and define the associated scale of Sobolev-like spaces

9% = D(h*?) = {u = Za] uj c |ullFs = Z/\S\aj\Q < oo} (6.2.3)

7>1 7>1
Define a finite dimensional measure on span(uq,...,ux) by setting
d:uo j eXp )\]|<U,’UJ]>|2) d<ua u]>
]:1

where d{u,u;) = da;db; and aj,b; are the real and imaginary parts of the scalar product.

Let p > 0 be such that holds. Then there exists a unique measure g over the
space 7P such that, for all K > 0, the above finite dimensional measure po o is the
cylindrical projection of pog on span(uq,...,ux). Moreover

AR = /ﬁ ) @ dpo(w) = R () (6.2.4)

where this is seen as an operator acting on ®Sym5§.

Note that the free Gibbs measure never lives on the energy space $H'. It lives on
the original Hilbert space $° = § if and only if holds with p = 1. We can now
define the interacting Gibbs measure as being absolutely continuous with respect to the
free Gibbs measure:

Lemma 6.2.2 (Interacting Gibbs measure).
Let

1
Fu[u] 1= 5 (u @ ufwlu @ u)y;

If Assumptions hold we have that w s Fxy[u] is in L*(H'7P, duo). In particular

pldu) = - exp (~Fxe [u]) o(du) (6.2.5)

T

makes sense as a probability measure over H'P. That is, the relative partition function
satisfies

Z, = /exp (—FNL[u]) po(du) > 0.

Equation (6.2.5]) is the correct interpretation of the formal definition (6.2.1]). It is this
object that we derive from the bosonic grand-canonical Gibbs state.
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6.3. Mean-field/small temperature regime

Our main result in [207] relates, in the limit (6.1.4), the grand-canonical Gibbs
state to the classical Gibbs measure on one-body states defined in Lemma
It is useful to recall the notion of k-particle reduced density matrix for states over F. For
a “diagonal” state of the form

F:@Gnv Gn:f)n*_)ﬁn’

n=0
this is the operator I'®) on the k-particles space $* defined b

Trg [Akl‘(k)] =3 (Z) Tren [Ak Ds ]l®(”_k)Gn] (6.3.1)
n>k

for every bounded operator Ay, on $*. These are helpful for rewriting expressions involving
only k-particle operators. Remark that the normalization convention taken here differs
from that of Chapter |5t if I' is a N-body state, I'®) has trace (]Z)

Theorem 6.3.1 (Derivation of nonlinear Gibbs measures).
Under Assumptions|6.1.1) and|6.1.4 we have

F)\(T) — Fo(T)
T T Tow log Zr

where FX\(T) is the infimum of the free-energy functional (6.1.3) and Z, the relative par-
tition function defined in Lemma[6.2.3

Let furthermore Fg\kgp be the reduced k-body density matriz of I'yx . We have,

)
AT / ) (] dpa(w) (6.3.2)
T T—oo Hl-p
strongly in the Schatten space GP($)). In case p =1 in (6.1.5)) we also have, for any k > 2,
k) ®k\ (,, Ok
ﬁr/\,T e /y) [u=™) (u®"| dp(w) (6.3.3)

strongly in the trace-class.

An obvious caveat of our approach is the case p > 1 where the result is not as strong
as one would hope. We conjecture that continues to hold strongly in the Schatten
space &P($) also for k£ > 1, but this remains an open problem. More importantly, it would
be highly desirable to go beyond the stringent assumption . There are however well-
known obstructions to the construction of the Gibbs measure p in this case. A minima, a
Wick renormalization [102), 138, 327] must be performed in order to make sense of the
measure when w = w(x — y) is a multiplication operator. The quantum Gibbs state one
starts the analysis from should also be modified accordingly. We refer to [133] for recent
results in this direction.

Let us comment on the relevance of this result to the BEC phenomenon:

2The partial trace is taken over the symmetric space only.
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e First, this theorem seems to be the first giving detailed information on the limit
of the thermal states of a Bose system at relatively large temperature. The
result clearly shows the absence of full BEC in the regime we consider.
For finite dimensional bosons, things simplify a lot and versions of Theorem [6.3.1]
were known before, see [144),[143],[168], [183], Chapter 3], and [299], Appendix B].

e The asymptotic regime (6.1.4)) should be thought of as a mean-field limit. In fact,
when p =1, indicates that the expected particle number behaves as O(T'),
so that taking A\ = T~! corresponds to the usual mean-field scaling where the
coupling constant scales as the inverse of the particle number. Roughly speaking
we are thus dealing with the regime

1
N — oo, )\—N, T~ N.

e Still in the case p = 1, one should expect from a natural extrapolation of this

theorem that full BEC does occur in the regime

1
N — o0, )\—N, TN
which would indicate that the critical temperature scales in this case as the
particle number. A natural idea would be to confirm this by studying the con-
centration of the non-linear Gibbs measure p on the mean-field minimizer when
the chemical potential is varied.

e A comparison with the case of particles with no quantum statistics (boltzons) is
instructive, see [203] for details. First, the emergence of the non-linear Gibbs
measure truly requires Bose statistics. Next, for trapped boltzons, the critical
temperature for BEC scales as O(1) when N — oo in the mean-field regime. Only
when T" — 0 at the same time as N — oo does full BEC occur in the Gibbs state.
One should expect that the critical temperature is much higher for bosons than
for boltzons. This can be seen from comparing the above theorem and [336], 204,
Section 3.2]: TPol#ons 1 in the mean-field limit whereas 7°°°" >> 1. In fact,
Theorem [6.3.1]suggests that in some situations the critical temperature for bosons
can be as high as O(N).

6.4. Berezin-Lieb inequality for relative entropies

The proof of Theorem [6.3.1] is lengthy and shall not be reviewed here. We however
discuss its main conceptual building blocks, restricting to the trace-class case p = 1. First,
as one easily realizes, I'y 7 minimizes the relative free-energy functional (the second term
is a von Neumann relative entropy)

Frell] = ATrr [WI 4 TTrp I (logI' — log I'o,7)]
= ATrge [w r(2>] +TTer [T (logT — log Tor)] (6.4.1)
whose minimum is F\(T') — Fo(T). It is crucial to work directly on that difference, char-

acterizing it as the minimum of some functional. We expect that both terms taken indi-
vidually diverge very fast.
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On the other hand, —log Z, is the infimum of some variational problem of which p is
the solution: p minimizes

Falv] = /FNL / log ( > duo
:/;TW [ [u®2) (u®2]] do(u /log( >du0 (6.4.2)

amongst all pp-absolutely continuous measures v on the one-body Hilbert space £. The
second term is the classical relative entropy of v relative to pug.

The above observations make the semi-classical nature of Theorem [6.3.1] apparent.
We have to relate the minimization problems for the quantum and classical free-energy
functionals and . In order to describe quantum objects, operators on a
Hilbert space, in terms of classical objects, probability measures, we rely on quantum de
Finetti theorems again, as discussed in Section This time we need Fock-space versions
thereof. In the trace-class case, the following result of [15] is sufficient:

Theorem 6.4.1 (Grand-canonical quantum de Finetti theorem).
Let 0 < T, be a sequence of states on the Fock space F($)). Assume that there exists a
sequence 0 < e, — 0 such that, for all k € N

ek Trys [rg@] <0 < oo (6.4.3)

Then, there exists a unique Borel probability measure v on $ such that, along a subse-
quence,

F(en)E T / Y (] d(u) (6.4.4)
)
weakly in the trace-class for every integer k.

Some comments:

e To deal with the non-trace-class case p > 1, some improvements are necessary,
provided in [207], but we shall not discuss this here.

e The case p = 1 of Theorem could be rephrased as saying that the de Finetti
measure of the sequence I'y 7 is the nonlinear Gibbs measure .

e Here ¢, should be thought of as a semiclassical parameter essentially forcing the
particle number to behave as ¢, !. To apply this result in our context, we need
to check that holds, with e, =T ! and I' = I'y 7. In the trace-class case,
this is not too difficult because the particle number is well under control.

e Since we have convergence of density matrices, a lower bound to the interaction
energy term in follows from this theorem.

In view of the last point, the main remaining task is to estimate the relative entropy
term in (6.4.1). One should keep the following in mind:

e Contrarily to the energy, it is not expressed in terms of reduced density matrices
only. It genuinely depends of the full state.

e One should not “undo” the relative entropy to consider only the von Neumann
entropies of I'gr and I'y 7 directly, since we do not expect a good control on
those.
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Well-known tools to link quantum entropy terms to their semiclassical counterparts are
the so-called Berezin-Lieb inequalities [32}, 214, [328]. Since we work in infinite dimensions
and we cannot undo the relative entropy to rely on known inequalities, we need the
following new result:

Theorem 6.4.2 (Berezin-Lieb inequality for the relative entropy).
Let €, — 0 and {T'y}, {T,} be two sequences of states satisfying the assumptions of
Theorem [6.4.1. Let v and V' be their de Finetti measures. Then

liminf Trx [Fn (log I',, — log F;l)] > / v log <d1/) dv'. (6.4.5)

n—o00 dv’ dv’

Some comments:

e Clearly, this will give the desired lower bound to the relative entropy term
in if we can prove first that the de Finetti measure of the free Gibbs
state I'g 7 is given by p. Since all the density matrices of I'g 7 can be explicitly
computed, this is easily shown by direct inspection.

e For the proof of this result, we rely heavily on a constructive approach to The-
orem [6.4.1] reminiscent of the proof of Theorem we discussed previously.
The precise way one can approach the measure by explicit functions of the states,
as in , is crucial.

e The link with semi-classics proceeds by seeing the de Finetti measure both as
a lower symbol/covariant symbol/Husimi function/anti-Wick quantization and
as an approximate upper symbol/contravariant symbol/Wigner measure/Wick
quantization based on a coherent state decomposition.

e We also rely on deep properties of the quantum relative entropy: joint convex-
ity and monotonicity under two-positive trace preserving maps [347, 270} [56].
These are in fact equivalent to the strong subadditivity of the quantum entropy,
a crucial property proved by Lieb and Ruskai [221], [222].



CHAPTER 7

Emergent fractional statistics

Traditionally, for sound experimental and theoretical reasons, quantum particles are
divided into two classes: bosons and fermions. The many-body wave-function of a system
of bosons is symmetric under particle exchange, while that of a system of fermions is
anti-symmetric. This implies fundamental differences in their behavior: fermions satisfy
the Pauli exclusion principle (at most one particle per quantum state), bosons do not.
Consequently, fermionic bulk matter is stable, while bosonic bulk matter is not [110}, T11],
215|,225]. Free bosons in thermal equilibrium distribute in single-particle quantum states
following the Bose-Einstein statistics, while free fermions follow the Fermi-Dirac statistics.
Bosons condense into a single one-particle state (see Chapters and references therein)
while fermions form a Fermi sea. Some fundamental inequalities such as the Lieb-Thirring
kinetic energy lower bound hold only for fermions [235], 236, 225]. Cherished physical
principles, such as the classification of elements in the Mendeleev periodic table, are valid
because electrons are fermions. Others, such as the possibility of creating a laser, are valid
because photons are bosons.

In this chapter we discuss some contributions to the theory of anyons, that is, of
particles that do not fit in the bosons/fermions dichotomy. The very possibility that such
exotic objects could exist should be seen as a daring hypothesis. We shall thus first start by
a quick introduction to the anyons concept in Section making no claim of originality
(see [132, 198, 356, 164, 123, 264, 172, 273] for general references). In brief, we
shall recall that anyons can exist only in low spatial dimensions, 1D or 2D, so that they
can only be quasi- or dressed particles of constrained systems. Next, in Section we
summarize the findings of [250] where we vindicatd]| the general belief [20], 189, 167]
that some quasi-particles arising in fractional quantum Hall physics indeed behave as
anyons. Finally, in Section we summarize [249], giving modest elements of answer to
the question “Suppose one manages to create anyons in the lab, how can one probe their
physics 77 As we shall explain, appropriate effective models are necessary to answer that
question, and we focus on the derivation of one such model from first principles.

7.1. The concept of 2D anyons

There does not seem to be a universal way of building a quantum theory, starting from
a reasonable classical one. The possibility for exotic particle statistics has staid hidden in
implicit quantization choices for years, until those were recognized as true choices instead
of obvious necessities [136), 140}, 197, 1330}, 331, 354, 355]. To appreciate this, we shall
first review the usual theoretical argument supporting the bosons/fermions dichotomy.

lWithout a mathematical proof, but what we think is a sounder physical proof than what has appeared
in the literature so far.

93
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7.1.1. Bosons and fermions. Let us consider N quantum particles living in the
physical space R, The classical configuration space is R*V and one describes the quantum
system with a complex-valued wave-function ¥y € L2(R*Y). Since |¥y|? is interpreted
as the direct-space probability density of the system, and ]\i/ ~|? as the momentum-space
probability densityEL we have to impose

/ WnP =1,
RdN

but this is not the only physical constraint. Indeed, actual particles are indistinguishable,
so that the labeling of coordinates (z1,...,zx) € R is arbitrary. Thus, one should
obviously demand that

U, O N2 = |0y (7.1.1)
for any permutation ¢ € Xy of NV indices, where U, is the unitary operator that permutes
particle labels:

UsUN(T15- 5 2N) = UN(To(1), -+ -5 To(N))-
It is sometimes improperly claimed that implies that Wy is either symmetric or
anti-symmetric. There are counter-examples [136], but one should realize that indistin-
guishability is a stronger concept than . In quantum mechanics, every possible
measurement on a system is represented by a self-adjoint operator A on L?(R*). The
expected value of the quantity represented by A, when measured in the state Wy, is given
by
(A)wy = (YN|A[¥n).

Thus one should demand that any such value does not depend on the labeling of the
particles, and the bosons/fermions dichotomy comes about via the following elementary
lemma:

Lemma 7.1.1 (Bosons and fermions).
Let Uy € L2(R¥) with
[ fewl =
RaN

satisfy, for any bounded self-adjoint operator A on L*(RN) and any permutation o € Xy

(UN[A[YN) = (UsUN|AIU- ¥ ). (7.1.2)
Then either
Us¥n =VUy Vo e Xy (Bosons) (7.1.3)
or
U, ¥y = (18" ¥y Vo € Sy (Fermions). (7.1.4)

PRrROOF. Take A = |Ux)(Uy|. According to (7.1.2), we must have
(U, UpUn) P =1
for all o and hence
U VN =c, ¥y
for some complex number ¢, with modulus one. For consistency we see that

Cooo’ = CoCq’

2With the convention that the Fourier transform is a L2 isometry.
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must hold for all o,0’ € ¥. The map o — ¢, is a thus one-dimensional representation
of the permutation group and it follows that either ¢, = 1 or ¢, = (—1)%(7), O

Of course, this argument is mostly academic: that all known particles behave as either
bosons and fermions is quite simply an experimental fact. But in view of the above, there
seems to be little to no room, even in theory, for other possibilities. One could then claim
that the dichotomy is a fundamental fact of nature. That is, provided one trusts the
(elementary) quantization procedure just described, which, in hindsight, is more subtle
than it looks.

7.1.2. Anyons. The breakthrough leading to the introduction of anyons occurred
in [197] where it was realized

e that there is one choice implicitly made in the above quantization procedure,
e that a different quantization can lead to different particle statistics,
e that these can occur only in low dimensions d < 2.

A parallel approach is that of [354), [355] where it is argued that in low dimensions the
spin needs not be quantized. Hence, via the spin-statistics theorem, one may hope for
exotic particle statistics. We shall not describe this approach hereﬂ nor that of [140], and
now turn to a (very crude) summary of the findings of [197].

In fact, the only choice made in the above quantization procedure that is not a basic
axiom of quantum mechanics, and that is not obviously logically necessary, is that we have
first quantized, then symmetrized. Namely, we have first introduced wave-functions, and
then restricted possible choices thereof by a physical symmetry postulate. What happens
if we instead first symmetrize, then quantize 7

We shall not enter into the mathematical description of this process, but state the
essential conclusions, restrictinﬂ tod > 2:

e In dimension d > 3, the former conclusion remains valid, only bosonic and
fermionic wave-functions are logically consistent possibilities.

e For d = 2, there is a whole continuum of other possible choices, labeled by a real
number « € [0, 2[. Bosons correspond to a = 0, fermions to o = 1.

This difference is of topological origin: one removes particles encounters points from the
configuration space, because they are somewhat singular. A given particle then moves in
a punctured space. The punctured 3D space is simply connected, while the punctured 2D
space is not. In 3D and higher, the first homotopy group of the classical configuration
space is the permutation group, in 2D it is the braid group. The latter has a continuum
of one-dimensional representations, and this is where the continuum of possible statistics
originates from [357, [358].
In short, in 2D there is no inconsistency in demanding that

U, Uy = (™) gy (7.1.5)

3The spin-statistics theorem is a result of relativistic quantum field theory. One can prefer not having
to use it to discuss ordinary non-relativistic matter.

AThere is an ambiguity in 1D, in that one cannot continuously exchange particles on a line without
making them collide.



96

where « is a real number that can be restricted to [0,2[ by periodicity. One refers to «
as the statistics parameter, and speaks of fractional statisticsﬂ if a # 0,1, that is when
we deal with particles that behave neither as bosons nor as fermions. The term anyons
(“any”-ons) was coined by Wilczek [355] because the statistics parameter can a priori be
any number.

Of course the above object cannot be a function, for it would be multi—valuedﬁ unless
a = 0 (bosons) or a = 1 (fermions). It should in fact be seen as a fiber bundle, which
would complicate any theoretical description and mathematical analysis. Fortunately,
there is a natural, albeit formal, way to fall back on the familiar description in terms of
wave-functions. We present this next.

7.1.3. Magnetic gauge picture. In the sequel we shall be interested in the quantum
mechanics of non-relativistic 2D particles obeying fractional statistics. This means that we
are interested in acting on “functions” satisfying ([7.1.5)) with a many-body Hamiltonian
of the form

N
= 0+ Aca(2)? + V() + Y wlai —aj) (7.1.6)
j=1 1<i<j<N

where p; = —iV; is the usual momentum operator for particle j, Acx is the vector

potential of an external gauge field, V' a one-body potential and w a pair interaction
potential. The usual way to render this problem more tractable is to write

Uy = H el arg(Ti—2;) @ (7.1.7)
1<i<j<N
where arg(z; — x;) is the angle of the vector (x; — ;) in the plane. That way, ®y has, at
least formally, bosonic symmetry (its « is 0 modulo 2) and one might prefer to describe
the system in terms of it. The important observation is that acting on Wy with Hy is
formally equivalent to acting on ® with a new, effective Hamiltonian:
(Un[HN|UN) = (PN [HF|PN)

where

N
=2 0+ Aos(ay) + oRuny (@) + V@) + 3 wleimz). (719
j=1 1<i<j<N
The effective gauge vector potential is given by
1

Aany(75) = Z (g =)

7 |z —

and it depends on the position of the particles. The associated magnetic field is a sum of
delta functions

(7.1.9)

curl Agny (25) = 27 Z Oz — xp). (7.1.10)

k#j
One can thus see non-relativistic anyons as ordinary bosons that carry in addition ficti-
tious Aharonov-Bohm-like flux tubes whose vector potential influences the other particles.

5Although, strictly speaking, irrational « is also allowed.
6Think of permuting a pair of indices twice; the function then picks a phase e,
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Of course one could choose a convention where @y is fermionic instead, with obvious
modifications to the above equations. One could even (although this does not seem a very
good idea) describe 2D fermions as bosons coupled to flux tubes, and vice-versa.

The above formalism based on and is called “magnetic gauge picture”
by opposition to the “anyon gauge picture” based on and (7.1.6). The obvious
advantage is that we can now think in terms of bosonic (or fermionic) wave-functions.
The obvious drawback is that the anyon Hamiltonian is pretty complicated. Even in
the free case V, Acx, w = 0, very few exact results on the spectrum or dynamics of Hg
are known. Well-educated approximations are thus highly desirable, even more so than
for usual interacting bosons and fermions (the effective magnetic interaction contained
in is considerably more intricate than a simple pair interaction). Section below
is concerned with this issue. Before entering this question, we discuss the emergence of
fractional statistics for a certain type of quasi-particles in Section Interestingly, we
shall see that it is the magnetic gauge picture, and not the anyon gauge picture, that
naturally emerges. For all practical purposes relevant to this memoir we thus can, and
shall, consider only the former description. Anyons are thus identified in the sequel as
ordinary bosons or fermions feeling an effective Hamiltonian of the form

7.2. Anyons in quantum Hall physics

That fractional statistics can occur only in low dimensions seems a no-go for their
relevance to fundamental particles. All of these (electrons, photons, quarks ...) are 3D
objects. Even if restricted to lower dimensions in the lab, they retain their 3D statistics,
which can only be bosonic or fermionic. The statistics of composite objects, such as
protons, neutrons and atoms, are obtained by adding the statistics of their constituents:
this can only produce bosons or fermions.

Anyons can thus only exist as quasi-particles of low dimensional systems. In this sec-
tion we discuss the emergence of 2D fractional statistics for the most prominent candidates
that seem to have been considered in the literature so far: quasi-holes of the Laughlin state.
We have already studied the Laughlin wave-function in some detail in Chapter Here
we shall be interested in some of its elementary excitations, called quasi-holes. We argue
that, when coupled to tracer particles, they effectively change the statistics of the latter.
The tracer particles, dressed by the quasi-holes of the Laughlin wave-function, become

anyons with statistics parameter
1
a = 7
where £ is the exponent in the Laughlin wave-function and ag the original statistics
parameter of the tracer particles (thus ay = 0 or 1, bosons or fermions). The possibility
of creating anyons in the fractional quantum Hall effect context seems to be widely ac-
cepted [137, 139, (333, 189, 167]. It has recently been proposed [77, 36, 263, 276 291,
345] that this physics could be emulated in ultra-cold atomic gases subjected to artificial
magnetic fields. It is such a system we have in mind primarily, although the following

might still be of relevance to the usual 2D electrons gases where the FQHE is observed.

Warning. The reader should be aware that the results of this section are not mathemati-
cally rigorous, contrarily to everything discussed in this memoir so far. They are included
because
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e their authors (this is joint work with Douglas Lundholm [250]) have good hope
to render them rigorous, at least in parts, in the near future;

e they avoid some issues with the usual arguments in favor of fractional statistics;

e they give a physical motivation to the rigorous results of Section [7.3] below, and
to future investigations.

7.2.1. Tracer particles in a Laughlin liquid. Consider the following thought
experiment: two different species of 2D particles interact repulsively among them-
selves, and couple to a uniform magnetic field. Such a set-up has already been sug-
gested [78, 1360, [361] as a way to probe the emergence of fractional statistics, using cold
atomic gases.

The Hilbert space for the joint system is

HUAN — 2 (R2M) g [2

sym sym

(R2M), (7.2.1)

where M is the number of particles of the first type and N the number of particles of the
second type. For definiteness we assume that the two types of particles be bosons, whence
the imposed symmetry in the above Hilbert spaces. The following however applies to any
choice of statistics for both types of particles.

We write the Hamiltonian for the full system as

M N
Hypn = Hy @ 1+ 1@ Hy+Y > Wia(z; — 1),
j=1k=1
where

1
5 Pz, + EAext($j))2 + Z Wii(z; — zj) (7.2.2)

2m —
1<i<j<M

Mz

is the Hamiltonian for e first type of particles and

N

1
Z = (py, + Aexi(yr))® + Z Waa(yi — ;) (7.2.3)
1<i<j<N

N)

that for the second type of particles. We shall denote Xy, = (x1,...,2p) and Yy =
(y1,-..,yn) the coordinates of the two types of particles and choose units so that i = ¢ = 1,
and the mass and charge of the second type of particles are respectively 1 and —1. We keep
the freedom that the first type of particles might have a different mass m and a different
charge —e < 0. The first type of particles should be thought of as tracers immersed in a
large sea of the second type. We shall accordingly use the terms “tracer particles” and
“bath particles” in the sequel.
We have also introduced:

e the usual momenta Pz; = —iVag, and py, = —iVy,.
e a uniform magnetic field of strength B > 0. Our convention is that it points
downwards:
B B
Aext(x) = —EIEJ_ —5(—1'2,1'1).

e intra-species interaction potentials, W11 and Was. We think of short-range po-
tentials for simplicity.
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e an inter-species interaction potential Wis. Again, Wis should be thought of as
being short-range.

The next step is to assume a strong hierarchy of energy scales. The requirements are
rather stringent, but we think they are ultimately necessary for the emergence of fractional
statistics. We assume that the energy scales of the problem are set, in order of decreasing
importance/magnitude, by

(1) the external magnetic field B, which forces all bath particles to occupy lowest
Landau levels orbitals. Note that the splitting between Landau levels for the
tracer particles is rather proportional to eB/m so if m > e it is reasonable to
allow that they occupy several Landau levels.

(2) the interaction potential Waq, which forces the joint wave-function of the system
to vanish when two bath particles encounter.

(3) the interaction potential Wio, which forces the joint wave-function of the system
to vanish when a bath and a tracer particles encounter.

(4) all the rest, which, as we will argue, essentially boils down to an effective energy
for the tracer particles.

This leads us to a reasonable ansatz for the joint wave-function of the system:
U(Xar, Yv) = ®(Xar)eqn(Xar) ™ (X, Yiv) (7.2.4)

where W9 describes a Laughlin state of the N bath particles, coupled to M quasi-holes
at the locations of the tracer particles:

T Xy, Vi) = H H — )" H (zi — zj)gefB it/ (7.2.5)
j=1k=1 1<i<j<N
We have here identified R? 5 z; <+ ¢; € C and R? 3 y;, <> 25, € C. We choose cqn(Xpr) > 0
to enforce

cqn(Xar)® /2N (W (X g, Vo) P dYy =1 (7.2.6)
R

for any Xjs. We thus ensure normalization of the full wave function ¥ by demanding that

/RW (X )2 dXpr = 1.

In (7.2.5), n and ¢ are two positive integers. The latter should be even for symmetry
reasons (it would be odd if the bath particles were fermions).

7.2.2. Derivation of the magnetic gauge Hamiltonian. The wave-function ®
describing the tracer particles is the only variable part left. One thus wants to choose it
properly in order to approximate the ground state of the full system. Our main claim is
that this can be achieved by taking ® as the ground state of some effective Hamiltonian:

Statement 7.2.1 (Emergence of fractional statistics).

We make the previous assumptions on the energy scales of the problem. In addition we
suppose that N > M and that W1y contains a hard-core of radius larger than lg = \/2/B.
Then we claim the following:

(1) An ansatz of the form (7.2.4) is a good approximation for the ground state of the
full system.
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(2) The full ground state energy satisfies

BN
E(N, M) ~ (¥, Hyp nW) ~ <<1>, Hﬁq>> + 5 (7.2.7)
where
Mo 1 1 2
-y (pm]. n <e - 5) () — gAany@:j)) £ Wi,
j=1 1<i<j<M

(7.2.8)
Ay () being defined as in (7.1.9).
(3) Consequently, the optimal choice for ® is a ground state of Hﬁflf and we have

BN
E(N, M) ~ inf {<¢,H§§f<1>>, ® e L2, (RM), / B2 = 1} + 5 (7.2.9)
R2M
A few comments are in order, keeping in mind that this statement is not a rigorous
theorem:

e We are lead to conjecture that all the physics boils down to the motion of the
tracer particles. These are dressed by holes in the density of bath particles and
thus become quasi-particles whose physics is determined by an emergent Hamil-
tonian.

e A first remarkable fact about Hﬁflf is that the charge of the tracer particles gets
reduced: e — e — 1/¢ in the coupling to the external magnetic field. This comes
about because Laughlin quasi-holes carry a fraction of an electron’s charge [187),
188]. This is a well documented fact, including experimentally [310, 10T, [256].

e That the Laughlin quasi-holes have fractional statistics had also been conjectured
early on [20, 153, 154]. This has so far not been confirmed experimentally,
despite some promising hints [51] and some interesting proposals [308), 147,
177, 178, [78, 360, 361].

e In our approach, the emergence of fractional statistics comes about via the vector
potential —¢~1A .y (z;), as discussed in Section

e One could formally gauge —E_lAany(:Ej) away and consider minimizing a usual
magnetic Hamiltonian amongst wave functions satisfying with a = —1/¢.
This is not desirable since the magnetic gauge Hamiltonian acting on bosonic
wave-functions we derive directly is more tractable, see Section below and
references therein.

e The original paper [250] also discusses possible experimental signatures of the
above statement. In some specific experimental regime, one can argue that a
measurement of the density of the tracer particles should reveal a clear influence
of fractional statistics.

e The usual argument in favor of fractional statistics, originating in [20] (see
also [179, 180}, 181, 264]), proceeds by first treating the tracer particles/quasi-
holes as classical parameters in the function . That is, we freeze the ¢
degree of freedom and consider ((j);=1..ar as a family of parameters for the quasi-
holes wave-function. One can compute that, upon moving a ¢; around another
adiabatically, the quasi-holes wave-function picks a Berry phase e~2im/t  This
Berry phase is then identified with the square of the statistics exchange phase
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quasi-holes should have in a quantum description. While certainly compelling,
this argument is not devoid of issues (see for example [122]).

e The main leap of faith in the argument of [20] is the identification of the Berry
phase picked by the bath particles’ wave function and the statistics phase of the
tracer particles. This is completely avoided in our approach, since we do not
appeal to the Berry phase concept at all.

7.3. Average-field approximation for almost bosonic anyons

Now that we have seen that anyons can emerge in some concrete physical situations,
we turn to the next obvious question. Namely: how does a system of anyons behave, what
characteristic features of it could be observed 7 Since the free anyon Hamiltonian is
pretty intricate, and basically no general exact results are known (contrarily to the case of
free bosons or fermions), this raises the question of deriving effective, simpler theories. In
this section we report on the results of [249], where such an effective theory is rigorously
derived, in a mean-field-like limit.

7.3.1. Model for trapped extended anyons. Here we consider the ground state
problem for free anyons in a trapping potential V' : R?> — R, that is we are interested
in the bottom of the spectrum of the Hamiltonian (we discard « from the notation for

shortness)
N

Hy = (pj + aAany(x;))? + V(). (7.3.1)
j=1

where the gauge vector potential is again given by (7.1.9). Compared to (7.1.8)) and (7.2.8)
we have discarded the external gauge vector potential and the pair interaction. This is
because they would not complicate the picture significantly, at least with the approach
we follow in [249]. The above Hamiltonian can be rigorously defined and shown to enjoy
crucial functional inequalities [186], 251), 252, 253]. However, its complicated structure
makes it very hard to draw precise predictions, even about its ground state. To appreciate

this, consider formally expanding the squares in ([7.3.1]). We obtain

Z p] +V( a:]
=1
+ OZZ (pj - Vhwo(ay — k) + Viwo(z; — o) 'Pj)
jk
+ a? Z V4iwo(z; — x) - VVwg (2 — 4)
JFk#L
+ a? Z \Vwg(zj — o) [* (7.3.2)
ik
where we wrote
wp = log | . |

for the 2D Coulomb kernel. We are thus dealing with ordinary bosons (recall that we are
interested in the action of Hy on symmetric wave-functions) that experience:

e a two-body interaction mixing space and momentum variables (second line);
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e a three-body interaction (third line);
e a singular two-body interaction (the terms on the fourth line are not locally
integrable).

In this section we want to justify that, in spite of these peculiar features, the ground state
of Hy can in some regime be approximated in the form of a pure tensor power u®", in
the spirit of Chapter In the context of fractional statistics, such approximations are
usually refered to as “average-field models” [120, [66], (68|, 339, 340}, 164, [350].

An immediate difficulty is that pure tensor powers u®" are not in the domain of Hy,
because of the singular pair interaction. To remedy this, we smear the Aharonov-Bohm
flux carried by each particle on a disc of radius R > 0: let

wp = log | . | * ﬂigf) (7.3.3)
and consider (observe that A,y = Agny)
AL () =) VViwg(e; — ), (7.3.4)
k#j
together with the regularized Hamiltonian
N
HE=> " (pj+ aAR (2)" + V(z)). (7.3.5)
j=1

This so-called “extended anyons” model is discussed in [186), 257, 339, [69]. Besides the
fact that it offers a reasonable simplification of the original Hamiltonian, one can motivate
it because anyons should be seen as emergent quasi-particles, and have thus a finite radius.
In Statement this is set by the radius of the hard-core we assumed was contained
in WH.

For fixed R > 0, this operator is self-adjoint on L2 (R?") and we shall denote

ER(N) :=info(HE) (7.3.6)

the associated ground state energy (lowest eigenvalue) for N extended anyons. We are
interested in the asymptotics of Ef¥(N) and the associated minimizers in the limit N — oo
and R — 0.

7.3.2. Justification of the average field approximation. To obtain a well-
defined limit problem we set
a= _p — 0 when N — oo (7.3.7)
N -1 ’
where 3 is a given, fixed constant. This choice ensures that all terms in are formally
of order N or smaller. Physically it means we consider “almost bosonic anyons”. One can
also perturb around fermions, but we have not studied this case. Note that if we simply
took a — 0 at fixed N, we would recover ordinary bosons at leading order. One could
then only see the effect of the non-trivial statistics in a perturbative expansion, a route
followed e.g. in [321], (76}, 322}, 272, [7T5].
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The effective model we shall derive encodes the effect of anyon statistics in the form
of a self-consistent gauge field:

£ ] 1= /R (1(9 +iBATuP) uf* + Vuf?) (7.3.8)

where

Alp] := V4w * p. (7.3.9)
One obtains this functional by the same kind of steps as in the case of usual bosons with
pair interactions: either replacing the magnetic gauge vector potential by a mean-field, or
by taking (essentially) an ansatz of the form u®". We denote E* the ground state energy
obtained by minimizing subject to the unit mass constraint

/ uf2 = 1.
R2

For technical reasons we assume that the one-body potential is confining
V(z)>clz|®-C, s>0, (7.3.10)
and that the size R of the extended anyons does not go to zero too fast in the limit N — oo.

The following is the main result of [249]:

Theorem 7.3.1 (Validity of the average field approximation).
We consider N extended anyons of radius R ~ N~ in an external potential V' satisfy-

ing (7.3.10). We assume the relation
1

-1
0<n<mno(s) ::% < —1—8) ; (7.3.11)

and that the statistics parameter scales as ([7.3.7)).
Then, in the limit N — oo we have for the ground-state energy
ER(N)
N
Moreover, if Wy is a sequence of ground states for HE, with associated reduced density
(k)

matrices 7y’ , then we have, along a subsequence,

— B (7.3.12)

k
W = [ e dtw) (7.3.13)
strongly in the trace-class when N — oo, where p is a Borel probability measure supported
on the set of minimizers of £,

M= {u e L2(R?) : ||ul| 2 = 1, E4u] = E*Y.
A few comments:

e The method of proof is inspired from that of [208], cf Chapter [5 The use of the
quantum de Finetti theorem is even more crucial here: there does not seem to be
any way of using the structure of the magnetic gauge Hamiltonian to justify the
approximation.

e Actually, its peculiar form adds quite a few twists to the proof, compared to [208].
We have to rely on some specific functional inequalities [248), [160] to control the
error terms.
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e Note that the limit problem (|7.3.8)) comprises an effective self-consistent magnetic

field. A term in the form of a self-consistent electric field is more usual. Taking
the curl of A[jul?] we see that the effective field is directly proportional to the
matter density.

We deal with the limit R — 0 at the same time as N — oo because typically
the anyon radius should be much smaller than the total system’s size. This is
reminiscent of the NLS and GP limits for trapped Bose gases, see again Chapter 5]
and references therein.

Taking R not too small in the limit N — oo is a requirement in our method
of proof. It is in fact not clear whether some lower bound on R is a necessary
condition for the average field description to be correct. For very small or zero
R, it is still conceivable that a description in terms of a functional of the form
of is correct in the limit. A first satisfying step would be to allow R <«

N~Y2_ the typical inter-particle distance.
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