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Résumé

Cette thése s’intéresse a différents problémes de grandes déviations en rapport avec la physique
statistique, qu’elle aborde sous ’angle théorique aussi bien que numérique. La premiére partie concerne
I’étude de grandes déviations en temps long pour les processus de diffusion. Tout d’abord, de nouveaux
résultats d’ergodicité sont montrés pour les dynamiques de Feynman—Kac, en temps discret et en temps
continu. Ceci conduit & de nouveaux résultats fins (au sens de la topologie considérée) sur les grandes
déviations de mesures empiriques de processus de diffusion. Divers aspects numériques sont ensuite
abordés. Tout d’abord, des estimées d’erreur précises sont fournies pour les discrétisations de processus
de Feynman—Kac, la non-linéarité de la dynamique demandant le développement de nouveaux outils.
Afin de réduire la variance des estimateurs classiques de grandes déviations, un algorithme adaptatif est
ensuite présenté, qui utilise les techniques dites d’approximation stochastique. Enfin, nous abordons
une probléme numeérique concernant les systémes & basse température, et présentons une méthode
pour construire une approximation du contréle optimal & partir de la théorie du chemin de réaction.
La derniére partie de cette thése porte sur un sujet légérement différent, celui des gaz de Coulomb, qui
apparaissent en physique mais aussi dans la théorie des matrices aléatoires. Nous présentons d’abord
une méthode efficace pour la simulation de tels gaz, avant de nous tourner vers ’étude des gaz sous
contrainte. Pour ceux-ci, nous prouvons de nouveaux résultats de concentration dans la limite d’un
grand nombre de particules, sous certaines conditions sur la contrainte. Nous présentons également
un algorithme de simulation qui confirme les attentes théoriques.

Abstract

This thesis is concerned with various aspects of large deviations theory in relation with statistical
physics. Both theoretical and numerical considerations are dealt with. The first part of the work
studies long time large deviations properties of diffusion processes. First, we prove new ergodicity
results for Feynman—Kac dynamics, both in continuous and discrete time. This leads to new fine results
(in the sense of topology) for large deviations of empirical measures of diffusion processes. Various
numerical problems are then covered. We first provide precise error estimates on discretizations of
Feynman—-Kac dynamics, for which the nonlinear features of the dynamics demand new tools. In
order to reduce the variance of naive estimators, we provide an adaptive algorithm relying on the
technique of stochastic approximation. We finally consider a problem concerning low temperature
systems. We present a new method for constructing an approximation of the optimal control from the
instanton (or reaction path) theory. The last part of the thesis is concerned with the different topic of
Coulomb gases, which appear both in physics and random matrix theory. We first present an efficient
method for simulating such gases, before turning to gases under constraint. For such gases, we prove
new concentration results in the limit of a large number of particles, under some conditions on the
constraint. We also present a simulation algorithm, which confirms the theoretical expectations.
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Préambule

Théorie des grandes déviations en physique statistique :

Quelques aspects théoriques et numériques.

Le langage courant associe généralement a la notion d’aléatoire celle d’imprévisible, et renvoie & un
événement dont on ne pourrait prévoir 'issue. Si la modélisation aléatoire sert en effet & décrire une
succession de phénoménes dont on ne peut prévoir exactement le résultat, la théorie des probabilités
s’emploie & extraire de ce hasard une forme de régularité. Ainsi, on ne pourra dire si une piéce jetée
retombera sur pile ou face, mais que l'issue aura telle ou telle probabilité (un demi pour chaque face
si la piéce n’est pas biaisée). Dans la seconde moitié du XXeéme siécle, les mathématiciens ont poussé
trés loin ces raisonnements en introduisant de nombreux objets aléatoires, faisant au passage des
connexions fructueuses avec d’autres branches des mathématiques comme ’analyse ou la géométrie.

Parallélement & ces travaux, les physiciens ont incorporé depuis la fin du XIXéme siécle ’aléa-
toire comme outil fondamental de la modélisation. Ainsi le mouvement brownien aura d’abord servi
a décrire de petites particules dans un bain de pollen, avant d’étre utilisé pour représenter I’agitation
thermique en physique, puis l'incertitude en finance. D’une certaine fagon, la physique statistique
illustre la recherche de régularité dans ces modéles aléatoires, au sein d’une représentation microsco-
pique, aléatoire, de la matiére. Considérant par exemple un ensemble d’atomes, on ne saura décrire
précisément le mouvement de chacun, mais bien plutot leurs propriétés moyennes. Les échelles macro-
scopiques de la matiére comportant un nombre extrémement grand d’atomes (de I’ordre de 10%* pour
une goutte d’eau), ce procédé de moyennisation est souvent une approximation raisonnable.

Cependant, les multiples échelles mises en jeu rendent ces limites (e.g. grand nombre de particules,
temps long) difficiles & comprendre, tant du point de vue théorique que de la simulation numérique.
Les systémes étudiés n’auront ainsi jamais vraiment atteint leur état d’équilibre, qui représente leur
comportement moyen, mais seront sujets a des fluctuations. Ces comportement anormaux, au sens
“loin de la moyenne”, seront généralement rares a 1’échelle d’une simulation numérique, mais peuvent
étre beaucoup plus fréquents & ’échelle macroscopique. 1l est donc important de les caractériser et, si
possible, de les quantifier. Notons dés & présent que la question du calcul numérique lié aux événements
rares est délicate, pour la simple raison qu’un événement de probabilité trés faible se produira aussi
rarement lors d’une simulation.

Une fagon de s’attaquer a ces problémes est de recourir & la théorie des grandes déviations qui,
comme son nom l’indique, tente de décrire les états improbables d’un systéme. Ce cadre d’étude
peut cependant étre utilisé & d’autres fins, notamment afin de décrire ’état le plus probable d’un
systéme, ou de mettre au point des méthodes numériques efficaces pour 'estimation d’événements
rares. Comme pour le développement de la physique statistique en générale, de nombreux physiciens
et mathématiciens ont contribué au développement de cette théorie qui est encore un sujet de recherche
actif, notamment pour les systémes dits irréversibles.

De fagon plus modeste, nous nous intéressons dans cette thése au comportement de trois types de
systémes entrant dans le cadre des grandes déviations :

1. Les propriétés ergodiques et les fluctuations en temps long;
2. Les systémes métastables & basse température ;
3. Les gaz en interaction coulombienne dans la limite d’un grand nombre de particules.

Dans tous les cas, il s’agira de comprendre le comportement moyen d’un systéme aléatoire, et la facon
dont il peut en dévier. Nous abordons ces questions sous trois angles complémentaires :

1. Fournir des preuves rigoureuses de théorémes abstraits (ergodicité, concentration, conditione-
ment, etc.);

2. Mettre au point des algorithmes efficaces afin de quantifier numériquement les résultats théo-
riques;
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3. Donner un cadre a ’analyse d’erreur des algorithmes employés, afin de prouver leur efficacité.

Il est intéressant de noter que les résultats théoriques obtenus ont souvent été motivés par des calculs
numériques surprenants, et nous espérons retranscrire (de fagon malheureusement bien incompléte)
cette interaction stimulante entre simulation et théorie. Nous pouvons maintenant décrire plus préci-
sément le contenu de la thése au vu de la discussion ci-dessus.

Partie I : Introduction

Nous commencons par une présentation générale en Partie I. Au-dela de la simple introduction des
modéles en Section 1.1, reposant souvent sur des équations différentielles stochastiques, ce chapitre
cherche & donner une vision intuitive des trois problémes mentionnés plus haut. En particulier, nous
verrons que les phénoménes limites s’expriment naturellement & travers le principe de Laplace au-
quel la théorie des grandes déviations, décrite en Section 1.2, permet de donner un sens rigoureux.
La Section 1.3 montre comment utiliser ces outils dans le cadre de la physique statistique, en es-
sayant d’insister sur la caractére physique des objets abstraits (entropie, énergie électrostatique, etc.).
Nous aborderons finalement quelques problémes numériques liés au calcul des fonctions de grandes
déviations en Section 1.4.

Partie II : résultats théoriques d’analyse en temps long

Les contributions apportées par ce travail débutent en Partie II, et concernent 1’étude théorique du
comportement en temps long de systémes markoviens (chaines de Markov et processus de diffusion).

En Chapitre 2, nous prouvons des résultats d’ergodicité pour les dynamiques de Feynman—Kac,
qui apparaissent aussi bien dans la théorie des grandes déviations qu’en mécanique quantique et dans
la théorie du filtrage non linéaire. De facon plus spécifique, nous étudions la compétition entre la
dynamique sous-jacente et son poids statistique & travers une technique de fonction de Lyapunov, ce
qui permet de caractériser de fagon précise la stabilité.

Le Chapitre 3 concerne le probléme dual : les fluctuations de moyennes empiriques de processus
de diffusion. A partir d’outils abstraits développés dans le Chapitre 2, nous dégageons un nouveau
principe de grandes déviations (LDP) pour la moyenne empirique d’une diffusion (nouveau en cela
qu’il considére une topologie plus fine que celle utilisée dans les résultats connus). La préoccupation
de cette partie était de comprendre sous quelles conditions, pour une dynamique donnée, la moyenne
d’une fonction satisfait un LDP. Autrement dit, nous obtenons ’équivalent d’une condition de Cramer
pour les diffusions, qui n’a rien d’évident a priori (les condition obtenues sont bien différentes d’une
condition de moment exponentielle par exemple). Dans un second temps, nous nous intéressons a la
fontionnelle d’entropie dynamique associée au principe de grandes déviations. En particulier, nous
utilisons et généralisons des travaux récents afin de décomposer ’entropie en deux parties :

e Une entropie réversible correspondant & une information de Fisher;
e Une entropie irréversible exprimée par la norme duale d’un espace de Sobolev idoine.

Si le premier résultat est bien connu pour les systémes réversibles, nous croyons le second assez original
et relié a des travaux récents sur les déviations de courants empiriques, notion découverte en physique
théorique il y a une dizaine d’années. De maniére plus générale, il s’agit d’une manifestation du second
principe de la thermodynamique pour les systémes irréversibles.

Partie III : analyse numérique et algorithmes

Si la Partie II apporte certaines réponses a des questions abstraites, elle reste relativement éloignée
de lestimation quantitative des quantités considérées. Nous abordons donc en Partie III différents
aspects numériques liés & ces problémes de grandes déviations'.

Le Chapitre 2 ayant montré 1'utilité des dynamiques de Feynman—Kac pour ’estimation de fonc-
tions de grande déviations, nous entreprenons en Chapitre 4 une analyse d’erreur de leur discrétisation.
Plus précisément, étant donné un semigroupe continu ayant certaines propriétés d’ergodicité en temps
long, nous considérons sa discrétisation par un semigroupe discret avec un pas de temps At, et étu-
dions l'erreur commise sur les propriétés ergodiques. Nous utilisons pour cela une analyse d’erreur a

1Je tiens & cependant signaler que les Chapitres 4 et 5 ont motivé les questions de la Partie II, et non I'inverse.



12

la Talay—Tubaro, qui se révéle cependant difficile & mettre en oeuvre du fait de la non linéarité de la
dynamique. Ces difficultés demandent d’introduire de nouvelles techniques de preuve, en particulier
la construction d’un probléme spectral approché. Un résultat intéressant de ce travail est 'introduc-
tion d’une nouvelle notion d’erreur, celle concernant la fonction génératrice des cumulants associée a
Iintégrale en temps long du poids de Feynman—Kac. Cette erreur ne peut pas étre considérée pour
les processus markoviens, car dans ce cas la fonction génératrice est toujours nulle pour le processus
et sa discrétisation (en absence de poids de Feynman—Kac). Un espoir est donc que les techniques
développées dans ce travail puissent étre utiles a ’analyse d’erreur d’autres dynamiques non linéaires.

Les chapitres suivants concernent la mise au point d’algorithmes efficaces pour le calcul de fonctions
de grandes déviations et la réduction de variance. En effet, comme il sera détaillé en Partie I, les
estimateurs naifs de fonctions de grandes déviations ont une grande variance, ce qui conduit & des
colts de calcul prohibitifs pour une erreur donnée. Il est donc utile de développer des méthodes
permettant de réduire ces cotits. Le Chapitre 5 concerne 1’étude des grandes déviations en temps long.
L’objectif de ce travail est de mettre en place un algorithme adaptatif de résolution d’un probléme
de controle, afin de réduire la variance de fagon optimale. Nous adaptons pour cela des algorithmes
utilisés en finance pour le contréle du risque, que nous enrichissons de nouveaux estimateurs issus de
travaux récents en physique théorique.

Le Chapitre 6 s’intéresse aux dynamiques a basse température. Ces systémes souffrent générale-
ment de ce que 'on appelle métastabilité, qui décrit ce comportement erratique ot un sytéme reste
longtemps piégé dans un état avant de sauter brusquement dans un autre. Ces transitions rares et bru-
tales conduisent & une variance importante des estimateurs de quantités moyennes du systéme. Nous
développons en Chapitre 6 une méthode pour construire de fagon systématique des contréles réduisant
la variance du systéme en petite température (ce que nous montrons formellement). Nous utilisons
pour cela la théorie des chemins de transitions, que nous affinons afin d’ameéliorer le contréle. Nous
montrons formellement que cette approximation n’est rien d’autre qu'un développement de Taylor du
controle optimal autour du chemin de réaction.

Partie IV : gaz de Coulomb et matrices aléatoires

La Partie IV s’est développée autour d’une idée numérique purement fortuite, reposant sur le lien
entre matrices aléatoires et gaz de Coulomb. En effet, la densité de probabilité des valeurs propres
de certains modeéles de matrices (Wigner, Ginibre, etc.) peut s’écrire sous la forme d’une mesure de
Gibbs, qui décrit I'état d’équilibre d’un systéme ot deux actions s’opposent :

e Une force de confinement qui raméne les valeurs propres vers 1’origine ;

e Une répulsion singuliére (coulombienne ou logarithmique) incitant les particules & se repousser
les unes les autres.

Sous des changements d’échelles appropriés, la mesure empirique d’un tel gaz converge vers un état
déterministe appellé mesure d’équilibre. Etant donnés les travaux sur le comportement en temps long
des systémes aléatoires mentionnés ci-dessus, il semblait naturel de considérer cette mesure d’équilibre
comme la mesure invariante d’'une dynamique (de Langevin par exemple), et de I’échantillonner par
une discrétisation de ladite dynamique. Le Chapitre 7 montre que c’est en effet possible, & condition
toutefois d’employer un algorithme adapté a la singularité des interactions. Cet outil peut ensuite étre
utilisé pour tester numériquement des conjectures, comme 'universalité des fluctuations au bord du
support de la mesure empirique pour les gaz de Coulomb.

Au cours de ce projet est apparu un prolongement intéressant, consistant & ajouter des contraintes
au modéle. Il se trouve que des échantillonneurs de mesures de probabilité restreintes a une sous-
variété ont été développés en dynamique moléculaire et en statistique computationnelle pour différentes
raisons (notamment le calcul d’énergie libre). Nous avons donc étudié numériquement le comportement
de gaz conditionnés avec un de ces algorithmes. Le comportement en a été si surprenant que nous
avons souhaité mieux le comprendre et fournir des preuves des résultats observés. Le Chapitre 8 décrit
cette démarche, qui repose finalement sur le principe de conditionnement de Gibbs. Nous prouvons
que ce principe s’applique dans le contexte des gaz de Coulomb, et étudions finement les problémes
d’optimisation sous contrainte auxquels il conduit afin de décrire ’état limite.
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Preamble

Large Deviations Theory in Statistical Physics:
Some Theoretical and Numerical Aspects.

Common knowledge generically associates randomness to unpredictability, or an event whose issue
cannot be forecast. Random modelling is indeed used for describing phenomena whose result cannot be
predicted ezxactly, but probability theory strives to extract from this randomness a form of regularity.
In a coin toss game for instance, one cannot say what the result will be, but one can describe the
probability for each side to come out (one half for each side in an unbiased situation). In the second half
of the XX'" century, mathematicians have pushed forward this theory very far by introducing a series
of random objects, obtaining fine results together with connections to other branches of mathematics
such as geometry or analysis.

Since the end of the XIX*" century, in parallel, physicists associated embedded randomness as a
fundamental tool for modelling. A famous example is the Brownian motion, first used to describe
small particles in a pollen bath, which then became a standard tool for modelling thermal agitation in
classical physics. In some way, statistical physics illustrates the search for regularity in random models
in a microscopic, random, description of matter. Consider for instance a set of atoms interacting
together. We are in general not able to describe precisely the motion of each of those atoms, but
rather some average property. This averaging effect can be justified by the very large amount of
particles in a real-life system (say around 10?% for a droplet of water), and often is a reasonable
approximation.

However, the multiple scales at stake make the limiting procedure difficult to understand, both
from a theoretical and a numerical standpoint. The systems under consideration do not reach exactly
their equilibrium state, which indeed represents their average behaviour, but are subject to fluctuations
around it. These abnormal behaviours, in the sense “far from the average”, are typically rarely observed
in numerical simulations, but they may well not be rare on a macroscopic scale. It is therefore
important to characterize them and quantify them if possible. Let us mention right now that the
numerical estimation of rare events is a difficult area, for the simple reason that those events are
rarely observed during a simulation.

One way to address these problems is to resort to the theory of large deviations that, as the
name suggests, tries to describe the unlikely states of a system. This framework can also be used for
other purposes such as finding the most probable state of a system, or designing efficient algorithms
for rare event estimates. Like the development of statistical physics in general, many physicists and
mathematicians contributed to the theory, which is still an active area of research, in particular for
irreversible systems.

At a more humble level this thesis considers the behaviour of three types of systems entering the
framework of large deviations:

1. Ergodic properties and fluctuations in the long time limit;
2. Metastable systems at low temperature;
3. Gases interacting through Coulomb potentials in the mean field limit.

In any case, we are interested in the average behaviour of a random system and the way it may deviate
from it. We address these problems in three ways:

1. Give rigorous proofs of abstract theorems (large deviations, conditioning, etc.);
2. Design efficient algorithms for quantifying the abstract results;
3. Provide an error analysis framework for the algorithms employed.

Interestingly, the theoretical results we obtain were often motivated by surprising numerical simula-
tions. We hope to reproduce (in an uncomplete way) this stimulating interaction between simulation
and theory, and we describe below in more details the material of the thesis.
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Part I: Introduction

We start with a general introduction in Part I. Section 1.1 presents most of the models (often based
on stochastic differential equations) and problems in an informal way. This highlights the importance
of the Laplace principle for studying limiting procedures for probability measures, which is given a
precise meaning by the large deviations theory described in Section 1.2. Section 1.3 shows how to use
these tools in a statistical physics context, by insisting on the physical interpretation of the abstract
objects at hand (entropy, electrostatic energy, etc.). We finally present some numerical problems
related to the computation of large deviations functions in Section 1.4.

Part II: Theoretical analysis for long time problems

The contributions of the present thesis start in Part I, which is concerned with the long time behaviour
of Markovian dynamics (Markov chains and diffusion processes).

In Chapter 2, we prove new ergodicity results for Feynman—Kac dynamics, which appear in large
deviations theory but also in quantum physics and non-linear filtering. To be more specific, we study
the trade-off between the underlying dynamics and its statistical weight through Lyapunov function
techniques, which allows to characterize precisely the stability of the dynamics.

Chapter 3 turns to the dual problem of the fluctuations of empirical measures of diffusions. Using
the abstract tools developped in Chapter 2, we prove a new large deviations principle (LDP) for such
empirical measures (new in that it concerns a finer topology than usual results). The preoccupation of
this part was to understand, for a given dynamics, which functions have an empirical mean satisfying
a LDP. In other words, we obtain an equivalent to Cramer’s condition for diffusions, which is not
obvious a priori (in particular this is not an exponential moment condition). We next consider the
dynamical entropy associated with the LDP, and show that it can be decomposed into two parts:

e A reversible part which is a Fisher information;
e An irreversible part expressed as the dual norm of a relevant Sobolev space.

If the first result is well-known for reversible systems, we believe the second to be quite original and
related to recent works on large deviations for empirical currents, an active field in nonequilibrium
statistical physics. From a more general perspective, this is an illustration of the second law of
thermodynamics for irreversible systems.

Part ITI: Numerical analysis and algorithms

While Part II is mostly concerned with theoretical problems, we turn in Part III to numerical and

algorithmic issues related to large deviations 2.

Chapter 2 proved the importance of Feynman—-Kac dynamics in the context of large deviations.
We thus consider in Chapter 4 the problem of their numerical discretization. More precisely, given
a time continuous semigroup with certain ergodic properties in the long time limit, we consider its
discretization with a discrete semigroup of time step At > 0 and study the error made on the ergodic
properties. For this we use techniques & la Talay—Tubaro, which is made difficult by the non-linearity of
the dynamics. This requires to introduce new techniques of proof, in particular the construction of an
approximate spectral problem. An interesting output of this work is a new notion of error concerning
the cumulant generating function. This error does not make sense for Markovian dynamics, for which
the cumulant is always zero for the process and its discretization. A hope is that our technique could
be used for studying other non-linear dynamics.

The two following chapters treat some aspects of the computation of large deviations functions and
variance reduction. Indeed, as made precise in Part I, naive estimators of large deviations functions
have a dramatically large variance, leading to prohibitive computational costs for a fixed error. It is
thus useful to develop methods to reduce this variance and compute more efficiently the quantities of
interest. Chapter 5 is concerned with long time large deviations. The goal of this work is to design an
adaptive algorithm, solving on the fly an optimal control problem to reduce the variance in an optimal
way. For this we use an algorithm from finance (risk-sensitive control), which we adapt to our context
and enhance with new estimators based on recent theoretical results.

2Let us mention that the study of Part I was motivated by the works of Chapters 4 and 5, and not conversely.
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Chapter 6 turns to low temperature problems. Systems at low temperature often suffer from
metastability, a notion which describes the behaviour of a system remaining trapped for a long time
in a state before hopping abruptly to another one. Those rare but important transitions lead to a
high variance of the quantities of interest. We develop in Chapter 6 an approach to build variance
reduction controls for computing expectations at low temperature (which we prove formally). The
strategy relies on the transition path theory, from which we build higher order terms to improve the
control. We show formally that the so-built expansion is actually the Taylor expansion of the optimal
control around the transition path.

Part IV: Coulomb gases and random matrices

Part IV has grown around a numerical idea relying on the relation between random matrices and
Coulomb gases. For this we note that the probability density of the eigenvalues of some matrix
models (Wigner, Ginibre, etc.) can be written as a Gibbs measure, describing the equilibrium state
of a system under the two competing actions:

e A confinement force pushing the eigenvalues towards the origin ;
e A singular repulsion (Coulombic or logarithmic) repelling the particles from each other.

Under an appropriate rescaling, the empirical measure of such a gas converges to a deterministic state
called equilibrium measure. According to the above mentioned works on long time analysis, it seemed
natural to consider the Gibbs measure associated to the gas as the invariant measure of a dynamics
(for instance the Langevin dynamics) and to sample it numerically. The Chapter 7 shows that this is
indeed possible, provided one uses an algorithm adapted to the singularity of the interactions. This
numerical tool can then be used to explore conjectures, such as the universality of the fluctuations at
the edge of the support of the empirical measure for a Coulomb gas.

An interesting sequel to this project is the addition of constraints to the dynamics. Simulating dif-
fusions under constraints is actually an active field in molecular dynamics and computational statistics
for various reasons (e.g. for free energy computations). We therefore studied numerically conditioned
Coulomb and log-gases with one of these algorithms®. The results were so surprising that we wished
to provide proofs of what we observed. The Chapter 8 describes our results, which rely in the end on a
Gibbs conditioning principle. After proving this principle, we provide a fine analysis of the constrained
optimization problems to which it leads in the context of Coulomb gases, and compare the results
with numerical simulations.

3We mention that sampling the spectrum of random matrices with a dynamics is not efficient from a computational
perspective. However, conditioning the spectrum of a random matrix is difficult and costly: our constrained algorithm
is then interesting in a random matrix context.
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This chapter introduces the main models studied along the manuscript, the mathematical frame-
work of large deviations theory and the numerical issues raised by practical applications. Section 1.1
is a heuristic presentation of the systems at hand, with an emphasis on physical motivations. It covers
in particular three classes of problems:

1. Long time behaviour and ergodicity for stochastic differential equations (Section 1.1.2);
2. Systems at small temperature (Section 1.1.3);
3. Coulomb gases in the mean field limit (Section 1.1.4).

A common feature of these models is their relation to the Laplace principle, which can be used to
understand their limiting behaviour in different regimes: long time, small temperature and large
number of particles.

We next turn to the mathematical formalism necessary to rigorously handle this reasoning by
presenting the framework of large deviations theory in Section 1.2. Once the basic elements are set
(Section 1.2.1), we present some important results in Section 1.2.2. In particular, we introduce the
mathematical notions of entropy and free energy that are used throughout this thesis. Section 1.3 then
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comes back to the three above mentioned problems by recasting them in the words of large deviations.
In addition to introducing the subjects treated in the next parts, we hope that this presentation
illustrates the flexibility of the methods used here, and provides nice examples of application of this
rather abstract theory.

An interesting feature of the problems at hand is that they are often motivated by practical situ-
ations, and the abstract solutions provided by the large deviations theory are not always satisfactory
for the practitioner. This motivates several numerical problems, some of which are presented in
Section 1.4. More precisely, our focus is on discretization issues for stochastic differential equations
(Section 1.4.1), and variance reduction for computing large deviations functions (Section 1.4.2).

Finally, we close this introduction by presenting the main contributions of this work in Section 1.5.
This is followed by brief comments on the bibliography and notation.

1.1 Models and motivations

In this section, we first describe the main models studied in the present work together with their
physical motivations. We next introduce the problems treated throughout in an informal way, which
we hope to be a gentle introduction to the settings of Parts II, III and IV. In particular, we wish to
emphasize the importance of the Laplace principle in models from probability theory and statistical
physics.

Section 1.1.1 introduces models based on stochastic differential equations, in particular overdamped
and underdamped Langevin dynamics, insisting on reversibility and irreversibility. We then discuss
the long time behaviour and fluctuations of these stochastic models in Section 1.1.2, which is the
opportunity to present the concept of free energy and dynamical entropy in this context. Next,
Section 1.1.3 is an introduction to the study of systems at low temperature, a common situation in
physics. Finally, Section 1.1.4 is concerned with a quite different model of particles under singular
interactions, which is motivated here by the analysis of the spectrum of random matrices.

The presentation below also allows to introduce the main notation used in the different parts. The
mathematical style of the presentation is rather informal to highlight the main ideas, and the reader
is assumed to be familiar with basic notions of analysis and probability. The presentation of the
mathematical tools necessary for the precise analysis of the phenomena described below is postponed
to Section 1.2.

1.1.1 Stochastic differential equations and computational statistical physics
1.1.1.1 Modelling with random equations
We generally consider stochastic differential equations (SDE) of the form

dX; = b(X;)dt + o(X:) dBy, (1.1)

where the process (X;);>0 has values in a state space X C R? and d > 1 is a physical dimension
(one may think of X = R? or X = T9, the d-dimensional torus). Here, b : X — R? is a drift,
o X — R™ i a diffusion field (both assumed to be smooth here) and (B;):>0 is an m-dimensional
Brownian motion for some m > 1. This setting encompasses many situations in statistical physics,
where the process (X;);>0 typically represents a set of particles evolving randomly in time. The drift b
is a force, which may derive from a potential energy function or can be induced by an external forcing
such as an electric field. The Brownian motion is a thermal noise whose intensity is prescribed by the
possibly inhomogeneous temperature field proportional to o.
The generator of the dynamics [262] reads

T
L:b-v+%:v2, (1.2)

where - denotes the scalar product in R? and, for two matrices A, B € R¥*?% we write A : B =
Tr(AT B), where AT is the transpose of A. Moreover, V and V? are the gradient and Hessian operators
respectively. Although details on the definition of £ will be given later, the operator can be defined to
act at least on smooth and compactly supported functions as soon as b and ¢ are smooth. We insist
on the fact that, under this convention, £ prescribes the evolution of observables of the system. In
other words, if ¢ is a smooth function over X and if we set, for all time ¢ > 0,

(Pip)(z) = Eq [0(X0)], (1.3)
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then
OyPrp = LPp, Pyp=. (1.4)

In (1.3), E, denotes the expectation with respect to all the realizations of the trajectories (X;);>0
satisfying (1.1) and starting at Xy = x. More generally, if v is a probability measure, we denote by E,
the expectation when the initial condition X is distributed according to v. In this setting, (1.4) is a
manifestation of the semigroup structure of the Markovian dynamics (1.1) [361, 286].

A dual viewpoint of (1.4) is to consider the evolution of the probability density of (X;);>0. More
precisely, it is possible to associate to the dynamics the probability measure over X defined by p:(-) =
P.(X; € -), which satisfies when Xy = 2 and under mild assumptions detailed later on the equation

Oty = ﬁTMt, Ho = Oz, (1~5)

where L1 is the adjoint of £ in L?(X), the space of Lebesgue square integrable functions over X'. More

precisely
T
Lhu=v. [—bu+v- ("guﬂ ,

where V- denotes the divergence operator. The evolution of u; describes the probability of presence
of X; in some region of space at time ¢ > 0. Alternatively, (1.4) is a weak formulation of (1.5) for a
class of test functions ¢. Note that the convention in physics differs from the one used here, since in
this field the generator L is often used to describe the evolution of the probability measure ;. We
thus emphasize that, in our notation, £ prescribes the evolution of observables while £ is associated
with the evolution of the probability density of (X;);>o-

1.1.1.2 Invariant measure

A crucial point of statistical physics is that one is often not interested in the particular motion of the
particles, but rather in their average behaviour. For instance, if a test function ¢ as above represents
some observable in statistical physics such as a pressure, one would like to know the average value of
this quantity rather than its value for a particular configuration. This point of view is justified by the
following scaling arguments:

e in general, the number of particles under consideration is large and the observable of interest is
somewhat local, so that there is a mean field averaging;

e the time scale of interest is generally much larger than the relaxation time of the system, hence
a long time averaging.

The first aspect is related for instance to the fields of hydrodynamic, thermodynamic and mean field
limits depending on the system under consideration (see the very good books [392, 268, 386| for more
details in different contexts). An instance of such a scaling limit is illustrated in Part IV, and we will
come back to this aspect in Section 1.1.4. From a physical perspective, this limit is motivated by the
large number of particles in realistic systems: for instance, a droplet of water contains of the order
of 102 water molecules, which is pretty much +oo for a mathematician! On the other hand, the time
averaging effect is generally referred to as ergodicity. This is the main preoccupation of this thesis,
which we motivate by the following considerations. Typically, an atomic system of particles evolves
on time scales of the order of picoseconds (10~!2s), which corresponds to the typical period of atomic
vibrations. For a molecule, dihedral rotations evolve on a scale of roughly 107! seconds, while a
human eye observes phenomena of the order of a second. As a result, for applications, the relaxation
time of the system can be considered to be reached! and we can consider a long time limit of (1.1),
which we formalize with the notion of invariant measure.

If we assume that after a long time, the probability to find the system in some state does not
change anymore, i.e. Oypy =0, (1.5) becomes

LT =0, (1.6)

LOur motivations stem from atomistic physics, but the same reasoning can be applied to other systems involving
different time scales. For instance, the large deviations theory described next has recently been used for studying rare
events in climate models, see [355] and references therein.
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for some probability measure p called the invariant measure (or stationary measure) of the pro-
cess (X¢)t>0. The terminology is clear since, by (1.5), it holds

| Peotoutin) = [ potdn) (1.7)
X X

In other words, E,[p(X:)] = E.[p(Xo)], which indeed means that p is invariant under the flow
of (X¢)i>0. The above relation can also be written in differential form as

/ (L) dp =0, (1.8)
X

for any smooth test function ¢. This is actually the dual formulation of (1.6). Finally, another
consequence of (1.6) is that, for any measurable set A C X it holds

P. (X, € A) =P, (Xo € A), (1.9)

where P, denotes the probability measure under all the realizations of the dynamics (1.1) when X
is distributed according to p. We insist on the fact that, in (1.9), the position X; of the process at
time ¢ > 0 is in general different from X for a particular realization of (1.1), but the overall probability
measure is unchanged. This is the crux of such a statistical description of matter.

For a given dynamics such as (1.1), it is generally a difficult task to prove the existence of an invari-
ant measure p and the relaxation of the law of the process towards this stationary state. Interestingly,
the proofs generally rely on energetic criteria, for which the existence of a “decreasing in average”
energy ensures stability. We will come back to this remark in Section 1.1.2. However, the existence
of an invariant measure or, say, stationary behaviour, is not the only interest of physical systems. In
particular, dynamical properties play a crucial role in the understanding of various physical systems;
we mention for instance autocorrelations, entropy production, transport coefficients, kinetic transition
rates and macroscopic fluctuations theory [99, 422, 36, 123, 171, 392, 34, 34]. In particular, dynamics
with the same invariant measure may have very different dynamical properties, as illustrated in the
sequel.

1.1.1.3 Reversibility and irreversibility

In order to understand more precisely the dynamical features of a physical system, it is interesting
to introduce the notion of reversibility. There is a long history and literature on the subject, and we
will content ourself with a brief mathematical description in our context. For this, we assume that
there exists an invariant measure p for the SDE at hand and introduce the Hilbert space of square

integrable functions with respect to p,
/Wﬂ%m<+m}.
x

We next introduce the adjoint £* of £ with respect to p, which is defined by the following equality:
for any smooth functions ¢, ¥,

L (p) = {gp : X — R measurable

/w@ww:/@wme (1.10)
X X

Similarly, for the evolution operator (P;);>0, it holds

Vit >0, /X(th)wduz/xw(Pt*w)du- (1.11)

With this notation and using (1.10), the invariance relation (1.6) defining u reads
£1 =0,

where 1 is the constant function equal to 1. The reversibility of a dynamics entails an invariance of
the evolution of the law of the process with respect to time reversal, when the process is initialized
according to the invariant measure. More precisely, we say that (X;);>¢ is reversible with respect to p
if

L= L.
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This terminology can be understood by reformulating (1.11) as: for any z,y € X and infinitesimal
elements dx C X, dy C X

Py(x, dy)p(dr) = Pi(y, dv)p(dy). (1.12)

This means that, if Xo ~ p (and hence X; ~ p by definition of the invariant measure), the law
of (Xs)ogs<t coincides with that of (X;_s)ogs<t, which shows some invariance with respect to the
arrow of time. If £* # £ , we say that (X;);>0 is irreversible. This situation generally characterizes
the presence of a current (typically particles or energy), which may be due to an electric field or
an inhomogeneous heat bath [194, 35, 49, 96]. We further distinguish two types of irreversibility in
Remark 1.1 below.

In general, it is quite clear that studying irreversible dynamics is more difficult than studying
reversible ones. This can be seen for instance at the level of the generator by noting that the theory
of self-adjoint operators can be used for £ considered over L?(u) in the reversible case [304]. Note
that we will sometimes use the terminology of equilibrium and nonequilibrium dynamics for the above
notions when no confusion arises.

1.1.1.4 Two important examples: overdamped and underdamped Langevin dynamics

In order to further motivate modelling with SDEs and give more substance to the above definitions,
we present two particular models that will be frequently come across through the various chapters.

Overdamped Langevin dynamics. Our first case study is the overdamped Langevin dynam-
ics [304, 350]. An instance of such an equation is obtained from (1.1) by choosing X = R, b = —VV
for some smooth potential V, m = d and o = /287114 where I4 is the identity matrix of size d,
and S > 0. In this case, (1.1) becomes

dX; = —VV(X,)dt + /28~ dB,. (1.13)

The interpretation of the above equation is as follows: the system strives to minimize the potential
energy V through the drift term —VV, while experiencing the influence of a thermal noise represented
by a Brownian motion whose intensity is dictated by the inverse temperature 8 > 0 (in general it
holds 3 = 1/(kgT) where T is the temperature and kg ~ 10723 is the Boltzmann constant). This
leads to a random behaviour where (X;);>o spends more time in regions of low energy, while less time
is spent in the regions of high energy. In particular, one can easily check that the invariant measure
of (Xt)i>0 is given, under mild assumptions on V', by

p(de) = Z e PV @) g, Z:/ e AV @) dy, (1.14)
X

where Z is a normalization constant often called partition function or free energy, which is assumed to
be finite for any 8 > 0. The measure (1.14), called Gibbs measure, is a pivotal element of equilibrium
statistical mechanics [22]. Moreover, one can check that the generator £ = —VV -V +87!A (where A
denotes the Laplacian operator) is such that £* = £, so the dynamics is reversible with respect to .
As an illustration, we plot in Figure 1.1 the potential

V(x) = 3lz|* = 3|z]* + (1.15)

in dimension one, with its corresponding Gibbs measure at inverse temperature 5 = 1 as given

by (1.14).

Underdamped Langevin dynamics. At small time scales, the dynamics (1.13) may not seem
reasonable from a physical perspective because the system has no intertia. This is why practitioners
consider instead the more realistic (underdamped) Langevin dynamics, in which particles are described
by a position and a momentum. In this case, the state space is X = R% x R and we write X; = (q;, p;)
where ¢ € R? is the position and p € R? the momentum variable. The drift and diffusion coefficients
are respectively set to

D 2d 2y (0 0 2dx2d
= R =4/— R 1.1
ba.p) (—VV (q9) — 'yM1p> < » @ B (0 Id) < ’ (1.16)
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i i i i i i i i i i
=15 -1.0 =0.5 0.0 0.5 10 15 =15 -1.0 -0.5 0.0 0.5 1.0 15

Figure 1.1 — Representation of the potential (1.15) (left) with its associated Gibbs measure (1.14) at
inverse temperature § = 1 (right).

where M € R%*? is a mass matrix assumed to be invertible and v > 0 is a friction. This leads to the
equation
th = M_lpt dt)
2 (1.17)
dps = —VV () dt — yM 'p;dt + 4/ % dB;.

Typically, we consider a set of N particles in R?, so that d = 3N and the full dimension of (1.17)
is 6N.

Relation with Hamiltonian dynamics. The Langevin dynamics can be introduced as a pertur-
bation of Newton’s equation of motion [301, 350], which reads

dqy
dpy

A non-equilibrium forcing could be added to the gradient force —VV, but we assume for now that
the force derives from the potential energy V. It is easily checked that the dynamics (1.18) conserves
the Hamiltonian

M~ 'pdt,

(1.18)

p'M'p

2 )
where p” denotes the transpose of p € R?. By this we mean that, for all ¢ > 0, it holds H (g, p;) =
H(qo,po). In the definition (1.19) of the Hamiltonian, the first term is a potential energy while the
second is a kinetic energy; a Hamiltonian which is the sum of two such energies is often called separable.
The dynamics (1.18) is actually a particular case of Hamiltonian system. A feature of such dynamics
is that they preserve an energy, here the Hamiltonian defined in (1.19) (this is only one property out
of many, and we refer to [215, 296] and references therein for more insight).

H(q,p) =V(q) + (1.19)

However, most physical systems conserve temperature rather than energy (think of a gas in a box
in contact with a thermostat). This motivates adding to the force —VV a noise corresponding to an
exchange of energy with a heat bath at fixed temperature. To compensate this input of energy, the
particles are assumed to be damped by a friction effect. This way of fixing the temperature is related
to the notion of canonical ensemble [22, 405]. In (1.17), the thermal noise is then represented by a
Brownian motion at inverse temperature 8 > 0, while the damping is given by —yM ~1p,. This is
why, in (1.17), the part —yM ~1p, dt + +/2v/B~1 dB; is generally referred to as fluctuation-dissipation
part, while the part corresponding to (1.18) is called Hamiltonian. In particular, we may decompose
the generator of the dynamics according to

L = Lyam + 7LFD,

with
Lyom =M 'p-V,~VV -V, and Lgp=-M"'p-V,+B7'A,.
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In the above decomposition, the operator Lpam (sometimes called Liouville operator) corresponds to
the Hamiltonian part of the dynamics, while Lpp stands for the fluctuation dissipation part?. The
above choice of parameters ensures that the Gibbs measure

p(dgdp) = Z~ e PH@P) dadp, Z:/ e PH@P) dadp (1.20)
X

is an invariant probability measure of the dynamics, assuming again sufficient regularity and integra-
bility for any 8 > 0. One can prove, under mild assumptions, that (1.20) is actually the only invariant
measure of the dynamics, see [420, Proposition 15| for a proof.

We observe now that the marginal of p in the position variable is the invariant measure (1.14)
of the overdamped dynamics (1.13). However, (1.17) has very different dynamical properties. In
particular it holds

E;am = _£ham7 ‘C?D = L"FD7

where adjoints are taken in L?(y) for the Gibbs measure y defined in (1.20). This particular structure
shows that, in terms of operators, the dynamics is irreversible but reversible up to momentum reversal.
In other words, if #Z denotes the momentum reversal operator Z¢(q, p) = ¢(q, —p), it holds

L' =RLE.

This property is used in Part IV to design efficient sampling algorithms from (1.17), and also appears
in Chapter 3 when dealing with the dynamical entropy.

Another particular feature of the Langevin dynamics (1.17) is that it does not directly dissipate
energy in position, but only in momenta through the friction term —vyM~'p;. The Hamiltonian
part Lpam serves (among other things) as a transmission of the energy dissipation from momenta to
positions, a phenomenon detailed in Part II.

Relation between overdamped and underdamped Langevin dynamics. Before closing this
section, we mention that the overdamped dynamics (1.13) can be obtained from (1.17) when v — +o0
under an appropriate rescaling. To see this, we integrate the second line in (1.17) to obtain

t
Pt —Po = —/ VV(gs)ds — (g — qo) + \/27Bs.
0

By introducing now Q7 = g¢,; and P, = p.;, this becomes

Py —py ¢
0t [ YV(QY)ds+ V2B,.
0

Q -Q)=

When v — 400, we observe that Q¢° converges formally towards the solution of (1.13), see [350,
Section 6.5]. This short computation explains the denomination overdamped for (1.13), since the
dynamics (1.13) can be derived as a large friction limit of the finite friction Langevin dynamics (1.17),
provided one considers the relevant time scale.

Remark 1.1 (Reversibility and irreversibility). We have seen that the overdamped and underdamped
Langevin dynamics presented above both admit a Gibbs measure as an invariant measure. While the
overdamped dynamics (1.13) is reversible, the Langevin dynamics (1.17) is irreversible but reversible up
to momentum reversal. In the general situation when (X);>o satisfies (1.1), we may prove under some
conditions that the process has an invariant measure p satisfying (1.6) without further information on
the reversibility of the dynamics. Although there is no clear classification of irreversibility, we would
like to say that the Langevin dynamics is “not so much irreversible”, because the symmetry breaking
of the operator is only due to the direction of the momenta. This motivates the following personal
distinction between degrees of irreversibility:

1. The invariant measure is a Gibbs measure and the dynamics is reversible with L* = L (for
instance (1.13));

2The reader familiar with stochastic processes will notice that the fluctuation-dissipation part is an Ornstein-
Uhlenbeck process in momenta, with variance prescribed by 8~! and where v is a time scale parameter.
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2. The invariant measure is a Gibbs measure but the dynamics is irreversible, i.e. L* # L. Local
modifications in the drift lead to local deformations of the invariant measure. The dynam-
ics (1.17) enters this definition, but also modified versions of the overdamped dynamics where a
divergence-free drift is added, see [249, 363, 146];

3. The invariant measure is unknown and a priori L* # L, which is the general situation (1.1).
Local modifications of the drift lead to nonlocal deformations of the invariant measure, which is
typically due to the presence of currents.

Although the overdamped and underdamped Langevin dynamics are particular cases of the more
general SDE (1.1), because of their physical significance we will repeatedly come back to them in order
to illustrate our theoretical and numerical results. Moreover, many generalizations of these equations,
and even of (1.1) are available. Concerning the Langevin equation, we can be interested in generalized
kinetic energies, which can be used e.g. for designing more efficient sampling schemes [315, 393].
Another possible way to make the Langevin dynamics more general is to add a memory kernel to the
evolution of the momentum. In this case the dynamics is not Markovian any more but appropriate
changes of variables can, in some important cases, turn it into an SDE like (1.1). We refer for instance
to [435, 4, 78, 297] for more background on this situation. As a last example, we mention Langevin-
like dynamics where the fluctuation-dissipation mechanism is replaced by a resampling of momenta
dictated by a Poisson process. These processes have been introduced in biology to model the motion
of bacteria with random velocity flips, but found interesting applications in computational statistics,
see [168, 64, 41, 152] for more information. Although these models do not strictly enter the framework
described by (1.1), they can also be studied by the techniques used in this work. Yet other models can
be discussed (Hawkes processes or fractional Brownian motion for instance) but we stop the discussion
here for conciseness.

In all cases, the long time behaviour of the system at hand is an important feature on which we
would like to provide more information. The next section presents some of these aspects, which are
related to the crucial notion of ergodicity.

1.1.2 Ergodicity and fluctuations
1.1.2.1 Ergodicity

We consider in this section the long time behaviour of (1.1) starting some definitions. From the
expression (1.4) of the semigroup associated with the dynamics, we expect that for any ¢ in a class
of sufficiently smooth and integrable functions it holds

where p solves (1.6). This is a result of convergence in law. Although it provides an important
information, this convergence may be unconvenient because the rate of convergence may depend on
the observable . This is why convergence results generally take the form [362, 219]

sup [P — p(p)|| < Ce™, (1.21)
lell<t
for some constants C, ¢ > 0, where || - || is an appropriate functional norm. As discussed below, || - || is

typically a weighted supremum norm 3, and the convergence (1.21) is called in this case convergence
in weighted total variation norm.

A problem with (1.21) is that, in practice, we cannot compute E,[p(X;)]. In a simulation, we
rather use the long time average

L =5 [ 1x)as

for a function f belonging to some functional space, and for which we expect

Li(f) 2 /deu, (1.22)

3 Another standard approach is to consider functions belonging to an appropriate Lebesgue or Sobolev space.
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in some probabilistic sense, typically almost surely with respect to (X;);>0 (we use different notation
for the test functions in (1.21) and (1.22) for reasons that will appear clearer later on). Such con-
vergence results can be obtained under recurrence assumptions when f € L!(u), see [323, 269] for
details. We emphasize that, in (1.22) the temporal average becomes a spatial average, a key feature
of ergodicity: this entails that the proportion of time that the process spends in a region of space is
dictated by the invariant measure.

The convergence result (1.22) is the most important one for practical applications since it genuinely
corresponds to what is computed during a numerical simulation. However, one may be interested in
the convergence of the empirical mean (1.22) independently of the observable f at hand. To do so,
we consider the empirical average

1 t
L — f/ 5x. ds, (1.23)
t Jo '

where 9§, is the Dirac mass at x € X. Therefore, for any ¢ > 0, L; is a random probability measure.
In what follows, we denote by P(X) the space of probability measures, for which a topology should
be specified (this topology issue will be treated at length in Chapter 3). If u € P(X) is the invariant
measure of (X)¢>0, we typically expect

Ly m M, (1.24)
almost surely in the topology on P(X), or in another appropriate probabilistic sense. The conver-
gence (1.24) then characterizes the evolution of the empirical average independently of the choice of
observable, and thus the relaxation of the process towards its stationary state.

There are in general three types of conditions to fullfil in order to obtain the convergence (1.21)
or (1.22) (see [362] for an overview):

1. Regularity of the transition density, as provided by Hormander’s condition [244, 420, 161];

2. Controllability or irreducibility, i.e. the system should be able to visit all the state space [396,
394, 362|. This is often stated as P, (X; € A) > 0 for all x € X and all non-empty open set A;

3. Confinement of the dynamics, to avoid probability mass to go to infinity [330, 20, 219].

In the situations considered here, the first two conditions are generally satisfied, and the most impor-
tant problem is to prove some confinement of the dynamics. When considering the convergence in
law, since the density of (X};):>o satisfies the partial differential equation (PDE) (1.5), there is a vast
literature on the long time behaviour of PDEs for convergence in Sobolev spaces [238, 220, 420, 304,
129, 295], which also has an entropic counterpart [52, 420, 308, 172]. These methods are useful not
only because they allow to derive convergence results such as (1.22), but because they often come with
rather explicit convergence rates. This is helpful in a number of situations (see [308] for an example
of application to hydrodynamic limits of nonequilibrium evolutions).

However, methods based on PDEs sometimes lack flexibility and do not apply to all the situations
of interest, which motivates considering Lyapunov function techniques. In the following, we say that a
dynamics with generator £ satisfies a Lyapunov condition if there exist a function W : X — [1;+00)
(going to infinity at infinity) and constants a > 0, C' € R such that

LW < —aW +C. (1.25)

This energetic condition has a number of consequences (return time to compact sets, existence of an
invariant measure and ergodicity, compactness of the evolution operator, large deviations, tightness
of the evolution operator, etc.), and we refer to [330, 427, 324, 217, 362, 219] for more insight. The
analysis carried out in Part II relies on this technique to exploit the confinement of the dynamics.

In order to make these ideas more precise, we introduce the space?

B®(X) = {<p : X — R measurable | sup |¢o(z)| < +oo} , (1.26)
rcX

4The standard notation in probability textbooks would be By, the space of bounded measurable functions [124].
However, since we use a weight W, we do not want b to be interpreted as a Lyapunov function, and we prefer the
notation B°°, which is reminiscent of the space L°° of essentially bounded functions. On the other hand, we keep the
notation B for the space of bounded operators over a Banach space.
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with norm |||~ = supy |¢|. When a Lyapunov function W is available, it is natural to introduce
the space of functions growing at most like W at infinity, namely

o ()]
By (X) = X =R bl < )
W (X) {cp measurable 21;5 @ +0o0
with norm [|¢[| g = [|¢/W||p=. In order to understand why the space By (X) is appropriate, we

recall that the semigroup of the dynamics is defined by (Pip)(x) = E,[p(X}:)]. Therefore, integrat-
ing (1.25) with a Gronwall lemma shows that, for all ¢ > 0,

VeeX, PW(r)<e “W(x)+ %,
where C and a are as in (1.25). The meaning of this condition is that the energy W remains bounded
in expectation along the dynamics. If W has compact level sets, this implies that the process (X;):>o0
spends most of its time in a compact set. This condition shows for instance that (P;):>0 is a semigroup
of bounded operators on By (X) [351, 259]. The method can also be applied to prove the existence
of a strong solution to (1.1) for arbitrary long times, see [51] for an interesting application to systems
interacting via a singular potential.

In order to provide an example of such Lyapunov function, we come back to the overdamped
dynamics over X = R? presented in the previous section, namely

dX; = —VV(X,)dt + V2dB;

with generator £L = —VV -V + A, for a smooth potential V. Bearing in mind that a Lyapunov
function should correspond to some energy in the system, it is natural to use the potential energy V'
to construct it. As a matter of example (which will be used in Part II) we may set, for all z € R%,

W(z) = V(@)
for some 0 € (0,1). In this case, a simple computation shows that (see Chapter 3)

_EW

W (1—0)|VV|* - 0AV. (1.27)

Moreover, if we set § = 1/2, we obtain

Lw 1 5 1
W 4 vV 2AV7
which is the potential of the Witten Laplacian associated to V', see [425, 236, 20, 304] and references
therein. From (1.27), we obtain (1.25) under appropriate growth condition at infinity on V', typically
when V grows like |z|? at infinity with ¢ > 1. This explains the terminology of confinement (see also
Remark 3.11 in Chapter 3).
Building a Lyapunov function for the Langevin dynamics

dgr = M~'pq dt,
-1 2y

is a more difficult task, because the damping only acts in the momentum variable. As a result, the
natural choice W(q,p) = H(q,p) fails to provide a Lyapunov function when the position space is
unbounded. In order to transfer the damping from momenta to positions, a common strategy is to
introduce a cross term by setting, for all (¢,p) € R? x R,

W(q,p) = H(q,p) +€p-q,

or
W(q,p) = exp (0H(q,p) +ep - q),

for an appropriate choice of parameters 6, > 0. To our knowledge, this strategy was first introduced
in the early 2000s independently by [427, 399, 324], and allows to deduce (1.25) under appropriate
growth condition on V' (see Lemma 3.23 in Chapter 3 for a precise statement).
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1.1.2.2 Small fluctuations and Central Limit Theorem

In practice (1.22) is computed with a finite simulation time ¢ > 0, and it is therefore natural to
quantify the statistical error arising from this estimator. By the central limit theorem, we expect
errors of order 1/y/t, and we thus magnify the difference between the empirical average and the
ergodic average at scale v/t. We can then prove, for f € L?(u) and provided the Poisson equation
—L = f — pu(f) admits a solution in L?(p), that the following central limit theorem holds [38]:

ﬂ(i /Otf(Xs)ds—/deu> N (0.03), (1.28)

in law, where N (0, 012‘-) is a centered normal random variable with variance O'J% > 0. This asymptotic

variance is defined by
1 [t ?
</ f(Xs)ds—/ fd,u) ] (1.29)
t Jo X

An application of the It6 formula actually leads to the alternative expression

o} = lim tE,

a]% = —Q/Xz/)ﬁw dup, where — Ly = f— pu(f), (1.30)
where we used the shorthand notation
u(h)= [ sau
X

Let us explain briefly why (1.30) holds. First, under appropriate conditions on £, the Poisson equation
in (1.30) admits a solution in L?(u) for f € L?(u), see [349, 277, 304] and references therein. In this
case, we can formally apply Ito’s formula to ¢ for the dynamics (X;);>0, which gives

By integrating in time we obtain

v —u(Xo) = [ Lo(X)ds+ [ Vu(X,)-o(x,) B,

Using that ¢ is solution to —Ly = f — u(f) leads to

Vi (1 /Otf(Xs)ds -/ fdu> - W + /0 VY(X,) - o(X,) dB..

The first term on the right hand side of the above equation can be shown to converge to zero in the
sense of square integrability in probability as t — 4+o00. The second term can be treated with theorems
of convergence of martingales [178], leading to the convergence to a normal distribution with variance
given by

/ loT V|2 dp.
X

One can check that this expression indeed matches (1.30) (with computations similar to that performed
at the begining of Chapter 3), and this strategy allows to obtain the central limit theorem (1.28). This
framework can be generalized when f does not belong to L?(u) but alternatively to the dual of an
appropriate Hilbert space, and we refer to [273] for details (note that the framework developped in
this book will be used in Chapter 3).

In order to provide more intuition on the asymptotic variance, we believe that it is worthwhile to
express it in terms of an autocorrelation. For this we first note that, when the semigroup P, = et
has appropriate decay estimates [304, 129], the inverse of the generator £ can be written as

+oo
L= 7/ e dt.
0
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Plugging this expression in (1.30), we obtain

+oo
o2 =2 /O E, [T (XTI (Xo)] dt,

where we denoted by IIf = f — u(f). The above formula can also be obtained by directly ex-
panding (1.29), see [304] for more details. This shows that an observable with a rapidly decaying
autocorrelation has a small variance, while high positive correlations lead to a large variance. This
heuristic can be used to design more efficient sampling algorithms, for example by adding an irre-
versible drift to the dynamics [248, 249, 146, 363]. We also mention that it is possible to control
the convergence towards the central limit theorem by higher order techniques such as Berry—Esseen
bounds, see e.g. [343] and references therein.

1.1.2.3 Large fluctuations

A particular issue with physical systems is, as we mentioned in Section 1.1, the very different time scales
at stake in the dynamics. As a result, it is often interesting to consider very large fluctuations from
the expected mean, since these fluctuations may not be so rare on another scale. From a probabilistic
point of view, this suggests considering fluctuations beyond the /#-scaling of (1.28). One way to do
so is to consider the whole probability distribution of L:(f), namely

P(L¢(f) € [a;a + da)),

for a € R. The general framework of large deviations presented in Section 1.2 below suggests that
these probabilities should decay exponentially fast, i.e.

P(Li(f) € [a;a + da]) ~ e~ (@) Fol)dq, (1.31)

as t — +o00. The function Iy : R — [0, 400] is generally called rate function (or dynamical entropy in
this context), and governs the rate of decay of the probability of excursions from the average behaviour.
The scaling (1.31) proves to be important in physics, for instance for studying irreversibility or phase
transitions, see [48, 197, 198, 406, 170, 411] for recent accounts. From a more pragmatic perspective,
computing Iy provides asymptotic estimates for the probabilities of fluctuations.

From (1.31), we obtain the following heuristic expression for Iy:

. 1
VaeR, Is(a)= —t_lg?oo ;log]P’(Lt(f) € [a;a +da)),
to which a precise sense can be given through the large deviations theory presented in Section 1.2.
Interestingly, a scaling such as (1.31) generalizes the central limit theorem (1.28). To see this, we
observe that in the «standard» situation, Iy is convex and such that

Iy (M(f)) =0, I} (/’L(f)) =0, I}/(M(f)) > 0.

This is because we expect I to vanish only at the ergodic average for (1.31) to make sense, if p is
the unique invariant measure. Therefore, a second order Taylor expansion in (1.31) shows that, for

small € > 0, it holds
I ()

P(Li(f) € [u(f) — e pu(f)]) met ™z =+l ge,

meaning that small fluctuations are Gaussian with variance 1/I% (1(f)), see [363] for details. A result
such as (1.31) is called a large deviations principle, and illustrates the fact that large fluctuations are
a priori non-Gaussian. Further explanations and examples are provided in Sections 1.2 and 1.3.

From a physical perspective and interpreting Iy as an entropy, it seems natural to introduce a free
energy function Ay which is the Legendre-Fenchel transform of Iy, namely

VkeR, Ap(k)=sup{ak—Is(a)}. (1.32)
a€R
We can actually prove in many cases that

1 t
Ap(k) = lim Z1og11<:[e’ffo f<Xs>dS}. (1.33)

t——+oo
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This expression is motivated by the Laplace principle®, for which we assume that the scaling (1.31)
holds. We then rewrite the expectation in (1.33) with

E {ek I f(Xs)ds:| -E [etkLt(f)} _ /

R

™ P(Ly(f) € da) = /

Rexp (t(ka —1Ip(a)) + o(t))da.

By applying the Laplace principle, the above formula becomes, as t — +o0,
E [ek Jo f(X*’)ds} ~ exp (tsup {ak — If(a)} + o(t)).

Plugging this estimate into (1.33) leads to (1.32). As a result, the classical Legendre duality between
free energy and entropy appears here as an application of the Laplace principle at an exponential
scale [406, 408]. Once again, the large deviations theory presented in Section 1.2 provides a mathe-
matical framework to justify this heuristic while allowing for important generalizations.

Remark 1.2. We motivate studying the long time behaviour of SDEs from physical consideration,
but it is also an important problem in computational statistics. For Bayesian inference, one is in-
terested in sampling the posterior distribution m of a set of parameters given data, which is obtained
from the likelihood and the prior distribution. In order to sample from the target m one can run the
dynamics (1.13) or (1.17) with the potential V- = —logm, i.e. minus the log-likelihood (possibly with
an additional term given by the prior). In this perspective, a Gaussian prior amounts to adding a
quadratic confinement to the dynamics. In this context, kinetic dynamics such as (1.17) are generally
called Hamiltonian Monte Carlo methods, and we refer for instance to [367, 70, 368] for more details
on the applications in statistics of the dynamics discussed here.

We also mention that we present continuous systems in the introduction in order to avoid repeti-
tions, but most of the objects have a discrete time counterpart (i.e. we can consider Markov chains
instead of diffusion processes). We will extensively study discrete time dynamics in Chapter 2 for
Feynman—Kac models as well as in Chapters 4 and 5 when considering discretizations of SDFEs.

1.1.3 Systems at small temperature

The previous section was motivated by the long time scale at which physical phenomena occur.
In practice, another important feature of real life systems is metastability. Roughly speaking, this
phenomenon is produced by the many basins of attractions around local minima of the interaction
potential of the dynamics. The dynamics then tends to spend a long time in a region of low energy,
before making a rare transition to another region of low energy, where it remains trapped for a long
time.

In order to illustrate this discussion we consider the dynamics (1.1) for a smooth function b and o =
olq a constant temperature field. If b = VV with a potential V' which has many local minima, the
dynamics (X;);>0 tends to stay close to one of those, before the noise induced by the Brownian motion
transfers enough energy in the system so as to drive it outside of this region; the same reasoning applies
when b possibly has a non-gradient part.

1.1.3.1 Low temperature and concentration

An additionnal difficulty arises in the low temperature regime, where the transitions become rarer
and rarer. This motivates considering the following version of (1.1) over X = R¢:

dX§{ = b(X{)dt + /z0 dBy, (1.34)

where b : X — R? is smooth and ¢ € R?*? is constant, while £ > 0 denotes a small temperature
parameter. Moreover we write D = oo’ for the diffusion matrix, assumed to be positive definite for

5The method of Laplace states that, when integrating the exponential of a function f, the main contribution comes
from the maximum of f. Assume for instance that a < b and f € C?(R) admits a maximum at zo € (a,b). Then one
can prove with a Taylor expansion that
b
/ M@ gy~ ot (@)
a t——+o0

In other words

1 b .
: - f(x) —
. lim n log (/a e dw) = f(zo).

The large deviations framework presented in Section 1.2 is a generalization of this idea, which is useful in various
situations.
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simplicity. There is a very large literature on small temperature systems studying different aspects
of the problem, for instance: typical rare trajectories [193, 413], diffusions on graphs for Hamiltonian
systems [192, 193, 220], exit time from a metastable domain [69, 298|, spectral analysis for small
eigenvalues [236, 331], quasi-stationary distributions [101, 299, 125]. Since this is not the principal
issue of the present work, we focus on the particular situation considered in Chapter 6.

For this, we fix a time 7" > 0 and consider the dynamics (1.34) over the time window [0, 7] and
starting at an arbitrary position x € X. Our goal is to numerically compute free energy functions of
the form®

F(X%)
Z. =clogE, [e = } , (1.35)

in particular in the small temperature regime ¢ — 0. This is motivated by applications in physics
where we expect this quantity to have a finite limit as ¢ — 0 (see [157, 413, 210, 211] and references
therein). In order to understand the small temperature behaviour of Z., it is natural to study the
typical trajectories of (X );ej0,7] as € — 0. By setting e = 0 in (1.34), we expect the dynamics to
concentrate on a path (¢);e[o,7) solution to the ODE

d - _
¢o =z, %@ = b(¢t)a (1-36)

and we expect that
P( lim [ X° = llcogory =0) =1, (1.37)

where B _
1X° = dllcoqory = sup | X7 — .
t€[0,T)

Actually, (1.37) is a consequence of [193, Theorem 1.1] in our setting, and there are quite precise
results on the concentration rate of probabilities like (1.37).

As explained in [193, Chapter 3], one can actually prove, using Girsanov’s theorem and Tcheby-
chev’s inequality, that the rate of decay of the left hand side of (1.37) is exponential and controlled
by a so-called action functional. This functional I : C°(X') — [0; +o0] is defined, for any absolutely
continuous path (¢¢):eo,7) € X, by

T
I(p) = 5/0 |b(gs) — 6s| 3 ds, (1.38)

and set to +o0 if ¢ is not absolutely continuous or if the above integral diverges. In the above formula,
we denote by [v]|2, = v- D~ v for v € R? the modified norm induced by the diffusion matrix D = oo,
see [211]. It is then possible to derive the following kind of scaling, for any path (¢¢)¢cjo,7) and

sufficiently small £, > 0O:
P(HXE = ¢lleoqo,m < 5) e 1), (1.39)

The functional I can be interpreted as an energetic cost for not following the most probable path (1.36).
Since the functional I vanishes on the path (¢;);e[o,7) defined in (1.36), we see that (1.39) general-
izes (1.37). In particular, (X7 );c[o,7) concentrates exponentially fast on (¢¢)¢efo,7]-

With the aim of computing the small temperature limit of (1.35), we now turn to the probability
for (X{)iefo,r) to reach a set A C X'. Because of the definition (1.35), we typically consider A to be
a level set of the function f, namely A = {z € X | f(x) = z} for some 2z € R. Intuitively, a path
ending in A should minimize the functional I with the constraint that the endpoint lies in A, i.e. the
minimization should be performed over continuous paths (¢;):cjo,7) such that o7 € A. In particular,
if z€ R and A is a z-level set of f, we introduce

C,(z] = {90 € CO([O7T]7X)7 Yo = T, f(@T) = Z}v

to denote those paths whose endpoint takes the value z for the observable f : X — R. For any z € R,
we can therefore define the function

J(z) = @iélcf'o 1(p), (1.40)

6We could also consider Z. = elogE, [exp (5*1 fOT F(X9) ds)] or suppose that T is a random time upon appropriate
modifications.
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which characterizes the minimum energy path for which f takes the value z € R at final time. In
other words we formally have, in the small ¢ limit,

P(f(X{) € dz) me 7, (1.41)

The minimum energy path (i.e. the minimizer in (1.40), assuming uniqueness) is generally called
instanton or reaction path [155, 156, 211]. Tt corresponds to the most likely path leading to a (possibly
unlikely) value of f at final time.

We can now use the action functional to determine the small e limit of (1.35) by characterizing
the path contributing most to the expectation. Indeed, the expectation

F(X5)
E, [e < }

is dominated by the trajectories leading to large values of f, which are characterized by the minimiza-
tion problem (1.40). Assuming (1.41) holds, we actually obtain in the small e limit

F(X5) - —1
R
by the Laplace principle. This finally shows that

Elig(l) Z. = ilelg {z—J(2)}. (1.42)

This limit motivates the scalings chosen to define the process (X7 );c[o,7] and the free energy Z..

1.1.3.2 Instanton theory

Although (1.42) provides a formula for the zero temperature limit of the free energy, it may not
be computationally tractable written this way. Our goal is now to present the so called transition
path theory, which provides numerical methods for estimating the optimal path and free energy and
found a number of interesting applications in physics [155, 156, 159, 158, 240, 211]. The idea is to
rewrite the inf-sup problem (1.40)-(1.42) with a Lagrangian representation (in the sense of classical
mechanics [211]). For this, we introduce the Lagrangian

1 2
Va,y €RY Lz,y) = 3 [b(@) = [, (1.43)

so that I rewrites, for a path (¢¢)efo, 17,

T
I(p) = / Ll ¢1) dt.

A minimizer of J in (1.40) is a path (¢¢).e[o,7] solving the Euler-Lagrange equation

d dL

dL . .
a(éﬁt,@) - %@(¢tv¢t> =0, (1.44)

with appropriate boundary conditions (see below). The above equation and classical mechanics con-
siderations motivate introducing the momentum variable (6;):c(o,1):

6, = %«bt,d&t), (1.45)

which is associated to a path (¢;)¢cjo,7) solving (1.44). We also define the following Hamiltonian, for
any (z,2) € R? x R%:

H(z,z) :Slelzl\)f {z-y—L(z,y)}. (1.46)

This Hamiltonian is explicit when L is given by (1.43), and reads

1
V(z,2) e R*xRY,  H(z,z)=blx) z+ 2% D-. (1.47)
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Under appropriate convexity properties of L, it is also possible to invert (1.46) to obtain

Y (z,y) € RYx RY,  L(z,y) = sug {yz — H(m,z)}
z€

By optimizing the above equation in z, we find that the optimal z* is provided by
y— V. H(z,z*)=0. (1.48)

By (1.47), this equation is actually equivalent to

=D (y—blz)) = dilyL(x,y). (1.49)

By applying the previous relations to the optimal path (¢¢)icpo,r) (i.e. setting x = ¢4, y = é; and
noting that z* = 6; by (1.45)-(1.49)), the optimality condition (1.48) provides a first equation for the
optimal pathway (¢, 0:)iejo,1):

¢r = V. H(¢,0:) = b(¢) + Db,

On the other hand, the Euler-Lagrange equation (1.44) provides the second relation (using (1.49) for
the last equality)

0; = VaL(¢r, ¢1) = Vb(¢) - D7 (b(¢y) — ) = —Vb(6y) - by,

where Vb € R¥? As a result, we obtain a coupled system for the optimal path and momen-
tum (¢, 9t)te[0,T] which reads, taking into account the boundary conditions:

{ Q.St =b(¢) + DOy, P = x, (1.50)

0, = =Vb(¢:) - 01, Or =V [(¢r).

This shows that the maximization problem in (1.42) is attained for the value z = f(¢r), while the
minimization problem (1.40) is solved by the instanton. Therefore, plugging (1.50) into (1.40), we
obtain
1 (T

lim Z. = f(ér) — f/ 0, - DO ds. (1.51)

e—0 2 Jo
In other words, the limiting free energy is the terminal value of f along the reaction path (final cost)
minus the kinetic energy cost to reach it. Note that, similarly to Section 1.1.2, the above computations
rely on an application of the Laplace principle at exponential scale.

Quite importantly, (1.50) not only provides the limit value (1.51) for the free energy, but also
characterizes the path contributing most to the expectation in the small temperature regime. As
mentioned above, this method found many interesting applications, because (1.50) can often be ap-
proximated efficiently in practical situations, see [211] for a review. This is because (1.50) is simply
a system of ordinary differential equations with initial and terminal conditions (which may be high
dimensional, though). A natural strategy to estimate the solution is to integrate forwards (¢¢):co,77,
then to integrate (6;);cpo,77 backwards starting from the terminal condition V f(¢7), and to iterate
the procedure. Other variants are also available, such as the so-called string method [155, 158].

It is important to note that (1.50) is a zero temperature limit, so that no randomness is involved.
This greatly simplifies the computation of the optimal path, but makes the application of the method
to finite temperature systems (1.34) difficult. We will come back to this point in Chapter 6 by relating
the instanton theory presented here to a standard optimal control problem associated to (1.34)-(1.35).

Finally, we mention that the small temperature problem can be related to the long time setting of
Section 1.1.2, see for instance [193, Chapter 6] and [67]. A very interesting application of this relation
can be found in [342|, where the small temperature instanton is used to characterize heavy tailed
fluctuations in time.

1.1.4 Random matrices and Coulomb gases

In this section, we motivate the random gas models studied in Part IV, in particular the Coulomb gas
setting. For this, we start with an experiment involving random matrices by considering a matrix M €
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CN*N for some N € N*, such that M; ; are independent standard Gaussian random variables for
all 3,5 € {1,...,N}. These models arise in quantum physics, where M can be thought of as a
discrete random Laplacian operator — we refer to [203, 9, 327, 188, 401] for more insight. We expect
the spectrum of the matrix to provide information about the energy levels in the system when the
number of elements becomes large. The behaviour of the eigenvectors of large random matrices is
also important in various situations [282, 144] and is related to problems of spectral clustering in
computational statistics [163, 102], but we do not consider these issues here.

1.1.4.1 Model: Ginibre Ensemble

As a numerical experiment, we draw one matrix M and plot in Figure 1.2 (left) the complex spectrum

of M/+v/N for N = 100 (the scaling is motivated by the fact that E(Tr(M*M)) = N, where M* = MT).
We repeat the experiment with N = 1000 and plot the result in Figure 1.2 (right). We observe what
seems to be a uniform distribution on the unit disk. Our goal is now to briefly explain with singular
gas models why this surprising behaviour arises, and motivate the study of more general systems.
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Figure 1.2 — Eigenvalues of M/v/N where M has i.i.d. Gaussian entries, for N = 100 (left) and N =
1000 (right). The axes correspond to the real and imaginary parts of the eigenvalues. The right plot
is shown together with the unit circle in red.

The law on the matrix M /v N (assuming the entries are independent complex Gaussian variables)
is actually expressed in the following concise form:

N
o~ NTx(MM") H dM; ;,

i,j=1

(we refer to [56, 188, 9] for more details). This model is generally called the (complex) Ginibre
Ensemble, and has the particular feature of being invariant with respect to unitary transforms [327].
Therefore, denoting by Xy = (Xn1,..., XN N) € C! the spectrum of M, we can show that Xy is
distributed according to the following probability measure on CV (which we identify with (R?)™):

PN(dI) = Zﬁle_N vazl || H |xz — xj|2d$,

1<i<j<N

where Zpy is a normalization constant. In the above formula, the double product comes from a
Vandermonde determinant in the change of variable, see [327, Chapter 15] for details, in particular
Eq. (15.1.10). Writing this product in an exponential form, we obtain the distribution

1 1
Py(dx) = Zy'exp |-N? | = |zi]* = Ne] > log |z — ;] | | da. (1.52)
i=1 i#]

The reason for writing Py as (1.52) is twofold. First, we see that the quantities inside parentheses
are now intensive, so that we expect these quantities to have a finite limit when N — 4o00. Moreover,
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beyond this random matrix model, the measure Py takes the form of a more general distribution
over (R4)N:
Py(dz) = Zyte PN (3 Ty Vet gz Sigy K@imi)) gy, (1.53)

where V is a confinement potential, K : R — R U {+oc} is an interaction kernel, and

Zn = / o (F TN V) + 2y Yoy K@im)) gy
(Re)™

is a normalizing constant assumed to be finite. The sequence (Sn)n>1 is a cooling schedule. Indeed,
since Py is a Gibbs measure, Sy plays the role of an inverse temperature. Assuming that Sy — 400
then means that we consider a low temperature limit in addition to a large number of particles limit.
The random matrix model described above (the Ginibre Ensemble) corresponds to

d=2, Bn=N? V(z)=|z]?, K(z)=—log|z|. (1.54)

We shall assume below that the parameters of the models are as in (1.54), bearing in mind that more
general situations are allowed.

1.1.4.2 Limiting distribution and electrostatics

From the observations of Figure 1.2, we expect the empirical measure of Xy to concentrate on a
uniform distribution on the unit disc. This is actually a particular instance of a more general concen-
tration property for the empirical average

1 N
HUN = N;(Sxm

under Py. Here, §, denotes the Dirac mass at + € R2. A natural heuristic for understanding the
concentration of uy is to note that

N

1 1

N ZV(%‘) TNz ZK(%‘ —x;) = Ex(pun),
i=1 i#]

where

&0 = [ Vietan) + [ K= y)u(d(ay).

In this procedure, we see that a difficult problem is to deal with the singularity of K at 0, which makes
the treatment of the diagonal terms in the double integral difficult. However, it is possible to address
this issue [386, 84, 148, 314] and, by applying the Laplace principle in (1.53), we may guess that py
converges in some probabilistic sense to

Hy € a;g(]g(lii)n £, (1.55)

where

E:peP(X) / V(@)u(dz) + / / K(x — y)u(dn)u(dy) (1.56)

is the electrostatic energy of a distribution of charges. A measure satisfying (1.55) is generally called
an equilibrium measure (not to be confused with the notion of equilibrium discussed in Section 1.1.1).
Once again, minimizing the energy £ is made difficult when K has singularities that make the energy £
blow up over Dirac masses, which is the case when K = —log]| - |.

In order to identify the limiting measure p, (assuming uniqueness for ease of exposition), a first
order Euler-Lagrange analysis shows that [84, 85], formally,

2K %, +V =C,4 (1.57)

over the support of pu,, for the constant C, = &(u.) (here, K * u, denotes the convolution of K
with g, see Chapter 8 for definitions). Therefore, this provides a characterization of u, through
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an integral equation. Note however that the support of u, is unknown, which makes the resolution
of (1.57) difficult apart from systems with very particular symmetries.

In the random matrix model leading to the choice (1.54), since d = 2 we observe that K =
—log |- | = g, which is solution to
— Ag = 2wy, (1.58)

in the sense of distributions, where A denotes the Laplacian operator. This means that K = g is
the Coulomb kernel in dimension 2 [386, 284]. Therefore, by differentiating (1.58) (under appropriate
regularity of V') we obtain that
AV
Hor = 47

over the support of p,. Since V(x) = |z|?, the measure is constant and equal to 1/m over its support,
which is a disk by symmetry (recall that A|z|? = 4 when d = 2). Since the total mass of the measure
is one, the radius of the disk is equal to one. This explains the plots of Figure 1.2 showing the unit
disk appearing with increasing dimension N. Note here the importance of the dimension: when d = 1
and K = —log| - | as it arises from models of symmetric matrices leading to a real spectrum [327,
Chapters 2 and 3|, the interaction kernel K is not the Coulomb kernel g solution to (1.58). In this
case, we may use the terminology of one dimensional log-gas, and we refer to [29] for a nice treatment
of this problem.

The purpose of this short example was to provide a connexion between random matrix theory
and systems of points defined by a singular Gibbs energy, which is one motivation for the study of
Part IV. Obviously, there are (many!) other ways to deal with random matrices, for instance methods
based on moments, complex analysis or orthogonal polynomials, see [327, 9, 401]. An advantage of the
energetic point of view is to provide a natural candidate (the electrostatic energy &) for controlling
the convergence towards the equilibrium measure u,. However, this approach is rather difficult to
apply to general matrix models, see for instance the recent works [54, 17].

1.1.4.3 More general models

We may consider a more general gas of particles interacting through a Hamiltonian of the form

N
1 1
Vo e (RHY, HN($1,~~~7$N)=N E V(xl-)—i—ﬁ E K(z; — z;), (1.59)
i=1 i#j

where K is typically singular at 0, and with associated probability distribution over (R%)Y
Py(dz) = Zyte PvHn @ on) gy, (1.60)

Such models are interesting on their own, independently from random matrix considerations. This
is motivated in particular in statistical physics by the Coulomb gas model, i.e. when K = g is a
Coulomb interaction. By this we mean that g is solution to

21 if d =2,
d(d — 2)m4/?
L(1+d/2)

—Ag = cqdg, with cq=

(d—2)|Ss% Y = if d >3,

in the sense of distributions, where T is the gamma function and |[S?~!| is the volume of the d-sphere.
We know that ¢ is actually given by
log % ifd=2,
g@)Z{ !

mgf if d > 3,

and we recover the situation discussed above when d = 2. Coulomb gases (and the more general Riesz
gases) have been the subject of important recent works [386, 84, 287, 387, 85], and they will be at the
heart of Part IV.

Finally, although these models are static in essence, we can relate them to the dynamics discussed
in Section 1.1.1. For this, it suffices to note that (1.60) is a Gibbs measure. As a result, it can be
considered for instance as the invariant probability measure of the processes (1.13) or (1.17). This
is interesting for sampling purposes: when no random matrix model is available, we may sample the
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measure gy with one of those dynamics. Although the numerical integration is made non-trivial by
the singularity of K, this is possible and we detail this strategy in Chapter 7. On the other hand, this
poses theoretical issues since the long time stability discussed in Section 1.1.2 is rather hard to prove
in this case. There have been recent works on the subject, see for instance [239, 316] for interesting
results.

1.2 Abstract large deviations theory

We have seen in Section 1.1 that problems arising from physics often lead to limiting behaviours
because of the different scales involved, both in space and time. Interestingly, the three problems
discussed above were related to the Laplace principle as some parameter becomes large (time, inverse
temperature, number of particles). Actually, this feature can be cast in the framework of large
deviations theory. In a nutshell, this theory provides an appropriate setting for characterizing the
asymptotic concentration of probability measures.

In section 1.2.1, we first present the framework of large deviations theory. Section 1.2.2 then
provides some important results and examples, such as the Gartner—Ellis theorem. Our presentation
closely follows the excellent books [124, 166, 119] to which we refer for complements.

1.2.1 A natural framework for the concentration of probability measures

We now go into more precise definitions by considering a topological space ) with its Borel sigma-
field B. The goal of large deviations theory is to define a framework for the concentration of a sequence
of probability measures (m,),>0 over (V,B) when n becomes large (note that n can be discrete or
continuous). The behaviour of the family of probability measures (m,),>0 is generally controlled by
a rate function defined below.

Definition 1.3 (Rate function). A lower semicontinuous functional I : Y — [0,+00] is called a rate
function. The function I is said to be good if the level sets

{y e V[I(y) < M} (1.61)
are compact for any M € (0,+00). The domain of I is defined by
Dr={yeY|I(y) < +oo}.

Note that the lower semicontinuity of I means that the level sets (1.61) are closed. Therefore, a
good rate function is immediately a rate function. An important consequence of the goodness of [ is
that the infimum over closed sets is attained, i.e. it is a minimum; this will be an important element
in the study of Coulomb gases in Chapter 8. We recall the convention that the infimum of a lower
bounded function over the empty set is set to +oo. )

In what follows, for a measurable subset B € BB, we respectively denote by B and B the interior
and closure of B with respect to the topology on ), while B¢ = ) \ B denotes the complement of B
in ). The notation lim and lim stand for the limit inferior and limit superior respectively. We finally
set (an)n>0 to be an increasing sequence of positive real numbers. We are then in position to define
the large deviations principle (LDP).

Definition 1.4 (Large deviations principle). The family of probability measures (m,)n>0 satisfies a
large deviations principle at speed (an)n>0 and with rate function I if, for all B € B,

1 — 1
—infI < lim —logm,(B)< lim —logm,(B)< —infI. (1.62)
B

B n—+oo Un n—+00 Ay,
The Definition 1.4 provides a precise meaning to the asymptotic scaling
Wn(B) ~ e 0n infp I

when n — +00, by providing appropriate lower and upper bounds. One can see why the infimums on
the right and left hand sides of (1.62) cannot be taken over the whole set B in general by considering
a singleton B = {y} for some y € Y, and assuming that the measures m, are non-atomic (which
is a natural situation for the models considered in Section 1.1). In this case, m,({y}) = 0, so that
the infimum in the lower bound of (1.62) is +o0o0. This is in contradiction with the upper bound
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since 7, () = 1. As a result, the formulation (1.62) is an appropriate way to deal with concentration
of probability measures: not too rigid so as to be correct, but still containing useful information on
the exponential concentration’. Actually, a set B satisfying

Ip =infI=infl (1.63)
B B

is called an I-continuity set, for which it holds

) 1
nglfoo — alogﬂE(B) =1Ip.
This was the intuitive definition of the rate function presented in Section 1.1.2. We also mention
I-continuity sets because they are actually useful for conditioning (see Proposition 1.13 below), a
crucial element in Chapter 8.

Although stated for an abstract family of probability measures (m,)n>0, we generally consider
large deviations principles associated to a family of random variables. For this we simply remark that
a sequence of random variables (Y,,)nen taking values in ) induces a family of probability measures
on ) through

() =P(Y, €-).

In this case, we refer in general to a large deviations principle for the random variables (Y;,),>0 instead
of the induced measures (7, ),>0 over Y, which we believe does not lead to any confusion. Moreover,
our presentation uses a large parameter n but we could as well consider indices going to 0 by a clear
change of notation.

We explained in Section 1.1.2 that, in order to show the convergence of the law of a process to
a limiting distribution, one generally tries to prove that the dynamics remains most of the time in
some bounded region of the state space. This is related to the notion of tightness in probability,
which provides a compactness criterion for probability measures through Prohorov’s theorem [42], see
also [217] for an applications to the ergodicity of Markov chains. We recall the definition below.

Definition 1.5 (Tightness). A subset of probability measures T C P(Y) is tight if, for any e > 0,
there exists a compact set K. C Y such that, for any v € T, it holds v(K.) > 1 —¢.

Since large deviations are concerned with exponentially small events, it is quite natural to consider
tighness at the exponential scale.

Definition 1.6 (Exponential tightness). A sequence of probability measures (7, )n>0 is exponentially
tight at speed (an)n>o if, for any N > 0, there exists a compact set Ky C Y such that

— 1
m — logm,(KS) < —N. 1.64
Jm - logm(Kiy) < (1.64)
The above definition means that, if (7, ), >0 is associated to random variables (Y}, )n>0, the following

scaling holds as n — +oc:
P(Y, ¢ Ky) Se Vo,

In words, the probability of not being in a compact set decays at rate e~V . Note that, in order to
prove exponential tighness, it is enough to find a precompact set such that (1.64) holds. Exponential
tightness is important since it allows to reduce the study of the upper bound in (1.62) to compact
sets.

Quite often, the rate function I plays the role of an entropy functional, a terminology which will
appear clearer with the examples below. Based on physical considerations, it is natural to associate to I
a free energy function, and to expect it to be related to I through a Legendre—Fenchel transform [166]
(see for instance Sections 1.1.2 and 1.1.3). In the abstract framework described here, we can define a
free energy when a,, = n, for which we introduce, for f € )’ (the topological dual of )),

An(f) = log / ey 3, (dy),
Yy

"Being an analyst by training, I have to make a parallel with Schwartz’s theory of distributions. In analysis, one
generally cannot hope for a regular solution to a given PDE. However, it is possible to define weak solutions. There
is again a trade-off between choosing a weak enough notion of solution so as to find one, but not to weak so as to say
something about it (for instance uniqueness in the best case scenario).
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where we use the notation (-, )y y to denote the duality bracket between )’ and ). The free energy
is then defined by

_ 1

A(f) = nﬂrfoo EA” (nf). (1.65)
The quantity (1.65) is generally called scaled cumulant generating function (SCGF, or more simply
cumulant function), or free energy. When (1.65) is an actual limit (not a limit superior), we use
the notation A instead of A. We will prove below (see Theorems 1.8 and 1.10) that, under certain
conditions ensuring the existence and regularity of A in (1.65), a LDP holds for (m,,)n>0 at speed n
and with rate function

I(y) = sup {{f, )y — A} (1.66)
fey’

This is an abstract formulation of the well-known Legendre transform in physics [166]. From a more
mathematical perspective, this Legendre transform is generally obtained via optimizing a Tchebychev
inequality at exponential scale, which provides a mathematical ground to the considerations of Sec-
tion 1.1. These questions, dating back to Gértner and Ellis [199, 165], are well explained in [119], and
will be used in the context of fluctuations in time developped in Part II. Now that we presented our
abstract setting, we provide some examples and useful results that will be used throughout the work.

Remark 1.7. The large deviations framework is a convenient way to deal with concentration of prob-
ability measures, and can be used for various purposes. The first one is to understand at which speed
concentration of measure takes place. If there is in general a natural scale, heavy tailed phenomena
lead to anomalous concentration speeds, which are much more compler to study than the standard
cases described below, see for instance [54, 342, 17]. Maybe more interestingly, large deviations al-
low to characterize what is the most probable way in which fluctuations occur. For instance, in
the framework of Section 1.1.2, the fluctuating trajectories can be characterized through an optimal
control problem [68, 17, 149]. This is also useful in the small temperature regime, as explained in
Section 1.1.3. Once again, heavy tailed phenomena show a surprising behaviour. In [54], it is shown
that random matrices with sub-Gaussian entries fluctuate through subgraphs with a particular struc-
ture. In [3}2], the authors show that heavy tailed large deviations in time induce localized fluctuations.
From a more pragmatic perspective, large deviations can provide an expression of the limiting object
through a minimization problem. For instance, in the setting of Section 1.1.4, the equilibrium measure
can be identified as the minimizer of the electrostatic energy (1.56). In Chapter 8, we will use this
strategy to identify conditioned equilibrium distributions for the Coulomb gas. When following this
procedure, we see that the expression of I is very important. It is however difficult in general to ex-
press I in a way which allows computations, and it is one of the contributions of Chapter 3 to provide
a useful representation of the rate function in the context of long time large deviations for irreversible
dynamics.

Large deviations theory however has some limitations for which various refinements are available.
First, a LDP is an asymptotic result, in which all subexponential terms (in particular prefactors) are
not taken into account. However, these prefactors can be of paramount physical importance, as in the
Eyring—Kramers law, see for example [67, 298] and references therein. In this situation, more refined
tools have to be developped on a case by case basis. Moreover, one can be interested in non asymptotic
bounds, with a precise dependence on the decay with respect to a distance parameter. For instance,
if (Yn)nen are random variables taking values in a metric space (¥,d) and converging to a limit Y*
in probability, we expect bounds of the type

P(d(Yn,Y*) > r) Leanlrl”

for some exponent p > 0 and a sequence (ap)nen. There are many works on the subject, and for this
thesis we may cite [317, 85] in the context of Coulomb gases, [195, 26/, 43] in the context of long
time behaviour of SDFEs, and [53] in the context of interacting systems of particles.

1.2.2 Important results

Before coming back to the issues raised in Section 1.1, we present some examples and helpful results.
This is the opportunity to get more intuition on the rather abstract setting just described, and to
present some tools used throughout. Once again, these issues are discussed in great detail in [124,
119, 166, 121, 424].
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1.2.2.1 Cramer’s and Sanov’s theorems

In order to give more intuition on the large deviations framework presented in Section 1.2.1, we start
with examples concerning sums of independent random variables. For this, we consider independent
and identically distributed (i.i.d.) variables (X,,)n>0 taking values in X = R. The empirical mean is
defined by

1 n
- -N"x;. 1.
S, n; ; (1.67)

We assume for simplicity that X; has finite first and second moments, so that S,, converges almost
surely to E[X;] and a central limit theorem holds. We are then interested in the large fluctuations
of (1.67). Since S, is real-valued, the framework of Section 1.2.1 is instanciated here with Y = R
equipped with the usual Borel sigma-field and, for any measurable set B C R,

m.(B) = P(S, € B).

Since the variables X,, are independent, one can easily check that the cumulant function (1.65) ten-
sorizes (see also Remark 1.11 below) so that, since Y* = R, it holds

VkeR, A(k)=1logE [e"*]. (1.68)

The quantity (1.68) corresponds to a standard partition function in statistical physics [166], and
takes value in (—oo;4o00]. In particular it may take the value 4+o0o but its domain Dy = {k €
R|A(k) < 400} is convex, since A is convex by Holder’s inequality. In this simple situation, the
Fenchel transform (1.66) reads, for a € R,

A (a) = itelg {ka — A(k)}, (1.69)

and the following standard theorem holds [119, Chapter 2.2].

Theorem 1.8 (Cramer’s theorem). The family of probability measures (m,)n>0 satisfies a large de-
viations principle over R at speed n and with convex rate function A*, i.e. (1.62) holds with a,, = n
and I = A* is given by (1.68)-(1.69).

Moreover, if 0 € ZO)A, A* is a good rate function.

Cramer’s theorem has a very wide range of applications, and a priori does not require A to be finite
to hold true. However, when X; does not have enough exponential moments (for instance Dy = {0}
because the tails of X; decay too slowly), the rate function may be trivial. This is why the condition
0 € D, allows to obtain interesting information on the concentration of measure.

Two examples are useful to give more substance to this theorem. Consider first the case where X;
follows a Gaussian distribution with variance ¢2. A simple computation shows that Dy = R and

2
VacR, I(a)=A*(a)=—.

202
In other words, in the Gaussian case, large fluctuations are Gaussian just like small fluctuations
(as provided by the central limit theorem). This situation is specific to Gaussian random variables,
and we will come accross this particular Gaussian structure in two other situations (see Chapters 3
and 8). Note also that in this case D; = R. Suppose next that X; follows an exponential law with
parameter 6 > 0. A similar computation shows that 0 € ﬁA and that the rate function reads

VaeR, I(a)=A*(a)= { fa — 1 —log(fa), ifa > 0,

+ oo, otherwise.
The fact that I(a) = 400 for a < 0 stems from the fact that the exponential law cannot take negative
values. On the other hand, I is convex, has compact level sets, and vanishes at the mean E[X;] = 1/6.
The local behaviour around the mean is quadratic, as we expect from the central limit theorem.
However, large deviations are not quadratic any more, since I asymptotically grows linearly. This is
characteristic of random variables with exponential tails.
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On the other hand, S,, only represents the mean of the variables and, as noted in Section 1.1.2,
we may be interested in more general observables. Considering now that X; takes value in X = RY,
this suggests to consider the empirical average

1 n
L,=— Ox, .
"= Z Xos (1.70)
=1
where 6, is the Dirac mass at = € R?. To obtain the average of a particular measurable function f :

X — R, one can compute
Z f(XZ)a
i=1

from which we recover the previous situation with the choice f(x) = z. Now L, is taking value
in Y = P(X) = P(RY) and we may define, for B C P(&X),

Ln(f) =

S|

7n(B) = P(L, € B). (1.71)

In order to study the exponential concentration of (m,)n>0, we need to equip ) with a topology. In
other words, we have to choose the class of functions for which the convergence of L, (f) makes sense.
The standard procedure [124] is to use the weak topology on P(X) (the topology of convergence with
respect to continuous bounded functions) or the strong topology (convergence with respect to bounded
measurable functions). A LDP for (m,)n,>0 under the weak or strong topologies is generally called
Sanov’s theorem [124, 121].

Since the observables under consideration are generally unbounded, we may be interested in topolo-
gies corresponding to unbounded functions. A possibility is to consider the Wasserstein topology for
p = 1 on P,(X), the set of probability measures v with moments of order p, i.e. the probability
measures such that

/ |z|Pv(dz) < +oo.
X

One way to define the Wasserstein topology 7P is to define convergence throught weak convergence
plus convergence of the p'™ moment, see [419, Chapter 7.2] (this is alternatively the topology induced
by the p-Wasserstein distance). In order to identify the rate function we define the following entropy

functional: for any v € P(X),
dv dv
— log () du, if v < p,
H(v|p) =< Jxdp ~\dp
+ 00, otherwise,

(1.72)

where p is the distribution of X; and v <« p means that v is absolutely continuous with respect
to p [42]. A stronger version of Sanov’s theorem is as follows [424].

Theorem 1.9 (Sanov’s theorem). The family of probability measures (m,)n>0 defined in (1.71) sat-
isfies a large deviations principle on (Pp,TP) at speed n if and only if

Vk>0, log </ eklwlp,u(d:r)) < +o0. (1.73)
X

In this case, the rate function is given by I(v) = H(v|p) for any v € Pp(X) and +oo otherwise.

The above Sanov theorem is very powerful, since it proves the LDP in the p-Wasserstein topology,
meaning that the empirical measure (1.70) can accomodate functions growing at most like |z|P for
p > 1. We will come back to this point in Chapters 3 and 8. Interestingly, the LDP in the p-Wasserstein
topology also implies the exponential moment condition (1.73), which is the most difficult part of the
proof in [424]. Without assumption on the exponential moment, we simply obtain a LDP in the
weak topology [121], which does not allow to recover Theorem 1.8. Note that the domain of the
rate function is now more complicated: it is a subset of the probability measures that are absolutely
continuous with respect to p. In the standard situation where ; has a Lebesgue density in R?, it holds
in particular H (0, | 1) = 400 for any = € X.

Note that Sanov’s theorem is a good reason for calling the rate function an entropy. This is
because in the case of independent variables, the rate function (1.72) is the standard definition of
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entropy in information theory and statistical physics [279], also called Kullback-Leibler divergence.
In the context of large deviations for the empirical average (L;);> defined in (1.23) in Section 1.1.2,
the rate function is actually a Fisher information for reversible dynamics, hence the name dynamical
entropy (see Chapter 3).

In practical situations, the random variables X; in the empirical measure (1.70) can describe
the positions of particles interacting through some potential energy, like in the example presented
in Section 1.1.4; or may be the values of a time dependent process, like in the diffusion setting of
Section 1.1.2. Since the independence is lost, the theorems of Cramer and Sanov do not apply any more,
which motivates considering a more general setting than the exponential moment condition (1.73) for
independent variables. We present below a general strategy pioneered by Gértner and Ellis [199, 165]
to address this issue.

1.2.2.2 Gaéartner—Ellis theorem

The idea of the Gartner—Ellis theorem is to deduce large deviations principles from appropriate prop-
erties of the free energy A defined in (1.65). Let us first motivate why this quantity and its Lengendre—
Fenchel transform naturally appear in this context by providing a heuristic proof of the upper bound
in (1.62) (see [119, Theorem 4.5.3] for details).

We come back to random variables (X,,),>0 taking values in R, for which we assume without
loss of generality that E[X;] = 0. The empirical mean S,, is defined as in (1.67), but we drop the
assumption that the X,,’s are independent. A natural strategy for proving the upper bound of (1.62)
is to resort to Tchebychev’s inequality. For this we write, for any a,k > 0,

W,L([a; —|—oo)) = P(Sn > a) =P (k:ZXi > akn) < e R [ek 2ia Xl} .
i=1

By taking the logarithm, normalizing by 1/n and passing to the limit superior we obtain

lim 1 log 7, ([a; +00)) < — (ak — A(k)) ,

n—+oco N

where A is defined in (1.65). By optimizing over k > 0, we obtain the Chernoff’s bound:

1 _
ngrfoo - log m, ([a; +00)) < — 21;13 {ak — A(k)},

which is nearly the Legendre transform (1.66) (because the supremum is over k > 0 instead of k € R).

Some manipulations [119, Lemma 2.2.5] allow to recover the whole conjugate function A*, which is

then a natural candidate for the rate function. However, the above computation only deals with the

upper bound in (1.62).

The fruitful idea of the Gartner—Ellis theorem is to deduce the lower bound from the upper bound
provided the cumulant function A exists and is sufficiently regular. The need for regularity can
be understood because a lack of regularity of A results into linear parts for the conjugate A*. In
these regions, the actual rate function may be nonconvex, and the Fenchel transform A* may be the
convex hull of the actual rate function. This default is overcome by assuming sufficient regularity
of the free energy, which covers cases in which the rate function is indeed convex®. These convexity
considerations are very well explained with examples in [166], and we refer to [126, 407, 346, 423] and
references therein for examples of nonconvex rate functions and singular entropies. The next abstract
statement is a powerful application of these convexity considerations, see [119, Corollary 4.6.14].

Theorem 1.10 (Gértner—Ellis theorem). Consider the abstract setting of Section 1.2.1 with an ex-
ponentially tight family of probability measures (m,)n>0 over a locally convex Hausdorff topological
vector space ). Suppose that

A= Tim LA, (n-) (1.74)

n—+oo N

exists on')', takes finite values and is Gateau-differentiable. Then (m,)n>0 satisfies a large deviations
principle at speed n in Y with good convex rate function defined by

Vyey, A'(y) = s {{fs )y y — A}

8This is a reason why the Gértner—Ellis theorem does not apply in all situations and, in many cases, one has to prove
the LDP from scratch.
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At this level of generality, the proof relies on the projective limit technique reducing the analysis
to the finite dimensional case, for which the strategy is as follows. One first obtains the upper bound
over compact sets by reduction to a finite number of balls and using Tchebychev’s inequality as above.
This upper bound is extended to closed set thanks to the exponential tightness. Next, the lower
bound relies on an appropriate change of measure (Esscher transform), under which the fluctuation
becomes typical. The most difficult part of the proof is to make the latter argument precise through
fine convex analysis results — this is explained at length in Chapters 1 and 4.6 of [119].

Remark 1.11 (Independent variables). When considering fluctuations of the empirical mean S,
defined in (1.67), we can recover Cramer’s theorem under a stronger condition from Theorem 1.10.
Supposing that the variables X,, are i.i.d., the cumulant function (1.74) simply reads

VEER, A(k)= lim SlogE [e’@?:l Xl} = logE [e¥X1]
n—-+ocon

which is simply (1.68), as already seen above. We observe the very particular behaviour of the expo-
nential with respect to independance. This seemingly innocuous remark actually makes the situation
of subexponential variables (i.e. with tails decaying like e 7% fora e (0,1)) much more difficult. In
this case, the lack of «tensorizabilitys of the subexponential makes the typical fluctuations heavy tailed,
in the sense that only a part of the variables fluctuates to produce an abnormal value of S,,. We refer
to [333, 3534, 335, 336, 59] and the more recent work [17] for more details. Similar considerations are
important for stochastic differential equations, see [342] for an interesting contribution in the case of
an Ornstein—Uhlenbeck process.

1.2.2.3 Contraction principle and Gibbs conditioning: most probable unlikely events

Although proving a large deviations principle is a complicated problem, there is a nice tool for deducing
a LDP for the image of random variables satisfying a LDP. This result, called contraction principle [119,
Theorem 4.2.1], will be useful in the context presented in Section 1.1.2.

Theorem 1.12 (Contraction principle). Consider two Hausdorff topological spaces Y and Z and a
continuous application I1 : Y — Z, together with a good rate function I 1Y — [0,400]. Then:

1. The function J : Z — [0,400] defined as
VzeZ, J(z):inf{f(y)7y€y ‘ H(y):z} (1.75)

s a good rate function.

2. If (mn)n>0 satisfies a LDP with rate function I, then (m, o II71),>¢ satisfies a LDP with rate
function J.

The first important point of the contraction principle is that LDPs are transfered by continuous
applications, which turns out to be a useful tool. Second, the resulting rate function satisfies some
maximum entropy principle”: the cost of a fluctuation of the image is the minimum of the costs over
the pre-images. In other words, rare events happen in the most likely of all unlikely ways.

In order to understand how to use Theorem 1.12, we present an application related to Sanov’s
result, Theorem 1.9. If a LDP is available for the empirical average

1 n
i=1
we would like to obtain a LDP for instance for the empirical mean
1 n
i=1

For this, we note that S, is the image of L,, by the following mapping:

II : VEP(X)H/;EI/(CZCC)ER.
X

9The term “maximum entropy” may sound confusing since (1.75) comes with an infimum. This is because the entropy
in physics is the opposite of the entropy in mathematics.
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An important remark is that the application II is not continuous for the weak topology. However, it
is continuous for the p-Wasserstein topology for any p > 1. As a result, Theorem 1.9 together with
Theorem 1.12 lead to a LDP for S,,. The corresponding rate function J is given by (1.75), where I is
the entropy (1.72). This strategy is yet another path to Cramer’s theorem.

Before closing this section, we present a result often called Gibbs conditioning principle or mazximum
entropy principle. The purpose of this result is to understand the behaviour of random variables when
they are conditioned on some rare event of interest. The principle states that the most likely way for a
measure to concentrate on a set conditioned on a rare event is to minimize the rate function I under the
constraint defining the conditioning. This idea is generally used with Sanov’s theorem [357, 306, 305],
and the so obtained conditioned limits are sometimes called entropic projections. We will prove in
Chapter 8 the following more general result (stated for random variables in a metric space for the
sake of simplicity), which relies on the notion of I-continuity sets discussed in Section 1.2.1.

Proposition 1.13 (A Gibbs conditioning principle). Suppose that Yi,...,Y, are random variables
taking values in a metric space (Y,d) satisfying a large deviations principle at speed (an)n>1, and with
good rate function I. Consider a closed set B such that

infl =inf I < +oo0.
B B

Then, the set of minimizers
I = {y e, I(y) = iréfl}
is a non-empty closed subset of B. Moreover, for any € > 0, setting
Asz{yeyv d(y,]B) >6}7 (176)

there exists c. > 0 such that

S
Tm —log]P’(Yn € A.

n—+00 Ay

The idea of Proposition 1.13 is that, in the large n limit, it holds

Y, € B) < —ce. (1.77)

P (Yn €A,

Y, € B) ~ e T,

Because of the definition (1.76) of A., we see that the conditioned variables concentrate on .#p, i.e.
on a minimizer of I over B. From a philosophical perspective, the conditioned rare event occurs in
the less costly way, or equivalently in the more likely way, which is a feature similar to the contraction
principle above. If the rate function is explicit and the set B is expressed through a natural constraint,
there is a hope that a minimizer under constraint solves an equation involving a Lagrange multiplier.
We will see an application of this idea in the context of conditioned Coulomb gases in Chapter 8.

Remark 1.14. There are other techniques than those presented above to cope with large deviations
problems. Let us mention in particular the so-called weak convergence method, a framework explained
in [147]. An interesting feature of this approach is to characterize the large deviations functions
through optimal control problems, which is useful for practical applications, see Chapter 5. Let us also
quote [149] as a successful example of application of this approach.

1.3 Large deviations in statistical physics

Section 1.2.2 has presented the general setting of large deviations together with a number of important
results. We now come back to the various problems raised in Section 1.1 to show that they enter the
large deviations framework. This will demonstrate the flexibility of large deviations techniques and
raise interesting numerical problems, some of which will be highlighted in Section 1.4.

1.3.1 Long time fluctuations

1.3.1.1 Large deviations principle

In this section, we consider the setting of Section 1.1.2. Since we study long time problems, we
have n =t in the notation of Section 1.2.1, and we study the large deviations of the empirical average

1 t
L= 7/ 5x. ds (1.78)
tJo
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in Y = P(X), where (X;):>0 is solution to (1.1). As mentioned in Section 1.2.1, we should typically
speak of the LDP for the familly of probability measures

ﬂt(-):]P’(LtE-)

over Y = P(X), but we generally refer to the LDP for the empirical average (L;);>o for conciseness.
Three approaches have been considered in the past for proving a LDP for the empirical measure (1.78):
the approach of Donsker and Varadhan [131, 132, 134, 135, 416], that of Gértner and Ellis [199, 165],
and the weak convergence approach [68, 149]. An example of result can be stated as follows in the
case where X = T¢ (or a compact set without border). We recall that the strong topology on P(X)
is the topology associated with the convergence against bounded measurable functions.

Theorem 1.15. Suppose that X = T¢, b € C®(X) and o € R¥*? is constant with oo™ positive
definite. Then the functional

—+o0

is well-defined and finite, and the empirical mean (Li)i>o satisfies a LDP over P(X) equipped with
the strong topology, at speed t and with rate function given by: for v € P(X),

sup {v(f) = A(f)},  ifv<p,
=17 (1.79)
+ o0, otherwise.

Recall that p € P(X) is the invariant measure of (X;);>0. Note that we do not aim at the greatest
level of generality in the above result, and we refer e.g. to [199] for less restrictive conditions on
the regularity of the coeflicients. We also mention that Theorem 1.15 is actually a particular case of
Theorem 3.10 stated in Chapter 3.

However, in a statistical physics perspective, the Langevin dynamics (1.17) does not satisfy the
assumptions of Theorem 1.15 for two important reasons:

e the dynamics is degenerate, i.e. ool has not full rank, as can be seen from (1.16);

e the state space X is genuinely unbouded because the momenta belong to R<.

These issues are treated in Chapter 3, and we postpone the discussion on this point to the contributions
presented in Section 1.5. We also mention that the important work of L. Wu [427] brings elements of
answer to these problems.

For practical purposes, when the average of a particular function f is of interest, we can also prove
a LDP for

L(h = [ Fx)as

in the space ) = R. As mentioned in Section 1.2.2, a LDP can be obtained a priori by the contraction
principle. On the other hand, when X = T¢, we can prove a LDP for L;(f) at speed ¢t and with rate
function

VacR, If(a):ilelg{ka—/\f(k)}, (1.80)

where the free energy is now a function over R defined through

1 ot
VkeR, Ap(k)= lim ;logE[ekJof(Xs)ds}. (1.81)

t—+oo

This is again a consequence of the Gértner—Ellis theorem. In particular, we can compute numeri-
cally (1.80) from the cumulant function Ay, which raises interesting numerical questions discussed in
Section 1.4 below.



1.3. LARGE DEVIATIONS IN STATISTICAL PHYSICS 53

1.3.1.2 Relation to spectral theory and Feynman—Kac dynamics

As should be clear by now, the functional f — A(f) plays a crucial role in the large deviations
analysis, so we would like to obtain more information about it. The cumulant A(f) is actually the
principal eigenvalue (largest in modulus) of the operator £ + f defined over B> (X) (recall that £
is the generator of the dynamics (1.1) defined in (1.2)). This can be intuited by considering the
Feynman-Kac semigroup

(P! ¢)(z) = E, [@(Xt) olo f(Xs)ds:| ’

which has generator £+ f by the Feynman—Kac formula [361, Chapter VIII|. From spectral analysis,
we expect
Ptf@ ~ etT(f),

t——+o0

where r(f) is the largest eigenvalue in modulus of £ + f. This formula is completely natural for
matrices and we shall give a precise meaning to it for operators in Chapter 2. On the other hand, by
taking the logarithm and dividing by ¢, we obtain the cumulant A(f): this motivates that A\(f) = r(f)
is actually the largest eigenvalue of £ + f.

We can now invert the Legendre transform (1.79) to obtain the representation

A(f) = sup {v(f)—I(v)}, (1.82)
vEP(X)
as was intuited at the end of Section 1.1.2. In order for the above expression to be of some use, we
note that I may be rewritten as

I(v) —sup{—/ %dm u € Dg, u>0}, (1.83)
X

where D, denotes the domain of £ over B®(X). The equations (1.82)-(1.83) form the celebrated
Donsker—Varadhan variational formula, whose strength is to provide a variational representation for
the principal eigenvalue of an a priori non-symmetric second order operator associated with a dif-
fusion [133] (note however that [133] demands less regularity on the diffusion by assuming that the
semigroup (P,);>o0 is Feller instead of strong Feller, in which case the generator has to be considered
on the space C°(X) of continuous functions instead of B*(X)). To get some intuition on (1.83),
consider an eigenvector hy associated to A(f), namely

(L4 )y = A)hy.
The above equation rewrites

— =L — ). (1.84)

By integrating both sides of (1.84) with respect to a measure v we obtain the correspondance be-
tween (1.79) and (1.83), an idea made precise in [124, Lemma 4.1.36] and revisited in Chapter 3.
Finally, it is an interesting problem to derive alternative representations for the rate function I. With
the interpretation of I as a dynamical entropy, we expect different behaviours for reversible and ir-
reversible dynamics, as discussed in Section 1.1.1. A significant contribution to this question was
brought by [49] in the case of an atom chain thermostated by an inhomogeneous heat bath, and we
will also come back to this point in Chapter 3.

Remark 1.16. The Donsker—Varadhan formula is a significant representation result for the principal
eigenvalue of non-symmetric operators. As will appear clear in the analysis of Part I1, this formula is
closely related to the Perron—Frobenius and Krein—Rutman theorems in the theory of positive operators,
see for instance [383, 112]. In the case of a matriz A € R such that A;; > 0 for anyi,j € {1,...,d},
we indeed know that the largest eigenvalue A is real and simple by the Perron—Frobenius theorem [385].
Moreover, A can be represented by the so-called Collatz—Wielandt formula:

A=s 'fzd:(Ax)i c R? zd: =1
= sup { inf > pi | p ,_ﬂpz— :

This is the exact analog of (1.83) for matrices'®, see [329, Chapter §].

10T could not find a reference to this formula in the papers of Donsker and Varadhan, and I warmly thank A. Levitt
for pointing out this result.
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Before concluding this section, we relate the cumulant (1.81) to the more general framework of
Feynman-Kac semigroups. We call Feynman-Kac dynamics the nonlinear semigroup (<I>{ )i>o0 defined
on the space of probability measures P(X) as: for ¢t > 0,

E, [go(Xt)efé f(Xs)ds}

Vv ePX), VoeB®X), & =
vePX), VeeBX(X), @ (v)(p) Ey[em(xs)ds}

From a practical perspective, this is a form of importance sampling: the trajectories with larger values
of f are given a larger weight. This idea is crucial in nonlinear filtering methods [115, 139, 140]. In
our context, we relate the long time convergence of Feynman-Kac dynamics [114] to large deviations
theory, a central topic of Chapter 2.

1.3.2 Small temperature regime

In Section 1.1.3 we have presented some aspects of SDEs at small temperature from a heuristic
perspective. The large deviations framework for this situation has been worked out by Freidlin and
Wentzell in the 1970s and 1980s, and we refer to [193] for a very good introduction to these problems.
Recall the notation of Section 1.1.3: (X7 )seqo,7) is solution to

dX; = b(XF)dt + eo dBy, (1.85)

over X = R?, where b is smooth and D = 007: is positive definite. We are interested in the fluctuations
of the process around the continuous path (¢;):e[o, 7 solution to

_ d - _
= 5 — = b B
o =1 7 bt = b(¢r)
for some x € X. Therefore, the natural space for studying large deviations is ) = C°([0, 7], X)
equipped with the uniform norm topology.
In order to provide more rigorous estimates like (1.39), we consider the following family of proba-
bility measures over C°([0,77], X):

m(-) =P(X; € -). (1.86)
An action functional is also associated to the dynamics (1.85):
I .2
Yo eC%0,T),&), I(p)= 5/0 |b(0) — @s| s, (1.87)

where [v|% = v- D71 for any v € R?, and the above integral is given the value 400 if ¢ is not
absolutely continuous or if the integral diverges. As the reader should expect, the functional I is
a rate function controlling a LDP for the family of probability measures (7.).~o defined in (1.86).
Assuming that b is globally Lipschitz, we obtain the following result (in [193] we use Theorem 1.1 in
Chapter 4 for proving that I is a rate function in the sense of Definition 1.3, paragraph 3 in Chapter 3
for the definition of the action functional, and Theorem 3.3 in Chapter 3 for the equivalence with the
Definition 1.4 of the LDP in Section 1.2.1).

Theorem 1.17 (Freidlin-Wentzell). Consider the family of probability measures (7:)eso defined
in (1.86) where (X{)iepo,r] is solution to (1.85), with b globally Lipschitz and D = ool positive
definite. Then the functional I : C°([0,T],X) — [0;+00] defined in (1.87) is a good rate function.

Moreover, (7e)es0 satisfies a large deviations principle at speed e with rate function I: for any B C
C°([0,T], X), it holds

—inf I < lim elogP(X; € B) < lim elogP(X] € B) < —inf 1,
B e—0 e—0 B

where the adherence and interior are taken with respect to the uniform norm topology.

Theorem 1.17 has many applications. For example, (1.42) is an instance of the Varadhan prin-
ciple [119, Chapter 4], which makes precise the heuristic of Section 1.1.3. Since we will not prove
new theoretical results on this kind of asymptotics and essentially use the instanton described in Sec-
tion 1.1.3, we close the discussion here. Note however that the ideas of large deviations can be used
for studying various aspects of systems at small temperature. The behaviour of the spectrum of the
Witten Laplacian at low temperature and related quasi-stationary distributions are two important
families of problems (related to metastability) in which the ideas of concentration at exponential scale
in the low temperature regime play a crucial role, see e.g. [389, 299, 331, 298] and references therein.
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1.3.3 Singular gases

We finally come back to the situation of Section 1.1.4 by considering a set of points Xy = (Xn1,-.., XN.N)
distributed according to the following Gibbs distribution over (R%)V:

PN (d.’II) — Z&IB_BN(% Zf\fz1 V(wi)ﬂ‘ﬁ Zi;éj K(Ii—ﬁj))dx, (188)

where V is a confinement potential, K is a (typically singular) interaction kernel and (Sy)y is a
cooling sequence. Each particle being distributed in R%, we consider the empirical distribution

1 N
N = ;&c (1.89)

under Py, which is a random element in P(R?). Large deviations theory once again provides natural
tools for studying the concentration of uy as N — 400, where now

n() =P(un € ).

The guenuine space for the LDP is therefore ) = P(R?). As intuited in Section 1.1.4, the electrostatic
energy defined by

E) = / V(w)u(de) + / / K(z — y)u(de)u(dy) (1.90)

plays a crucial role in the analysis. Fine properties of the above electrostatic energy and its conse-
quences in terms of concentration of (1.89) under (1.88) have known many developments since the
seminal work of Ben Arous and Guionnet [29], see [84, 148, 386, 287, 85, 387, 314]. In order to provide
an example of result in this direction, we present [84, Theorem 1.1], which applies in particular to the
Coulomb gas setting of Section 1.1.4. We recall that the weak topology on P(R?) is metrized by'!
the Fortet—Mourier distance defined by

VY, vePRY, dem(v,p) = sup ( fdv— / fdu) ,
)<t \JRd R

max (|| fllzoe, |l fllLip) <

where the B*-norm is defined in (1.26) and

flz) = fly
I lhip = sup L= LWL
z#yY |z =y
Theorem 1.18 (LDP for singular gas). Suppose that the following assumptions hold true:
1. The cooling sequence satisfies By > N log(N).

2. The function V is continuous and satisfies lim ;o0 V(x) = +00 and

/ e V@) dr < +o0.
X

3. The kernel K : X — (—o0;+00] is continuous on RY and takes finite values on R?\ {0}.
Moreover, for any compact set C C R? the function

2 sup {K(y), |yl > 2], y € C}
is locally integrable with respect to the Lebesgue measure.
4. There exists ¢ > 0 and e € (0,1) such that

Vo,y e RY K(x—y) >c—eo(V(z) +V(y)).

5. If v € P(X) is such that E(v) < +oo, there exists a sequence (Vn)nen of probability measures
absolutely continuous with respect to the Lebesgue measure, such that v, — v weakly and E(vy,) —
E(v) when n — +00.

HThere are many ways to metrize weak convergence of measures. In large deviations theory, the Lévy—Prokhorov
metric is often used [124], but the Fortet—Mourier distance is easier to manipulate. Other distances can be used [354, 434],
which metrize the weak convergence with different geometric properties.
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Then the empirical average uy satisfies a large deviations principle under Py in P(R?) equipped with
the weak topolgy, at speed (Bn)n and with good rate function defined by

VvePRY, I(v)=EWw)— inf &,
vePRY), I(v)=E&W) At

where infpray £ > —00. More precisely, for any measurable set A C P(R?), it holds

1 — 1
—infI < lim —log]P’(uN € A) < lim —logP(pN S A) < —inf I,
A No+oo PN N—+oo DN A

where the interior and closure are taken with respect to the weak topology. Moreover, denoting by

,ﬂ:{yey, I(y) = inf I}

P(R)
the closed set of minimizers, it holds

dpm (Yn, j) — 0,

n—-+oo
almost surely under Py .

Theorem 1.18 calls for some comments. First, it applies to the case of Coulomb interactions under
appropriate growth conditions on V, see [84]. It then provides a rigorous justification of the Laplace
principle invoked in Section 1.1.4, where the electrostatic energy £ plays the role of a rate function. The
speed of this LDP is dictated by the cooling sequence (8n)n defining Py, provided the temperature
decreases fast enough (i.e. Sy diverges fast enough). This condition actually ensures that entropic
effects can be neglected, as nicely discussed in [84, 148], but can be relaxed to Sy > N, see [148].
An important feature of the LDP in this situation is to identify the limiting empirical measure as a
minimizer of £. This justifies the importance of this minimization problem, which recently attracted
a lot of interest, in particular for the situation of Coulomb gases (described in Section 1.1.4) and
more generally Riesz and log-gases [84, 287]. Note that the study of this minimization problem
for the one dimensional log-gas leads to an alternative proof of the celebrated Wigner theorem for
random matrices [29]. We mention that these results can be strengthen, for instance by reinforcing
the topology of the LDP if V satisfies sufficient growth conditions, see [148] for an interesting account.
These refinements are used in Chapter 8 to apply the Gibbs conditioning principle (Proposition 1.13)
in this context.

Remark 1.19. We have illustrated three possible applications of the large deviations toolbox: long time
behaviour of empirical averages, small temperature limit of diffusions and large size limit of singular
gases. However, there exist many other fields in which large deviations can be applied. Let us mention
for instance quantum mechanical models [6, 44, 267] and multifractals [229, /17, 307] for interesting
applications.

1.4 Some numerical aspects of rare events analysis

Although the large deviations aspects presented above form a wide mathematical playground for
theoretical developements, they also raise difficult numerical questions. For instance, computing
probabilities of rare events is important in various fields, and have led to numerous mathematical
treatments, see for instance |75, 167, 79, 80| and references therein. On the other hand, identifying
the limiting distribution of random matrices and their fine properties (such as the distribution of the
largest eigenvalue [19, 108, 421, 16]) is important for instance in finance [65, 66]. It would be too long
to present all the applications of these ideas, so we restrict ourselves to some questions treated in this
work, mostly concerning stochastic differential equations.

We first review in Section 1.4.1 elements on the numerical analysis of SDEs, in particular the
different notions of error. We next present in Section 1.4.2 some variance issues raised by the simulation
of rare events, together with two types of strategies to address them.
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1.4.1 Discretization of SDEs

In this section, we consider again the SDE

where the process is defined over X = R%. The functions b : R? — R% and ¢ : R* — R¥*™ are assumed
to be smooth for simplicity, and (By);>o denotes as usual an m-dimensional Brownian motion. In order
to compute expectations and empirical means as described in Section 1.1.2, a natural strategy is to
discretize (1.91) with a Markov chain of time step At. Such a Markov chain (2, )nen is defined by its
(homogeneous) evolution operator'?

Vo€ B®(X), VYzelX, (Qawp)(z)=E[p(zni1)|zn=2z]. (1.92)

For concreteness, one may think of the discretization given by the Euler—-Maruyama scheme, which
reads
Tng1 = T, + b(an) At + 0(x,)VALG,, (1.93)

where (G )nen is a family of independent standard Gaussian random variables. There are much
more sophisticated discretization procedures, and we refer to the textbooks [270, 332| for an overview.
Instead of stating very precise results of numerical analysis, we prefer to insist on the various ways to
measure the error induced by the discretization procedure. We believe this discussion is important in
order to understand the error analysis performed in Chapter 4, in which we introduce a new notion
of discretization error for Feynman—-Kac dynamics.

Strong error estimates. Strong error estimates quantify the difference between the trajectories of
the continuous process and its discrete counterpart over finite time intervals. They consist in practice
in measuring the maximum L4-norm for some ¢ > 1 (in expectation) between the discretization and
the continuous process over a finite time window. Such a result typically takes the following form:
there exists ps > 0 such that for any time T' > 0, there is C' > 0 and At* > 0 for which, for any
At € (0, At™],

1
sup (]E[\Xnm — xn|q]) T < COAP=,
0<n<T/ At
We will not consider this type of convergence here, since we are interested in average properties rather
than in the trajectories themselves. The following alternative definition of error is therefore more
useful in our context.

Weak error estimates. FErrors on the expectations are called weak errors (weak being understood
in the usual sense “against test functions”). We denote by C2°(X) the space of smooth functions with
compact support. Weak error estimates typically take the following form: there exists py > 0 such
that for any ¢ € C°(X) and T > 0, there is C' > 0 and At* > 0 for which, for any At € (0, At™],

sup ‘E[@(Xnmﬂ — E[gp(xn)]‘ < CAPv. (1.94)

0<n<T/At

Such an estimate can generally be obtained for test functions ¢ € C*(X’) with the constant C controlled
by |l¢llow, see [332]. We also mention that in general it holds ps < py-.

Quite interestingly, estimates such as (1.94) can be deduced from a one time step expansion. The
idea is to compare the exact flow Pa; = e®* with its approximation Qa; (recall that £ is the generator
of the diffusion (1.91)), for which one can generally prove an expansion like

Qar = e+ O (AT, (1.95)

It is then possible to derive estimates like (1.94), while providing a precise functional setting to the
above equality [348, 400, 276], see also [332, Theorem 2.1]. We are however not completely satisfied
by this definition of error, since the constant C' in (1.94) typically grows exponentially with T, while
we aim at estimating ergodic properties as T — 4o0. This motivates the notion introduced next.

12We generally use the letter P for the evolution operator of time continuous dynamics, while Q is used for discrete
time dynamics.
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Error on the invariant measure. As explained in Section 1.1.2, we generally want to compute
the following type of ergodic average

Efp(X0)] m//ywdm (1.96)

where p is the invariant measure of the process. Let us assume that the discretization (z,)nen is also
ergodic with respect to an invariant measure pa:, namely

E[@(l‘n)] m N edpat. (1.97)
Except in particular situations (for instance when correcting a reversible diffusion with a Metropolis—
Hastings step [368]), it holds pat # p so the averages on the right hand side of (1.96) and (1.97) are
different. It is then natural to quantify the error on the invariant measure by measuring the difference
between averages of observables, a strategy pioneered by Talay [398, 399]. Such error estimates are
written as follows: there exists p; > 0 and At™ > 0 such that, for any At € (0, At*] and ¢ € C(X),

/god,uAt:/ edu+ O(At"). (1.98)
X X

Moreover, the leading order term can be made precise as

At? / oY du,
X

where 1 is solution to a Poisson equation. Perhaps surprisingly, the estimate (1.98) on the long time
average can also be deduced from an expansion of the one step evolution operator Qa;, provided some
ergodicity conditions on the evolutions (X;);>0 and (x,)nen are met. In practice, one can generally
obtain by Taylor expansion of @a; in power of At the following type of expansion (see the example
of the Euler scheme below): for some p; € N*,

Vo € CX(X), Qarp=p+AtAip+ AP Asp + ...+ O(AFH), (1.99)

for differential operators Ag. The crucial point is to observe until which order the propagator Qa¢
conserves the invariant measure. This corresponds to the integer p; € N* for which

Vke{l,...,pi}, VeeCrX), / Arpdp =0, (1.100)
X

which is the expansion for small times of the invariance relation (1.7). In general, in accordance
with (1.95), schemes of weak order p; are such that

Ek

Vhe{l...m}) A=

This condition is however not necessary for (1.100) to hold (for instance it may happen that Ay =
;' LF with ¢ # K!).

In order to deduce (1.98) from (1.100), the strategy is to compare the invariance relations cor-
responding to Pa; and Qa; as introduced in Section 1.1 (recall that Pa; = eAw), namely: for any

¢ € O (X),
/PmdeZ/ @dp, and /thpdﬂm=/ ©dpag.
X X X X

We next expand in powers of At through (1.99) inside the second expression. In fact, we construct an
approximation jia¢ of ua; for which the second equality holds up to a small error term. This strategy
is adapted in Chapter 4 to obtain error estimates on the cumulant function and the Feynman-Kac
semigroup presented in Section 1.3.1. The difficulty in this situation comes from the nonlinearity of
the stationary equation satisfied by the invariant measure, which makes the above reasoning much
more cumbersome to apply.

As an example of application, we consider the Euler-Maryuama scheme (1.93). In this case we
have, for any ¢ € C(X),

Vee X, Qawp(r)=Eqg [go (x + b(z)At + a(x)\/EGﬂ )
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where the expectation runs over the standard Gaussian variable G. Since a factor v/ At is involved, a
second order Taylor expansion shows that

Qatp = ¢ + AtLp + O(At?),

which is (1.99)-(1.100) with p; = 1. As a result, we see that (1.100) provides a rather practical criterion
for assessing the order of accuracy of a numerical scheme. This led to substantial developments in the
past years (in particular in the context of molecular dynamics), see for instance [399, 324, 325, 110, 295].
Interestingly, efficient numerical methods are often built on integrators that have been known for a
long time in the physics community, such as the Verlet scheme [418, 62, 294, 3|, or modifications
thereof.

Let us insist on the fact that in general it holds ps < pw < pi, and these inequalities are rather
often strict. In order words, it is possible to build Markov chains whose trajectories are quite different
from the continuous ones, but whose statistical properties are close to that of the continuous process.
This remark can be extended to the computation of dynamical quantities, see for instance [295, 304]
and references therein. Note that, in Chapter 4, we will present a yet weaker notion of error, which
does not exists for SDEs but is important when dealing with Feynman—Kac semigroups. We now give
more details on the statistical estimation of the quantities we are considering.

1.4.2 Estimating rare events

We now present some numerical issues related to the estimation of the quantities of interest in Sec-
tions 1.1.2 and 1.3.1. After some preliminaries, we highlight two classes of methods used to overcome
the high variance of naive estimators: those based on population dynamics, and the ones relying on
optimal control arguments.

1.4.2.1 The variance issue

As we explained in Sections 1.1.2 and 1.3.1, the computation of the rate function I and the free
energy A is important to understand the system at hand, and to provide quantitative estimates on the
probabilities of rare events. For the sake of this presentation we consider fluctuations of the empirical
average

(=g [ rex)as

where (X})¢>0 is solution to (1.1) and f is a measurable function such that a large deviations principle
holds (see Section 1.3.1) with rate function Iy : R — [0, +00]. In order to estimate I, we may consider
some small element Aa C R centered on a € R and use the estimator
. 1
If(a) = t_liToo 7 logP(L:(f) € Aa).

In words, I is the limiting normalized histogram of L;(f). However, P(L;(f) € Aa) decays like e 7*/#(®)
meaning that an exponentially large (in ¢) number of samples is necessary to obtain a good estimate
of the rate function. Since the large ¢ limit must be reached, this is obviously an inefficient approach.

The Gartner—Ellis theorem presented in Sections 1.2.2 and 1.3.1 is possibly a better alternative.
Indeed, (1.80) provides the following alternative representation of the rate function,

If(a) =sup {ka — \f(k)}, (1.101)
keR
where
1 k[ F(X,) ds
Ap(k) = , 11r+n zlogE [e o Ji%s ] . (1.102)
—+o0

Therefore, the computation of Iy can be deduced from that of Ay (and possibly )\'f to compute (1.101),
provided the cumulant is sufficiently regular). Although this idea is alluring, exponential quantities

like
E [e’ffot f(Xs)dS} (1.103)

typically have a variance scaling exponentially in time, and are therefore difficult to numerically
estimate. In order to understand this phenomenon, we note that

t
/ f(Xy)ds = ta +VtoG,
0
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where « is a real number and G is a standard Gaussian random variable. This motivates considering
the simpler expression
E [ek(ta—&-\/ioG)}

for t > 0. An easy computation shows that that relative variance reads

Var |:ek(ta+ﬂaG):| E |:e2kﬂ0G:|
2_2
5 = s —1l=e"7t -1 (1.104)
(]E {ek(ta—&-\/faG)} ) (E |:ek\/fa'G:| )

. . . 2,2 . . . . .
As a result, the relative variance scales like e* ?*. Transferring this reasoning to the estimation

of (1.103) motivates that the variance of a naive estimator of the free energy scales exponentially
with the time ¢. In practice, the variance of (1.103) is high because the value of the expectation
is dominated by a few rare trajectories taking very large values (a problem shared in the estimate
of (1.35) for the small temperature systems described in Section 1.1.3). Therefore, not much seems
to be gained from the Fenchel representation (1.101). It is however possible to design estimators
of (1.102) with a reduced variance. We describe below two strategies: interacting particle systems
and optimal control.

Remark 1.20. As mentionned in Section 1.3.1, A;(k) is also the largest eigenvalue of the Feynman—
Kac generator L+ kf. Thus, Galerkin or spectral approzimation methods can be used to estimate the
cumulant. However, these strategies are often inefficient because the dimension d of the space is large.
On the other hand, (1.102) naturally suggests to use a stochastic algorithm for computing a principal
eigenvalue. Not surprisingly, this representation was first used in quantum physics [10, 77], see the
discussion below and the comments in Chapter 5.

1.4.2.2 Interacting particles systems

There is a wide variety of approaches relying on the principle of “divide and conquer” in order to
compute (1.102) more efficiently. The basic idea is to run a set of replicas of the dynamics (1.1) with
exponential weights attached to them. These weights correspond to the argument of the expectation
in (1.103). When those weights become degenerate, the particles are resampled with some rule preserv-
ing the weighted expectation. In practice, particles with larger weights tend to duplicate, while those
with smaller weights tend to be pruned. Doing so, the dynamics is conditioned on taking larger values
of f, which reduces the variance and provides relatively well-behaved estimators [139, 113, 140, 301].

Let us make this idea slightly more precise by giving a basic version of a genetic algorithm to
compute (1.102) (which will be detailed and used in Chapter 4). Consider a set (X™)M_, of M
replicas satisfying (1.1) and a time 7 at which each replica m € {1,..., M} has weight

w™ = exp (k /OT f(X;”)ds) .

We then define the probability distribution p over the set {1,..., M} of replicas by

m
m w

p by

At time 7 the replicas are then resampled according to the probability vector p (for instance by
drawing M replicas from a multinomial distribution of probability p). The so-obtained distribution
of replicas is an approximation of the distribution at time ¢ of the Feynman-Kac semigroup (®;):>0
introduced in Section 1.3.1, while the cumulant A (k) can be estimated e.g. by averaging the weights w
over the replicas along the dynamics (this is made precise in Chapter 2). Typically, 7 is deterministic
and associated to the time step At of a numerical discretization, as in Section 1.4.1. It may also
be random and correspond to a stopping time for a given level of degeneracy of the weights, see
for instance [301, Chapter 6]. In comparison with (1.104), we see that the problem is reduced to
smaller subproblems with smaller variance (because 7 is typically small), while statistical properties
are preserved if the resampling is correct [140].

To the best of our knowledge, this replica technique goes back to [213, 10] for estimating ground
state energies of Schrodinger operators (based on papers by Donsker and Kac [258, 130]), followed by
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a series of works in quantum physics [77, 320, 412, 328]. There has been after that a great interest in
the mathematics community for these so-called Feynman—Kac models, see for instance [115, 139, 116,
117, 113, 377, 109]. Interestingly, these two communities, which used the same algorithms, did not
seem to communicate much at that time. This is surely because of their different motivations. More
recently, due to recent advances in nonequilibrium statistical mechanics [194, 280, 288, 202, 122],
large deviations functions received a renewed interest, which generated some new algorithms, see
e.g. [289, 337]. A first comprehensive history (and systematic treatment) of these techniques can be
found in [12, 11].

1.4.2.3 Optimal control approaches

The strategy presented above relies on a “genetic” procedure, where a set of replicas are selected so as
to enhance the probability of rare events. A complementary point of view is to introduce a bias in the
dynamics to enforce the fluctuation in a single trajectory. The relation between this method and large
deviations theory has been extensively studied by Dupuis, Ellis and collaborators (the so-called “weak
convergence approach” to large deviations [68, 147, 149]), as well as by Chetrite and Touchette [98] in
the context of nonequilibrium statistical mechanics. Rather than providing a long presentation of the
theory, we prefer presenting the key idea leading to an alternative representation of the free energy and
rate function, with the perspective of designing more efficient numerical methods, as illustrated'? in
Chapter 5. This will also highlight the importance of the eigenproblem associated with the cumulant
function, as mentionned in Section 1.3.1.

Let us recall that the cumulant function A¢(k) is associated to the eigenproblem
(L+Ef)hy = Ap(k)hy, (1.105)

where hy, is assumed to be a smooth function (this will be detailed in Chapter 3). We next introduce
the tilted generator [97]

L =h,"(L+kf)(hy-) = Ap(k) = L+ DV log hg, (1.106)

where D = oo” is the diffusion matrix, which we assume constant and positive definite for simplicity.
This “h-transform” can be shown to condition the dynamics on having a fluctuation of L;(f) [136, 97]
(note that we use this transform in Part IT for proving convergence results). Actually, the operator Ly,
defined in (1.106) is a Markovian generator associated to the tilted dynamics (also called driven
process)

dX, = by(Xy) dt + o dB;, (1.107)

where
Vee X, bg(z)=0b(z)+ DVloghi(z). (1.108)

The idea of the modified drift (1.108) is that the additional term pushes the dynamics towards the
regions where f is higher, hence reducing the variance.

A possible way to understand why the titled process (Xt)t>0 is in some sense optimal is to derive
the zero-variance estimator for the SCGF Af(k). For this, we denote by u = log hy, which solves (if Ay
is positive and smooth)
loTVul?

2
We next use the Girsanov theorem [262] to rewrite the exponential expectation in the definition of
the free energy, which leads to

Lu+ +kf = M(k). (1.109)

E {ek I f(Xs)ds} —E [ekfg F(X)ds—3 [o 107 Vul*(Xs) ds— [y Vu(??s)a()?s)st} . (1.110)

On the other hand, It6’s formula applied to u leads to
du(X,) = (Lu(X) + (DVu) - Vu(Xy))dt + Vu(X,) - o(X) dBy,

so that

,%/O \gVu|2(X'S)dsf/O VU(XS)~J(X5)st:/O EU(Xs)dS+%/O |oVul*(X,) ds+u(Xo)—u(X,).

13Similar ideas are made precise in Chapter 6 for the small temperature problem presented in Section 1.1.3. We
however postpone the discussion on this aspect to this chapter for conciseness.



62 CHAPTER 1. INTRODUCTION

Plugging the above formula into (1.110) and using (1.109) shows that

E [ek I f(XS)ds} - |:efot([lu+w;z+kf)()~(s)ds+u()~(g)u(Xt):| — MR |:eu()~(0)7u()~(t):| .

In the situation where the state space X is bounded, this shows that, for any ¢ > 0,
1 ¢ 1
n logE [efo kf(XS)ds} = Af(k)+0O <t> .

We thus obtain an asymptotically zero-variance estimator from the tilted dynamics (1.107) and the
Girsanov formula (1.110). This motivates introducing the tilted generator (1.106).

It is actually possible to obtain more information from the tilted process (1.107), as shown by
manipulating the eigenproblem with appropriate changes of variable [98, 149]. For instance, (1.109)
is a Hamilton—Jacobi equation with quadratic cost [352, 231]. This formally allows to derive the
following representation of the free energy:

t O'T U U 2
Af(k)ZSUP[ lim 1/0 (k;f(j(;i)_W;Xs”> ds

w | t—=Foo t ’

where the supremum runs over sufficiently smooth adapted controls u : X — R%, and ()N(i”)tgo is the
controlled process B B -
dX} =b(X})dt + DVu(X})dt + o dBy.

The optimal w is then given by (1.108) through u = log hy, so that Ay(k) is solution to the control
problem which consists in maximizing the fluctuation f under a quadratic cost constraint'* (and it
can be shown that the optimal control is in gradient form). Quite interestingly, the rate function
corresponds to the quadratic cost of the control [98], that is

Iy(ax) = lim o / Vlog hi(X,) - D~V log hy(X,) ds, (1.111)
—+o0o

where a;, = X (k). In other words, the rate function is the cost to make a certain fluctuation of f likely:

the larger the force needed to make f atypical, the rarer the event. We also mention that (1.111) can

be written as

ty(an) = tim o [ 1070080 b)) s

where [v]2, = v+ D~!v for v € R% This expression is very similar to that of the action functional
presented in Section 1.1.3 in the context of systems at low temperature.

Coming back to our numerical problem, we may wonder to what extent the alternative repre-
sentations provided by the optimal control framework are useful in practice compared to spectral or
genetic approaches. There is actually an important literature on stochastic and risk-sensitive con-
trol [353, 58, 28, 57, 30], and we exploit in Chapter 5 some of these works to design an adaptive
algorithm for estimating on the fly the optimal drift b; and the large deviations functions (note that
there is also an important literature on finite time control problems, see for instance [352, 231, 414, 232]
and references therein). We will discuss there the advantages and problems of this technique.

It is however important to emphasize that, for large (and possibly low temperature) systems, the
genetic and optimal control methods are both likely not to work, because of the important number
of clones needed in the first case, and the difficulty to estimate the optimal control in the second. A
good strategy seems to combine both methods: with an approximation of the optimal control, the rare
event becomes more likely and a genetic method can be implemented more efficiently, see [337, 339]
for recent accounts.

1.5 Contributions

After having presentated the topics covered in this thesis, we make precise its contributions following
the organization of the manuscript. Since precise results and bibliography are available later on, we
present the main results in an informal way and postpone more detailed discussions to each individual
chapter.

M This problem is well-known in finance under the name of risk-sensitive control [28, 57].
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1.5.1 Feynman—Kac dynamics and large deviations

Part II is devoted to theoretical results on Feynman—Kac dynamics and large deviations in time for
diffusion processes.

1.5.1.1 Long time behaviour of Feynman—Kac dynamics

As motivated in Section 1.3.1, the long time behaviour of Feynman-Kac models is closely related to
large deviations. These dynamics are also interesting on their own (for instance in quantum physics or
nonlinear filtering), and this motivates the study of Chapter 2. More precisely, for a Polish space X,
we study the following kind of dynamics on P(X): for v € P(X) and ¢ € B®(X),

v((Q7) )
v((QF)+1)
In the above formula, Q' is a transition kernel which is not probabilistic (i.e. Q7 (z,-) is a measure not
normalized to 1, so @Qf1 # 1). The ratio in (1.112) ensures that ®; maps P(X) onto P(X) but makes

the dynamics nonlinear. This abstract formulation encompasses many practical cases. For instance
if Q¥ = efQ where Q is the evolution operator of a Markov chain (x,)nen, (1.112) reads

VEEN, @O4v)(p) = (1.112)

E, [@(xn) eZiso f(m]
E, [eXi=s 1]

Pi(v)(p) =

)

which is a standard formula for Feynman-Kac dynamics [113].

The long time behaviour of the nonlinear dynamics (1.112) has been studied for quite some time
in the context of nounlinear filtering, see for instance [114]. However, to the best of our knowledge,
no result is available when the state space X is unbounded. Our main contribution is to prove
ergodicity for (1.112) under a Lyapunov condition [219]. More precisely, we assume that there exist
W : X — [1,400), positive sequences (Vn)nen, (bn)neny and an increasing sequence of compact
sets (K, )nen such that

VeeX, QW <~yW +b,1xk (1.113)

n?

with v, — 0 as n — +oo. As discussed in Section 1.1.2, this is a confinement condition (although
now stated for a discrete time dynamics). With a couple of additional assumptions (a minorization
ensuring mixing and some regularization property of the kernel), we prove in Theorem 2.7 the existence
of @ € (0,1) and a unique measure 4y such that, for any initial measure v € Py (X), there is C, > 0
for which

sup | 0x(v)(¢) — pr(p)| < Crat. (1.114)

lellpge <1

We also obtain in Theorem 2.8 that the largest eigenvalue A of the operator Q' over BX(X) is
well-defined, real, simple, and satisfies (assuming that Q@ = e/Q as above for simplicity):

1 -
log(A) = kgrfoo ElogEy [ezﬁ:o f(‘ri)} . (1.115)

This expression is reminiscent of the cumulant function presented in Section 1.3.1. Solving the spectral
problem associated with Q7 is actually the crux of the proof of (1.114). In fact, we use the Lyapunov
condition (1.113) together with a regularization property to prove compactness of Q/, and ensure that
the largest eigenvalue A is real, isolated, and such that

Q'h = Ah,

where h € Bjp(X) is a properly normalized eigenvector. From this eigenproblem, we can introduce
the h-transformed kernel operator

Qn=A"R"tQ7(h-).
It then sufficies to note that @ induces a Markovian dynamics which can be studied for instance
with [219], and that the non linear semigroup (1.112) can be written as the ratio of two linear semi-

groups as
v k(p—1
o)) = G2
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to obtain the desired convergence.

In order to make more precise the connection with large deviations, we mention that the above
results also apply in the continuous time context. In other words, we obtain similar results for the
continuous time dynamics defined by

E, [«p(Xt) els F(X0) ds}
E, [efg F(X0) ds]

@,(v)(p) = (1.116)

where (X¢):>0 is solution to (1.1). In this case the Lyapunov condition (1.113) can be written: for
all a > 0 there exists C;, € R such that

(L+ /)W < —aW + C,. (1.117)

This condition should be natural, since this is a stronger version of the Lyapunov condition (1.25)
where the generator of the diffusion £ is replaced by the Feynman—Kac operator £ + f. Under this
condition (plus regularity and irreducibility), we can prove the continuous analogues of (1.114)-(1.115).

1.5.1.2 Large deviations for empirical measures of diffusions in fine topologies

As a sequel to the study of the long time behaviour of Feynman—Kacs dynamics, Chapter 3 turns to
a large deviations problem for the empirical measure of diffusions. The question is to know, given a
diffusion (X;);>o over X C RY, for which functions f the empirical mean

L(h =g [ 1o as

satisfies a large deviations principle (see Section 1.3.1 for definitions). In other words, we ask for the
finest topology for a LDP to hold for the empirical average

1 t
L= f/ Jx. ds. (1.118)
tJo

In Section 1.3.1, we have presented results for a bounded state space X', but the problem is difficult
when X is unbounded. We know from the works of Varadhan that a LDP holds for the weak topology
under Lyapunov and Feller conditions [416]. However, to the best of our knowledge, satisfactory results
are lacking for a topology associated to unbounded functions f (although [427, 275] bring interesting
elements). Such results however exist for independent variables, as shown in Section 1.2.2.

The first contribution of Chapter 3 is to identify a class of unbounded functions f to consider the
LDP over. This class can be read off the estimates used to prove the convergence of Feynman—Kac
dynamics. Indeed, the Lyapunov condition (1.117) can be written, since W > 1,

LW
< A + Cq
for a > 0 arbitrary large. This identifies the class of appropriate functions f as those that are “strictly
dominated” by (i.e. that grow strictly slower at infinity than)

LW

v =
w

This condition makes sense provided ¥ diverges to infinity (which is a Lyapunov condition for the
dynamics (X;);>0 with generator £, as explained in Section 1.1.2). By adapting the proofs of Chap-
ter 2 and under appropriate regularity and irreducibility conditions on the dynamics, we show in
Lemma 3.32 that

1 ., )
A(f) = Jim - logE, [ejo F(X2)d }

is well-defined for f in the identified class of functions. By the Gartner—Ellis theorem presented in
Section 1.2.2, we obtain in Theorem 3.10 a LDP for a precise topology associated to unbounded
functions, which is a new result. By this we mean that the following scaling holds: for any I' C P(X)

]P(Lt e I‘) = eftinf,,EF ](V),
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in a topology associated with ¥, where I : P(X) — [0, +00] is a rate function given by an appropriate
modification of (1.79). Interestingly, as mentioned in Section 1.1.2, ¥ can be related to a Witten
Laplacian for reversible dynamics — it thus draws a link with spectral gap conditions and Poincaré
inequalities [20].

The second contribution of Chapter 3 is to describe more precisely the structure of the rate
function I, which is important for theoretical and computational purposes. First, we revisit the
standard Donsker—Varadhan formula presented in Section 1.3.1 by showing in Proposition 3.13 that

Vv e P(X), I(V):sup{—/ %dv, uED+}, (1.119)
X

where DT is an appropriate domain defined in Section 3.3.

Maybe more importantly, we harvest [49] to understand better how irreversibility affects the rate
function (and hence convergence to stationarity [363]). For this, we notice that the generator £
associated to (1.1) can be decomposed as £ = Lg + L5 where Lg and L are respectively symmetric
and antisymmetric in L?(u), with g the invariant measure of the dynamics (X;);>0. We then prove

in Theorem 3.16 that, for any v < u,
2
1 d
<1l ()

I (v) dp

i (1.120)

H1w)

where | - [1(,) and | - |;-1(,) refer to Sobolev seminorms defined in Section 3.2.1. The proof of
this result is interesting since it uses a variant of the Witten transform inside (1.119), which we call
variational Witten transform. Although the decomposition (1.120) looks quite abstract, we show in
Chapter 3 that it can be used to obtain interesting information on the fluctuations of irreversible
dynamics, in particular the underdamped Langevin dynamics presented in Section 1.1.

1.5.2 Numerical analysis and algorithms

Part III treats two complementary problems: the numerical analysis of quantities introduced in Part 11
when continuous dynamics are discretized with a finite time step, and the design of efficient numerical
algorithms for estimating large deviations functions.

1.5.2.1 Error estimates on ergodic properties of Feynman—Kac semigroups

In Chapter 4, we consider the numerical discretization of the time continuous Feynman—Kac dynam-
ics (1.116). We place ourselves in a setting where X is bounded, hence we can easily prove the existence
of an invariant measure s such that!®

t—o0

Vv eP(X), Ve o), & (v)(p) — XSOde-

In order to perform numerical computations, we want to discretize in time the dynamics and obtain
error estimates on its ergodic properties such as the average above. As should be clear from the presen-
tation of Section 1.4, it is first natural to discretize the diffusion (X;);>¢ into a Markov chain (z,,)nen
approximating the dynamics. An intuitive procedure to discretize (1.116) is for instance to consider
the dynamics

E, [so(a:n) D Ditiry f(m]
E, [eAt 22:01 f(I7):|

L, (V)(9) =

This is indeed a discrete time Feynman-Kac dynamics of the form (1.112) with Qit = 2 Quy
(where Qa; is the evolution operator of the Markov chain (z,)nen defined in (1.92)). The long time
behaviour of <I>£t_n can be studied for example with the tools of Chapter 2, so we can prove the
existence of an invariant measure fif.A¢ such that

n—-+o0o

Vv eP(X), VoelCoX), L, () —— deuf,m-

15In Chapter 4 we write <I>{ rather than ®; to emphasize the dependance on the weight function f.
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The core of the chapter is then to make precise the difference between py and pif Ay

Our strategy is to adapt the works of Talay and Tubaro [400, 398] briefly presented in Section 1.4.
This is however a difficult task because the dynamics is nonlinear (and hence its invariant measure
satisfies a nonlinear equation, as proved in Chapter 2). A key element of the analysis is a fine
understanding of the spectral problem associated to the Feynman—Kac evolution operator. We actually
build an approximate spectral problem through a hierachical decomposition in Poisson equations in
the spirit of [110].

We then prove in Theorem 4.16 the existence of an integer p > 1 and a function v solution to a
Poisson equation (depending on the numerical scheme at hand and the quadrature rule for the integral
in (1.116)) such that, for all ¢ € C*(X),

/ @ dpg A =/ @ dpuy +Atp/ Py dpg + O(APHY). (1.121)
X X X

This provides a generalization of the results known for the error on the invariant measure presented in
Section 1.4 for this nonlinear dynamics. Moreover, we have seen at various places the importance of
the principal eigenvalue A of the operator £+ f (which is also the cumulant function, see Section 1.3.1).
We obtain in Theorem 4.21 the following error estimate for an estimator Aa; of this quantity: there
exists p’ > 0 such that

1 ’ ’
Aar = 4 log [/ QL1 dW,At] = A+ CAt" +O(A" 1), (1.122)
X

where Qﬁt is the evolution operator of the discretized dynamics with weight function f. Typically
it holds p’ > p because of Proposition 4.23, but we cannot state a general result. For concreteness,
one can think of QfAt = 2t Qa, where Qa, is the evolution operator of the discretization of (Xt)e>o0-
In this case QfAtIl = e®tf_ In other words, (1.122) shows that the cumulant function is computed
from the average weight along the discrete Feynman-Kac dynamics. This is a standard numerical
procedure for which our results provide a precise error analysis.

1.5.2.2 Adaptive sampling of large deviations functions

Chapter 5 is concerned with the numerical estimation of the large deviations functions introduced in
Section 1.3.1. More precisely, we focus on the cumulant function defined by

VkeR, Ap(k)= lim %logE[ekfotf(Xs)ds], (1.123)

t—+oo

and on the rate function, which may be defined through

Va€eR, I(a)=sup{ka—As(k)}. (1.124)
keR
We recall that (X;)¢>0 is solution to (1.1). We have discussed in Section 1.4.2 that naive estimators
of (1.123)-(1.124) show a large variance, but that this effect can be mitigated by replacing b by the
modified drift
by = b+ DV log hy,

where (L4 kf)hr, = A(k)hy. However, the eigenvector hy, is typically difficult to estimate in practice.
The goal of Chapter 5 is to propose an adaptive algorithm to estimate hj along a single realization of
the dynamics, together with A(k), A'(k) and I(A'(k)). Let us mention that, in Chapter 5, we do not
only consider the empirical average L:(f) but also empirical currents, which is useful when considering
irreversible dynamics.

Our strategy builds on previous works of Borkar and collaborators [58, 5, 28], which we adapt
to our situation and enhance with estimators arising from recent works in nonequilibrium statistical
physics [97, 98]. The idea is quite simple, and relies on the multiplicative structure of the Feynman-Kac
evolution operator. As we have seen above, for k € R, the evolution operator is typically approximated
by, for any test function ¢,'6

Vee X, Qo) =@ E, [p(zny)], (1.125)

16Tn Chapter 5 we use the notation QZ , instead of QkAft to alleviate notation. This should not be mistaken with the
iterates (Qa¢)*.
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where (2, )nen is a numerical discretization of (X;);>o. From the spectral structure of the dynamics
(Chapter 2) and the numerical analysis of Chapter 4, we expect that, for any test function ¢,
k \n ~ nA(k)
(QA¢)"v(z) netoo Cohi(z) e )
for some constant C,, > 0, up to errors vanishing when the time step At goes to 0. Therefore, we
approximate the eigenvector hy by many applications of the evolution operator (this is nothing else
than the power method for matrices). However, the expectation in (1.125) cannot be computed exactly

during a simulation. To address this issue, a simple idea is to use a stochastic approximation, which
builds on the fact that

E, [W(anrl)] ~ ‘P(anrl)

where x4 is drawn with respect to Qa¢(z,-). We thus obtain a practical implementation of the
power method for this stochastic dynamics.

The last ingredient is to use at each step the current estimate at time n of the eigenvector hj to
bias on the fly the dynamics. The variance of the estimator is thus reduced as the dynamics evolves,
which is crucial for the algorithm to be efficient. We illustrate the algorithm on one dimensional
reversible and irreversible dynamics. This demonstrates that the method can be efficient by running
only one trajectory (compared to the genetic algorithm presented in Section 1.4.2, which requires
many replicas of a system).

1.5.2.3 Approximate controls for low temperature problems

Chapter 6 proposes a variance reduction technique for the slightly different problem of low temperature
systems. Our goal is to compute efficiently the quantity

A =E, [e%f(X;)} : (1.126)

where (X7 ):>0 is solution to
dX; =b(X;)dt + Veo(X;) dBy,

and € > 0 is a small temperature parameter. As explained in Section 1.1.3, a naive estimator based
on drawing independent trajectories has a very large variance, because the expectation (1.126) is
dominated by a few rare trajectories taking very large values.

However, the modified dynamics

dX: = b(X7)dt + D(X{)Vge(t, X7) dt + /2o (XF) dBy, (1.127)

where!” )
ge(t,x) = elog Ey [e%f@@} : (1.128)

leads to a zero variance estimator. This can be seen by a computation very similar to that performed
in Section 1.4.2, see Proposition 6.2. However, from a practical point of view, this strategy is not so
useful because computing the optimal control (1.128) is harder than computing (1.126).

The idea of Chapter 6 is to use the instanton theory presented in Section 1.1.3 to build an amenable
approximation of g., still useful in practical situations. In particular, we construct offline an approxi-
mate control, which can then be plugged in (1.127). This is an important improvement over previous
works such as [414], since we do not need to estimate (1.128) at each time and position.

The first level of our approximation is the following choice for approximating the optimal control g.
(see Section 1.1.3 for the definition of the instanton):

gt x) =0 - (z — ¢r). (1.129)

In this case Vg(t,x) = 64, so the drift is position independent. Intuitively, §; is a momentum pushing
the process along the instanton. We show formally that the resulting modified dynamics provides a
finite variance estimator in the small temperature regime.

We next build a higher order control by setting

g(t,z) =0 (x — ) + %(x_gbt)'Kt(x_th)y (1.130)

17By E¢,» we mean that the dynamics is started at time ¢ from position x.
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where (K{)iecjo,7] is a time dependent matrix. However, contrarily to the control (1.129), there is no
natural expression for K;. We show in Section 6.3.2 that, in order to reduce the variance, K; should
solve the following Riccati equation:
0K+ (VO)TK, + K, Vb + (V*0)"0, + K/ DK, =0,
Kp = V?f(¢r).

Interestingly, we formally prove in Proposition 6.3 that our construction (1.130) is actually the Taylor
expansion of the optimal drift (1.128) around the reaction path (¢);cjo0,7) as € — 0. We believe that
proving rigorously this result is an interesting mathematical challenge. We illustrate the efficiency

of the method for reducing the variance of (1.126) on low dimensional reversible and irreversible
dynamics.

1.5.3 Coulomb gases and random matrices

The subject of Part IV somehow differs from the two previous parts, since it is concerned with static
singular gas models arising in random matrix theory (as discussed in Section 1.1.4). We however draw
a connection with the dynamical systems studied before, which are used as numerical tools to sample
from the electrostatic Gibbs measure. This actually led us to studying Coulomb gases conditioned
on satisfying an equality or inequality constraint, possibly with interesting applications to random
matrix models.

1.5.3.1 Sampling Coulomb gases with Hamiltonian Monte Carlo

We have discussed in Sections 1.1.4 and 1.3.3 the model of a random gas Xy = (Xn1,..., XN N)
distributed according to the following Gibbs measure over (R%)V:

Py (dz) = Zyte PN (3 T V@)t gz Sigy K@imes) gy (1.131)

In particular we have seen that, under appropriate growth conditions on the confinement potential V'
and regularity of the interaction kernel K, the empirical measure

1 N

concentrates under Py on a minimizer p, of the electrostatic energy £ defined by

E:pePRY — V(z)p(dx) + // K(x — y)u(dx)u(dy). (1.132)
R4 R4 x R4

Even though the minimizer u, can often be proved to satisfy an integral equation, it is typically difficult
to numerically estimate because the support of this measure is unknown. The goal of Chapter 7 is to
design a method to compute numerically the distribution of py for N finite but (hopefully) large.

When a random matrix model is available and identifies the random variable Xy distributed
according to (1.131) with the spectrum of a random matrix, it is obviously quite efficient to draw
random matrices to sample their spectrum. However, for many physical applications, such a model
is not available [387], while the behaviour of ux as N becomes large is still of interest. Chapter 7
builds on the simple idea that (1.131) is a Gibbs measure, which can be sampled for instance with the
overdamped or underdamped Langevin dynamics presented in Section 1.1.1. Although the numerical
integration is typically made difficult by the singularity of the interaction kernel K, this problem
can be addressed efficiently with a Hamiltonian Monte Carlo algorithm [142, 153, 60]. We apply the
method to various models, from which we can recover well-known distributions and explore more
original conjectures. Interestingly, our work [82] has already been used in [76] to numerically observe
theoretical results, and it motivated the analysis performed in [316], see Remark 7.2.

1.5.3.2 Coulomb gases under constraint

Chapter 8 is a natural sequel of the previous chapter. Our motivation lies in the unlikely fluctuations
of the spectrum of random matrices. Consider for instance a random matrix M of size N distributed
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according to the Ginibre Ensemble described in Section 1.1.4. In this case, denoting by (Xy;)~ ; the
eigenvalues of M, the trace of the matrix

N
Tr(M)=> Xy
i=1

has expectation zero. However, fluctuations may translate the trace of the spectrum by some amount,
and our first aim was to numerically study this phenomenon. This can be motivated by applications,
for instance in finance [65, 66|, where the fluctuations of the spectrum of Wishart matrices can be
important. Building on the analogy explained above, a certain class of random matrix models can be
associated with a singular gas distributed according to (1.131). We therefore consider the measure Py
defined in (1.131) and our goal is to sample from the empirical distribution associated with the random
variable

Yy ~ Law (Xy | En(Xn) <0), (1.133)

where £y : (R?)N — R is a constraint function. In order to simplify the analysis, we assume that K = g
is the Coulomb kernel (see the definitions in Section 1.1.4). We however believe that other singular
interactions are suitable for our analysis provided the empirical measure p satisfies a large deviations
principle under Py .

In Chapter 7 we used a Hamiltonian Monte Carlo (HMC) algorithm to sample from the empirical
distribution associated with Xp. Interestingly, in the computational physics literature, there has
been a great interest in constrained versions of the HMC algorithm, in particular in the context of
free energy computations [106, 302, 430]. Our first contribution is to use such an algorithm [303] to
sample from the empirical measure

1 N
v > Y, (1.134)
i=1

where Yy is defined in (1.133). As a first case, we consider the Ginibre Ensemble with a trace
constraint, i.e. d = 2 and

N
Vo e (RN, en(z)=c— %Zmi -, (1.135)
i=1

with v € R?, |v] = 1 and ¢ € R. We numerically observe that, in this situation, the uniform distribution
on the unit disk pu, is simply translated by a factor ¢ in the direction v. This surprising result motivates
a more precise theoretical analysis of the conditioning phenomenon.

Our analysis follows two steps. We first consider the very particular case of Gaussian ensembles
(when V = |-|? and g is a translation invariant kernel) under trace constraint. We prove in Theorem 8.1
that these Gaussian ensembles have a spectacular factorization property: under Pp, the barycenter
of the cloud of points is independent from the remainder of the distribution. As a result, the linear
conditioning (1.135) only modifies the center of the distribution, without further modifications.

In order to understand more general constraints than (1.135) we resort to the large deviations
machinery, in particular the Gibbs conditioning principle presented in Section 1.2.2. We first consider
the case of linear statistics constraints, namely

N
vre®YY, ey(z) = %Zmi), (1.136)

where ¢ : R? — R. The constraint (1.135) then corresponds to the special choice ¢(z) =c —x-v. In
order to understand the limiting behaviour of (1.134) with Yy defined by (1.133), we apply the Gibbs
conditioning principle (Proposition 1.13 above) with a subset of P(R?) of the form

B={vePR|v(p) <0}
We are thus naturally led to the following minimization problem
inf &,
B

where £ is defined for instance in (1.132). This turns out to be a tedious problem for two reasons:
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1. The space of probability measures is not a vector space, hence we cannot rely on standard
strategies for optimizing under constraint;

2. The electrostatic energy & is very singular. For instance the domain Dg = {v € P(R?) |E(v) <
400} has empty interior for any reasonable topology on P(R?)!

In the end, we can however show under reasonable conditions on V' and ¢ that Proposition 1.13 applies
when P(X) is endowed with the p-Wasserstein topology for p > 1, see Theorem 8.9. This shows that
the empirical measure (1.133) concentrates on the unique probability measure p? satisfying

{pf} = argmin €.
B

Moreover, we are able to characterize ¥ with an equation similar to (1.57) by showing that there
exists a > 0 such that!®
20 +V +ap =C,,

over the support of u?, and where C, = £(u¥), see Remark 8.13. This shows that conditioning with
a linear statistics amounts to modifying the confinement potential V' with the constraint function .
We next perform the same analysis for quadratic statistics of the form

N
Vee (RYN, én(z) = % > (@i — ),

Q=1
for which we refer to Theorem 8.16.

We finally come back to our simulation algorithm to numerically estimate the distribution of the
empirical measure (1.134) for some choices of V', g, and constraint function. When the solution is
explicit, our simulations confirm the theory. They also allow to estimate pu? when no analytical
solution is available.

8Here, o has the natural interpretation of a Lagrange multiplier for the linear constraint v € P(R?) — v(p) € R.
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Bibliographical comments

I provide in this short section some comments on the bibliography used to complete this work. My
aim is to highlight some papers and books that significantly contributed to my understanding of the
problems along the way. This bibliography is purely personal and does not aim at being comprehensive
by any mean.

Feynman—Kac dynamics and large deviations

Concerning the long time analysis of SDEs and Markov chains, the book chapter [362] contains a
lot of useful tools, including control arguments and spectral theory of evolution operators. The
paper [219] also provides a very nice proof of exponential ergodicity, while [304] is a great reference
for both Lyapunov function techniques and hypocoercivity techniques & la Villani. I also enjoyed
reading the course of M. Hairer [217] on ergodic theory. The references [324, 295] give interesting
insights in the particular case of the Langevin equation (in particular the influence of the friction
in the Langevin dynamics in [295]). Concerning ergodicity of Feynman-Kac dynamics, I liked [114]
and the proofs in [377], but I also found interesting elements of understanding in [301], including for
numerical applications. Although not directly related, the monograph [419] is a very good introduction
to optimal transport problems and Wasserstein distances, where I found several useful elements on
the topology associated with Wasserstein metrics. The classical books [361, 262] provided many useful
stochastic analysis tools, while [112] has an excellent chapter on problems over cones (in particular
about the Krein-Rutman theorem).

As far as large deviations are concerned, the book by A. Dembo and O. Zeitouni [119] has been
a great source of inspiration, both for the intuition built in Chapter 1 and the powerful results of
Chapter 4. T also found several technical elements in [124]. On the other hand, I am greatly indebted
towards the papers of Touchette, Chetrite and collaborators [406, 408, 97, 98, 25, 410, 411, 342] for all
their ideas and results, and their writing of rare quality. Concerning the particular problem of long
time large deviations in weighted topology, the main source of ideas is the paper of L. Wu [427], where
I found in particular the key martingale allowing for the spectral analysis developped in Chapter 3.
Other interesting technical elements were found in [275, 424]. Finally, [49, 363] provided interesting
insights on the influence of irreversibility on large deviations.

Numerical analysis and algorithms

For the numerical analysis of Chapter 4, I liked the very good presentation of [304]. The seminal
works of Talay and Tubaro also remain a very instructive reading [400, 398, 399]. The construction
of the adjusted invariant measure in [325] was very useful, and inspired the approximate eigenvector
technique developped in Chapter 4, Section 4.3. There are other nice references on the error on the
invariant measure of SDEs, see for instance [324, 295] and the other references in Chapter 4.

Concerning the algorithm designed in Chapter 5, I again refer to [98] for a nice background on the
optimal control technique used there, while the works of Borkar and collaborators, in particular [58, 28],
initiated most of our ideas. On the other hand, the important book [30] provides a clear analysis of
the stochastic approximation techniques used in this chapter.

For the small temperature problems of Chapter 6, the recent review [211] provides a good entry
point for the theory of instantons. Of course, the celebrated book of Freidlin and Wentzell [193] is a
great source for the theory of small temperature dynamical systems, while [352] is a good introduction
to stochastic control in general.

Coulomb gases

The study on random gases studied in Part IV was first motivated by an introductory course of
D. Chafai relating Coulomb and log-gases to random matrix problems. I then particularly enjoyed
reading [84] as well as the seminal paper by Ben Arous and Guionnet [29]. There are very nice
textbooks about singular gases and potential theory, such as [284, 380], which both helped me to
build intuition and to find precise proofs of important results. I then liked reading the book by
Tao [401] to discover other techniques of proofs for random matrices, but there are obviously other
good textbooks on the subject such as [327, 9, 188]. Moreover, we mention that the book [26] is a great
reference on abstract optimization, which helped me a lot for solving difficult constrained optimization
problems on convex (non-vector) spaces.
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Notational comments

Although the notation will be recalled in each chapter, I make here some general comments in order
the facilitate the reader’s task, starting with latin alphabet. In all the manuscript, X stands for the
state space of the system (in general a subset of R?, except in Chapter 2 where it denotes a Polish
space), while ) denotes the state in which a LDP takes place (which may vary quite a lot as seen
in Section 1.3). The letter X is used for random variables and stochastic processes, while = (and
small capital letters like y, z) typically denotes a point in X. The letter d stands for the dimension,
but is also used for infinitesimal elements (like dx for the Lebesgue measure on R?). We believe that
this does not lead to any confusion. We generally write d for some distance on a metric space (for
instance a Wasserstein distance). We denote by P(X) the set of probability measures on X, and
generally M(X) for the set of measures on X (but M is sometimes used to denote a submanifold).
The letter M may be a constant, or a local martingale when indexed by time as M;, just like .#;. The
letters W, # are always used for Lyapunov functions, £ is the generator of an SDE with drift b and
diffusion coefficient o (although o is used to denote the spectrum of an operator at a few places); D
denotes the domain of an operator £ (or D, to make the operator precise). Note that b sometimes
denotes a real number, like a or ¢, but the notation is in general kept for the drift of a diffusion.

Capital letters A and B generally denote sets or matrices, C' a positive constant, D the definite
diffusion matrix oo’ of an elliptic diffusion (we write S when it is symmetric but not necessarily
definite, like in Chapter 3). Note that we also use the letter D; to denote the domain of a functional [
in the sense of convex analysis (i.e. the set of points where the functional is finite), while we use
CY Gy, CF, 0>, C= to denote respectively the space of continuous, continuous bounded, k-times
differentiable with continuous derivatives, infinitely differentiable and infinitely differentiable with
compact support functions. In general E is an abstract Banach space, with norm || - ||g, and we use
the notation B(E) for the space of linear operators on E. However, note that B is also used to define
the space of bounded functions B*°(X) and its weighted variants. The capital letter L denotes an
empirical measure, except for the low temperature systems where it is sometimes used for the action
functional, and H denotes a Hamiltonian. Note that the letter L is also used for the Lebesgue L?(dx)
spaces, while H is used for standard Sobolev spaces such as H'(u) (while 5 is reserved for the
particular construction of Sobolev space in Chapter 3). The letters P and @ are generally used to
denote continuous time and discrete time evolution operators respectively, while K denotes a compact
set in Part II, a time dependent matrix in Chapter 6 and a kernel in Part IV.

Indices are generally indicated by i, j, k, ¢, m,n, while p, ¢ denote momenta and positions in the
Langevin equation (for instance in Chapter 3) or powers for the Wasserstein distance (in particular in
Part IV). Finally, f and g denote observable functions, while the notation h is reserved for a principal
eigenvector of an operator (associated with the largest eigenvalue). The letter T is used for both a
final time and matrix transposition (sometimes denoted by T), while s,¢ generally denote positive
times.

Concerning greek letters, ¢ and ¢ often denote test functions, but they also used for paths in X.
In general, we keep the notation ¢ for the solution to a PDE (generally a Poisson problem), while ® is
a (Feynman—Kac) semigroup, and U, k are Lyapunov potentials like in Chapter 3. We always use the
letter A (or A) for the principal eigenvalue (or cumulant function or free energy) of a Feynman-Kac
operator, while « denotes an arbitrary real or complex variable, 3 is generally an inverse temperature, v
a friction and §,e small real numbers. Probability measures are always denoted by v, u, m and 5
(although 7 may be a small constant at a few places). The notation II is used for projectors over a
subspace or submanifold. The capital letter I" usually refers to a subset of P(X).

Finally, we recall that we generally write - for a scalar product and : for a double contraction (i.e.
A : B = Tr(AT B) for two matrices A, B). The symbol ® is used for tensorization at a few places.
The standard norm on R? is written | - |, but this notation is also used for the Lebesgue measure of
sets with no ambiguity. The symbol A is the Laplacian operator, V is the gradient and V- is the
divergence operator.
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CHAPTER 2

LONG TIME ANALYSIS OF FEYNMAN-KAC DYNAMICS

The material for this chapter has been released in [181] and is currently under review.
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Abstract. Feynman—Kac semigroups appear in various areas of mathematics: non-linear filtering,
large deviations theory, spectral analysis of Schrodinger operators among others. Their long time
behavior provides important information, for example in terms of ground state energy of Schréodinger
operators, or scaled cumulant generating function in large deviations theory (see Section 1.3.1 in
the Introduction). In this chapter, we propose a simple and natural extension of the stability of
Markov chains for these non-linear evolutions. As other classical ergodicity results, it relies on two
assumptions: a Lyapunov condition that induces some compactness, and a minorization condition
ensuring some mixing. We show that these conditions are satisfied in a variety of situations. We
also use our technique to provide uniform in the time step convergence estimates for discretizations
of stochastic differential equations. As we will see in Chapter 3, the tools developped below are useful
to obtain interesting large deviations results.
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2.1 Motivation

Feynman-Kac semigroups have a long history in physics and mathematics. One of their traditional
applications as a probabilistic representation of Schrédinger semigroups [262] is the computation of
ground state energies through Diffusion Monte Carlo algorithms [213, 10, 77, 190]. It has then become
a significant tool in non-linear filtering and genealogical models [115, 117, 113]. We have also motivated
in the Introduction (Section 1.3.1) its relation with large deviations theory [133, 275, 202, 427] in the
context of empirical measures of diffusions. In all these contexts, the dynamics is evolved and its
paths are weighted depending on some cost function. This function is typically a potential energy, a
likelihood, or a function whose fluctuations are of interest.

As for Markov chains, the long time behavior of such dynamics is important, in particular to define
the cumulant function in the context of large deviations. However, the long-time analysis is made
difficult by the non-linear character of the evolution, so the methods used for the stability of Markov
chains [330, 219] cannot be straightforwardly adapted in this context. A series of papers [114, 116, 113]
rely on the powerful Dobrushin ergodic coefficient [127, 128]. Although this tool enables to deal
with the nonlinearity and to consider time-inhomogeneous processes, the conditions imposed on the
dynamics are not realistic for unbounded domains.

The purpose of this chapter is to propose a new scheme of proof for the ergodicity of Feynman—
Kac dynamics, suitable for cases where the state space is unbounded. It is based on the principal
eigenvalue problem associated to a weighted evolution operator. It then relies on studying a h-
transformed version of the dynamics [136] (also called Doob transform), where h is the eigenvector
associated to the eigenproblem. This turns the non-linear dynamics into a linear Markov evolution,
which can then be studied with standard techniques [330, 219]. However, the spectral properties of
the generator fall out of the typical regime of self-adjoint operators, since the dynamics is in general
non-reversible. A striking fact of our results is that, under Lyapunov and minorization conditions
similar to those of [219] stated for non-probabilistic kernels, we perform a non self-adjoint spectral
analysis that recasts the Feynman—Kac problem into the Markov chain framework studied in [219].

The works of Kontoyannis and Meyn [274, 275] provide elements of answer concerning the spectral
properties of the evolution operator, and rely on a nonlinear Lyapunov condition and a regularity
in terms of hitting times. If the latter Lyapunov condition is natural in terms of optimal stochastic
control [186], we propose instead proofs based on linear conditions. Our generalized linear Lyapunov
condition is inspired by [362], and comes together with a minorization condition and a local strong
Feller assumption. We will see that these conditions apply to a variety of situations, with natural
interpretations. From a broader perspective, it appears as a natural extension of previous works on the
stability of Markov chains [219] for evolution kernels that do not conserve probability. To that extent,
our work resonates with recent works on Quasi-Stationary Distributions (QSD) [205, 90, 89, 23].
However, our scope and assumptions being different, we leave the comparison for future studies. Let
us also mention that our framework applies for both discrete and continuous time processes. This is
interesting since one motivation for this work is to understand the behavior of time discretizations of
continuous Feynman—Kac dynamics, see Chapter 4 below.

Let us outline our main results in an informal way. The quantities we are interested in typically
correspond to Markov chains (zx)r>0 over a state space X, whose trajectories are weighted by a
measurable function f : X — R. The associated Feynman—Kac semigroups is of the form

E [@(wk) eXizo /(@) } To ~ l/}

Pr(v)(p) = - [ezi“;& o ‘ o V] ; (2.1)

where v is an initial probability distribution, and ¢ is a test function. We show that, for more general
semigroups and under some assumptions on (zx)r>o and f, there exists a measure py such that for
any initial probability measure v and any ¢ belonging to a particular class of test functions,

(V) (0) ——— ns(ep), (2.2)

k—+oco

at an exponential rate. As a corollary of this result, we show that the principal eigenvalue A of the
generator of the dynamics (®y),>1 can be obtained as the following limit, for any suitable functions f
and independently of the initial probability measure v, it holds

1 -1
log(A) = kEI—QI—loo % logE [er:o Fa) ‘ o ~ I/} ,
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which is the scaled cumulant generating function in large deviations theory [119, 275], as explained in
Section 1.3.1. Another natural situation corresponds to continuous semigroups of the form

E () ofd (X0 ds
E [efot f(Xs)ds

B,(v)(¢) = w0

: (2.3)

JfoNl/}

where (X;);>0 is typically a diffusion process. Note that we use the same notation for the discrete
and continuous processes and we believe there is no ambiguity here (but in Chapter 4 we explicitely
write ® a1, for discretizations of continuous Feynman-Kac dynamics). Similar results are then derived
for this continuous dynamics. We will see that ergodic properties such as (2.2) are proved under natural
extensions of Lyapunov and minorization conditions, which should be reminiscent of the corresponding
theory for Markov chains [219, 362], with additional regularity conditions. We emphasize again that
the convergence results obtained here are useful to obtain large deviations principle in the next chapter.

The chapter is organized as follows. In Section 2.2, we present our main results on the stability
of Feynman—Kac semigroups. Section 2.2.2 is devoted to discrete time results, while Section 2.2.3 is
concerned with the continuous time case. Section 2.3 presents a number of natural applications of
the method. In particular, Section 2.3.3 provides uniform in the time step convergence estimates.
Section 2.4 discusses some links with related works and possible further directions.

2.2 Results
2.2.1 Framework

In this section, we present our main convergence results for generalizations of the dynamics (2.1). The
state space X is assumed to be a Polish space, and for a measurable set A C X', we denote by A€
its complement, and 1 4 its indicator function. For a Banach space E, we denote by B(FE) the space
of bounded linear operators over E, with associated norm |73y = sup {||Tu| g, |ul|z < 1}. The
Banach space of continuous functions is called C°(X), and the Banach space of measurable functions ¢
such that

[¢llpe = sup [p(z)| < 400
zeX

is referred to as B> (X). Given a measure v over X with finite mass, we use the notation v(p) =
Sy ¢(x)v(dx) for ¢ € B>(X). The spaces of positive measures and probability measures over X
are denoted respectively by M(X) and P(X). When we consider Markov chains (zx)gen over X,
we write £, for the expectation over all the realizations of the Markov chain with initial condition
distributed according to the probability measure v. Section 2.5.1 is devoted to reminders on the
ergodicity of Markov chains extracted from [219], while Section 2.5.2 recalls some useful definitions
and theorems used in the proofs of the results of this section.

We consider general kernel operators Qf over X, i.e. such that for any z € X, Qf(x,-) is a
positive measure with finite mass (i.e. Q1(x) < +00), and for any measurable set A C X, Qf(-, A) is
a measurable function. Such a kernel is referred to as Markov (also probabilistic or conserving) when
Q7’1 = 1. The notation Q7 instead of @ emphasizes that in general Q/1 # 1 depends on a measurable
function f : X — R. For ¢ € B>®(X), we denote by Qfp = fX 0(y)Q' (-, dy) the action of @ on
test functions, and by vQ/ = [, v(dz)Q/(x,) its action on finite measures v. We call Feynman-Kac
semigroups the dynamics (®y)r>1 defined as follows:

Fyk
Vk>1, VveP(X), VeeB>®X), @ﬂu)(@)W. (2.4)
Note that &, = P o...o P, where @ is the one step evolution operator & : P(X) — P(X):
f
Vv e P(X), Vee BEX), B¢ = m, (25)

which is well-defined as soon as v(Q/1) > 0 for any v € P(X). Lemma 2.4 below proves that (2.5) is
indeed well-defined under the assumptions presented in Section 2.2.2.

Although @/ is not probabilistic, the normalizing factor in (2.5) ensures that ® evolves a positive
measure of finite mass into a probability measure. An important motivation for studying the general
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dynamics (2.5) is that (2.1) can be written in the form (2.4) with @/ = e/ Q, where Q is the transition
operator of the Markov chain (zj)ren. In this typical setting, @71 = e/. Even when Q/ is not defined
in this way (see for instance the continuous time situation (2.30) considered in Section 2.2.3), we keep
the notation to emphasize that Q7 typically corresponds to a Markov dynamics whose trajectories are
weighted by a function f.

2.2.2 Results in discrete time

We now introduce the assumptions ensuring the well-posedness and ergodicity of the semigroup (2.4),
which should be reminiscent of the ones used in [219, 362| for showing the ergodicity of Markov chains.
We start with discrete systems, before considering the continuous couterpart in Section 2.2.3. The
first step of the proof is the existence of a principal eigenvector h for Q, as shown in Lemma 2.5. This
eigenvector is used in Lemma 2.6 to study a h-transformed version of Qf, which leads to our main
result, Theorem 2.7. Note that, in practice, we have in mind the situation X = R? for d € N*, but
discrete spaces like X = Z? can also be considered, in which case the framework may be simplified.
The first assumption is that a generalized Lyapunov condition holds. We will see in Section 2.3
that it is satisfied for a large class of processes. In all this section, we consider an increasing sequence
of compact sets (K,,)n>1 such that, for any compact K C X, there exists m > 1 for which K C K,,.

Assumption 2.1 (Lyapunov condition). There exist a function W : X — [1,400) bounded on
compact sets, and positive sequences (Yn)n>1, (bn)n>1 with v, — 0 as n — 400 such that, for
alln>1,

QIW < vW + bylg, . (2.6)

Let us mention that, in many situations, the function W has compact level sets, so that a natural
choice of compact sets is K,, = {z € X|W(x) < n}. When a Lyapunov function W exists, it is
natural [219] to consider the following functional space

By (X) = {cp measurable, < —i—oo}, (2.7)

v

W llgee

as well as the space of measures integrating W, namely
Pw(X)={vePX) | v(W) < +oo }.

In particular, Assumption 2.1 implies that @7 is a bounded operator on By (X), since one easily
shows that
Vn 21, ”QfHB(B%) <o+ b

We next assume that the following minorization condition holds.

Assumption 2.2 (Minorization and irreducibility). For anyn > 1, there exist n, € P(X) and o, > 0
such that

zienlgn Q' (x,-) = anmn(). (2.8)

In addition, for any ng > 1 and any ¢ € By (X) with ¢ >0,
M(p) =0,Yn>=ny = (Q7p)(z) =0,V € X. (2.9)

Note that (2.9) expresses some form of irreducibility with respect to the minorizing measures. It
can be reformulated in the following way: for any ng > 1 and any = € X, Qf(x,-) is absolutely
continuous with respect to the measure

> 27"

n=no

The typical situation for X = R? is to choose 1,(dxr) = 1k, (v)dx/|K,|, where |K,| denotes the
Lebesgue measure of K,,. We also mention that, although we will consider the previous minorization
measures 7}, in our examples in Section 2.3, the first part of Assumption 2.2 can be obtained using
irreducibility together with a strong Feller property, see [216], or through the Stroock—Varadhan
support theorem [395] with some regularity property, see the discussion in [362]. In our context, we
also need some local regularity for the operator Q.

Assumption 2.3 (Local regularity). The operator Qf is strong Feller on the compact sets K,,, i.e.
for any n > 1 and any measurable function ¢ bounded on K,, Qf(go]lKn) is continuous over K,.
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From these assumptions we first state the following preliminary lemma, whose proof can be found
in Section 2.5.3.

Lemma 2.4. Let Qf satisfy Assumptions 2.1 and 2.2. Then, for any v € Py (X), one has
0 < v(Q1) < +o0. (2.10)

Moreover, for any n > 1, it holds 1 < n,(W) < 400, and there exist infinitely many indices n > 1
such that
17 (K7) > 0. (2.11)

The lower bound in (2.10) implies in particular that the dynamics (2.4) is well-defined. The
inequality (2.11) means that, for infinitely many minorization conditions, some mass of the minorizing
measure remains in the associated compact set. It is used in the proof of Lemma 2.5 to show that Qf
has a positive spectral radius. Since (2.11) is satisfied for infinitely many indices, we could consider
that it holds for any n > 0, upon extracting a subsequence and, in the situations considered in
Section 2.3, we can actually check that 7, (K,) > 0 for all n > 1.

We are now in position to state some spectral properties of the operator Qf, which are a key
ingredient for our analysis. Let us recall that the spectral radius of Q/ on B (X), denoted by
A = A(Q7), is given by the Gelfand formula [345]:

A= lim [[(QN)F[|f e ) (2.12)

k——+oo

and that the essential spectral radius of Qf, denoted by ©(Q7), reads (see Section 2.5.2):

1
JANRT . ik _ *
o) = kgrfoo (mf{H(Q ) T’|B<B€$), T compact})
Lemma 2.5. Under Assumptions 2.1, 2.2 and 2.3, the operator Qf considered on B (X) satisfies
0(QF) = 0, admits its spectral radius A > 0 as a largest eigenvalue (in modulus), and has an associated
eigenfunction h € By (X), normalized so that ||h|pee = 1, and which satisfies

Vee X, 0<h(z)<+oo. (2.13)

In particular, 0 < n,(h) < +oo for alln > 1.

We prove Lemma 2.5 in Section 2.5.4 by using arguments inspired by [362, Theorem 8.9] to show
that the essential spectral radius of Qf is zero, and then relying on the spectral theory of positive
operators [112]. Some useful elements of operator theory are reminded in Section 2.5.2 for the reader’s
convenience. Note that the eigenspace associated to A is a priori not of dimension one. Our result is
close to those obtained in [275], and the control of the essential spectral radius under Lyapunov and
topological irreducibility conditions has already been studied in [428, 214]. However, our proof uses
different techniques based on different assumptions.

Once such a principal eigenvector h is available, the geometric ergodicity of the Feynman—Kac
dynamics (2.4) is derived from the one of a h-transformed kernel, as made clear in the proof of
Theorem 2.7 below. This is the purpose of the next lemma whose proof is postponed to Section 2.5.5.

Lemma 2.6. Suppose that Assumptions 2.1, 2.2 and 2.8 hold, and consider an eigenvector h asso-
ciated with A as given by Lemma 2.5. Since h > 0 we can define the corresponding h-transformed
operator Qy, as

Qné = A~ h71Q7 (ho). (2.14)
Then Qy, is a Markov operator with Lyapunov function Wh=1 : X — [1,4+00). Moreover, there exist
a unique pp, € P(X), which satisfies pn,(Wh™1) < +00, and constants ¢ > 0, & € (0,1) such that, for
any ¢ € By, 1 (X) and any k > 1,

Q¢ = (@)l pee. _, < ca®llé = un(@)lzg; (2.15)

wh—1"

Although this is not obvious at first glance, the operator @)y, is in fact independent of the choice
of h in Lemma 2.5, and so is the invariant measure uj. Actually, Lemma 2.6 allows to show that the
eigenspace associated with h has geometric dimension one, i.e. Ker(Qf - AId) = Span{h}. Indeed,
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if h € Bg3(X) is another eigenvector associated with A (which may not be of constant sign), it holds,
since h(x) > 0 for all x € X by (2.13):

S| S

Qn <h> =AhQTh = - € By, (X).

h
E— E
h_Mh h ]

hence h is proportional to h. It may be possible to directly obtain this uniqueness result from
stronger Krein-Rutman theorems, like [112, Theorem 19.3], using the irreducibility condition (2.9)
in Assumption 2.2. Under our assumptions, it is also possible to show that there cannot be another
positive eigenvector (see Chapter 3, in particular the proof of Lemma 3.32).

We are now in position to state our main theorem.

From (2.15), we obtain

Theorem 2.7. Consider a kernel operator Qf satisfying Assumptions 2.1, 2.2 and 2.3 and the asso-
ciated dynamics (2.4) with one step evolution operator ® : P(X) — P(X). Then ® admits a unique
fized point py € P(X), that is a probability measure such that

(uf) = py, (2.16)

and this measure satisfies (W) < +oo. Moreover, there exists & € (0,1) such that, for any v €
Pw (X), there is C, > 0 for which

Ve e BR(X), Vkx1, |9.0)(9) - ns(0)| < Catllgl g (2.17)

We call py the invariant measure of @/, in analogy with Markov chains. However, in the situation
of the non linear dynamics described by the evolution operator ®, the invariant measure satisfies the
non linear stationary equation (2.16). This remark is central for the numerical analysis performed in
Chapter 4. Note that Theorem 2.7 also implies the convergence of ®5(v) towards ps in the weighted
total variation distance [219]) defined, for p,v € P(X) with u(W) < 400, v(W) < +00, by

pwlpv) =  sup /X () (1 — v)(dx). (2.18)

lellpge <1
We now present the proof of Theorem 2.7.

Proof. The key idea of the proof is to reformulate the dynamics (2.4) using the h-transformed operator
Qn = A"'h™1Q'h of Lemma 2.6. Using the notation of Lemmas 2.5 and 2.6, we rewrite (2.4) as

peiy = @A V(ORI )y (hQu)tn o)
T (@ )AE T v(n(a=thm1Qrm) hor) v (@A)

The dynamics (2.4) is therefore reformulated as the ratio of long time expectations of the Markov
chains induced by Q},, applied to the functions h~'¢ and h~!. It is then possible to resort to the
convergence results given by Lemma 2.6.

We first construct a probability measure p; for which (2.17) is satisfied, namely

_ i (he)

() = S (1) (2.19)

where pj, is the probability measure introduced in Lemma 2.6. Note that py is well-defined for
¢ € Bip(X). Indeed, for p € Bjp(X), it holds h~'¢ € By, 1 (X). Second, we show that

pn(h™1) > 0. (2.20)

Indeed, since ||k||pse = 1, it holds h~! > W', and since W is upper bounded on any compact
set, W~! is lower bounded by a positive constant on any compact set. As u; € P(X), we can use
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Lemma 2.31 in Section 2.5.2 to conclude that py(h™!) > 0. Moreover, pus does not depend on the
choice of normalization for h. Finally, p (W) < +oo since uh(thl) < +o0.

From Lemma 2.6, for any ¢ € B(X), it holds QF(h~1p) = un(h™1p) + ar and Q¥(h™1) =
pon (1) +0p, with [lagll g, < ca¥|h™ o—pn(h 0)lBoe _, and billp _, < ca¥llh™ = pn(h™)||Bz, -
Since ¢ € By (X), we have in particular (using also ||h]|pse = 1), ' '

[ = o) g < Il n B DRI < (14 mn(WhT)lelng < +oo.
Since i (Wh™1) < 400, we can set ¢ = 1+ up(Wh™1), so that
okl < ca¥llellag- (2.21)

A similar estimate holds for the sequence (by)r>1 by taking ¢ = 1. This leads to, for any ¢ € Bjp(X),
v (M(@Qn)* (') 1p(e)| =
v(h(Qn)*h~1)

v(h)n (") + v(hay)
v(hyun () + v(hby)

where we used the definition (2.19) and introduced

|k (V) (@) — pr(e)| =

W( pred 0,

wr (@) + cnpv(hag)
1+ C;LVV(hbk)

! (2.22)
Chy=——. .
" (R (hT)
It holds 0 < ¢p,,, < 400 because:
e Lemma 2.5 shows that for any v € Py (X), it holds 0 < v(h) < +o0;
e we know that p;,(h™!) < 400 from Lemma 2.6;
o un(h~1) > 0 by (2.20).
Now, since |by| < kuHB;erh*I and (2.21) holds for by with ¢ =1, we have
14+ cpv(hby) =1 —cp v (hlbg]) 21— ch7,,V(W)||bk||B;o;h71 >1-— @kc'ch,l,u(W).
Therefore, the choice
. log (2¢/cp (W)
log(a)
ensures that 1
1+ cpv(hby) > ok
As a result, for k large enough, using |ax| < ||ak||3;’ _, Wh~" and recalling (2.21),
chw (v(hla]) + g (o)) (h|be]) k
o - <L < Cl¢l B a®, 2.23
[ 0)(9) 115 () R ol (2.23)
with
2 - v(W)
Cy =2ch,, VW) (1 + pg(W)) = —— (L 4+ pn(Wh™")) (1 + pp(W : 2.24
h, ( )( :uf( )) ,Uh(h_l)( :U’h( ))( luf( )) l/(h) ( )

We therefore obtain (2.17) from (2.23) with the constant C,, defined in (2.24). Note that C,, depends
on the initial measure v only through the ratio v(W)/v(h) > Hh||§évo

Taking the supremum over ¢ € Byp(X) such that [[¢||pe < 1, (2.23) rewrites, with (2.18):

147% ((I)k(’/)7 ,u'f) < Cua_lk~

Choosing v = ®(us) and using the semigroup property we obtain

w (@@ (1)), p17) < Cpuy s
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Taking the limit k¥ — 400 shows that ®(uy) = py, so py is a fixed point of .

We have shown the existence of an invariant measure of the form (2.19), which is a fixed point of ®
and integrates W. We now turn to uniqueness, which follows by a standard fixed point argument.
Assume that we have two probability measures v1 and vy in Py (X) satisfying (2.17), which are
therefore fixed points of ®. Then, there exists & € (0,1) such that, for any measure v € P(X) with
v(W) < 400, there is a constant C,, for which

Vk>1, pW(q)k(y),yl) <O ak.

Choosing v = v, and using the invariance by ® leads to

pw (va,11) < Cp, 0.

Taking the limit k¥ — 400 shows that 11 = 15, so the invariant measure is unique. O

Theorem 2.7 also leads to alternative representations of the spectral radius A as a scaled cumulant
generating function [275] and as the average rate of creation of probability of the dynamics. This is
the purpose of the following result.

Theorem 2.8. Let Q/ be as in Theorem 2.7 and define X = log(A). Then, for any v € Py (X),

A= kgrfoo %log (V[(Qf)kll]). (2.25)
Moreover,
A=pp(Q'1). (2.26)

Proof. Considering the operator @), introduced in Lemma 2.6, we have for any v € Py (X),
v[(Q7)F1] = v(A*RQFRTY).

Taking the logarithm and dividing by k leads to
1 1 _
z log v[(Q7)*1] = log(A) + % log v (hQER™1).

Lemma 2.6 shows that V(thﬁhfl) converges to c,jly, where 0 < ¢p,, < +00 is defined in (2.22).
Taking the limit k — 400 then leads to (3.25).
In order to prove (2.26), we use that iy is a fixed point of ®, i.e. for any ¢ € By (X),

(@)
() = 0/ (O

Taking ¢ = h € B3 (X) and using Q/h = Ah we obtain

_ _n(AR)
w0 = @iy

so that A = us(Q71), as claimed. O

Although stated in an abstract setting, Theorem 2.8 has a natural interpretation. If Qf = efQ
where @ is the evolution operator of a Markov chain (zj)ren with z¢ ~ v, then (3.25) rewrites

A= lim 1 log E, {ezf;ol f(fi)} ,
k—+oo k

which is a standard formula for the scaled cumulant generating function, as discussed in Section 1.3.1
(we will use this type of representation formula in Chapter 3). We remind that E, stands for the
expectation with respect to all trajectories with initial condition distributed according to v. On the
other hand, (2.26) means that this SCGF can be expressed as the average rate of creation of probability
of the process under the invariant measure. In particular, if @/ = @Q is the evolution operator of a
Markov chain, A = 1 since there is no creation of probability. Formula (2.26) does not seem typical in
the large deviations literature, but we use it in Chapter 4 to quantify the bias arising from discretizing
a continuous Feynman—Kac dynamics.
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Remark 2.9. [t should be clear from the proofs that Assumptions 1 to 8 can be adapted or re-
laxed depending on the context. In particular, we typically consider situations in which the state
space X is (a subset of) R, and the transition kernel Q' has a tramsition density pf(x,y) > 0
jointly continuous in x,y. In this case, Assumptions 2.2 and 2.8 are immediately fulfilled by setting
nn(dz) = 1k, (z)dz/|K,| for each compact K, as we will see in Section 2.2.3. We will however use
yet a slightly different setting in Chapter 3 more natural for continuous time processes. In this setting,
the assumptions will appear more clearly as conditions on the coefficients of the diffusion.

Similarly, the assumption that W > 1 can be weakened into: W is lower bounded by a positive
constant on each compact set.

Another remark of interest is that the regularity condition (Assumption 2.3) is not satisfied by
Metropolis type kernels [369], which are therefore not covered by our analysis. In Chapter 4, we show
a different proof based on [11]] which does not require regularization, but is limited to bounded state
space.

Let us mention that, in Assumption 2.1, it seems sufficient to suppose that v, < A for somen > 1
in order to obtain that ©(QF) < A(Q7) in the proof of Lemma 2.5. This is sufficient to use the Krein—
Rutman theorem, and to obtain a Lyapunov condition for Qp (see Remark 2.34 in Section 2.5.5).

It is also possible to keep track of the constants in the proofs of Lemma 2.6 and Theorem 2.7, like
in [219], and observe that they depend on the assumptions through the coefficients vn, by, an, the
measures 1, and the function W. More precisely, the constants deteriorate when vy, o, and n,(h)
become small, and by, and supy, W get large. Therefore, although the term n,(h) cannot be controlled
more explicitly under our assumptions, it seems possible to optimize the final constants in Lemma 2.6
(and thus in Theorem 2.7) with respect to the choice of n.

2.2.3 Results in continuous time

Our analysis carries over to time continuous processes, in particular diffusions. In this case, it is
possible to rephrase Assumption 2.1 in terms of the associated infinitesimal generator. Note that we
do not consider the most realistic setting here and we use more general assumptions in Chapter 3. In
order to avoid the technical difficulty of dealing with an infinite dimensional process, we consider a
diffusion (X;)¢>0 over X = R? for some integer d > 1, satisfying the SDE

where b : X — R4, 0 : X — RY™ and (By);>0 is an m-dimensional Brownian motion (for some
integer m > 1). The associated infinitesimal generator is given by

T d d
EESR LA C N i 1 Ty
L=bV+——:V _;blaxi+2;1(aa )ij O, O, - (2.28)

We also consider a measurable function f : X — R and the corresponding continuous Feynman—Kac
semigroup that reads, for all ¢ > 0 and all initial distribution v € P(X),

E, {@(Xt) elo f(Xs)ds:|
E, [efot F(Xa) ds}

@,(v)(p) = (2.29)

We use the same notation for the continuous and discrete semigroups since we believe this does not
lead to any confusion at this stage (we mention again that in Section 2.3.3 and Chapter 4 below we
write more explicitely ®a;,, for discretizations of Feynman-Kac dynamics with time step At).

In this setting, we define the operator

(P/¢)(z) =E, [QD(Xt) elo f(Xg)ds:| ’

so that (2.29) is the natural continuous counterpart of (2.4) where, for a fixed time ¢ > 0, we formally
have .
Qf = P/ = ¢l&tD, (2.30)

As a result, (®;);>0 satisfies a semigroup property like the discrete time evolution through (2.5). In
this case, we can show that the generator of the weighted evolution operator Ptf is £+ f by the
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Feynman—Kac formula [361, Chapter VIII, Proposition 3.10]. As for the discrete semigroup (2.4), we
are interested in the long time behavior of quantities such as (2.29). When b = 0 and o = v/2 Iy, decay
estimates of (2.29) in L?(X) towards a well-defined limit can be obtained by considering the spectral
properties of the Schrodinger type operator —A — f, as in [377]. When ¢ = /214 and b = —VU is
the gradient of a potential energy, the operator £ + f is self-adjoint in L?(e~Y) (see for instance [21]),
and the unitary transform ¢ — gpe_% leads to an analysis similar to the Schrodinger case. More
precisely, £ + f is unitarily equivalent to

1 1
A— Z\VU\? + 5AU + f,

which can be studied by the theory of symmetric operators [235]. In both cases, the operator £+ f is
self-adjoint on a suitable Hilbert space, so that the Rayleigh formula can be used. It is also possible
to study the spectral properties of Ptf when b # —VU and X is bounded through the Krein—Rutman
theorem (see for instance Proposition 4.1 in Chapter 4 below). To the best of our knowledge, the case
b # —VU in an unbounded space X remains open in general.

Our analysis provides a practical criterion to study the long time behavior of (2.29) through the
Lyapunov function techniques developed in Section 2.2. The continuous counterpart of Assumption 2.1
can be stated in the following simple form.

Assumption 2.10. Let (X;)i>0 be the dynamics (2.27) with generator (2.28). There exists a C*(X)
function W : X — [1,400) going to infinity at infinity such that
(L+ )W

- +00. 2.31

In addition, there exist a C*(X) function W : X — [1,+00) and a constant ¢ > 0 such that

_ V(=) L+ NV .
e(x) = W) mo, e (2.32)

Condition (2.31) can be checked by direct computations, as shown on some examples in Sec-
tion 2.3.2. Finding a function # such that (2.32) holds is generally just a formality, since we build
Lyapunov functions in an exponential form. More precisely, we consider in general W (x) = e?V(®) with
a > 0 for some function U : X — R going to infinity at infinity, and # (z) = U@ for 0 < d < a.
Moreover, we mention that if a dynamics is given and possesses a Lyapunov function W such that

then the assumption (2.31) shows that the allowed weight function f should be dominated by ¥. This
is the central idea to obtain large deviations principles in weighted topologies in Chapter 3.

In the proof of Theorem 2.12, (2.31)-(2.32) are used to control P/ thanks to a Grénwall lemma.
It is also important to remark that, in the case f = 0, we are exactly back to typical conditions for
the ergodicity of SDEs and compactness of the evolution operator Py, see [362, Theorem 8.9]. As in
Section 2.2.2, some regularity of the transition kernel is required. A natural condition in the context
of diffusions reads as follows [362, Section 7].

Assumption 2.11. The functions f and o are continuous and, for anyt > 0, the transition kernel Ptf

has a continuous density p{ with respect to the Lebesque measure, that is

Va,y € X, P/(z,dy) = p](z,y)dy.

Moreover, it holds
Vr,y€ X, pf(:c,y) > 0.

This assumption is natural for diffusion processes and, as shown in the proof of Theorem 2.12,
it implies Assumptions 2.2 and 2.3 in Section 2.2.2. It holds true in particular for elliptic diffusions
with regular coefficients and additive noise (b € C*°(X) and ¢ = I4). For degenerate diffusions,
possibly with multiplicative noise, this result can be obtained through hypoelliptic conditions and
controllability. We will extensively come back on these problems in Chapter 3 and refer for now
to [395, 362, 427] for more details.

We now state the continuous version of Theorem 2.7.
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Theorem 2.12. Consider the dynamics (2.29) induced by the SDE (2.27) and suppose that Assump-
tions 2.10 and 2.11 hold. Then, there exist a unique invariant measure uy and k > 0 such that, for
any initial measure v € Py (X)) there is C, > 0 for which

Vo € Bip(X), Vt>0, [®(v)(®)—pr(e)| < Coe™™[lolg. (2.33)
Moreover, the invariant measure satisfies pup(W) < +o0.

Proof. The idea of the proof is to show that, for any ¢ > 0, the evolution operator
(Ptf<p) (z) =E, [@(Xt) elo f(XS)ds}

satisfies the assumptions of Theorem 2.7.

Step 1: Minorization and regularity. We first show that, by Assumption 2.11 and for any
t >0, Ptf satisfies Assumptions 2.2 and 2.3. A first remark is that, since Ptf is assumed to have a
continuous density with respect to the Lebesgue measure, Assumption 2.3 immediately holds.

It is enough to prove the minorization condition (Assumption 2.2) for measurable subsets of X' =
R?. Consider the compact sets K, = B(0,n), i.e. the balls centered at 0 with radius n > 1. For a
measurable set A C R? and n > 1, we have, for all 2 € K,,,

P = [ dendyz [ ez (it dep)AnKl (230
A A z,ye K,

NK,
where we denote by |A| the Lebesgue measure of A C R?. As a result, (2.8) holds for all n > 1 with

_JANK,|

_ . f
nn(A) = an = IKn\( Helg(npt (%y)) > 0.

‘Kn| 7 .Y
Finally, let us check that (2.9) is satisfied. Take ¢ € By (X) with ¢ > 0 such that

1
o) = [ e@dr=0

for any n > ng for an arbitrary ng > 1. Since for any compact set K C X there exists m > 1 such
that K C K,,, this implies that ¢ = 0 almost everywhere, so Qf¢ = 0 everywhere since Q7 has a
continuous density with respect to the Lebesgue measure. Therefore, Assumption 2.2 is satisfied.

Step 2: Lyapunov condition. Let us now show that Assumption 2.1 holds for Ptf with t > 0
fixed. First, Assumption 2.10 is equivalent to the existence of positive sequences (ay,)nen, (bn)nen
such that (recall that W is bounded on compact sets)

with a,, = +00 as n — +00. We then compute, for any t > 0 and n € N,

d
= (e“ntptf W) = e P/ (a,W + (L + f)W) < bpe® P/ 1. (2.36)

We can now bound the right hand side of the latter expression using (2.32). Since # > 1,
(P/1)(z) = E, {efotﬂxs)ﬂ <E, [V/(Xt)efotf(xs)ds} . (2.37)
From the second condition in (2.32), (2.37) becomes
(P1)(z) < ' K, [W(Xt)e‘ I %<Xs>ds} .

Inspired by a similar calculation in [427], we see that the right hand side of the above equation is a
supermartingale. Indeed, introducing

Mt = W(Xt> e fof %(Xs)ds7

It6 formula shows that o
dM, = e~ Jo 7 X)ds gy T (X))o (X,) dBy,
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so that M; is a local martingale since ¢ is continuous (see [262, Proposition 2.24]). Since M; is
nonnegative, it is a supermartingale by Fatou’s lemma. As a result, E,[M;] < My = #(x). The
inequality (2.37) then becomes

(P/1)(z) < B, [My] < W ().
Coming back to (2.36), we obtain

% (eantptf W) < bpelan oty

Integrating in time shows that

(S PIW — W) (@) < b (),
a, +c
As a result
PIW(z) <7 W () + cn ¥ (), (2.38)
with b ot
R

At this stage, (2.6) holds with the indicator function replaced by the function #. However, using the
first condition in (2.32), we can find a compact set K, such that ¢,e(z) < 7, outside K,,. Using this
set and # = cW, (2.38) becomes

P/W () <F.W () + eallic, (@) # (x) + coe(a)W ()1 ke (2)

<29, W (x) + ¢p (sup ”‘//) 1k, (z).

n

Setting v, = 27, and b, = ¢, supyx #', we see that

with 7, — 0 as n — +oo. This means that Ptf satisfies Assumption 2.1, and hence fullfils all the
assumptions of Theorem 2.7.

Step 3: using Theorem 2.7. We now use that Ptf satisfies the assumptions of Theorem 2.7 to
conclude the proof. Fix tg > 0. There exist a unique measure pf 4, and a constant sy, > 0 such that,
for any v € Pw (X), it holds (with the constant C,, > 0 defined in (2.24))

V((Ptf)k()o> _k
Ve e By(X), Yk>1, —— = = ppio ()| < Cpe” o ||| pes.
v((P])*1) w

We next show that (2.33) can be obtained for any ¢ > 0 (and not only multiples of #5) and that the
invariant measure (s ¢, actually does not depend on ¢y. This follows by a standard time decomposition
argument [304, 239]. Indeed, for any t > 0, we set t = kto+r with r € [0,¢y), and we use the semigroup
property to obtain

I VA AL0)
i) = Baey <V(an)> SAATS
where we defined v, as ( f )
~v(Ply
vile) = v(PI1)

We then only need to control the familly of initial distributions (v;),cjo,4,)- Step 1 in the proof shows
that v(P/1) > 0 (using (2.34)). Then, in view of (2.39), the evolution operator P/ maps B{S(X)
to Byp(X) for any r > 0, so v.(W) < 400 and thus v, defines an admissible initial condition in
Theorem 2.7. This leads to:

Vo e Bp(X), Vi>0, |®(v)(p)—pri(e)| < ( sup )%) e "% ||| pee, (2.40)
re|0,to
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where the constant C,,_ is given in (2.24). In view of (2.24), it remains to bound

sup v (W) sup v(PIW)
r€[0,t0) 1/7-(ht0) r€[0,to) Z/(nyhto)?

(2.41)

where hy, is the principal eigenvector associated to PtJ; with eigenvalue A, (using Lemma 2.5). The
numerator in the latter expression is easily bounded uniformly in r using (2.39). Standard semigroup
analysis shows that hy,, = h does not depend on ¢y and Ay, = e for some a € R. Therefore, for
any r € [0,t9), P/hy, = e"®h, and the denominator in (2.41) is bounded away from 0 independently
on r.

We finally prove that the invariant measure jir;, does not depend on t;. Following the same
procedure for another time ¢; > 0 shows that (2.40) holds with an invariant measure ps4,. Then, for
any ¢ € Bip(X), v € Py (X) and t > 0 we have

1500 (0) = g0, (0)] < @) (9) = g0 ()] + [ @ () (9) = gt (9)]

< ( sup Cur> e—mﬁH@HB; + < sup CVT> e—mﬁll@HBw-

r€[0,to) ref0,t1)

Taking the limit £ — +o00 on the right hand side shows that jif s, = jif ¢, , so the invariant measure is
independent of the arbitrary time ty. This concludes the proof of Theorem 2.12. O

We close this section by mentioning that, under the assumptions of Theorem 2.12, it is also possible
to define the logarithmic spectral radius of the dynamics as in Theorem 2.8, which reads in this case

1 t

A= lim -logE, [ejo f(XS)dS},
t—+oo t

for any initial measure v € Py (X). We do not reproduce the proof of this result which is similar to

that of Theorem 2.8 and will be detailed in Chapter 3 (see in particular Lemma 3.32).

2.3 Applications

Since our study was first motivated by practical situations, we provide in this section a number of finite
dimensional examples where our framework provides simple criteria for proving convergence of the
Feynman—-Kac semigroup towards an invariant measure. Sections 2.3.1 and 2.3.2 are concerned with
discrete and continuous time applications respectively. Section 2.3.3 presents a convergence result for
numerical discretizations of (2.29) (with some anticipation on Chapter 4), where convergence rates
are uniform in the time step.

2.3.1 Examples in discrete time

In this section, we provide two typical examples of Markov chains for which our results apply. First
of all, let us consider the Diffusion Monte Carlo case where f = —V and V stands for a Schrodinger
potential.

Proposition 2.13. Consider a weighted evolution operator QV = e~V Q in X = R? with Gaussian
(w—y)?
increments Q(z,dy) = (2mo?) " %e” 27 dy, and where V is a continuous function. Then, if Viz) —

+o00 when |xr| — 4+oo, W(x) = 1 is a Lyapunov function for QV in the sense of Assumption 2.1.
Moreover, if there exist constants a > 0 and ¢ € R such that

V(z) > alz|]® — ¢, (2.42)

then W(x) = A% s a Lyapunov function for

a 2
0 — 1+—-1].
<ﬁ<2<\/ +a02 )

Finally, Assumptions 2.2 and 2.3 hold true, so that Theorem 2.7 applies for these choices of Lyapunov
function.
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The interpretation of this result is the following. In the Diffusion Monte Carlo setting, the con-
finement cannot be provided by the dynamics, since it is a Gaussian random walk over R?. However,
the external potential V' gives a small weight to the trajectories going to infinity, which makes the
dynamics stable. If more information is available on the growth of V| we obtain better integrability
results for the invariant measure pj, through Lyapunov functions growing faster at infinity.

Proof. Let us first check that W = 1 is a Lyapunov function when V' goes to infinity at infinity. Note
that, for any compact set K C R?,

(QV1)(z) = e V@ = Ape(@) eV g (x)e” V@),
Taking an increasing sequence of compact sets K, (in the sense of inclusion) and setting 7, =
supge eV, b, = SUpg, e~V < 400, we obtain

QY1 <yl + b1k

n?

which proves the first assertion since v, — 0 as n — +o0. ,
Let us now assume that (2.42) holds. Setting W (x) = e**", under the condition

1
< —, 2.43
f< 5 (2.43)
an easy computation shows that

2
e1-2802 x

(1—2802)%

We remark that W is not a Lyapunov function for @ since 1 — 280% < 1. However, setting Cy =
da
(1-2B02%)"%,

QW (x) =

v B 2 2 8 2 5.2 o2, 28202 2
QYW (z) = Cye O T257 ™ 0y e TR AT W(z) = Che " T2 W (),

with C; = Cye®. One can then check that the choice

0<5<;<‘/1+a32_1> (2.44)

26202
1—2802

a 2 1
il I R | -
2< +a02 ><202’

the condition (2.43) is automatically satisfied when f is chosen according to (2.44). Next, when j3
satisfies (2.44), the function

leads to

—a+ < 0.

Note that, since

2
2
7T

2
2 B“o
ax”+ 1-280

e(x)=e
goes to zero at infinity. Therefore, taking increasing compact sets K,, (such as balls of increasing
radii),
(QVW)(x) = Lig (v)e(x)W () + L, (2)e(2)W (2) < 7 W (2) + balk, (),
with v, = supg. e = 0 as n — 400 and b, = supg, eW < 4oco. Hence W is a Lyapunov function
for QY for this choice of 3, i.e. Assumption 2.1 is satisfied.

Assumption 2.3 is easily seen to hold. It therefore suffices to prove the minorization condition
(Assumption 2.2). Take a compact set K with non zero Lebesgue measure, and let us first show that
the condition of Assumption 2.2 holds for Q. It is enough to prove the condition for the indicator
function of any borel set A C X. Denoting by Dg = sup{|z — y|,x € K, y € K} the diameter of K,
we compute for any x € K

_ (=2

(z—y)*> (z—y)?
(QLa)(z) = Q(z, A) :/ef 207 dy?/ e 27 dy > inf e 2t dy
A ANK €K J AnK

2
Dk

D¥
>e_272/ dy > e 227 |AN K|,
ANK
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where we denote again by |A| the Lebesgue measure of A C R%. This motivates defining

_ Dk ANK

Note also that, since | K| € (0, +00), nx is a probability measure. Finally, since V' is continuous,
Vo e K, Qv(xv ) > aVﬂK(')a

with ay = ax e 5P« YV > 0. Choosing for instance K,, = B(0,n) the centered balls of radius n, we
see that (2.9) holds using arguments similar to the ones used for the proof of Theorem 2.12, hence QY
satisfies Assumption 2.2. O

We now provide an example where the dynamics @ admits a Lyapunov function W in the sense
of the condition (2.58) recalled in Section 2.5.1, and this function is also a Lyapunov function for Qf
when f does not grow too fast.

Proposition 2.14. Consider the dynamics corresponding to a discrete Ornstein—Uhlenbeck process
in R, namely
Trt1 = prk + oG,

where p € (—1,1), 0 € R and (Gy)r>1 is a familly of independent standard d-dimensional Gaussian
random variables. Define the operator Qf = efQ with f a continous function such that there exist
constants a >0, ¢ 20, 0 < p < 2 for which f(x) < alz|P + c.

Then, the Feynman-Kac dynamics associated to Q/ satisfies the assumptions of Theorem 2.7 with
Lyapunov function W(zx) = B2 when

1—p?

202

The interpretation of this result is quite different from the interpretation of Proposition 2.13.
Here, the confinement is provided by the dynamics itself, and the weight f has to be controlled by the
Lyapunov function of the dynamics. In that case it is important to find a «strong enough» Lyapunov
function in order for this control to be possible. Quite typically, if f is unbounded, W (x) = 22 is a
Lyapunov function for @, but not for Q7. On the other hand, if f is bounded above, the result is
straightforward.

0<pB<

Proof. We set W(z) = ef7* and first compute
QW(Q;) =K [W(-Tk+1> ‘xk = x] =E¢ [eﬂ\pw-‘roGP} _ eﬁpQ;cZE [65(20P$G+02G2):| .

For 8 < 1/(20?), an easy computation similar to that of Proposition 2.13 leads to

2
QW (a) = — et
(1-260%)
Define now
02
0g = ——.
1— 2802

Then 5 € (0,1) and 1 — 280% > 0 when

This leads to
1

T T <
_ o2)2

< T T @) = W),

S @QW (z) =

with e(x) — 0 as |z| — +00. Therefore, by considering againg K, = B(0,n), we see that
(QTW)(x) = Lk (2)e(@)W (2) + 1k, (2)e(@)W () < W (2) + 1k, (2)bn,

where 7, = supg. € — 0 as n — +00, and b, = supy, €W < +oc. This shows that Assumption 2.1
is satisfied. Assumptions 2.2 and 2.3 follow by arguments similar to those used in the proof of
Proposition 2.13. O
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The latter examples do not intend to form a complete overview of the possible practical cases.
However, they seem characteristic of two typical situations: one where the confinement arises from
the dynamics, and another where it comes from the potential V' = — f. These two strategies correspond
respectively to a large deviations context [275] and a diffusion Monte Carlo context [221]. Interestingly,
they are both encoded in the condition (2.6).

2.3.2 Applications to diffusion processes

We now provide some examples where the conditions of Section 2.2.3 are met. Our main concern is
the Lyapunov condition, Assumption 2.10, so we assume f and the coefficients of the SDE (2.27) to
be regular enough for Assumption 2.11 to be satisfied (the issue of regularity will be treated at length
in Chapter 3). Let us start with a reversible diffusion.

Proposition 2.15. Consider a diffusion process (Xi)i>o over R? satisfying (2.27) with o = /214,
and assume that the drift is given by b = —VU, where U : X — R is a smooth potential such that
U(x) = 400 as |z| = +o00. Assume moreover that U satisfies

o VU(@)P
lim ——~ = +00, 2.45
and there exists 1/2 < § < 1 such that
lim (= B(1 = B)|VU + BAU + f) = —oc. (2.46)
|| =400

Then Assumption 2.10 holds for the Lyapunov function W (x) = ePU),

Proof. The proof follows from simple computations. Indeed, it holds
LW = —BVU - (VU)W + 8V - [(VU)W] = —B|VU*W + BWAU + B2|VU|*W,

so that
(L+ )W = (= B(1—B)|VU|* + BAU + f)W, (2.47)

hence (2.31) in Assumption 2.10 is satisfied. The conditions in (2.32) are obtained by setting
7/(1‘) _ eé’U(ac)7

for some 6 € (1/2,0). It is clear that # /W goes to zero at infinity, so the first condition in (2.32)
holds true. The key remark is then to note that for our choice of 8, 5, we have

B(1—pB)<0o(1-0).
Therefore, (2.45) and (2.46) show that there exist ¢,¢’ > 0 such that

F<B(=B)|VU]? - BAU +c < 0(1 —0)|VU|]? — AU + ¢ = —% +c.

This proves that the second condition in (2.32) holds, which concludes the proof. O

Let us mention that the conditions in Proposition 2.15 are similar to conditions appearing in
works on Poincaré inequalities (see [20] and references therein), and corresponds to the case where the
confinement comes from the potential U, f being a perturbation that should not go too fast to +oo
with respect to U. We will again comment on this point in Chapter 3.

Remark 2.16. Proposition 2.15 is also related to confinement conditions for Schriodinger operators.
Indeed, using the parameters of Proposition 2.15, the dynamics is reversible with respect to the mea-
sure e=Y and, as noted in Section 2.2.3, it is possible to turn the diffusion operator L into a Schrédinger
operator using the unitary transform:

_U ., U
L—e 2Lez

Using this transformation, L+ f is unitarily equivalent [304] to the following Schrédinger operator:

1 1
A - i\VU\Q +5AU + f.
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We then notice that the confinement condition for this Schrodinger operator is precisely (2.46) for
the limit value § = 1/2. This shows that our Lyapunov condition (2.31) is a natural extension
of this condition for non-reversible dynamics. As a side product, it shows that a slightly modified
confinement condition for a Schrodinger operator does not only provide convergence in L?-norm, but
also in a weighted uniform norm, which does not seem to be a standard result.

In the non-reversible setting one cannot hope for a Schrédinger representation, and the Lyapunov
function framework shows its usefulness. Let us present such an application, drawn from [160], where
the drift provides polynomial confinement at infinity.

Proposition 2.17. Let (X;)i>o satisfy the SDE (2.27) with o = /2 1q and a drift b such that there
erist g > 1,9 >0, R> 0 for which

Viz| 2 R, bz)- -z < -0z (2.48)

Assume also that f is smooth and satisfies f(x) < a|z|P for |x| = R and some p < 2q — 2. Then,
Assumption 2.10 holds for the Lyapunov function

W(z) = 1" with 0<p< ) (2.49)
q

Proof. Setting W (z) = e 121” "a simple computation shows that

LW (x) = Bab(w) - o|a]"*W (z) + BqV - (]z|""*W ()
= Bab(x) - z[2|"*W (2) + Badl|z|T*W (z) + Balq — 2)|z|" W (z) + 2¢*|2[*17*W (2),

(2.50)
0
LW q—2 q—2 2 2 2q—2
7 (@) = Bab(z) - x|z|*"" + Balq + d = 2)[e]*™% + ¢ |27
Using (2.48) and the bound on f leads to, for || > R,
LW 2¢—2 q—2 p
S (@) + f(2) < =Ba(6 = Ba) |27 + Balq + d = 2)[«[*" + ala[”. (2.51)

Since p < 2¢ — 2, (2.31) is readily satisfied when 0 < 5 < §/q.
We end the proof by showing that (2.32) holds. Similarly to the proof of Proposition 2.15, we
consider

W (z) =" with 0<60<p,

which satisfies the first condition in (2.32). Repeating the calculations leading to (2.51), since § < §/q
and p < 2g — 2, we obtain the existence of a constant ¢ > 0 such that

LY
— (@) + f(2) < =09(0 = 0)|x[**"* + Og(q — 1)|z[*" + al2” < e,
so the second condition in (2.32) holds true, and Assumption 2.10 is satisfied. O

2.3.3 Convergence results uniform with respect to the time step

When one considers continuous semigroups as in Section 2.2.3, it is natural in practical applications
to discretize (2.29) for example with

E, [w(g;k) IND vy f(m}

E, {eAt DL f(xn}

Park(V)(p) = , (2.52)

where (zy)ren is a discretization of the SDE (2.27) with time step At > 0, i.e. zy is an approxi-
mation of Xya;. The framework developped in the present chapter covers this situation, as shown
by the examples provided in Section 2.3.1 (we recall that the issue of discretization of Feynman-Kac
semigroups on a bounded state space is treated in detail in Chapter 4).

Another interesting consequence of our analysis is that we are able to obtain convergence estimates
uniform in the time step At, in the sense that the decay rate on fact depends on kAt, the physical
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time of the system, with a prefactor independent of At. It has been the purpose of several works
to develop such uniform in At estimates for long time convergence, in particular in the context
of Metropolized discretizations of overdamped Langevin dynamics [61, 177], discretization of the
Langevin dynamics [304, 295], and other discretizations of SDEs [110, 276, 277]. Our goal is to show
that similar results can be obtained for Feynman—Kac semigroups, and we slightly anticipate the
results of Chapter 4 (we therefore suggest to skip this section at first reading). For the remainder of
this section, we assume that
X =T

is the d-dimensional torus, the function o in (2.27) is constant, and we denote by [a] the upper
integer part of a for a € R. Considering an unbounded state space X is also possible but, as noted in
Chapter 4, this leads to serious technical difficulties — we therefore postpone this case to future works.

We consider here a simplified version of the framework extensively developed in Chapter 4,
Section 4.3. We say that a kernel operator Qfm defines a consistent discretization of the semi-
group (2.29) if it satisfies Assumption 2.3 and there exist At* > 0, C > 0, p € N, and an operator
Rat: C®(X) — C*(X) (which encodes remainder terms) such that, for any ¢ € C>(X),

Qh,o = o+ AL + [ + APRasep,

where, for all At € (0, At*],
[Ratpllpe < C sup [[07¢| B>,
meN?
|m|<p

using the notation 0™ = 97"t ...9]' for m = (my,...,mq) € N? with |m| = my + ...+ mg. The
dynamics (2.29) is then approximated by the discrete semigroup

v (@A)
v At

The latter definition encompasses many numerical schemes, as presented in Chapter 4 together
with the subsequent numerical analysis. In order to obtain uniform in the time step estimates, we
now assume a uniform minorization and boundedness condition of the following form.

Assumption 2.18. Fiz a time T > 0. There exist At™ > 0, n € P(X) and a € (0,1) such that, for
any At € (0, At*], the operator QfAt is strong Feller and for any ¢ € B> (X) with ¢ > 0,

Vee X, an(e) < <(QfAt) = w) (z) < én(tp)- (2.54)

The lower bound in (2.54) corresponds to a minorization condition with respect to a physical
time T' > 0, see [304, Section 3]. The upper bound is a standard ingredient for studying Feynman—
Kac semigroups, see for instance [114, 113] and the proof of Theorem 4.9 presented in Section 4.2.2
below.

Remark 2.19. Although Assumption 2.18 holds in many situations when X is compact, the re-
quirement that the upper bound in (2.54) holds may not seem natural in view of the results of Sec-
tion 2.2.2. Indeed, our framework shows that this upper bound is not necessary to prove the ergodicity
of Feynman—Kac semigroups, as opposed to previous works [114, 116, 115, 182]. A careful look at
the proof of Theorem 2.21 shows that this upper bound is only used to show the uniform boundedness
of hat in (2.56). However, controlling hay as At — 0 does not seem to be an easy task in general.
We therefore stick to this assumption here.

Before stating our uniform in At convergence result, we need the following estimate deduced from
Lemma 4.19 in Chapter 4, whose proof can be found in Section 2.5.6.

Lemma 2.20. Consider the process (Xi)i>o solution to (2.27) with o = I3, b € C®(X), and a
function f € C(X). Then the operator L+ [ admits a real isolated largest (in modulus) eigenvalue A
with eigenvector h € C*°(X) and associated eigenspace of dimension one, which satisfies

(L+ f)h=Ah, and P/h=¢“h, Vt>0.
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If QfAt is a consistent discretization of (2.29) satisfying Assumption 2.18, then for any At > 0, the

operator Q£t has a largest (in modulus) eigenvalue Aay € R, which is non-degenerate. The associated
etgenvector hat, such that

Qﬁthm = Aatha,

is normalized as n(hat) = 1. Finally, there exist At™ > 0, C > 0, € > 0 such that for all At € (0, At*],
there is car € R for which
App = eANFATear (2.55)
with |cat| < C and
Vee X, VAte (0,At"], e<ha(z) et (2.56)

This result means that the evolution operator associated with a consistent discretization has a
principal eigenvalue approximating the principal eigenvalue of the continuous dynamics, and that its
associated principal eigenvector remains uniformly bounded from below and above if At is sufficiently
small. We will see in Proposition 2.22 that Assumption 2.18 is naturally satisfied if a similar con-
dition holds for @Qa; and the evolution operator reads Qﬂt = e2f QA (which corresponds to the
discretization (2.52)). Let us now state the uniform in At version of Theorem 2.7.

Theorem 2.21. Consider a consistent discretization Qﬂt of the dynamics (2.29) satisfying Assump-
tion 2.18. Then, there exists At* > 0 such that, for any At € (0, At*], the dynamics (2.53) admits
a unique invariant measure fiy Ay € P(X). Moreover, there exist k > 0, C > 0 such that for any
p € B®(X), v e P(X), and At € (0, At™],

VE>0, [@ack(v)(®) = ppacle)] < Ce ™2 g| pe.

Let us note that the uniformity of the prefactor C' in the initial condition is a consequence of
the boundedness of X. Indeed, in this case, we can choose W = 1 as a Lyapunov function, so the
constant C,, in (2.24) can be uniformly bounded using (2.56). Such a uniformity does not hold for
Theorem 2.7 since in that case X was not assumed to be bounded. The important part of the theorem
is the control of C' and k in the time step, which provides convergence with respect to the physical
time kAt.

Proof. The proof essentially relies on the fact that if Qit satisfies Assumption 2.18, then Q5 A+ defined
as in Lemma 2.6 satisfies a uniform minorization condition. For controlling the dependencies in the
time step, we rely on Lemma 2.20, and use the same notation.

We want to prove a uniform minorization condition (in the sense of [304, Lemma 3.4]) for the
operator defined by

Qnae = AxthaiQAhar,
and apply [304, Corollary 3.5]. Fix T' > 0. From (2.54) and (2.56) we have, for any ¢ > 0 and z € X,

T _rr 7] _rax
WXie@) = A5 5 (QA) T (hawe)(@) > AR, 2an(p). (2.57)

Moreover, from (4.23),

_rr T
AAt(AJ — o AtOFALea ] 5 (2NT o 0,

upon possibly reducing At*. Then, (2.57) becomes
[A¢] 2 2T
Ve e X, QR (z,)) >aec’e n(-).

As a result, Qp a; satisfies the assumptions of [304, Corollary 3.5]: there exist a unique measure
pnat € P(X), C >0, k > 0 such that, for any ¢ € B>(X), k € N and At € (0, At™],

1@ a0 — 1h,20(0) || goo < Ce™™ 2|9 pox.

This is a version of Lemma 2.6 uniform with respect to At. The result then follows by rewriting the
proof of Theorem 2.7, with &* replaced by e #FAt,

It only remains to study the constant C, a; arising in Theorem 2.7 (see (2.24)), which now also
depends on At through the eigenvector ha; and the invariant measure pp a¢. Since X is bounded, we
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can actually choose a constant Lyapunov function, i.e. W = 1. Next, using (2.56) we obtain that for
any At € (0, At*] and any v € P(X), it holds

4 1
Coat = —(1+ Vh,At(h_l) < 45*2(1 + 671).
Vh,At(hAi)( At )l/(hm)
This provides a uniform bound on C) a¢, which concludes the proof. O

We now show that the setting of Theorem 2.21 is natural, since Assumption 2.18 can be deduced
from a similar assumption on the Markov dynamics Qa; when the evolution operator is QfAt =
et Qay, which corresponds to the discretization (2.52). For proving the condition on Qa¢, we refer
to [304] and the references therein.

Proposition 2.22. Assume that X is bounded, f € C°(X), and the SDE (2.27) is discretized for a
given time step At > 0 with a Markov chain (xk)ken whose evolution operator Qay is strong Feller
and satisfies the following uniform minorization and boundedness condition: for a fixred T > 0, there
exist At* >0, n € P(X) and o € (0,1) such that, for any At € (0, At*] and p € B®(X) with ¢ > 0,

VeeX, an(e) < (Qm)%ww(:v) < =n(ep).

Then, the transition operator Qgt defined as QfAt = eI Qay satisfies Assumption 2.18.

Proof. Since Qa; is strong Feller and f is continuous, QfAt is strong Feller. Then, for any k£ € N and
¢ € B®(X),

(@4 9(@) = Ex [pan) e TH £00] 3 okt [y(,)] = &30 (@) o).
Taking k = [T/At] with 0 < At < At* then shows that

(Qit)[m%(x) > e 2TlIf Iz (Q[Ehp) (z) > e 2T fllzoe an(p).

A similar computation for the upper bound allows to conclude the proof. O

2.4 Discussion

The ideas developped in this chapter concerning the ergodicity of Feynman—Kac semigroups solve
several problems for which, to the best of our knowledge, no solution was available. They are closely
related to previous works and we want to highlight two important connections.

First, as we mentionned in the introduction, our framework can be considered as an extension of
ergodic theory for Markov chains [330], when the evolution operator of the dynamics does not conserve
probability. For this reason, we tried to formulate our assumptions in the flavour of [219]. However, the
spectral theory on which we crucially rely in our study requires stronger conditions. This leaves open
a few questions, as the converge of Feynman—Kac dynamics based on Metropolis type kernels, which
lack regularity, or the case of non-Polish spaces, which may arise for stochastic partial differential
equations. Finally, another interesting feature of our framework is that we can prove ergodicity for
Feynman-Kac dynamics for which the underlying Markov chain is not ergodic — a case we called
Diffusion Monte Carlo (DMC) in analogy with quantum physics models (see Proposition 2.13).

The other clear connection concerns large deviations theory. Indeed, one motivation for studying
Feynman—Kac dynamics is to prove large deviations principles for additive functionals of Markov
chains [133, 119, 427, 275], which can be achieved by proving the existence of formulas such as (3.25).
It is then no surprise that the spectral theory we develop, although based on [362], is reminiscent of
works such as [275], and requires stronger assumptions than the ones needed for proving ergodicity
in [219] (see the discussion on the Gértner—Ellis theorem in Section 1.2.1). However, the tools we
use seem new in this context, and more adapted to the situation at hand, for instance the Krein—
Rutman theorem based on the minorization condition. In particular, [275] (like [178]) makes use of
nonlinear generators related to an optimal control problem. In the next chapter, we use instead linear
spectral analysis to obtain large deviations principles for the empirical average of SDEs in topologies
on measures corresponding to convergence with respect to unbounded functions.
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2.5 Complementary elements

2.5.1 Stability of Markov chains

In this short section, we recall the results presented in [219]. We consider a measurable space X’ and
Markov chain (zy)g>o with transition kernel @ on X. By transition kernel, we mean that (i) for all
x € X, Q(x,-) is a positive measure on X, (ii) for any measurable set A C X, Q(-, A) is measurable,
and (iii) Q1 = 1. In the notation of Section 2.2, @ is a kernel operator (i.e. (i) and (ii) are satisfied)
such that Q1 = 1.

The stability of Markov dynamics can be obtained from minorization and Lyapunov conditions [330,
362, 219].

Assumption 2.23. There exist a function W : X — [1,400) and constants C > 0, v € (0,1) such
that
VeeX, (QW)x)<yW(z)+C. (2.58)

Given such a Lyapunov function, we consider the associated functional space as in (2.7).! A second
key ingredient in the ergodicity of @ is the following minorization condition.

Assumption 2.24. There exist oo € (0,1) and n € P(X) such that

inf Q(r, ) > an(), (2.59)

where C = {x € X|W(z) < R+ 1} for some R > 2C/(1 — =), and v, C are the constants from
Assumption 2.23.

Under these conditions, we have the following result (see [219, Theorem 1.2]).

Theorem 2.25. Let Assumptions 2.23 and 2.2/ hold. Then, QQ has a unique invariant measure [iy,
which is such that p,(W) < 4o00. Moreover, there exist C > 0 and & € (0,1) such that, for any
¢ € Byy(dX),

VE>0, Q% — pe(9)lBgy < Ca%o — (o) B35

2.5.2 Useful theorems

We remind here some definitions and results around the Krein—-Rutman theorem, as well as some basic
results from analysis. Let us start with some operator-theoretic definitions from [344, 359, 112, 362].

Definition 2.26. For a Banach space E and an operator T € B(E), we denote by A(T) its spectral
radius defined by:

ok . 1
AT) = kli)rfoo HTng(E) = ,ir;fl HTng(E)'

We denote by O(T) the essential spectral radius of T defined by (see [345, Eq. (1.14)] and [344,
Theorem 1]):

1

1
N : k ko . k ®
o(T) = kgrfoo (mf{HT — QHB(E), Q compact}) = ér}lfi (mf{HT — QHB(E), Q compact}) .

An operator T € B(FE) is said to be compact if it maps bounded sets into precompact sets. In other
words, T is compact if, for any bounded sequence (up)nen in E, there is a subsequence (ng)ken such
that (T'un, )ken is convergent in E, see [359].

In order to recall the Krein—Rutman theorem, let us first give some definitions for cones in Banach
spaces.

LCompared to [219], we replace W by 1 + W; this is for notational convenience only.
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Definition 2.27. Let E be a Banach space. A closed convex set K C FE is said to be a cone if
KN —-K=1{0} and for allu € K and o € R, it holds au € K. A cone is total if the norm closure of
K — K is equal to E.

We now recall a weak version of the Krein—Rutman theorem, which can be found in [345, Theo-
rem 1.1]. Interesting remarks and comments are also available in [112, Section 19.8].

Theorem 2.28. Let E be a Banach space, K C E a total cone, and T € B(E) be such that O(T) <
A(T) and TK C K. Then A(T) is an eigenvalue of T with an eigenvector in K.

In Theorem 2.28, there is no uniqueness of the eigenvector. The non degeneracy can be otained un-
der stronger positivity conditions on the operator T, as made precise in [112, Theorems 19.3 and 19.5].
In order to control the essential spectral radius and apply the Krein—Rutman theorem, we will need
the following classical results, see [379, Theorem 11.28] and [384, Theorem 2.7.19].

Theorem 2.29 (Ascoli). Let (¥,dy) be a compact metric space and C°(Y) be the space of continuous
functions over Y endowed with the uniform norm ||fllco = sup,ecy [f(y)]. Consider a uniformly
bounded and equicontinuous sequence (fp)nen, i.e. a sequence for which there exists M > 0 such that
| fullce < M for all n > 1, and for any € > 0 there exists § > 0 such that dy(z,y) < § implies
|f(x) — f(y)] <e. Then (fn)nen converges in the uniform norm to some limit f up to extraction.

Theorem 2.30 (Heine-Cantor). Let f : E — F where (E,dg) and (F,dr) are two metric spaces
and E is compact. Then, if f is continuous, it is uniformly continuous: for any e > 0, there is § > 0
such that for any x, ' € E with dg(z,z") < 9§, it holds dp(f(x), f(z')) <e.

We close this section with some results in probability theory. The next lemma can be found in [217,
Lemma 4.14].

Lemma 2.31. If X is a Polish space and v € P(X), then the familly constituted of the single measure v
is tight, i.e. for any e > 0, there exists a compact set K C X such that v(K) > 1 —e.

We finally present results concerning ultra-Feller operators, extending the ones of [218, Appendix
A]. Recall that the total variation distance between two positive measures pu, v € M(X) is defined by
the norm:

vy = s [ el [ pan (2.60)
peB=(x) Y& x

lellpoe <1

Definition 2.32 (Ultra-Feller). A kernel operator Q is ultra-Feller if the mappping x — Q(z,-) €
M(X) is continuous in the total variation distance (2.60).

The next lemma, used to show that an operator is ultra-Feller, is adapted from [218, Appendix A].

Lemma 2.33. Suppose that P and @ are two kernel operators over a Polish space X that satisfy the
following properties:

o for all p € B®(X), Qyp is continuous and finite;
o for all Y such that || < Q1, Pt is continuous and finite.
Then PQ is ultra-Feller.

We remind some elements of the proof from [218, Theorem 1.6.6], which is based on the Banach—
Alaoglu theorem. The details are left to the reader.

Proof. A first element to prove Lemma 2.33 is to show that, if @) is strong Feller, then there exists
a reference probability measure ¢ € P(X) such that for any @ € X, Q(z,-) is absolutely continuous
with respect to ¢. This is shown in [218, Lemma 1.6.4] for operators @ such that Q1 = 1. Even for a
non-probabilistic @, we can consider the normalized probabilities

Q(z,-)
Ql(z)’

for z in the open set X = {z € X | Q1(z) > 0}. We can apply [218, Lemma 1.6.4] to these probabilities
defined over the set X, so there exists a measure ¢ such that, for any z € X, Q(z,-) is absolutely
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continuous with respect to (. If x € X'\ X, Q(z,-) = 0, which is also absolutely continuous with
respect to ¢, so that Q(x, ) is absolutely continuous with respect to ¢ for any = € X.

Once this is done, one can write the kernel Q as Q(y, dz) = k(y, 2) dz with k(y, ) € L*(X,() for
all x € X. If one supposes by contradiction that PQ is not ultra-Feller, then Definition 2.32 shows
that there exist a sequence of functions (g, )nen With ||gn||p=~ < 1 and a sequence (2, )nen converging
to an element = € X such that for some § > 0 it holds

VneN, PQgu(z,) — PQgn(z) > . (2.61)

Since the sequence (g, )nen is bounded, it possesses a weak-x converging subsequence in L= (X, {) (the
space of (-essentially bounded functions) to an element g € B*(X, (). In particular it holds (upon
extracting a subsequence), for any y € X,

lim_Qalo) = lim_ [ Ky, 2)gu(2)5(d) = / Ky, 2)9(:)C(d2) = Qg(y).

n—-+o0o n—-+oo X

Defining, f,, = Qgn, the latter limit shows that f, converges pointwise to f = Qg. Since (gp)nen is
bounded in B*(X), the second condition in Lemma 2.33 ensures that Pf,(z) — Pf(z) for all x € X,
by the dominated convergence theorem. This is the main difference compared to the proof in [218,
Theorem 1.6.6]. The contradiction follows similarly. Indeed, defining the positive decreasing func-
tion h,, = sup,,>, | fm — f| we have, for any m € N,

lim Phy,(z,) < lim Phpy(z,) = Phy(x),
n—+00

n—-+oo

so that Phy(z,) — 0 as n — 4o00. In the end,
. _ < 1 _ . _ _
Jm  Pfo(en) = Pf(2) < Mm |Pfo(zn) = Pf(za)l+ lm |Pf(zn) — Pf(z)] =0,

which comes in contradiction with (2.61) and concludes the proof. O

2.5.3 Proof of Lemma 2.4

Let us show that v(Q71) > 0 for any v € P(X). First, Lemma 2.31 in Section 2.5.2 ensures that, for
any ¢ > 0, there exists a compact K C X such that ¥(K) > 1 — e. Consider next a compact set K,
of Assumption 2.1 such that K C K,,. Then, with the corresponding «,, > 0 and 7,, € P(X) defined
in Assumption 2.2, we have

Ve K,, (Qf]l)(l‘) = O‘nnn(]l) = an > 0.

Integrating with respect to v leads to
/ (Q71)(z)v(dz) > / Q1) (z)v(dx) > ozn/ v(dz) = anv(Ky) 2 an(l —¢) >0,
X K, Ky,

since K C K, which proves the statement. Moreover W > 1, so (2.6) implies that v(Qf1) <
v(QIW) < 400 if (W) < +o0.

Since W > 1, we immediately have that n,(W) > 1 > 0 for any n > 1. Now, for any n > 1 and
x € K, Assumptions 2.1 and 2.2 lead to

(W) < QW (z) < yW(z) + b1k, (z) < +00,
since W is finite. Moreover, a,, > 0, so that 1, (W) < +oo for any n > 1.

Let us conclude with the proof of (2.11). We proceed by contradiction and assume that, for any
n = ng, we have n,,(K,,) = 0, with ng > 1 an arbitrary integer. Consider m > ng and ¢,, = 1g,, > 0.
Then, using (2.8) with n = nyg,

Va € Kny,  (QFom) (@) = angting (Km).

Using again Lemma 2.31 in Section 2.5.2, we see that for m large enough, (Qfgom) (x) > 0 for z € K,,,
and so Q' ¢, # 0. However, for n > m, we have, using that K, C K, (since the sets are increasing):

0< nn(‘pm) = ﬁn(Km) < nn(Kn) =0,

since we assumed 7, (K,,) = 0 for n > ng. The contradiction with (2.9) shows that there exists @i > ng
such that 7y (K5) > 0. Since ng is arbitrary, 7 can be chosen arbitrarily large, and this concludes the
proof of Lemma 2.4.
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2.5.4 Proof of Lemma 2.5

The proof is decomposed into three steps. First we show that the essential spectral radius of the
operator Q7 considered over B (X) is zero. We next prove that the spectral radius A of Q7 is
positive. Finally, we use the Krein-Rutman theorem to obtain that A is a eigenvalue of Qf with
largest modulus, and that the associated eigenvector is positive.

Step 1: Q/ has zero essential spectral radius

We first perform the following decomposition, for any n > 1:
Q) =1k, Q 1k, Q7 + ke Q)+ IlKanﬂKﬁQf’
where K, C X are the compact sets from Section 2.2.2. Applying again Q7 leads to
Q) = (1k, QMK *QT + 11 Q7 (11, Q1) + QM Lk (Q7) + Q71k, QT 1ic Q7. (262)

We will show that Qf = 1, Q/1g, is such that (Q/)? is compact on B{S(X), while ]leLQf tends
to zero in operator norm. This will prove that (Q7)% is compact as limit of compact operators in
operator norm, so the essential spectral radius of Q7 in B3 (X), denoted by ©(Q7), is equal to zero.

Let us first prove that (Qf)? is compact on B3 (X) for any n € N. For this, we use the ultra-
Feller property proved in Lemma 2.33 (see Section 2.5.2) to apply the Ascoli theorem. Consider a
sequence (pg)ren in By (X&) such that [[pk[|pee < M for some M > 0. By Assumption 2.3, the
operator Q) is strong Feller over the compact set K,,. In particular, for ¢ € B3 (X), plg, € B*(X),
SO Q{Lgp is continuous over K, and finite, so that Lemma 2.33 in Section 2.5.2 applies. Indeed, the
second condition in the lemma is easy to check since @, 1 is equal to zero outside the compact K,.
Therefore, (Q7)? is ultra-Feller by Lemma 2.33. By Definition 2.32, the application = € K, +
(Q1)%(z,-) € M(X) is continuous in total variation norm. Since K, is compact in the metric space X
and P(X) is a metric space, the Heine-Cantor theorem (Theorem 2.30 in Section 2.5.2) ensures that
this application is continuous over K,. This means that, for any € > 0, there exists § > 0 such that,
for any z, 2’ € K,, with |z — 2’| < 4, it holds

s [((Q1)29) (@) — (@) ()] <. (2.63)

[lell oo <1

Noting that Assumption 2.1 implies that 1 < supg W < +o00, it holds M, = (supg, W)~ € (0,1]
for any n > 1, so

{¢ measurable | |1, ¢l p~ < 1} D {¢ measurable | sk, ellBge < My} (2.64)
Since Qf = 1, Q' 1k, (2.64) shows that (2.63) becomes

<e.

s | ((@1)%) (@) — ((@1)%) @)

el mgs <M

As a consequence, if (¢ )ren is such that ||k pee < M, we see that ((Q{L)Q@k)keN is equicontinuous.
By the Ascoli theorem, it therefore converges uniformly to a continuous limit on K, (since the function
is supported on K,,, we extend it by 0 on X outside K,,). Since W > 1, it also converges as a function
in B3 (X), showing that (Q{)? is a compact operator on B3 (X). Since Q7 is bounded over B3 (X)
and the space of compact operators is stable by composition with bounded operators [359], (Q/)2Q'
is also compact.

We now show that the second, third and fourth operators on the right hand side of (2.62) tend
to 0 in the operator norm of By (X). For any ¢ € B{p(X),

1. &W
K: 7

]lK;QfSD

|’]1K5Qf‘p||3a3 = W

< mllell g -
BOO

< llellsg
Boe

Taking the supremum over ¢ € Bjp(X) and using v, — 0 as n — 400, we obtain:

H]lKﬁQfHB(BVo;) > 0. (2.65)

n——+oo
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Since @ is bounded on B(B%Y), the second, third and fourth operators on the right hand side of (2.62)
vanish in norm as n — +00. As a result, (Q7)? is the norm-limit of the compact operators (Q/)2Q/
as n — +oo in B(Bjy). Since the set of compact operators over Bfjy(X) is closed in the Banach
space B(B2), (Q7)? is compact, see e.g. [359, Theorem VI.12|. Using Definition 2.26, we conclude
that ©(Qf) = 0. In this procedure, we see that working in the weighted space B3(X) as opposed
to B®(X) is crucial in order to obtain the compactness of (Q/)? from the control (2.65) provided by
the Lyapunov condition (2.6).

Step 2: The spectral radius is positive

We now show that the spectral radius A of Q7 defined in (2.12) is positive, in order to use Theorem 2.28.
Given the definition of the operator norm, choosing some arbitrary non negative function ¢ € Bj3(X)
with [¢]|pg < 1 leads to

(Q7 ) (x0)
=
B> W(zo)
where zy € X is arbitrary. We now consider a compact set corresponding to some n = 2 as defined in

Lemma 2.4, which satisfies nz (Kz) > 0, and take 2y € K5. For any non negative function ¢ € B (X)
with [|¢Be <1,

Q¢
W

19 s >

Q7 </>)($)nn(dx)> > /K (@) na(dr) = anna (@) na(Ka),

nm@@=<ﬂ“@@@%“”+/ :
(2.66)

X\K5
where we used (2.8) with n = fi. Iterating the inequality shows that
V=1, ns ((Qf)k¢) > afnn(Kn) na(9).

This leads to the following lower bound on the operator norm of (Qf)*:

_(@)%9) (w0) _ (@7((@1)19)) (o)

1@ |55, = Wro) W (o)
1 (@) 1) _ akna(Kq)F!
PO W) W

Taking the power 1/k and the limit kK — 400, together with the choice ¢ =1 € Bjp(X), leads to

From Lemma 2.4, it holds 7, (K5) > 0, hence A > 0 and Q' has a positive spectral radius. Note that
the existence of 7 > 1 such that 7z (K5) > 0 is crucial for this step.

Step 3: Existence of a principal eigenvector

In order to use Theorem 2.28, we introduce the closed cone:
Kw = {u € Bjp(X) | u=>0}.

This cone is total, and the positiveness of Qf € By (X) shows that Q'K c K. At this stage,
Theorem 2.28 in Section 2.5.2 ensures that the spectral radius A is an eigenvalue of Qf of largest
modulus with an associated eigenvector h € Ky \ {0}.

Step 4: Positivity

We now use the irreducibility condition (2.9) to show that, for the eigenvector h obtained in Step 3,
it holds h(z) > 0 for all z € X and hence n,(h) > 0 all n > 1.

Let us show the first property by contradiction. Assume that there exists xy € X such that
h(zg) = 0. Since the sets K,, are increasing, there exists ng such that for all n > ng it holds = € K,,
so that, by (2.8),

Vn = no, (th) (z0) = anmnn(h).
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Since Q7h = Ah with A > 0, this leads to
02 nn(h),

and so 7, (h) = 0 for n > ng. By the irreducibility assumption (2.9), we therefore have (Q7h)(x) = 0
for all z € X. Using again Q7h = Ah, this shows that h = 0, which is in contradiction with the fact
that h is an eigenvector associated with A.

The second property follows from h(x) > 0 for all € X and 7, € P(X) for all n > 1. Indeed,

_ —1[L ,
X glh [k,—koo), (2.67)

where h~! denotes here the pre-image of h. Therefore, for a given n > 1,

1 1
_ -1 -1 _
nn(X)—nn(h [17+OO))+Z7771,(}1 [mag>) =1
k>1
Thus, there exists N > 1 such that
1 1
”"(h [N”LOO)) 2’
SO L L
nn(h) > nn<h‘ﬂh2%) > Nnn(1h> L ) ZoN"

Zw
Since n > 1 is arbitrary, this shows that 7, (h) > 0 for all n > 1.

2.5.5 Proof of Lemma 2.6

A first important remark is that @} is a Markov operator. Indeed, it is a well-defined kernel operator
(since 0 < h(z) < +ooforallz € X), and Qp1 = A~'h~'Q7h = A='h~'Ah = 1. Our goal is therefore
to show that the Markov operator @}, fits the framework reminded in Section 2.5.1, in particular that
it satisfies Assumptions 2.23 and 2.24.

Let us show that this operator satisfies Assumption 2.23 in Section 2.5.1 with Lyapunov func-
tion Wh~'. We first note that the normalization ||h||gs = 1 implies that Wh™" > 1. Using Assump-
tion 2.1, we obtain

n — bn
QuWh™) = AT R QIW < AT (3 W+ bulie,) < EWhT! 4 S,
Noting that, for all x € K,
Ah(z) = (QTh)(x) = annn(h),

with 7, (h) > 0 from Lemma 2.5, the above inequality becomes

Quwn™) < wht g U

A o (B) (268)

Since 7, can be taken arbitrarily small and 7, (k) > 0 for any n > 1, we deduce that Wh™1! is a
Lyapunov function for @, in the sense of Assumption 2.23 in Section 2.5.1.

Remark 2.34. Let us mention that, in order for (2.68) to define a Lyapunov condition in the sense
of Assumption 2.23, it is not necessary to have v, — 0 as n — +o0o. The existence of n > 1 such that
Yn < A is sufficient.

We will now prove that: (i) Wh~! has compact level sets, and (ii) Qj, satisfies Assumption 2.23 in
Section 2.5.1 on any compact set K, that is infx @, is lower bounded by some probability measure.
First, choosing x,, ¢ K, in Assumption 2.1 leads to

Ah(@n) = (QTh)(xn) < 1 W (zn),

so that

> . (2.69)
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Since v, — 0 as n — +oo, the function Wh™! diverges outside the compact sets K,, defined in
Assumption 2.1. In other words, Wh~! has compact level sets, which shows (i).

Next, for n > 1, consider «,, > 0 and 7, € P(X) as in Assumption 2.2, so that, for any bounded
measurable function ¢ > 0 and z € K,

1 @ ))

> ntin h > ~n ~n b)
Qnep(x) n(o) Rsupye 7" (h) = anTin(e)
with ) (ho)
~ TIn ~ TIn\ N
n — On s n = X).
G = O ipre T >0,  7alp) () € P(X)

The latter expression is well-defined because, from Lemma 2.5, we know that 0 < n,,(h) < +o0o for any
n = 1. Moreover, 0 < supg, h < +o0 (since h € By (X) and supg W < 400 by Assumption 2.1),
and this yields precisely (ii). Finally, (i) and (ii) show that @} satisfies Assumption 2.24, so that @
satisfies the assumptions of Theorem 2.25. As a result there exist a unique u;, € P(X) and constants
c¢>0,ac (0,1) such that for any ¢ € Byp, 1 (X),

V20, [[Qf6 = (@) | < caMlo = (@)l

Wh—1

Moreover, the measure py, satisfies pup(Wh™1) < +o0.

2.5.6 Proof of Lemma 2.20

From Proposition 4.1 in Chapter 4, we obtain that £ 4 f has a largest (in modulus) eigenvalue A
with associated smooth eigenvector h. Similarly, Lemma 2.5 shows that for any At € (0, At*] the
operator QfAt has a largest (in modulus) eigenvalue Aa; with continuous eigenvector ha; (since Q£t
is assumed to be strong Feller). Moreover, there is no restriction of generality in normalizing ha; so
that n(ha¢) = 1.

We now turn to the estimate (4.23) on the spectral radius. In the notation of Chapter 4, we have
Aay = eAar A direct application of Theorem 4.21 below then shows that there exist At* > 0 and
C > 0 such that Aa; = A + Atcay with |cay] < C for At € (0, At*], which is the desired result.

Finally, since Qfmhm = Aathat, the lower bound (2.54) applied to ¢ = hay = 0 leads to

[A%] T
Ve e X, (Qﬁt) * hag(z) = AL?”Mt@“) > an(hat)-

Using the estimate on Aa; and the normalization 7(hat) = 1 we obtain, for At € (0, At*] (possibly
upon decreasing At*) and x € X,

_rz
hat(z) > AAiﬁ‘wan(hm) > ae AOFAA)[ RG] 5 o e 2TIA

A similar computation leads to an analogous upper bounded, which shows (2.56).
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Abstract. We consider large deviations of the empirical measure of diffusion processes, as pre-
sented in the Introduction of the thesis. In a first part, we present conditions to obtain a large
deviations principle (LDP) in a Wasserstein-like topology. In particular, we derive a precise class of
unbounded functions for which the LDP holds. This provides an analogue to the standard Cramér
condition (as presented in Theorem 1.9 in Section 1.2.2) in the context of diffusion processes. This
condition turns out to be related to a spectral gap condition for a Witten—Schrodinger operator. Sec-
ondly, we study more precisely the properties of the Donsker—Varadhan rate functional associated to
the LDP. We revisit and generalize some standard duality results as well as a more original decompo-
sition of the rate functional with respect to the symmetric and antisymmetric parts of the dynamics,
which is motivated by physical and practical considerations presented in Section 1.1. Finally, we
apply our results to overdamped and underdamped Langevin dynamics, showing the applicability of
our framework in both unbounded and degenerate situations which are relevant for applications.
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3.1 Presentation

Empirical averages of diffusion processes and their convergence are commonly studied in statistical
mechanics, probability theory and machine learning, as motivated in Part I. In statistical physics,
an observable averaged along the trajectory of a diffusion typically converges to the macroscopic
average representing the stationary distribution of the system [266, 301]. For reversible dynamics, this
convergence is known to be characterized by an entropy functional [406, 25|, which generalizes results
for small fluctuations such as the central limit theorem [273] or Berry-Esseen type inequalities [343],
see the discussion in Section 1.1.2. It has been shown for some time that the approach can be extended
to nonequilibrium systems by considering generalized entropy and free energy functionals, as provided
by the large deviations theory [119, 166, 406]. In a more computational perspective, studying the
convergence of empirical averages is an important problem for the efficiency of Monte Carlo Markov
Chain methods [15, 368, 363].

Since its initiation by Cramér in the 1930s [103], large deviations theory has been given many
extensions. The theory takes its origin in the study of fluctuations for sums of independent variables,
leading to the celebrated Sanov theorem [121]. Interestingly, the necessity of Crameér’s exponential
moment condition for the Sanov theorem to hold in a Wasserstein topology has been only recently
proved [424], see the presentation in Section 1.2.2 for more intuition.

Due to the above mentioned applications, it is natural to try to apply such a theory to diffu-
sions, or more generally Markovian dynamics. This is useful for instance in statistical physics, when
considering Gallavotti-Cohen fluctuation relations for irreversible systems [194, 288, 280], as well as
for characterizing dynamical phase transitions in physical systems [198, 18, 339, 346]. From a more
computational perspective, studying the rate function associated with a given dynamics is interesting
for designing better sampling strategies [363, 364, 146], which is important for instance in a Bayesian
framework [70, 47]. The approach can also be used for deriving concentration results such as Berstein-
type inequalities [195, 43] and uncertainty quantification bounds [264, 206].

However, proving a large deviations principle for correlated processes turns out to be a difficult
task. A milestone in the theory is the series of papers by Donsker and Varadhan [131, 132, 134, 135]
and the dual approach followed by Gértner and Ellis [199, 165]. The strategy of the first is to
build explicitly the lower and upper large deviations bounds from the Tchebychev inequality and
the Girsanov theorem [416]. On the other hand, the Gértner—Ellis theorem relies on the existence
and regularity of a free energy function (we refer again to the Introduction for a more throughout
discussion). This technique has been later related to optimal control problems through the so-called
weak convergence approach [147, 149].

Whatever strategy is chosen, proving large deviations principles for empirical measures of un-
bounded diffusions remains difficult. Indeed, proving the stability of unbounded Markov processes is
already challenging, and often relies on Lyapunov function techniques [330, 324, 362, 219]. Such a
Lyapunov function can be interpreted as an energy associated with the system, which decreases in
average and provides a control on the excursions of the process far away from the origin. This tech-
nique can be used for proving LDPs, see for instance [416, Section 9] and [124, 427, 149]. However,
the above mentioned works consider LDP in the so-called strong (resp. weak) topology, i.e. with
respect to the topology on measures associated with the convergence of measurable bounded (resp.
continuous bounded) functions. To the best of our knowledge, Wasserstein topologies (i.e. associated
with unbounded functions) for diffusions has only been addressed in [275], and [427, Section 2.2].
Unfortunately, the nonlinear approach of [275] does not allow to characterize precisely the set of func-
tions for which the LDP holds, while [427] considers a particular system (Langevin dynamics). In
both cases, the rate function is not related to the standard Donsker—Varadhan theory [133]. Our first
result is to derive the LDP in a Wasserstein topology under very natural conditions, and to express
the rate function in duality with a free energy. From a practical point of view, this allows to compute
the rate function from the free energy, a standard procedure [202, 406, 97, 337, 184].

Once a large deviations principle has been derived, providing alternative expressions of the rate
function is an important problem. Our first contribution in this direction is to derive a variational
representation of the rate function similar to the Donsker—Varadhan formula [133]. This provides a
variational representation of the principal eigenvalue for any non-symmetric linear second order dif-
ferential operator associated with a diffusion, under confinement and regularity conditions. To the
best of our knowledge, there is no such formula in an unbounded setting, a fortiori for unbounded
functions and Wasserstein topologies on probability measures. Finally, it has been shown in a pio-
neering work [49] that (in the case of a Langevin dynamics) the above mentioned duality allows to
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decompose the rate function into two parts: one corresponding to a «reversible» part and the other
to an «irreversible part» of the dynamics. We extend these results to general diffusions by using
Sobolev seminorms, a feature inspired by the small fluctuations framework developed in [273]. This
decomposition turns out to be useful for various purposes. We apply it to study the rate function of
the Langevin dynamics, in particular its dependence on the friction.

We now sketch the main results of this chapter, the precise setting being presented in Section 3.2.1.
Consider a diffusion process (X;):>o over a state space X C R? with generator £ and invariant
measure u, and the empirical measure

1t
Lt = */ 6Xs dS, (31)
t Jo

where §, is the Dirac mass at x € X'. Our first contribution is to prove a large deviations principle
with respect to u for the empirical measure (L;);>0, in a Wasserstein topology associated with an
unbounded function k : X — [1,+00). That is, we prove the following type of long time scaling: for
I cPx),

P(L; €T) x e tinfver 1), (3.2)

where I is a rate function. Here, P(X’) denotes the set of probability measures on X', and the above
scaling holds for the topology on measures associated with the weak convergence against functions f

satisfying e
x
[ fllBe = sup < +o0. (3.3)
reEX K(“")

As is standard for a LDP on unbounded state spaces [416, 427], our result relies on the existence of a
Lyapunov function W : X — [1, +00) twice differentiable and such that

_LEw
W

has compact level sets (in words, it goes to infinity at infinity). Contrarily to previous works where this
condition implies (3.2) in a topology of bounded test functions [416, 149, 427|, we show in Section 3.2
that the LDP holds for the Wasserstein topology associated with any cost function x controlled by V.
Moreover, the associated rate function I : P(X') — [0, +0oc], also called entropy, reads

VveP(X), Iv)= sup  {v(f) =)},

£l 55 <+o0

U= (3.4)

where

1 . .
A(f) = lim 7 logE [efs S0 ] (3.5)

is the cumulant or free energy function.

We mention that our strategy relies on the Gartner—Ellis theorem, according to which the existence
and regularity of (3.5) implies the large deviations principle. We actually show that (3.5) is well-defined
because it matches the principal eigenvalue of the Feynman—Kac operator

¢ E [@(Xt) els f<Xs>dS} . (3.6)
A key remark for defining the above operator is that
My, = W(X;)e Jo G (Xe) ds (3.7)

is a local martingale, as noted by Wu in [427]. This allows to define (3.6) for functions ¢ such that
l¢llpge < +o00, as soon as f is dominated by the function W defined in (3.4). As a result, for any
such f, the operator (3.6) can be shown to be compact over the space of functions controlled by W
(see [199, 181]). The functional (3.5) is then obtained as the largest eigenvalue of the operator (3.6)
through a generalized Perron-Frobenius theorem (the Krein—Rutman theorem [112]). This is actually
an adaption of the strategy developped in Chapter 2 in this large deviations context.

The second part of our work consists in rewritting the large deviations functional I. For this, we
revisit [133] by showing that

Vi e P(X), I(V):sup{—/xfjdu, ueD+}, (3.8)
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where DT is an appropriate domain defined in Section 3.3, which differs from that of [133] through an
additional growth condition. This result leads to a variational formula for the largest eigenvalue A(f)
of the operator £ + f defined on a suitable functional space through

A(f)= sup {v(f)—I(v)}.

veP(X)

We mention that proving (3.8) is easily realized thanks to the spectral problem associated with the
Feynman—Kac operator (3.6), relying on the recent work [181].

Finally, the variational representation (3.8) allows to generalize the results of [49] by splitting I into
two parts. This is motivated by considerations on nonequilibrium systems, as explained in Section 1.1.
More specifically, denoting by £ = Lg+ L the decomposition into symmetric and antisymmetric parts
of the generator with respect to the invariant measure u, we obtain, for any v < u:

2
1 d
+ - ‘ﬁA <10g V)
) 4 dp

where | - |1,y and | - | 4-1(,) refer to Sobolev seminorms defined in Section 3.2.1. Interestingly, the
proof is derived from a generalized Witten transform performed in the variational representation (3.8),
which we may therefore call variational Witten transform. This shows that, for a given invariant
measure, an irreversible dynamics (£4 # 0) produces more entropy than a reversible one, in accordance
with the second law of thermodynamics. This decomposition is useful for instance to study the entropy
production of the Langevin dynamics, which is irreversible but has a particular structure which allows
to naturally separate its reversible and irreversible parts (see Section 1.1.1).

dv 2

log —

I(v) = L o

T4

A1 (v) ’

The chapter is organized as follows. Section 3.2 presents a large deviations principle in a Wasser-
stein topology for the empirical measure of diffusions, under Lyapunov and regularity conditions.
Section 3.3 provides a rewritting of the rate functional, and its decomposition into symmetric and an-
tisymmetric parts. Some examples of application are given in Section 3.4, in particular for overdamped
and underdamped Langevin dynamics. Section 3.5 discusses possible extensions and connections with
related works. Finally, most of the proofs are postponed to Section 3.6.

3.2 Large deviations principle

3.2.1 Setting

This section introduces the main notation used throughout the Chapter, which matches those of the
Introduction. We consider a diffusion process (X;);>0 evolving in X C R? with d € N*, and satisfying
the following stochastic differential equation (SDE):

dXt = b(Xt)dt+U(Xt) dBt, (39)

where b : X — R4, o : X — R¥™ and (B;)i>0 is a m-dimensional Brownian motion for some
m € N*. In order to avoid the issue with boundaries of X', we assume that either X = R?, X = T¢
or X = T4 x R% where T is the d-dimensional torus (applications to other subdomains of R% can be
treated upon appropriate modifications). The last case is motivated by applications to the Langevin
equation, where T? would be a bounded position space and R? the unbouded momentum space (see
Section 3.4.2). The generator of the dynamics (3.9), denoted by L, reads

O'O'T

L=b-V+S5:V? with S:T’ (3.10)

where o7 denotes the transpose of the matrix o and - is the scalar product on R?. Moreover, V?
denotes the Hessian matrix, while for two matrices A, B belonging to R¥*? we write A : B = Tr(AT B).
The domain of £ and the conditions on b and ¢ will be made precise in Section 3.2.2. The function S
takes values in the set of symmetric positive matrices (non necessarily definite). We also introduce
the carré du champs operator [21] associated with £ defined by, for two regular functions ¢, 1:

C(p,1) = 5 (L(p) — oL —pLp) = V- SVY. (3.11)

N —
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We will use the space of smooth functions with at most polynomial growth:

S = {@60“(?() Va € NY, 3N > 0 such that sup o2&l

— < ,
SR AT )N *C’O}

as well as C°(X) (resp. Cy (X)) the space of smooth functions with compact support (resp. continuous
and bounded).
The space of bounded measurable functions, denoted by B> (X), is endowed with the norm

¢l e = sup [p(z)].
zeX

Moreover, like in Chapter 2, we will need weighted function spaces and the corresponding probability
measure spaces, which commonly appear in Markov chain theory [330, 275, 219]. For any measurable
function W : X — [1,400) we define

o(2)|
BOOX:{ :X—>IR<’ o = < } 3.12
w(X) =% el B U ) S T (3.12)
and the corresponding space of probability measures (see [379, Chapter 2| for duality results on
measure spaces):

Povr (X) = {1/ e P(X) ] V(W) < +oo}. (3.13)

The associated weighted total variation distance is (see for instance [219]):

Yv,ne Pw(X), dw(v,n)= sup {/chdu—/xgadn}:/XW(x)|V—77|(dm). (3.14)

el pg <1

Note that the spaces (3.12) and (3.13) are defined for an arbitrary measurable function W > 1. It
is possible to weaken the assumption W > 1 but we do not need these refinements in this work.
We denote by 7-topology the weak topology associated with the convergence of functions belonging
to B> (X). This means that for a sequence (v, )nen in P(X), v, — v in the T-topology if v, (¢) — v(p)
for any ¢ € B*(X). When considering functions ¢ € B3 (X), we denote by 7' the associated
topology [427, 275], see also [124, Lemma 3.3.8| for details. When W (z) = 1 + |z|* for o > 0, this is
nothing else than the topology induced by the Wasserstein distance associated with the cost © — |z,
see [419, Theorem 7.12]. This is why we sometimes call 7 a Wasserstein-like topology.

Remark 3.1. One may wonder why we aim at using such a Wasserstein-like topology to prove the
LDP over. Our first motivation was to understand the fluctuations of the empirical average

L(h =7 [ 1o as

when f is unbounded. However, if a LDP on R can be reached for Li(f), we cannot say much about the
rate function in general. This is an important motivation for considering the empirical average (3.1)
instead, as Section 3.3 will prove.

Then, the coarsest topology which makes the application

Ly — L(f)

continuous for the functions f € B{g(X) is precisely the TV -topology. As a result, although other
topologies could be considered and in view of the contraction principle presented in Section 1.2.2, the
W _topology appears as the natural framework to consider unbounded functions f while studying large
deviations principle for the empirical average (3.1).

We associate to the dynamics (X;):>o the semigroup (P;);>0 defined through
Vo € BX(X), (Py)(z) =E.[p(Xy)], (3.15)

where E,, stands for the expectation with respect to all realizations of the Brownian motion in (3.9), for
dynamics starting at € X. We say that p € P(X) is invariant with respect to the dynamics (X;);>0
if (uP;)(p) = p(p) for any ¢ € C,(X), with the notation

(1P)(9) = p(Prgp) = /X E. [p(X.)] u(do).
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An equivalent condition is that u(Ly) = 0 for p € C2(X).

We now follow the path of [273, Chapter 2] for defining other useful functional spaces. For any
probability measure p € P(X), let

L*(p) = {cp measurable

/X lo? dp < +oo} : (3.16)

For p € C(X), we introduce the seminorm

o2t = /X %, 0) dp, (3.17)

and the equivalence relation ~; through ¢ ~1 ¢ if and only if | — )| 51(,) = 0. We denote by A ()
the adherence of C2°(X) quotiented by ~; for the norm | - | ,1(,). Note that (1) and L?(u) are
not subspaces of each other in general, but L?(u) C 52 (u) if p satisfies a Poincaré inequality and S
is positive definite. The difference between L?(u) and 2! (1) is however important for degenerate
dynamics, see the application in Section 3.4.2. We now construct a space dual to ! (u) with the
same density argument by introducing the seminorm, for ¢ € C°(X),

151y = sup {2/ oY dp — |¢|3f1(ﬂ)}' (3.18)
PYECT(X) X

We define the equivalence relation ~_; on C2°(X) by ¢ ~_1 1 if and only if ¢ — [ -1(,) = 0. The
dual space 7 ~!(p) is then the adherence of C2°(X) quotiented by ~_; for the 5#~*(u)-norm.

Let us relate 7! (11) to the more standard H'(u) Sobolev space [304]. If p is invariant with respect
to L, it holds for ¢ € C2°(X) (using L(¢?) =20 Lyp + 2€ (i, ))

1%y = 2/X<P(*Eso) dp.

In particular, when S = Iy we have

|ﬂ2«M:=XQV¢Pdw

In this case, | - |1, is the standard H'(u) Sobolev seminorm [304]. For precisions on (1) and
its relation to the central limit theorem for Markov processes, we refer to [273, Chapter 2].

Remark 3.2. The space 7~ (u) can be thought of as a weaker version of the space L3 (1) of functions
in L*(u) with average zero with respect to p. Indeed, assume for instance that ¢ € L?(u) (so ¢ €
LY (p)), ¢ >0 and |@| -1 < +00. We may choose 1 € C°(X) such that

and set Y (x) = np(x/n), so |Yn|wr(wy < C for some constant C > 0 independent of n. The
definition (5.18) of the S~ (u)-norm shows that

leloe—1(u) 2 271/' - edp—C.

Since | y-1(,) < 400, we obtain by letting n — +oo that p(¢) = 0. Since the functions of A~ (p)
may not belong to L?(u), this dual space generalizes L3(11).

We also introduce some notation concerning the growth of functions. A function f = X — R is
said to have compact level sets if for any M € R, the set

{zeXx|flx)< M}

is compact (with the convention that ) is compact). A function g is said to be negligible with respect
to f (denoted by g < f) if f/g has compact level sets, and g is said to be equivalent to f (denoted
by g ~ f) if there exist constants ¢,¢’ > 0 and R, R’ € R such that

VoeX, dolw)-R < f(z)<cgla)+ R
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Remark 3.3. The above definitions are useful when the state space X is unbounded. A sufficient
condition for f to have compact level sets in this case is for this function to be lower semicontinuous
and to go to infinity when |x| — +oo. If X is bounded, all these criteria are automatically met for
smooth functions.

Finally, we again denote by lim and lim the inferior and superior limits respectively, while for
a subset A C Y of a Polish space ), A and A denote the interior and closure of A for the chosen
topology on Y. The function 14 denotes the indicator function of the set A, i.e. L1a(z)=1ifx € A
and 14(x) = 0 otherwise. For a Banach space E, B(E) refers to the Banach space of bounded linear
operators over E with the usual norm. Some elements of large deviations theory are reminded in
Section 2.5.1.

3.2.2 Statement of the main results

The large deviations principle relies on three standard assumptions: hypoellipticity of the generator,
irreducibility of the dynamics, and a Lyapunov condition. We start with our hypoellipticity assumption
(which could certainly be relaxed for particular applications, see for instance [427]). It will be useful
for proving regularization properties of the Feynman—-Kac semigroup in Lemma 3.30.

Assumption 3.4 (Hypoellipticity). The functions b and o in (3.9) belong to .#% and #I*™ respec-
tively, and the generator L defined in (3.10) satisfies the hypoelliptic Hérmander condition. More
precisely, L can be written as

d
L= AlA; + A,

i=1

where (A;)L, are first order differential operators with coefficients belonging to . and such that the

familly
d d d
(At U {4, ALY {114, 451, A}
spans R at any x € X for a finite number of commutators n, € N.

This assumption is natural in practical situations, as illustrated in the applications of Section 3.4
covering elliptic and hypoelliptic diffusions, see [244, 161, 362] for details. Note that excluding the
operator Ay from the first familly means that, if £ satisfies Assumption 3.4, 9; + L is hypoelliptic
and the transition kernel of (X;);>0 has a smooth density for any ¢ > 0. This regularity requirement
comes together with a controllability condition (recall that o takes values in R4*™).

Assumption 3.5 (Controllability). For any x,y € X and T > 0, there exists a C*-control (us)iepo,1)
in R™ such that the path (¢¢)icjo,r) in X defined as

{ fo =1 _ (3.19)
b = b(¢r) + o (Pr)t,

is well-defined and satisfies ¢ = y.

Assumption 3.5 implies that the process is irreducible, i.e. that the transition density of (X;)¢>0
is everywhere positive, which will be used in Lemma 3.31. Note that constructing a control (us)¢cjo,7]
may be difficult in general [257]. However, for the overdamped and underdamped Langevin dynamics
we are interested in, building such a control turns out to be guenuinely feasible, see [324, 362, 304, 316]
and the references therein. Let us mention that the above two assumptions are not specific to our
problem of large deviations [362].

A typical idea for dealing with Markov chain stability and large deviations on an unbounded state
space is to reduce the analysis to a compact set and to control the excursions of the dynamics out of
this set with a Lyapunov function [330, 427]. Our Witten—-Lyapunov condition for the dynamics reads
as follows (for the terminology, see Remark 3.11 below).

Assumption 3.6 (Witten—Lyapunov condition). There exists a function W : X — [1,400) of
class C?(X), with compact level sets, and such that

LW

v =
w

(3.20)
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has compact level sets. Moreover, there exists a C%(X) function W : X — [1,+00) with # < W and
such that, for some constants Cy > 0, Cy € R,

W2LOW, U~ —%, —2% < —EWW + Cs. (3.21)

In all what follows, we consider an arbitrary continuous function k : X — [1;+00) such that:
o kKU,

e r is either bounded or has compact level sets.

Remark 3.7. Note that, since k K ¥V and ¥ ~ —%, it holds k < —%. This fact will be frequently
used in the proofs. Moreover the conditions (3.21) are not restrictive for exponential-like Lyapunov
function as shown in Proposition 3.8 below — the idea being that # can be set to VW . In practice,
the auziliary function # is used to obtain some control in the proofs of Lemmas 3.28 and 3.30 (in
particular to apply a Grénwall lemma), and it could certainly be phrased differently. The continuity
condition on Kk may be relazed for instance by assuming this function to be lower semicontinuous and

bounded on compact sets.

Although we stated Assumption 3.6 in order to fit standard conditions when considering large
deviations on unbounded state spaces [416, 427], in practice it can be obtained from a non-linear
Lyapunov condition in the spirit of [275] and [149, Condition 2.2]. This is the purpose of the next
proposition, whose proof is postponed to Section 3.6.3.

Proposition 3.8. Assume that there exists V € ¥ such that:

e V has compact level sets;

o |0TVV| has compact level sets;

o for any 6 € (0,1) it holds

— LV — g\ava? ~oeTVV|2. (3.22)
Then Assumption 3.6 is satisfied with
W)= V@, p(z) = V@),
for 0 € (0,1) and € < 0/2 small enough. Moreover it holds
U~ ot VV|2

Note that (3.22) means that the term —LV coming from the dynamics must compensate the
quadratic loss proportional to o7 VV |2, A first consequence of Assumptions 3.4-3.6 is the ergodicity
of the dynamics.

Proposition 3.9. Under Assumptions 3.4, 3.5 and 3.6, (3.9) has a global strong solution, and the
process (Xi)i>o0 admits a unique invariant measure p € Py (X). This measure has a positive C>(X)-
density with respect to the Lebesgue measure: there exists p* € C(X) with p* > 0 such that p(dz) =
p'(xz) dz. Moreover, the dynamics is ergodic with respect to p: there is C,c > 0 such that

VE>0, VoeBRWX), |[Pp—me)lpe <Ce e~ n(o)lng-

FEquivalently,
Vt>0, VYvePw(X), dwwP,p) <Ce “dw(v,pu).

Proof. The existence of a unique local strong solution is standard when Assumption 3.4 holds, see [361,
Chapter IX, Exercise (2.10)]. Assumption 3.6 then implies the existence of a > 0, b € R such that

LW < —aW + b,

and global existence can be deduced from the above Lyapunov inequality [362]. The end of the proof is
a direct application of [362, Theorem 8.9] since Assumption 3.5 together with Assumption 3.4 ensures
irreducibility. O
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We can now present the large deviations principle associated with the empirical measure of the
process (X¢)i>o with respect to its invariant measure u. Recall that the empirical measure of the
process is defined by

1 t
L=1 / 5x. ds, (3.23)
t 0

where §, denotes the Dirac mass at x € X. When one considers large deviations principles for
empirical averages of the form (3.23), the topology on probability measures has to be specified. As
mentioned in the introduction, most of the proofs of LDPs consider topologies associated with bounded
measurable functions (resp. continuous bounded), the so-called strong topology or 7-topology (resp.
weak topology). We now prove that, in our setting, a LDP holds in the 7"-topology defined in
Section 3.2.1, for any function x satisfying Assumption 3.6. The proof of Theorem 3.10 is presented
in Section 3.6.1.

Theorem 3.10. Suppose that Assumptions 3.4, 3.5 and 3.6 hold true, and consider a function k as
in Assumption 3.6. Then,

Ly PR (3.24)

almost surely in the 7% -topology. Moreover, the functional
1
f€BX(X) > A(f) = lim 7 logE, [elo /X] (3.25)

is well-defined, conver and finite, and (L¢)i>o satisfies a LDP in the T"-topology with the good rate
function defined by:

sup {v(f) = Af)}, ifvePu(X) and v < p,
VvePX), I(v)={ feBZ (3.26)
+ 00, otherwise.

More precisely, for any T%-measurable set T C P(X), it holds

. o1 = 1 .
— ,iIelf“ I(v) < t_l%oo : log P, (L €T) < tl}+mm : log P, (L €T) < firelg I(v), (3.27)

where the interior and closure of T are taken with respect to the 7" -topology. Finally, for anyv € P(X),
it holds I(v) =0 if and only if v = p.

Our conclusion is in essence close to that of [275], but the conditions to reach it seem more natural
to us and correspond to usual conditions for proving large deviations principles in an unbounded
state space, see [427, 149] and [416, Section 9]. In particular, they allow to derive the duality rep-
resentation (3.26), and we do not need to consider non-linear operators. Our strategy (presented in
Section 3.6.1) relies on the Géartner—Ellis theorem [199, 165, 166, 119], for which the existence of the
free-energy (3.25) is a key element (see Section 1.2.2 in Part I). The originality of our work is to
make use of the local martingale (3.7) introduced by Wu [427] in order to solve the spectral problem
associated with the Feynman—Kac operator £+ f, which proves the existence of (3.25). This directly
provides the LDP in the 7%-topology by duality. However, there may be cases in which a LDP holds
although the conditions of the Gértner—Ellis theorem are not satisfied, for instance in the framework
of the Sanov theorem [424], so our condition may not be necessary.

Another advantage of our approach is to characterize precisely the set of functions for which a LDP
holds from the standard condition on ¥ defined in (3.20), like in [131, 416]. This condition is also used
in [427, Corollary 2.3] for proving a level 1 LDP for the Langevin dynamics. We present below a clear
connection with a spectral gap condition for the Witten—Schrédinger operator in the reversible case.
The comparison with Cramér’s condition for independent variables highlights the effect of correlations
on fluctuations.

Remark 3.11 (Reversible processes, Witten Laplacian and Cramér’s condition). Consider the fol-
lowing reversible diffusion
dX; = —VV(X;)dt +V2dB;,

where V : X — R is a smooth potential with compact level sets. The generator of this dynamics is
L=-VV -V +A and its invariant measure reads p(dx) = Z~' e~V ®dx. Define

W9 (1,) _ et9V(nc)7
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for some 6 € (0,1). This is a standard choice for obtaining compactness of the evolution operator [362,
Section 8/, and optimal control representations of rate functions [1/9], see also Proposition 3.8. An
easy computation shows that

LW,

Uyg=—="L =91 -0)|VV|]> - 6AV. (3.28)

W
However, we also know [/25] that the generator L considered on L*(p) is unitarily equivalent to the
operator

Z: e_%ﬁ(e% . ),
defined on L*(dz) (a procedure also called symmetrization [}0/4, Section 4.3]), which is actually the
opposite of the Witten Laplacian [425, 25/

5 1 5 1 _(_
L=A—1VVP+ AV = ( A+\11%). (3.29)

In this case, the condition for (3.28) to have compact level sets when 6 = 1/2 is actually equivalent to a
confinement condition (or spectral gap condition [235]) for the Witten—Schrodinger operator L defined
in (8.29). In that sense, Assumption 3.6 is a natural generalization of a spectral gap condition for the
Witten Laplacian in the case of possibly non-reversible dynamics. This is why we call Assumption 3.6
a Witten—Lyapunov condition.

We now compare this Witten—Lyapunov condition to Cramér’s exponential moment condition in
the case of independent variables of law . Consider the case when V(x) = |x|? for ¢ > 1, for which
Assumption 3.6 is satisfied by application of Proposition 3.8. The standard Cramér’s condition in the
case of independent variables states that the empirical measure

1 n
w20

satisfies a large deviations principle in the T"-topology if and only if (see [12], Theorem 1.1] recalled
in Section 1.2.2):

V6 e R, / e dpy < +o0.
X

If p(dz) o< e~ 1*"dx, a sufficient condition for the above condition to hold is to choose k(x) = 1+ |z|®
with 0 < @ < q. On the other hand, the Witten—Lyapunov potential (3.28) reads in this case

Wo(z) = 0(1 — )¢ [[* ™ — fq(g — 1)]z|*~,

so that we may choose r(x) = 1+ |z|* for 0 < a < 2(q¢ —1). When comparing the two conditions, we
obtain the following different situations depending on q:

e g > 2 (super-Gaussian case): 2(q — 1) > q, the Witten—Lyapunov condition is less restrictive
than Cramér’s condition;

o g =2 (Gaussian case): 2(q — 1) = q, the two conditions are equivalent;

e g€ (1,2) (sub-Gaussian case): 2(q—1) < q, the Witten—Lyapunov condition is more restrictive
than Cramér’s condition.

This simple example shows that considering a correlated system instead of independent variables has a
non-trivial effect on the stability of the system. Depending on the confinement potential, the Witten—
Lyapunov condition for (3.28) to have compact level sets can be more or less restrictive than Cramér’s
condition for independent variables distributed according to the invariant measure u. Finally, we
remark that for ¢ € (1,3/2), the process is heavy-tailed in the sense that 2(¢q — 1) < 1 and the
observable f(x) = x (assuming d = 1) does not satisfy a LDP. In other words, the average position of

the process defined by
1 [t
f/ X,ds
tJo

a priori does not satisfy a large deviations principle at speed t.

We finally mention that, in the case where the observable f grows faster than the potential ¥, it
seems possible to derive a level 1 large deviations principle at a speed smaller than t. We refer to [342]
for a recent account dealing with the case of an Ornstein—Uhlenbeck process, and to [54, 17] for related
1SSUES.



3.3. DECOMPOSITION OF THE RATE FUNCTION 113

We close this section with a practical corollary of Theorem 3.10 which generalizes the level 1 LDP
proved in [427, Corollary 2.3]. It is a classical application of the contraction principle presented in
Section 1.2.2.

Corollary 3.12 (Level 1 large deviations principle). Suppose that Assumptions 3.4, 3.5 and 3.6 hold
true and consider a function f € BX(X). Then, the function

1 t
bR A(0) = lim TlogE, [ee I f<Xs>ds} (3.30)

is well-defined and differentiable. Moreover,

L) =5 [ s o [ ran

almost surely, and L(f) satisfies a large deviations principle in R at speed t with good rate function
given by

VaeR, If(a)=inf{I(v), vePX)|v(f)=a}, (3.31)
where I is defined in (3.26). Moreover, it holds
It(a) =sup {fa— A\f(0)}. (3.32)
0eR

As already noted in Section 1.3.1, Corollary 3.12 is useful for practical applications, since (3.32)
is a natural way to estimate the rate function I associated with an observable f, see also [202, 377,
397, 97, 184] and the numerical method proposed in Chapter 5.

Proof. For f € B°(X), the application L; € P, (X) — L:(f) € Ris continuous in the 7"-topology [124,
Lemma 3.3.8]. Therefore, L;(f) obeys a large deviations principle in R by the contraction princi-
ple [119, Theorem 4.2.1], with good rate function given by (3.31). Moreover, one can redo the proofs
leading to Theorem 3.10 and show that A defined in (3.30) is smooth and well-defined on R. This
implies that a LDP with good rate function (3.32) holds through the Gértner—Ellis theorem applied
in R. Since the rate function is unique, the expressions (3.31) and (3.32) coincide. O

3.3 Decomposition of the rate function

Our goal in this section is to rewrite I in various ways, which is useful for theoretical understanding
and practical purposes. In Section 3.3.1, we first show an extension of the standard Donsker—Varadhan
formulation for I. This result is easily obtained by making use of the spectral analysis of the operator
L+ f for f € BX(X), which is presented in Section 3.6.1. We then apply this result to obtain a
variational representation for the principal eigenvalue A(f) of the operator £+ f. Next, in Section 3.3.2,
we split the expression of the rate function into symmetric and antisymmetric parts of the dynamics,
extending the work [49] to general diffusions. Such a decomposition will prove useful in Section 3.4
to compare the entropy of overdamped and underdamped Langevin dynamics. Most of the proofs of
this section are postponed to Section 3.6.2.

3.3.1 Donsker—Varadhan variational formula

We start with the variational representation of the entropy. Our proof, which can be found in Sec-
tion 3.6.2.1, is an adaption of [124, Lemma 4.2.35] relying on the Feynman-Kac operator and its
spectral elements.

Proposition 3.13. The rate function defined in (3.26) admits the following representation:

Vv ePX), I(V):sup{—/xijtdz/, u6D+}, (3.33)

where c
D+:{ueB$()«) ] u> 0, —%EB?(X)}. (3.34)

In particular, the functional defined in (3.33) is equal to +oo if v & Pe(X) or v is not absolutely
continuous with respect to .
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This result is standard when X is compact [133], but does not seem to be known for an unbounded
space X and for the 7%-topology we consider. In this situation the space DT has to be designed
with caution (in particular, DF is not empty since it contains the functions of the form u = e?¥ for
Y € CP(X)). Note also that the last statement of Proposition 3.13 is consistent with the Fenchel
definition (3.26) of the rate function. In order to get some intuition on the formula (3.33), let us
mention that the proof relies on replacing the maximum over functions u € DT by the supremum over
eigenfunctions hy satisfying

(L+ f)hy = N f)hy,
for f € Be°(X). The above equation rewrites, since hy > 0,

By integrating with respect to a measure v € P, (X) we find (3.33) on the left hand side, and the
Fenchel transform (3.26) on the right hand side. The functional spaces associated with f and hy
motivate the choice of D+.

A natural consequence of Proposition 3.13 is the following variational representation for the prin-
cipal eigenvalue. The proof, postponed to Section 3.6.2.2, relies on the convexity of the cumulant
function to invert the Fenchel transform (3.26).

Corollary 3.14. For f € B*(X), the principal eigenvalue A(f) associated with the operator L + f
over BiR(X) is isolated and admits the following representation:

A(f) = sup {v(f) - 1)}, (3.35)

where I is defined in (3.33).

Remark 3.15. Corollary 3.14 may seem anecdotal, but it provides a variational representation for
the principal eigenvalue of non-symmetric diffusion operators, as pioneered by Donsker and Varadhan
in their seminal paper [133] for a compact space X. To the best of our knowledge, this formula had not
been shown in an unbounded setting, for which we need to introduce the «generalized domainy DT de-
fined in (3.34). However, our set of assumptions implies that the largest eigenvalue A(f) is isolated for
any f (because of the compactness of the resolvent provided by Lemma 3.32), whereas in [135], (3.35)
may be the supremum of the essential spectrum of the operator. This suggests that (3.35) holds under
weaker assumptions. A possible approach for such a generalization may be to consider different meth-
ods for studying the long time behaviour of unnormalized semigroups, see for instance [89, 2/, 91] or
to resort to more subtle spectral analysis tools [}26, 428, 195, 3.

3.3.2 Entropy decomposition: symmetry and antisymmetry

Our goal is now to provide refined expressions for the rate function I in terms of symmetric and
antisymmetric parts of the dynamics, inspired in particular by [49]. In the following, for any closed
operator T, we denote by T* its adjoint on L?(u), where u is the invariant measure of the process,
as obtained in Proposition 3.9. Considering the generator £ of the diffusion (3.9), we can always
decompose it into symmetric and antisymmetric parts with respect to p through
L+ L _L-Lr

La

L=Ls+ Lr, Ls= B , B

(3.36)

It is important to note that L is a first order differential operator (and therefore obeys the chain rule
of first order differentiation). The decomposition (3.36) then allows to separate the rate function (3.33)
into two parts. This is the purpose of the next key result, whose proof can be read in Section 3.6.2.3.
It is inspired by the computations in [49, Proposition 2], which we simplify and generalize here through
a variational Witten transform and the use of the Sobolev spaces introduced in Section 3.2.1. The
algebra of the proof also suggests to consider I(v) for probability measures v of the form dv = e dpu.

Theorem 3.16. Suppose that Assumptions 3.4, 3.5 and 3.6 hold true, consider a measure v € Py (X)
such that v < p and dv = e¥dp with v € ' (v) and Lav € 71 (v). Then, the rate function I
defined in (3.33) admits the following decomposition:

I(v) = Is(v) + Ia(v), (3.37)
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where 1
Is(v) = E|U|.29f1(u) (3.38)

and 1
2
IA(v) = Z|EAU|%_1(V). (3.39)

Theorem 3.16 expresses the rate function as the sum of dual norms of the symmetric and anti-
symmetric parts of the dynamics. Note also that we consider a measure of the form dv = e du, that
is the Radon—Nikodym derivative of v with respect to u is positive. However, we believe that we can
consider more general measures v, see Remark 3.36 in the proof. Since the measure v at hand appears
both inside the norms and in the definition of the norms themselves, a possibly clearer rewriting is

the following:
2
1 d
+ - ‘EA <10g V)
i) 4 dp

Moreover, the symmetric part of the rate function (3.38) can be written as a Fisher information for
the invariant measure p, a standard result [199]: denoting by p = dv/dy, it holds

1 Vp-SVp
Is(v :f/ —dp.
sy =7 [ 2

The next corollary builds upon (3.39) by rewritting Ix using a Poisson equation, which can be
manipulated more easily. The proof can be found in Section 3.6.2.4.

2

0 1’ dv

:—1 _
4 Ogdu

ﬁf”(l’).

Corollary 3.17. Suppose that Assumptions 3.4, 3.5 and 3.6 hold true, and consider k as in Assump-
tion 3.6. Consider a measure v € P,(X) such that dv = e'dp with v € ' (v) and Lav € 7 (v).
Then, the antisymmetric part of the rate function (3.39) reads

IA(V) = i‘/)(%(wmwv) dv, (340)

where 1), is the unique solution in 1 (v) to the Poisson equation
V(SVip,) = Lav, (3.41)

the symmetric matriz S being defined in (3.10) and v denoting the adjoint of the gradient operator
in L?(v).

It has been known for a long time [133] that the rate function of a reversible process is a Fisher
information as in (3.38). The antisymmetric part of the rate function has been less investigated,
although an expression like (3.40) already appears in [199] (see also [363, 49]). However, our setting
provides natural well-posedness conditions for both parts of the rate function to be finite. Interestingly,
the solution v, of (3.41) can be formally represented through [304]

+oo
y = / et (Lav) dt,
0

where £, = —V(SV -). In particular, the uniquesness of ¥, is a consequence of the definition of ()
through equivalence classes, see Section 3.2.1. Then, the stochastic process (X} );>o associated with £,
is reversible with respect to v. Denoting by e~"* the density of v with respect to the Lebesgue
measure, (X}):>o is solution to the following SDE:

dXy = =SVV,(X{)dt+V - S(XY)dt + o(X{)dBs.
Finally (3.40) takes the form

I
Ia(v) = / E, [(ﬁAv) (X8)(Lav) (X;)} dt. (3.42)

0
The antisymmetric part of the entropy is then the autocorrelation of Lav along a reversible process
that realizes the fluctuation corresponding to the measure v, with some optimality in the sense that it
minimizes the non-reversible part (3.39) of the entropy. From a mathematical point of view, it seems
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interesting to relate (3.42) to the so-called level 2.5 of large deviations [25, 98], since this approach
consists in considering joint fluctuations of the empirical measure and the associated empirical current.
In this case, the large deviations function is explicit: this reflects the fact that a Markov process is
characterized entirely by its density and current. Exploring further the connection between (3.42)
and level 2.5 large deviations is an interesting direction for future works.

Remark 3.18. [t is also possible to consider the adjoint L* not with respect to the invariant measure p,
but instead a reference measure fier Such that

E*Zﬁs—ﬁA—Ff,

for a measurable function £. The measure e may be an equilibrium measure for systems subject to
a small external nonequilibrium forcing. In [49], the technique is used to study atom chains in contact
with an inhomogeneous heat bath, s being the Gibbs measure associated with o fized temperature
profile. This leads to an additionnal term — fxfdz/ in the expression of the rate function (3.37), as
can be readily checked by a straightforward adaption of the proof.

3.4 Applications

In order to illustrate the interest of the results presented above, we come back to the two dynamics
introduced in Section 1.1.1: the overdamped and underdamped Langevin dynamics.

3.4.1 Overdamped Langevin dynamics

In this section, we come back to the setting of Remark 3.11 by considering a diffusion process over
X = R? subject to
dX; = b(X;)dt +V2dBy, (3.43)

where b : RY — R? is a smooth function and (B;)¢>o is a d-dimensional Brownian motion. This
corresponds to (3.9) with o = v/2, in which case the generator reads

L=b-V+A.

We will treat the reversible case where b = —VV for a smooth potential V', and b = —VV + F for a
smooth function F such that V - (Fe~™") = 0. In both cases, the invariant probability measure p of
the process is (assuming e~ € L}(X))

p(de) = 27 te ™ V@dy,  Z :/ eV < +oo. (3.44)
X

When b = —VV, the dynamics (3.43) is reversible (i.e. L£* = L, where £* denotes the adjoint
of £ in L?(u)). We now give a standard condition on V under which the framework developped in
Sections 3.2 and 3.3 applies.

Assumption 3.19. The potential V € .7 has compact level sets, satisfies e=V € L*(X) and, for any
6 € (0,1), it holds
(1-0)|VV]? - AV P +00. (3.45)
xr|—+00
This assumption is satisfied for smooth potentials growing like |x|? for ¢ > 1 at infinity, and it also
implies that the invariant probability measure p satisfies a Poincaré inequality [20]. Similar conditions
are derived in [275] in the context of large deviations. The next proposition is a direct application of
Propositions 3.8 and 3.9, Theorem 3.10 and Corollary 3.17 (recall the definition (3.14) of the weighted
total variation distance dy).

Proposition 3.20. Under Assumption 3.19, the process (3.43) with b= —VV admits the function
W(.’L‘) — eGV(ac)

for any 0 € (0,1) as a Lyapunov function in the sense of Assumption 3.6. For any fized § € (0,1),
there exist C,c > 0 such that for any initial measure v € Py (X),

dw (VP 1) < Ce " dyw (v, ).
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Moreover, the function
LW

U =
w

0((1—0)|VV|> = AV) (3.46)

has compact level sets and, for any k : X — [1,400) bounded or with compact level sets and such that

V()
— +00,
Iﬁ:(l’) |z|—+o00

1 t
Lt = */ (5)(, ds
tJo )

satifies a large deviation principle in the T%-topology. The good rate function is defined by: for all v €
P (X) with dv = e¥dp = pdp,

the empirical measure

1 1 [ |Vp]?
II/:*/ szdz/zf/ —du, 3.47
=g [ vela=7 [ = (3.47)

and I(v) = +oo otherwise.

In this reversible example, we see that the rate function is only defined through its symmetric
part (3.38), as shown in Theorem 3.16. We now consider a modification of this dynamics when a
divergence-free drift is added. The next proposition is an extension of the examples proposed in [363]
to the unbounded state space case.

Proposition 3.21. Suppose that Assumption 3.19 holds and consider the diffusion process:
dX; = (= VV(Xy) + F(X,))dt +V2dB;,
with F a smooth vector field such that V - (Fe™V) = 0 and

F-vVv
v |z|—=+o00

where ¥ is defined in (3.46). Then Ls=—-VV -V +A and Lo = F - V. Moreover

F-

WF:_W:9((1—9)|VV|2—AV—F-vv) ~, (3.48)
and (X¢)i>0 satisfies an LDP in the TF-topology for any function k bounded, or with compact level
sets and such that

U(x)
Ii($) |z]—+o00

The associated rate function Iy reads: for any v with dv = e’du and v € 1 (v) together with
F-Vve 1),

1 1
In(v) = 7/ [Vol* dv + 7/ [V, *dv,
4 Jx 4 Jx
where 1, is the unique J*(v) solution to
—AtYy, +V(V —v) -V =F - Vo.

Proposition 3.21 shows that in this simple case, the equilibrium and nonequilibrium dynamics
admit a LDP for the same class of functions but with different rate functions, the irreversible dynamics
producing more entropy. It is therefore an extension of the case treated in [363, Theorem 2.2]. As
for this result, Proposition 3.21 can be used to design algorithms with accelerated convergence to
equilibrium, see also [248, 249, 146]. A setting in which Proposition 3.21 typically applies is when
V(z) = |z|¢ for some ¢ > 1 and F = AVV with A € R4*? such that AT = —A (see [363]).
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3.4.2 Underdamped Langevin dynamics

We now apply our framework to the underdamped Langevin dynamics. A first nice feature of our
results is that, compared to [427], we obtain a stronger result with similar assumptions — that is
our LDP for the empirical measure holds for a finer topology than the one associated with bounded
measurable functions. Note however that [427, Corollary 2.3] obtains results similar to ours for a
contraction of the rate function (level 1 LDP). In addition, Theorem 3.16 and Corollary 3.17 allow to
obtain fine results on the dependency of the rate function on the friction parameter .

We start describing the Langevin equation in Section 3.4.2.1, before stating the large deviations
principle in Section 3.4.2.2. Finally Section 3.4.2.3 provides asymptotics on the rate function depending
on the friction.

3.4.2.1 Description of the dynamics
The dynamics is set on X = R? x R?, with (X1)iz0 = (¢, pt) 10 € R? x R? evolving as

dgi = p dt,
dpt = —=VV(qt) dt —ype dt + /27 dBt,
where v > 0 is a friction parameter, V : RY — R is a smooth potential, and (B;);>0 is a d-dimensional

Brownian motion. We could also consider the easier case where the position space is bounded (¢ € T%)
but leave this easy modification to the reader. The generator of the dynamics is

(3.49)

["y - »Cham + ’V‘CFDa (350)

where
L‘,ham:p-Vq—VV-Vp, ,CFDZ—p'Vp+Ap.

The operator £, leaves invariant the measure

j(dz) = p(dqdp) = fdg)w(dp), fi(dg) = Z; eV Ddg, w(dp) = (2m) V2 Fdp.  (3.51)

The invariant measure (3.51) can also be written

p(dgdp) = Z~ e H@P) dgdp, (3.52)
where
p2
H(g,p)=V(d)+ 5 (3.53)

is the Hamiltonian of the system, and we assume that the normalization constant Z in (3.52) is
finite. In (3.50), the Liouville operator Ly, corresponding to the Hamiltonian part of the dynamics
is antisymmetric in L?(u). On the other hand, the fluctuation-dissipation part with generator Lgp is
symmetric in L?(u), so that £ = Lypam and Ls = yLrp with the notation of Section 3.3.2.

Before turning to the LDP associated with the Langevin dynamics (3.49), we give some intuition
on the behaviour of the process as 7 varies. First, it is clear that in the small y limit, (3.49) becomes
the Hamiltonian dynamics

dg; = py dt,
dpt = *VV((],‘) dt.

To be more precise, we introduce the process (Q}, P') = (qi/y,pt/y) Where (gi,p¢)e>0 is solution
to (3.49). It can then be shown that, in the limit v — 0, the Hamiltonian H(Q7, P;') converges to
an effective diffusion on a graph [192, 193, 191, 220]. In particular the relevant time scale in the
underdamped limit is =1t

On the other hand, in the limit v — 400 and under appropriate rescaling, we recover the over-
damped dynamics studied in Section 3.4.1. To see this, we integrate the second line in (3.49) to
obtain

t
Pt —po = f/ VV(qs)ds = v(a — a0) + /2vBs.
0
By introducing now Q7 = ¢,+ and P, = p., this becomes

Y v -5 '
Q] - Q) = e VV(QY)ds + V2B;,.
0
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When v — 400, we observe that Q¢° converges formally at speed 1/ towards the solution of (3.43),
see [350, Section 6.5]. The relevant time scale in the overdamped limit is therefore v¢. These remarks
will be of interest when studying the rate function below.

3.4.2.2 Large deviations

In order to obtain a large deviations principle for (3.49), let us make the following classical assumption
on the growth of the potential [324, 277, 304, 427].

Assumption 3.22. The potential V € . has compact level sets, satisfies e~V € L*(X) and there
exist cy > 0, Cy € R such that

q-VV(g) = evlg? - Cy.

We can now find a Lyapunov function for (3.49) by following e.g. [427, 399, 324], as made precise
in Section 3.6.4. Recall that the Hamiltonian H is defined in (3.53).

Lemma 3.23. Suppose that (Xi)i>0 = (G, )10 solves (3.49) where V' satisfies Assumption 3.22.
Then for any v > 0 and 6 € (0,1), there exists € > 0 such that

W(q,p) = e’Hlartear (3.54)

is a Lyapunov function in the sense of Assumption 3.6. More precisely, for any v > 0 and 6 € (0,1),
there exist € > 0 and a,b,C > 0 such that

LW

> alq* + blp|* — C.

The Lyapunov function (3.54) can be adapted to cases where V has singularities, see [239, 316].
We can now deduce our main theorem on the Langevin dynamics, since Assumptions 3.4 and 3.5 are
readily satisfied, see for instance [324].

Theorem 3.24. Assume that (X¢)i>0 = (qt,pt)t>0 solves (3.49) where V' satisfies Assumption 3.22,
and consider k(q,p) = 1+ |q|* + [p|? with a € [0,2), B € [0,2). Then (Xt)i>o is ergodic with respect
to the measure p in the sense of Proposition 3.9, with Lyapunov function defined in (3.54). Moreover,
the empirical measure

1 t
Lt = 7\/ 5(‘157[’5) ds
t Jo

satisfies a LDP in the T"%-topology. Finally, for any v € P.(X) such that dv = €' dy with v € (V)
and Lyamv € = (v), the rate function reads

1
IL(v) = 1/ |V,v]? dv + 7/ \V|? d, (3.55)
4 Jx 4y Jx
where 1 is the unique solution in (V) to the Poisson problem:
- pr + (p - V;DU) : va = Lhamv- (356)
The proof of Theorem 3.24 is a direct application of the results of Sections 3.2 and 3.3. For the

expression of the rate function, we use (3.41) and (3.50) together with the fact that in this case, the
matrix S defined in Section 3.2.1 reads

_ (0 0 2dx2d
5—7(0 Idxd>ER .

While k can be chosen independently of the friction -y, it is interesting to note the dependency of the
rate function (3.55) with respect to this parameter. We discuss more precisely the scaling of the rate
function with respect to v in the next section, depending on the form of v.
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3.4.2.3 Low and large friction asymptotics

The next corollary shows how the decomposition (3.55) allows to identify the most likely fluctuations
in the overdamped and underdamped limits. By this we mean that, when v — 0 or v — 400, most
fluctuations become exponentially rare in -y, but some of them are associated with rate functions that
vanish as v — 0 and v — +o00. The expression of these typical fluctuations is motivated by the
discussion on the overdamped and underdamped limits in Section 3.4.2.1, from which the scalings of
the rate function appear natural. Recall the definition of the marginal in position & in (3.51).

Corollary 3.25. Suppose the assumptions of Theorem 3.24 hold true.

e Overdamped limit v — +o0o. Take a measure v € P, (X) that has equilibrated in speed, i.e. such
that v(g,p) = v(q) with v € #'(v) and p- Vv € H#~(v). Then, for any v >0,

L) = [ 9u@F o) (3.57)

where U = e [i.
e Hamiltonian limit v — 0. Consider a Hamiltonian fluctuation, i.e. dv = e’ du with v(q,p) =
g(H(q,p)) € s (v) for g € C1(R), where H is defined in (3.54). Then, for any vy > 0,
2
I(v)= %/ lpg' (H(q,p))| v(dg dp). (3.58)
X

The proof is an immediate consequence of (3.55).

Proof. Consider first the case where dv = e¥ du with v(g,p) = v(q). We have
%/ |V,v|? dv = 0.
x

—(Ap —p-Vp)¥(q,p) = p- Vqo(q).
The solution to this equation is (g, p) = —p - V,v(¢) which indeed belongs to () since Lyamv €
A~ (v) (in fact we may add to 1 any function depending on ¢ only but the solutions would be
equivalent by definition of the space .##!(v) in Section 3.2.1). Plugging this solution into (3.55) leads
to (3.57).
Assume now that v(q,p) = g(H(q,p)) belongs to #*(v) with g € C*(R). It holds

Lnamv(q,p) = 9'(H(q,p)) LramH (q,p) = 0.

As a result, the solution ¢ to (3.56) is ¢ = 0 (again, up to a function of ¢ only), from which (3.58)
follows since v € 1 (v). O

Next, (3.56) becomes

Corollary 3.25 characterizes the dominant fluctuations in the small and large friction regimes. In
the overdamped limit v — 400 the dominant fluctuations are in position only, and the rate function is
actually that of the overdamped limit (3.47) up to a time rescaling in ¢ — ¢, which is consistent with
the discussion on the overdamped limit in Section 3.4.2.1. On the other hand, in the Hamiltonian
limit v — 0, the dominant fluctuations have a Hamiltonian form, with the inverse time rescaling
t — v~ '¢. This is consistent with the small temperature limit of Hamiltonian systems [193].

Although Corollary 3.25 provides interesting information, its structure is quite rigid. For instance,
in the overdamped limit, we consider only position-dependent perturbation, which is not realistic. We
now refine the asymptotics by considering the next order correction in - for the perturbation in both
regimes, which shows the robustness of the analysis.

Corollary 3.26. Suppose the assumptions of Theorem 3.24 hold true.

o Overdamped limit v — +oo. Consider the measure v, € P.(X) defined by vy, = e’ du with
vy(q,p) = v(q) + v 0(q,p) where Lpamv € '~ (v), and © € A (v) is bounded and satisfies
Vv -Vt € #71(v) and Lyam® € 71 (v). Then

1 1
Vy=>1, I(v,)= = [/ \vp@\2du+/ qu|2du} +0 <2) , (3.59)
Y Lx R4 Y

where U = e"[i.
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o Hamiltonian limit v — 0. Consider v., = e"vdu with v,(q,p) = g(H(q,p)) + v0(q,p), where g €
CL(R), g(H) € #*(v), and © € S (v) is bounded and satisfies Lyam® € (V). Then

vy <1, IL(v) =% UX Ipg' (H(q,p))|*v(dq dp) +/X IszﬁIQdV] +0(¥?), (3.60)

where 9 is the unique S (v)-solution to
~ 8 = (1= ¢'(H(q,0)))p~ Vb = Lham?. (3.61)

We believe it is also instructive to mention the relation between the rate function (3.55) and the
asymptotic variance of the Langevin dynamics. Indeed, when considering small perturbations of the
invariant measure, Corollary 3.26 shows that

1
I, ~ min (’y, W) . (3.62)

However, the resolvent estimates in [295, Section 2.1| show that the asymptotic variance 05 scales like

1
03 ~ max (’y, 7) . (3.63)

Since we expect the asymptotic variance to be the inverse of the rate function around the invariant
measure [363], the scalings (3.62) and (3.63) are consistent. However, as (3.55) suggests, this scaling
is no longer true for general fluctuations. We now present the proof of Corollary 3.26.

Proof. We first consider the overdamped limit v — +o00. By boundedness of © we have, for any v > 1
and ¢ € A (vy),
inf © 2 2 sup ¥ 9
e 7 [V S e, <e T W5 (3.64)

Thus, the norms 5! (v,) and #!(v) are equivalent for any fixed v > 1, and the functions of 7 (v)
and #1(v) coincide (we repeatedly use this fact below, and we will use a similar argument when
v < 1). A similar conclusion holds for the corresponding dual norms. This consequence of the
boundedness of ¥ makes the analysis simpler.

Recall that we consider v, = v + 710 in the overdamped limit. The symmetric part of the rate
function is easily computed since v only depends on the position variable, namely

1~ vt B 1 . 1

where we used that © belongs to () and is bounded to expand the exponential. For the antisym-
metric part, by (3.56), we have to consider the solution ., € 5 (v,) to

|
_pr'y + <p - fva’U) . va'y = Chamvry.

Corollary 3.25 suggests that at leading order in 7 it holds ¢, = ¢ +O(y~!) where (g, p) = p- V,v(q).
In order to make this idea more precise we compute

1 1 . -
(Ap + (p - vav) . Vp> (hy — ) = 5 (Lnam® + Vqv - Vo).
In what follows, we denote by © = Lpam? + Vv - V0 the right hand side of the above equation.

Since Vv - V,0 € # 7 1(vy) and Lyam® € #~1(v,) by assumption, it holds u € 5#~1(v,). Thus,
multiplying by 1, — % and integrating with respect to v, we obtain

1
[ 19t = )P vy === [ (0~ pudr,
x v Jx
Using the duality between #!(1,) and 5~ (v,) (see [273, Section 2.2 Claim F]) and (3.64) we obtain

C
Vy 21, |y =l < ;|U|x71(u),
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where C' is some constant independent of . This shows that ¢, = ¢ + 'y_lz% with |1ﬂ7\ i) <O
for a constant C’ > 0 and all v > 1. Plugging this estimate into (3.55) and using that V¢ = Vv,
we obtain the second term on the right hand side of (3.59).

The arguments to prove the limit v — 0 follow a similar path, so we only sketch the proof. First, the
boundedness of v allows again to compare the Sobolev norms associated with v and v, for any v < 1
(by writting the counterpart of (3.64) in this regime). The first term on the right hand side of (3.60)
is easily obtained as in Corollary 3.25 using that g(H) € #'(v) and © is bounded. Concerning the
antisymmetric part, (3.56) now reads

( —Ap+ (p— Vypvy) - vp)d’v = YLham,

since Lhamg(H (g, p)) = 0. Because of the scaling in v on the right hand side of the above equation,
the solution 1., can be expanded as 1, = v + O(v?) in # (v), where ¥ is solution to

_Ailﬂ; =+ (1 - g/(H(Q7p)))p : vpr& = ‘Chamra

This reasoning can be made rigorous by a precise asymptotic analysis as above. Plugging this expan-
sion into (3.55) provides the second term on the right hand side of (3.60). O

3.5 Conclusion and perspectives

The goal of the work presented in this chapter was twofold. Our first aim was to provide, given a
diffusion process, a precise class of unbounded functions for which a large deviations principle holds.
This question is answered in Section 3.2 were we prove a LDP for the empirical measure in a topology
associated with unbounded functions, in relation with a Witten—Lyapunov condition. In particular,
a comparison with Cramér’s condition for independent variables shows the effect of correlations on
the stability of the SDE at hand. These results extend in several directions and refine previous
works [427, 275]. However, the necessity of our Lyapunov condition for a LDP to hold (as is known for
the Sanov theorem [424]) is still an open problem. Our second concern was to provide finer expressions
of the rate function governing the LDP, in particular in order to study the Langevin equation. We
answer to this question in two ways in Section 3.3. We first provide an alternative variational formula
for the rate function in Section 3.3.1, which gives as a by product a very general representation formula
for the principle eigenvalue of second order differential operators, without symmetry assumption.
This extends the important work of Donsker and Varadhan [133] in an unbounded setting. Next, in
Section 3.3.2, we show a general decomposition of the rate function into symmetric and antisymmetric
parts of the dynamics based on the computations in [49]. Interestingly, the proof of the result relies
on a Witten-like transform in the above mentioned variational representation of the rate function.
These results allow us to describe precisely the rate function of an irreversible overdamped Langevin
dynamics in Section 3.4.1, revisiting results from [363] in an unbounded setting. More interestingly
in Section 3.4.2 we provide, for the Langevin dynamics, asymptotics of the rate function for the
overdamped and the underdamped limits. We thus characterize the most likely fluctuations in both
regimes with a natural physical interpretation. Considering piecewise deterministic processes [39, 151,
152] (which lacks regularity) instead of the Langevin dynamics is also an interesting problem.

We would like to mention several interesting directions for future works. A first natural issue is
to rephrase our results in the optimal control framework developed e.g. in [68, 147, 149]. This is
particularly interesting for numerical purposes, since the optimal control representations can be learnt
on the fly with stochastic approximation methods [30, 58, 28, 184]. We believe that such results can
be obtained by harvesting the contraction principle provided by Corollary 3.12.

On a more theoretical ground, dual Sobolev norms have recently attracted attention in the optimal
transport community due to the so-called optimal matching problem, see for instance [291, 292] and
the references therein. With these works in mind, the dual Sobolev norm in the antisymmetric part
of the rate function described in Section 3.3.2 could be interpreted as an infinitesimal transport cost
related to the antisymmetric part of the dynamics, which is an alluring interpretation of irreversibility.
Note that the relations between optimal transport and large deviations theory have a fruitful history,
see e.g. [207].

Then, it has been known for some time in the physics literature that the empirical density of a
diffusion may not contain enough information to describe its fluctuations in an irreversible regime.
It is actually more relevant to consider the fluctuations of both the empirical density and current, a
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procedure sometimes called level 2.5 large deviations [98, 25]. This framework can be used to provide
a clear description of the rate function of irreversible dynamics. As shown in [25], such large deviations
results can be derived by Krein—Rutman arguments like those used in the present paper. Therefore, we
believe that our results can be extended to prove level 2.5 large deviations principles and characterize
precisely the admissible currents.

Finally, it is important to understand the behaviour of observables which are not covered by
our analysis. It has been recently shown [342] in the case of the Ornstein—Uhlenbeck process that
observables growing too fast at infinity with respect to the confinement are characterized by a heavy
tail behaviour. This leads in particular to a localization in time of the fluctuating trajectories, and
the Krein—Rutman strategy developped in the present paper does not apply. We therefore believe
there are several interesting open questions in this direction.
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3.6 Proofs

3.6.1 Proof of the large deviations principle

As mentioned after Theorem 3.10, our proof relies on the Géartner—Ellis theorem [119], for which we
need several preliminary results. The key object is the functional

feBXX) —» Af)= tl}g_noo % logE, {efot f(XS)dS]
As mentioned in Section 1.2.2, the Gértner—Ellis theorem (Theorem 1.10 in Section 1.2.2) states
that if this functional is finite and Gateau-differentiable over B2°(X') and (L;)¢>o defined in (3.2) is
exponentially tight for the 7"-topology, then (L;);>¢ satisfies a LDP in the dual space of B°(X). We
refer to Section 1.2 for more details on large deviations theory.

However, studying the range of functions f for which the functional A is finite and Gateau-
differentiable is not an easy task. Our strategy is to prove that r(f), the largest eigenvalue in modulus
of the Feynman—Kac operator £+ f, is real for any f € B°(X), and to show that it is actually equal
to the cumulant function A(f) defined in (3.25). This amounts to showing the well-posedness and
regularity of a familly of spectral problems. For this, we use several ideas from Chapter 2, where we
show that under a Lyapunov and an irreducibility conditions, the eigenvalue problem to which A is
associated is well defined. The seminal paper by Gértner [199, Section 3] provides useful technical
tools, as well as [165, 427].

In all this section, we suppose that Assumptions 3.4, 3.5 and 3.6 hold true and consider a function
k: X — [1,400) as in Assumption 3.6, i.e. such that x < U and either x has compact level sets or
is bounded. We repeatedly use that k < —% in view of (3.21). We start with important properties
of key martingales that repeatedly appear in the proofs of the required technical results.

Lemma 3.27. If (X;)i>0 is solution to (3.9), then the stochastic processes defined by

t LW t LW

My, =W(Xy)e Jo 5 (X)ds and g, = w(X,)e Jo 5 (Xe)ds (3.65)

are continuous mon-negative local martingales, hence supermartingales. Moreover, it holds almost
surely

ME L CLetC My, (3.66)
where C1 > 0 and Cy € R are the constants from Assumption 3.6.

Proof. First, Ito formula shows that

AM, = o(X,) - VW (X;) e~ Jo & (X)ds g,
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Since W is C%(X) and o is continuous, M; is a continuous local martingale [262]. Since it is non-
negative, it is a supermartingale by Fatou’s lemma, and the same conclusion holds for .#;. On the
other hand, (3.21) shows that for any continuous path (X;);>o we have

W

t
ME =W (X,)? oo —25F (Xs) ds < C1W(X}) exp {/ ( W
0

(Xs) + Cz) ds} < Oy e®2t My,

which concludes the proof. O

The use of the martingale M, is inspired by [427] where it is considered to control return times
to compact sets. Here, it allows to define the Feynman—Kac semigroup associated with the dynam-
ics (Xy)i>0 with weight function f € B°(X).

Lemma 3.28. For f € B°(X), consider the Feynman—Kac operator defined as
(P/¢)(x) =E. [w(Xt) efo £(X2) ds] : (3.67)

Then for any f € B(X), any t > 0 and any a > 0, there exist coy > 0 and a compact subset
Kot C & such that

VeeXx, (P/W)(x)<e ™W(x)+cailr,, (@) (3.68)

Moreover, for any f € BX(X) and t > 0 it holds P} B(By (X)), and (Ptf)t>0 is a semigroup of
bounded operators over Byg(X). It has generator L+ f defined on the domain

Des={p € BE(X) | (L+ Ny € BF(X)}. (3.69)

Note that for any f € B2°(X) the domain D, ; contains C°(X), but C°(X) is not dense
in B{p(X) for the associated norm. However (Ptf )i>0 generates a semigroup of bounded opera-
tors [351], so L+ f can be defined on By (X') with domain D .

Proof. We first show that for any f € B (X), (Pt‘f)t>0 is a semigroup of bounded operators on By (X)),
before turning to the proof of (3.68). For a fixed f € B°(X), since k < ¥ there is ¢ > 0 such that
for any ¢t > 0 it holds

P/W(z) = E, W(Xt)eﬂfﬂXs)ﬂ < e, [W(Xt)e’ I ‘W”Xs)ﬂ .
Using Lemma 3.27, the supermartingale property leads to
P/W (z) < e“E, [My] < W (z).

Thus (P )i>0 is a semigroup of bounded operators over By (X). This semigroup has generator £+ f,
which can be shown (although f is not regular) by using the It6 formula on smooth test functions,
see [361, Chapter VIII, Proposition 3.10]. The domain of this generator is then defined by (3.69)
through standard semigroup definitions [351].

We next prove (3.68) for a fix f € B°(X), which we assume non-zero without loss of generality.

Note that oW
K
- < — oK = — — co — .
SR AN B V) PR (1 1/l 55 \I,)‘I’

Since ¥ has compact level sets and k < ¥, for any a > 0 there exists a compact set K, C X and a
constant by, such that

LW
W +f<—a+boulk,,

which implies
(L+ )W < —aW + b1k,

with b, = bg o supg W < +o0 since W € C?(X). Therefore,

d
—(e*PIW) =P/ (aW + (L + )W) < bge™ P 1. < bye™ P/1. 3.70
dt t t t a t
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We can now bound the right hand side of the above equation with a technique similar to the one used
in [181, Section 2.3]. Indeed, for any z € X,

(P/1)(z) =E, [efg F(X2) ds} <E, {ellfl\Bgo I n(Xs>ds} _ (3.71)

Since k < 7% , there exists a constant ¢ > 0 depending on f such that

o1 (c%)ﬂ
S fllse N #

Plugging this estimate into (3.71) and using that % > 1 leads to
(P/1)(z) < e E, [W(Xt) els *%@@)ﬂ = ¢ B, [ 4] < W (2),
where the last bound comes from Lemma 3.27. Therefore, using this estimate to bound the right hand

side of (3.70), we end up with

(Z( atwa) < by o0+t

Integrating with respect to time leads to

- b
f < —at — a ct
(Pt W) () e "W (x) + b # (), ba . Ce .

Since # < W, there exists a compact set K, + C X such that BaW < e W outside K, 4, so that we
have

VoelX, (Pth) (r) < 2e “W(x) + <5a sup 7/) 1k, (x).
Ka,t

Consider finally a’ < a such that 2e™% < e ~a’t (for instance by defining o’ = a — log(2)/t for a large
enough), and set Ka/,t = Ku¢ and cor p = by supg, , #. It then holds

Vee X, (PIW)(z) <e™™'W(z)+ caili,, ,(2),
which proves (3.68). O

Lemma 3.28 proves crucial to obtain the compactness of the evolution operator Ptf over By (X),
as noted in Chapter 2 (a result inspired by [362, Theorem 8.9]). Another key ingredient is the regu-
larization property of the evolution. The following bound on the Feynman—Kac semigroup depending
on the weight function f is one element in this direction.

Lemma 3.29. Suppose that Assumptions 3.4, 3.5 and 3.6 hold true, and fix f,g € BX(X). Then,
for any t > 0, there exists Cy > 0 such that for all ¢ € Byy(X), and all z € X,

t
Hﬁﬂ@—4?¢@”<HQW$EzPWXQ</|ﬂXQ—gQ@hB>éWW?HﬂW“ﬁ“&”ﬂ
’ (3.72)

Proof. Using the inequality |e* — e®| < |a — b|el**1l for a,b € R, we first write, for z € X,

]
/f %—/ﬂ&ﬂs

§ ||@||B$]E |: Xt (/ |f )|d$) e(||fHBoo+Hg”B<>°)fo ~(Xs )da:| ,

which is the desired conclusion. O

‘Ptfw( — Plo(x )’ le(xo)] ‘ef‘) JXe)ds _elo 9(Xe)ds

<WMﬂ4 (X))

S IFX ) st fi 1g(X0) ds} ’

We can now use Lemma 3.29 to show an important regularization property of the Feynman-Kac
semigroup.
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Lemma 3.30. For any f € BX(X), ¢ € Biy(X), any t > 0 and any compact K C X, the func-
tion P} (ol ) is continuous.

Let us insist on the fact that the statement of Lemma 3.30 is a consequence of Hormander’s
theorem [161, Theorem 4.1] when f has polynomial growth and is smooth. However, the result is more
difficult to obtain when f is irregular. The idea of the proof is to use the local martingales introduced in
Lemma 3.27 to show that the regularization property of Hormander’s theorem is preserved when f does
not grow too fast. This gives a clear answer to the somehow non-optimal framework of Section 2.2.3
in Chapter 2.

Proof. We use Assumption 3.4 to revisit [199, pages 34-35] in an unbounded setting and with a hypoel-
liptic flavour. First, we note that for f € C°(X), the result is a direct application of Assumption 3.4
combined with Hérmander’s theorem. Indeed, for any ¢ € Bjp(X) and compact set K C X, the
function 1k is bounded, so that

u(t, z) = P/ (plk)(x)
is solution to the PDE
Ou = Lu+ fu, u(0,2) = plg(z).

Therefore, since 9, — £ — f is hypoelliptic with regular coefficients of polynomial growth (recall that
b,o € .), [161, Theorem 4.1] ensures that u(t, -) is C*°(X) for any ¢ > 0 (see also [244]). In particular,
P/ (1) is continuous.

We now use an approximation argument inspired by [199, Section 3| for a generic function f €
Br°(X). Consider a sequence ( fy,)nen of functions belonging to CZ°(X') with || f, || B < || f|| B for any
n € N, and such that f — f,, almost everywhere (such a sequence exists by Lusin’s theorem, see [379,
Chapter 2]). Using Lemma 3.29 with an additional indicator function, and since || f,||p= < ||f]
we have for any ¢ € B (X),n e Nand x € X,

oo
By

Pl (120) )~ B (o110) @) < ol Bx [1c 0w ([ 1706 = fuxlas ) o]

(3.73)
with & = 2 f|| g

Our goal is now to show that P/ (¢l ) converges uniformly over any compact K’ to P/ (¢l g),
by proving that the right hand side of (3.73) goes uniformly to 0 over K'. This will conclude the proof
since a uniform limit of continuous functions is continuous. We introduce to this end the events

vm =1, £n={1/ot‘1/(Xs)ds<m}, (3.74)
and fix a compact set K’ C K. The right hand side of (3.73) can then be split into two terms
(4) = E, [ILK(Xt)ﬂg,%W(Xo (/Ot F(Xs) = fa(X0)| ds> eHJH(Xods] :
(B)=E, {]IK(Xt)]lng(Xt) (/Ot |f(Xs) — f(Xs)| ds> e o N(Xs)dé'] ’

for which we show convergence to 0, uniformly for x € K’, starting with (A). Since k < —LH /W,

there exists ¢ > 0 such that
LW

26/‘6 < —7 + C.
Moreover, || fullB= < || fllB=, a < e, and # > 1, so that
(A) < et (supW) E, [1K(Xt)ng&th)efé —5 (X ds|
K

By definition of .#; in (3.65) we have

(A) < e (sup W) E, [Lge 4] .
K
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The Cauchy-Schwarz inequality then shows that

)< (spw ) w2 ([ w0 i)

By (3.66) it holds \/E,[.#?] < v/C} e“2*/2\/W (z). Next, by Tchebychev’s inequality and since W > 1,

t LW

t
P, (/ U(X,)ds > mt) <e ™E, [efot 'I’(X-*)ds} <e ™E, [W(Xt)e* o W (Xs)ds} <e ™MW ().
0

As a result, we obtain
(A)<e % (sup W) (sup W) \/Cy ecttC2t/2,
K K’

Therefore, for any € > 0, we can choose m > 0 such that (A) < e.
Let us now control (B), introducing g, = |f — fn|- Since k < ¥, it holds for some ¢’ > 0,

ok < U+ (.

Using the definition (3.74) we have
) ¢
B) < (supw ), 1, [ 0a06) 05
K 0

t t
< elm+et (supW) E. |:]lgm/ In(Xs)1pe (Xs) ds] 4+ elmtet (supW) E, []lgm/ gn(Xs)1p,(Xs) ds|,
K 0 ) K 0

(B") (B")

where Bp is the ball of center 0 and radius R > 0. Let us first bound (B’), which retains only the
parts of the trajectories performing excursions out of Bg. Using k < V¥, for € > 0 and m > 0 as fixed
above, there exist R > 0, Cr > 0 such that

ef(m+c')t

k<e ¥ + Crlpg.
= tmsupg W f| g "

We fix R > 0 and Cr > 0 such that the above inequality holds. Using again g, < ||f||p=k, we are
led to

t
(B') < o(mtc)t <Sl[1{p W) ||f||B:oIEr |:]l£m/0 H(XS)]IB%(XS)ds]

t

t
9 &
<E; |1s —U(X,)1pe (Xs)ds| < —E; |1
[ “Em/o pon VL (X } tm { "@/o

where the last line follows from the definition (3.74) of &,,. Therefore, once m is fixed, there exists
R > 0 such that for any n > 1 and z € K’, it holds (B’) < e. It remains to control (B”) in order to
obtain the uniform convergence to zero of (3.73) over K’ as n — +o0. In fact,

U(Xs) ds} <e,

t t
(B") < elm+et (sg(pw) [ B lon et (s = sup W [P, ) s

where (Ps)s>0 is the evolution semigroup defined in (3.15). Since (15,9n)n>1 i a sequence of bounded
functions converging almost everywhere to zero and the transition kernel P; has a smooth density for
s > 0, it follows that (Ps(gnlpy))n>1 goes uniformly to zero over compact sets for any s > 0, see
e.g. [199, 362]. Moreover, it can be shown that

5
O / Ps(gn1lp,)ds
0

goes to zero when § — 0, uniformly in z € K’ and n € N. Therefore, for ¢ > 0, R > 0 and m > 0
fixed as above, there exist § > 0, and n’ € N such that for all n > n’ and z € K’,

) ef(m+c’)t

N

og/ Pu(gnlp, )(x) ds = Ps(gnllBR)(z)ds—l—/5 Pu(gnllp, )(x) ds (3.75)

e——.
0 0 supx W
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Then, for some constant C > 0 and any n > n/, v € K’,
(B") <e,

so (B") can be made arbitrarily small uniformly in @ € K’ as n — +oo.

Let us summarize the various approximations: for any € > 0, we first fix m > 0 so that (4) < e.
Then, we choose R > 0 large enough so that (B’) < e. Finally, we take ¢ small enough and n large
enough in (3.75) so that (B”) < e for n > n'. As a result, for any & > 0 there is n’ > 0 such that for
n>=n' and z € K, it holds (A) 4+ (B) < 3e.

In conclusion, the right hand side of (3.73) goes to zero uniformly as n — +oco0 over any compact
set K’'. Therefore P/ (ol x) is continuous and converges uniformly over K’ to P/ (plg), which is
therefore continuous over K'. Since the compact K’ C X is arbitrary, Ptf (¢l k) is continuous over X,
which concludes the proof. O

Before presenting the main result concerning the spectral properties of the semigroup Ptf and its
consequences on the definition of the cumulant function A(f), we need the following «irreducibility»
lemma, which relies on Assumption 3.5 (this replaces the minorization condition Assumption 2.2 in
Chapter 2).

Lemma 3.31. For any timet >0, x € X and any set A C X with non-empty interior, it holds
(P/14)(z) > 0. (3.76)

Proof. Take x € X and y € A (which is possible since A has non-empty interior). By Assumption 3.5,
there exists a C'-path (¢s)seo0, solving (3.19) such that ¢g = x and ¢; = y. We can then use the
proof of the Stroock—Varadhan support theorem, see [362, Theorem 6.1] for an overview. In particular,
Assumption 3.5 implies that [395, eq. (5.5)] is satisfied. Therefore, [395, eq. (5.6)] ensures that, for
any € > 0,

P, ( sup |Xs — ¢s] < s> > 0. (3.77)

0<s<t
Moreover, since ¢; = y € A and upon reducing ¢ > 0 we may assume that B(y,e) C A, where B(y,¢)
denotes the ball of center y and radius € > 0. Recalling that f € B°(X'), we then obtain
t - oo t K u u
(PI14) (@) = Bz [Lixeay e 7] > B [T, o, x,—gutey o 1108 im0 ]
(3.78)
> oxp (= 1o swww) P, (sup 1, 6l <))
b, 0<s<t
where we denote by Sy . the e-tube around the path (¢s)seo,q, namely
S.e ={x € X|3s€[0,1] with |¢s — | <e}.

Since Sy is a bounded set and x is continuous over &', it holds

sup Kk < +00.
Sd),E

The combination of (3.77) and (3.78) leads to the desired result (3.76). O

At this stage, we can adapt the spectral analysis developed in Chapter 2 to our situation. However,
we trade the minorization condition made there (Assumption 2.2) for the irreducibility granted by
Lemma 3.31.

Lemma 3.32. For any f € B°(X) the operator L + f considered over By (X) has a real largest
eigenvalue r(f) with eigenspace of dimension one, and an associated continuous eigenvector hy € Dy g
such that hy(x) > 0 for any x € X. Moreover, it holds
Lhy o
(L+ flhy=r(f)hy and — o€ BX(X), (3.79)
f
and hy is the only positive eigenvector of L+ f (up to multiplication by a positive constant). Fi-
nally, r(f) is equal to the cumulant function defined in (3.25):

r(f) = A(f). (3.80)
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The result of Lemma 3.32 is twofold: it entails the well-posedness of the principal eigenproblem
associated with £ 4 f for any f € B2°(X), and then identifies this principal eigenvalue with the free
energy function (3.25).

Proof. We closely follow the path of Chapter 2 and split the proof into several steps.

Step 1: Compactness of the evolution operator. We first show that, for given ¢ > 0 and
f € B(X), the operator P/ defined in Lemma 3.28 is compact when considered on By (X). For any
€ < t/2 and any compact set K C X we have the decomposition

P/ =P/ 1Pl 1gP! + P/, e PL + P/, 1P 1y PY. (3.81)

We first consider the compact sets K, from (3.68) for a > O‘(omitting the dependence on t in the
notation since the time is fixed here) and show that 1 KgPtf converges to 0 in operator norm as
a — +00. Indeed, for any ¢ € Bjp(X), (3.68) leads to

[1xs P ol poe < lillmgy e (3.82)

Since for any a > 0, there is a compact set K, such that (3.68) holds, we have, taking the supremum
over ¢, that Tk Ptf tends to 0 in operator norm as a — 40c0.

We next show that PtJ: ol KPtf 1 is compact over By (X) for any compact set K C X'. Consider
a sequence (@ )ren bounded in By (X). Following the first step of the proof of Lemma 2.5 and using
our strong Feller result, Lemma 3.30, we see that Ptf_ 5-1x and Ptf 1 are strong Feller operators,
so P/ 21 k P/ 1 is ultra-Feller (see Lemma 2.33 in Chapter 2). This means that the operator
Ptf_QE]IKPtf]lK is continuous in total variation norm, so that the familly (Ptf_QE]IKPtf]lKgok)keN is
uniformly equicontinuous. We used here that since ¢ € Bfj(X) and W is continuous, it holds 1 €
B>=(X). The sequence (P} ,. 1P/ 1xop)ren therefore converges in B®(X) up to extraction by
the Ascoli theorem [379, Theorem 11.28], and in B{y(X) since W > 1. Therefore, the operator
Ptf_ 21 KPtf 1k sends a bounded sequence into a convergent one (up to extraction), so it is compact
in Bjp(X) [359]. The decomposition (3.81) and the bound (3.82) then show that P/ is the limit in

operator norm of the compact operators Ptji 9e K, Ptf 1k, as a — 400, so it is compact in Bjp(X)
(see e.g. [359, Theorem VI.12]).

Step 2: Existence of the principal eigenvalue. We can now use the Krein—-Rutman theorem
on the (closed) total cone Ky = {¢ € By |¢ > 0} (see [112, 181] for definitions). It is clear that p/

leaves this cone invariant. We next show that Ptf has a non-zero spectral radius

1
n

Ri(f)= tim [P i

n—-+o0o

To this end, fix a compact set K with non-empty interior. We have shown in Lemma 3.31 that
Vee K, (P/1g)(z)>o.
Since Ptf 1k is continuous by Lemma 3.30, this shows that
oK = EQE (Ptf]lK)(x) > 0. (3.83)
Therefore, for any =z € K,
{(P[)Q 14 (2) = B, [(Pf11)(X0) 0 7095 > By [150(X0) (P 1) (X,) el /X002
> axE, [1x(X,) ef8 /&) = e (P 1) (2) > ok,
ie. 1g(z) (P21 g (2) > o2 1 (z) for € X. Tterating the procedure for any n > 1 we get

|y o

it
w

> | O
B(B) suppg W
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As a result, since 1 < supxg W < 400, we obtain in the large n limit the following lower bound for
the spectral radius:
Rt (f) > o > 0,

which shows that Ry(f) is positive. Since P/ is compact, [112, Theorem 19.2] ensures that Ry(f)
is a real eigenvalue of Ptf with associated eigenvector hy € Ky (in particular, hy > 0). Using
the semigroup property of Ptf and standard arguments (see [351, Theorem 2.4]), we can show that
Ri(f) = "It where r(f) is the largest eigenvalue of £ + f, and hy € D, ; satisfies

(L+ f)hg =r(f)hy,

as well as
Ptfhf = er(f)thf. (3.84)

Step 3: Properties of hy. For the remainder of the proof, we write for simplicity r = r(f) and
h = hy (the function f being fixed). We show here that h is continuous and positive. For any
compact K C X, (3.84) leads to

P/ (1xh) —eh

- ‘Ptf(]lKh) - Ptfh‘ - ’Ptf(]chh)‘ - (Ptf(]che*”Ptfh)j

< e bl 1P sy Vi PI WY

Using Lemma 3.28 we obtain that, for any a > 0, there exists a compact set K, such that
le™"" P/ (1xc,h) — hllpge < Ce™  with C =e " ||h]|pg||P llss:).

so that h is continuous as uniform limit of continuous functions (since Ptf (1xh) is continuous by
Lemma 3.30). Finally, since h > 0 and h is not identically equal to 0, there exists xo € X such that
h(zo) > 0. Moreover h is continuous, so there is € > 0 for which h > 0 on B(zg,¢). By (3.84) it holds,
for any z € X,

erth(.’lﬁ) = (Ptfh)(sc) > Ptf (h]lB(mg,e))(x) > <B(1?0f5) h) (Ptf]lB(mo,s))(x)'

Since h > 0 on B(xg,¢) and h is continuous, inf (4, ) h > 0. Thus, Lemma 3.31 combined with the

previous lower bound shows that (Ptf 1B(zy,e)) () > 0 for any 2 € &, which allows to conclude that
h(z) >0 for all z € X.

Step 4: Properties of eigenspaces and eigenfunctions. We now show that the eigenspace
associated with h is of dimension one, and that any other eigenvector vanishes somewhere in X. For
this, we introduce the so called h-transform [275, 377, 97, 181], just like in Chapter 2. A key element
here is the fact that h(x) > 0 for all x € X, which allows to define the following Markov operator, for
an arbitrary time ¢ > 0:

Qne = e "'h™ P/ (hy),

where h, h~! refer here to the multiplication operators by the functions h and h~! respectively. We now
prove that Qy, is ergodic by first noting that @Q; admits Wh~! as a Lyapunov function (using (3.68)
and the normalization |[h|pg = 1 which implies that Wh™" > 1). Moreover, we can prove that Qp
satisfies a minorization condition on any compact set. For this, consider K C X compact with non-
empty interior and denote by nx the uniform Lebesgue measure on K. By (3.83), for any ¢ > 0 there
is ag > 0 such that, for any measurable set A C X,

Voe K, (P/1a)(@)> (F/1kna)(z) > axnx(A).
Since h is continuous, this implies that, for any measurable ¢ > 0,

ax ming h

Ve e K, (Quny)(z)= h Nk (v),

maxpg

where both the minimum and maximum above are finite and non-zero. This shows that (), satifies a
minorization condition [219] over any compact set. Using Assumption 3.6, we can also show that Wh™!
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has compact level sets, see [181, Appendix E| for details. Therefore, the Markovian dynamics with
kernel ), admits a unique invariant probability measure pp, with respect to which it is ergodic

in By, . (X). By this we mean that [219, Theorem 1.2] there exist @ > 0 and C' > 0 such that for

any ¢ € By, 1 (X),
Vn>1, ||((Qh)ng07,u,h(<p)||Boc < CeianH(P*llh(S@)HBW&}fl, (385)
Wh—1 v

and it holds pp(W/h) < +o0.

We can now use this ergodic behaviour to show that the eigenspace associated with r has dimension
one and that Ptf cannot have another positive eigenvector with norm 1 in Bjy(X). Indeed, if there
were another eigenvector h € BS(X) associated with 7, then h/h € By, -1(X), and (3.85) ensures

that } 3 }
nlhY R h
(Qn) (h) ~ —Wo 122 (h) .

This shows that & and h would be proportional, and answers the claim that the eigenspace associated
with r has dimension 1. Assume now that there is another eigenvalue 7 < r with eigenvector h €
By (X) such that h(x) > 0 for all 2 € X'. Noting again that h/h € By, . (X) and since h > 0, (3.85)

shows that ) )
Q)" E e ﬁ >0 (3.86)
h h n—-+oo Mh h ’ ’

However it now holds, for any x € X,

(@) (Z) (@) = @) — 0,

n—-+o0o

where we used that h > 0 and 7 < r. Combining the two above equations shows that

which contradicts (3.86). As a result, there cannot be another eigenvalue with a positive eigenvector.

Step 5: The principal eigenvalue is the cumulant function. Proving (3.80) now follows by a
simple rewritting. For x € & and ¢y > 0 fixed, it holds for any n € N*,

B, [ofi " 100E] — [(R])"1] () = & [1(@1)"h ] (a),
so that

1 nt 1 1
Jo 0 f(Xs)ds| _ rntg ny—1 _ ny—1
o log E, [e 0 } — log [¢""°h(Qn)"h ()] =r+ e log [R(Qn)"h ™ (z)] .

By (3.85) (since ™t € B2, 1 (X)), we see that h(Qy)"h ™! (z) converges to a constant, so that

1 nt
r(f)= lim —logE, [efo Of(Xs)dS].

n—+oo Nty

We have chosen to work with an arbitrary time ¢y > 0 for convenience, so a priori the above limit
depends on ty3. Showing that the limit actually does not depend on this ¢y and that

1 :
r(f) = lim ~logE, {efo f(Xs)ds}

t—+oo

follows by standard arguments not reproduced here (see e.g. [239, 181]), which concludes the proof. [

An important ingredient for the lower bound of the LDP is the Gateau-differentiability of the
cumulant functional, which we prove below.
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Lemma 3.33. The functional

fEBX@) S A(f) = lim 7 logE, [ofi 705 ] (3.87)

t—+oo t
is convezr and Gateau-differentiable.

Proof. The convexity of A is a standard consequence of Hélder’s inequality. Concerning Gateau-
differentiability, we follow the strategy of [199, Section 3] for a compact state space, relying on results
of Kato [263]. For this, we interpret the cumulant function (3.87) as the largest eigenvalue of the tilted
generator r(f) as defined in Lemma 3.32. More precisely, for f,g € B*(X) and a € R, A(f + ag) is
associated with the largest eigenvalue of the operator P/ 79 in By (X) through
Ptf+aghf+ag = et)\(erag)hf-&-ag’

so that derivability in « can be shown through the differentiability of the spectrum of a bounded
operator. We thus show that the operator Ptf 99 ig differentiable in operator norm. To this end, we
fix C' > 0 and prove that for || < C' it holds

Ptf+agg0 — Ptf</7 4 QQ{797(1)80 + QZQ{,Qa(2)7a07 (388)

,9,(1 ,9:(2),c
Q,{g() Qtfg()(yo

where and
For this we first define

are bounded operators on By (X) and |ag| < C.

t
QM pe BRp(X) »E, {@(Xt) (/ g(Xs)ds> eféf(Xs>dS] :
0

This operator is bounded in B{p(X) by the same martingale estimate used to prove Lemma 3.29. In
the same way, the second order operator reads

2

1 t ¢
Q{’g’@)’a L € B (X) = §Ex l@(Xt) </ 9(X5) ds) efo(f(Xs)Jr““g(Xs))dS] .
0

This operator is also bounded in B{g(X) since, for a > 0 it holds a?/2 < e so that, for ¢ € B3 (X)

and x € X we obtain
1 t
W(X:) - </ H(Xs)d8>
2 \Jo

< H@”BW HQHQBgoEx {W(Xt) (I lf Bz +lelllglzge) fy #(Xs) dS}

2

,9,(2),
QP p(@)] < el b gl b Ea

oIl mee +lalllgllsee) i (X.) ds]

< llellsg llgllBe W (),

for some constant ¢ > 0 depending on || f||p=~, ||g||B= and a . Next, it suffices to note that

da T 2da?’t ’

to obtain (3.88) through a Taylor expansion, where |ag| < C.

This shows that o — P/ T is differentiable in operator norm. Thus, the principal eigenvalue A(f+
ag), which is always isolated, is differentiable, see [263, Chapter II, Theorem 5.4] and [263, Chapter IV,
Theorem 3.5]. This concludes the proof of Gateau-differentiability. O

2
fo _ 4 preag  pfe@a L& priag

Y

Remark 3.34. By pursuing further the Taylor expansion (3.88) in the proof of Lemma 3.33, we can
actually show that, for any f,g € B°(X), the function

a€Cr— Af+ag)

is analytic. This relies on the simple inequality a™/n! < e® for any a > 0 together with the series
expansion of the exponential and martingale estimates as in the proof of Lemma 3.33. This analyticity
was already proven in [275] using a different argument that can be simplified with our tools. Indeed,
our proof, based on martingales, shows that for any t > 0, the function

o LlogE, |eff (F(X0+as(x.) ds
t xr
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is analytic. Moreover, it is finite on R and converges pointwise to a finite valued function ast — +oo,
as shown in Lemma 3.32. Therefore, the convergence holds uniformly on any compact as t — 400
(see [166, Theorem VI.3.8]). Now a locally uniform limit of analytic functions is analytic (see [379,
Theorem 10.28]). Therefore, a— A(f + ayg) is analytic.

The last step before proving the large deviations principle itself is an exponential tightness result,
see [119, Section 1.2]. At this stage, the finiteness of A(f) together with the Gateau-differentiability
of f € BX(X) — A(f) already provides the upper bound over compact sets and the lower bound
in (3.27). In order to extend the upper bound to all closed sets, we prove exponential tightness in
the 7" topology, see Section 1.2.1 for definitions (note that this exponential tightness is not explicitely
stated in [275]).

Lemma 3.35. The familly of probability measures t — P,(L; € -) over (PH(X),T"‘) is exponentially
tight.

Proof. We adapt the strategy of [427, Corollary 2.3] and [424, Section 2.2| by introducing the familly
of sets

Iy ={rvePX)|v(¥) <N}, N>O0

For N > 0, the sets I'y are subsets of P, (X)) since k < ¥. We show that they are actually precompact
in the 7"-topology.

Let us first show that I'y is precompact in the usual weak topology for any N > 0. Consider for
this the compact sets Kg = {x € X' | ¥(z) < } C X for B > 0 (recall that ¥ has compact level sets).
Then, for any v € 'y, we have

Br(Kg) +v(Vlk,) < v(Wlkg) +v(Vik,) =v(¥) < N.
This shows that for any 8 > 0 and any v € 'y,

V(KS) < %

hence for any N > 0 the familly of measures I'y is tight, so it is precompact for the weak topology
by the Prohorov theorem [42]. Now, if k is bounded, T'y is tight for the 7*-topology and the theorem
is shown, so we may assume that « has compact level sets (see Assumption 3.6). For proving com-
pactness in our finer topology, we show that x is uniformly integrable over I'yy in order to use [419,
Theorem 7.12]. Since k < U, the set

An:{xeé\,”i((j)) <n}

is compact for any n > 1. Moreover, since we assume k to be continuous with compact level sets, for
any n > 1 there exists m,, > n such that

{\I’Sn}C{H<mn}7

K

with m,, — +00 when n — 4+oc. Therefore, for any v € I'y and n > 1,

1 1 1
/ Iidyg/ KJdUZ*/ nmdugf/\lldyzfy(\ll)g
{k>my} A nJae nJx n

N
3 n
Taking the supremum over v € I'; in the above equation and recalling that m,, = +o0o0 when n — +o00
we obtain
lim sup / kdv = 0. (3.89)
{k>m}

m—+oo veln
We can then conclude that T'y is compact for the 7%-topology. Consider indeed a sequence (v, )neny C
I'y. By Prohorov’s theorem, (v,)nen has a subsequence weakly converging towards a measure v, i.e.

vn(p) = v(p) for any ¢ € Cp(X). Then, by [419, Theorem 7.12], (3.89) ensures that v € P, (X) and
for any f € BX(X), vp(f) — v(f) as n — +oo. In other words, I'y is precompact for the 7*-topology.
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We can now prove the 7"-exponential tightness of the empirical distribution (L;);»¢ in P(X).
Indeed, for any N,t > 0, Tchebytchev’s inequality leads to

t t
P.(L: €TY) =P, (/ U(X,)ds > Nt) =P, (/ U(X;)ds > Nt)
0 0
<e ME, [ej‘g \I/(Xs)ds} — e NtpYY(z).
Renormalizing at log scale and using (3.25) leads to

— 1
m - log Pu(L €TR) < —N +A(D). (3.90)

t——+oo

The right hand side of the above quantity may look infinite since ¥ grows faster than ~. However,
using again the martingale M; defined in Lemma 3.27 we obtain, for any ¢ > 0,

t LW

E, {efo““Xs)ﬂ <E, [W(Xt)e* g <Xs>ds] — E,(M,) < W(z).
Thus it holds

_ t o
A®) < Tm - logE, [W(Xt)efo W<Xs>d5} <, Hm_ S logW(2) <0.

t—+4o0 ¢ t—+oo
As a result, (3.90) becomes
— 1
lim n log P, (Lt € I“jv) < —N.

t——+oo

Since I'y is precompact in the 7"%-topology for any N > 0, and N can be chosen arbitrarily large, this
proves the exponential tightness of the familly of empirical distributions in the 7"-topology. O

We are now in position to prove Theorem 3.10.

Proof of Theorem 3.10. We assemble the previous lemmas to check that the assumptions of the
Géartner—Ellis theorem reminded in Section 1.2.2 are fulfilled. For this, we note that the cumulant
function

1 t
. o'} : J f(XS)ds:|
)\.feBK(X)»—)thm tlong[eO

can be identified to the function A in Theorem 1.10. The topological dual of (M (X),7%) is B°(X),
where M, (X)) is the set of measures over X integrating x (see [379, 275] and [124, Lemma 3.3.8] for
details). We have proved that ) is well defined, Gateau differentiable, and that the familly of measures

t—m(-)=P(Ly€-),

is exponentially tight in the 7"-topology. Therefore, 7; satisfies a large deviations principle in the
TR-topology with good rate function given by

Vve M(X), I(v)= sup {v(f)— )} (3.91)

We observe that I(v) = +o0 if v is not normalized to 1 (take f to be constant in the supremum (3.91)),
so we may consider I over P(X). Moreover, choosing f = « in (3.91) and noting that A(k) < 400, we
get I(v) = 400 if v ¢ Pi(X). If v is not absolutely continuous with respect to u, there exists A C X
such that u(A) = 0 and v(A) > 0. Since p has a positive Lebesgue density, this means that A has zero
Lebesgue measure. Consider then f, = al4 € B°(X) for @ € R. Since A has zero Lebegue measure
and (X;)¢>0 has a smooth density for all ¢ > 0 (as a consequence of Assumption 3.4) it holds, for all
t>0,
By [fa(X1)] = aPy (X, € A) = 0.

Therefore, the process
t
Zy = / fa(Xs) ds,
0

satisfies E,[Z;] = 0 for all ¢ > 0. Since Z; > 0, it holds Z; = 0 almost surely, for any ¢ > 0. As a
consequence we obtain

1 ¢ 1
Vit >0, n logE, {efo f“'(XS)dS} =3 log E, [eZ"} = 0.
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This shows that A(f,) = 0, so that from (3.91) we obtain
I(v) = av(4),

with v(A4) > 0. By letting a — 400 we are led to I(v) = +o0.
Finally, we show that I(v) = 0 if and only if v = p, and that (L¢);>¢ converges almost surely to p
in the 7%-topology (see [119, Appendix B] for definitions). For this, we introduce the set of minimizers

S = {VGP(X) ’1@) inf 1}.

P(X)

Since I has compact level sets, .7 is a non-empty closed subset of P(X) for the 7*-topology. Moreover,
in order for the LDP upper bound to make sense, it holds infpxy I = 0. If #; denotes an open
neighborhood of .# in the 7"-topology, the lower semicontinuity of I implies that

inf T > 0.
e
Therefore, by the large deviations upper bound,
Po(Le ¢ I5) =Po(Le € 75) < C exp <—ti§1§ I) , (3.92)
<8

for some constant C' > 0. We next introduce the random subset of R4 of indices ¢ > 0 for which L,
does not belong to .#s, namely T = {t > 0| L; ¢ .#s}. Since

Px(Lt ¢ j&) - EZ[]]'{L1,¢<¢5}}7

we have, by the Fubini theorem, for any ¢ > 0,

/Ot P.(Ls ¢ I5)ds = E, [/Ot 1{Ls¢y5}d5:| = E, [| min(T, t)[].

By using (3.92) and the dominated convergence theorem, we obtain
+oo
E. [|T]] = / P, (L: ¢ 55)dt < +ov.
0

As a result, |T| < +oo almost surely. This means that, for any neighborhood .#5 of .# in the
T"-topology, the empirical measure (L;);>o almost surely spends a finite Lebesgue measure time
outside #5. In other words, (L):>0 converges almost surely in the 77-topology to the set .#. However,
we know by Proposition 3.9 that the only possible limit for (L;);>0 is p, hence & = {u} and (Lt)i>0
almost surely converges to p in the 7"-topology, which concludes the proof. O

3.6.2 Proofs of Section 3.3
3.6.2.1 Proof of Proposition 3.13

For the proof, which is partly inspired by [124, Lemma 4.1.36], we denote by I the rate function
given by the Fenchel transform in (3.26) and Iy for the Varadhan functional on the right hand side
of (3.33). We repeatedly use the results of Lemma 3.32 in what follows.

We first show that Iy (v) = +oo if v is not absolutely continuous with respect to p or does not
belong to P, (X). Assume first that v <« p does not hold: there exists a set A C X such that v(A) >0
and p(A) = 0. For any a € R we introduce f, = al4 and denote by h, the eigenvector associated
to the principal eigenvalue A\(f,) (which is continuous and positive by Lemma 3.32). As shown in the
proof of Theorem 3.10, it holds A(f,) = 0, so

VaeR, (L+ fo)ha=0.
This leads to

Lh,
ha

:CL]IA.



136HAPTER 3. LARGE DEVIATIONS OF EMPIRICAL MEASURES OF DIFFUSIONS IN FINE TOPOLOGIES

Therefore, since h, € Bjp(X), it holds h, € D" and

Iv(v) 2 / _Lha dv = av(A) > 0.
x  ha

By letting a — 400, we conclude that Iy (v) = 400 when v is not absolutely continuous with respect
to p. Next, if v ¢ P,.(X), since k > 1 it holds v(k) = +oo. We may then choose f =k € BX(X). By
Lemma 3.32 the principal eigenvector h, of £ + x belongs to DT with A(k) < +00, so we have

/—Ehﬁdu:/ﬁdu—/\(n):—&—oo,
x e X

i.e. Iv(v) = o0 if v ¢ P.(X). This shows that Ir(v) = Iyv(v) when v is not absolutely continuous
with respect to p or v ¢ P, (X). We next show that Ir = Iy when v < p and v € P, (X), which we
assume until the end of the proof.

Let us first show that Ir > Iy. For this, we consider u € Dt and introduce

IV(V)

WV

L
=,

fu =
Because of the definition (3.34) of DT, we know that f, € BX°(X), so we can write, since v € P, (X),

Ir(v) = v(fu) = M fu)- (3.93)
Moreover,

(L + fu)u = Lu— <‘Cu“> w=0. (3.94)

As a result, u > 0 is an eigenvector of £ + f, associated with the eigenvalue 0 (and hence it is an
eigenvector of Ptf * with eigenvalue 1). But we know from Lemma 3.32 that a positive eigenvector can
only be associated with the principal eigenvalue A(f,), so that A(f,) = 0 by (3.94). Therefore, (3.93)
leads to

L
s dv.

u

Le() > v(fu) = A(fu) = /X

Since u € Dt is arbitrary, taking the supremum shows that Ix(v) > Iy(v) for any v € P, (X) with
v M.

We now turn to the inequality Ir < Iy. We again draw elements from [124, Lemma 4.1.36], but
we use simpler arguments based on the spectral analysis of the operator £ + f. Consider for any
arbitrary f € B2°(X) the associated eigenvector hy € By (X) defined in Lemma 3.32. It then holds:

o hy € Bp(X);
° hf > 0

chy

e by Lemma 3.32, —
hy

== Af) € BZ(X);

Thus hy € DF. As a result we have, since v € P (X),

Given that, in the above equation, f is an arbitrary function belonging to B°(X), taking the supre-
mum leads to

Iv(v) = sup {v(f) = A(f)}-

feB

This finally shows that Ir(v) = Iy (v) for all v € P.(X) with v <« p, which concludes the proof.
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3.6.2.2 Proof of Corollary 3.14

Since I is the Fenchel transform of A, the result follows if we can show that A defined on B°(X) is
stable by bi-Fenchel conjugacy. Moreover, the convexity and finiteness of A shows that a (necessary
and) sufficient condition for A to be bi-Fenchel stable is for the functional f — A(f) to be lower-
semicontinuous (see [26, Theorem 2.22]). We show below that it is actually continuous: for any
sequence (fp)n>o0 in B°(X) such that || f,, — f|lp= — 0 for some f € B°(X), it holds A(fn) — A(f).
We shall use for this a stability result from [92].

Consider a sequence (fy,)n>0 converging to f in B°(X). Using Lemma 3.29, for any ¢ € Bjp(X),
t>0,x € X and n € N, it holds (using again the inequality a < e* for a > 0)

\(PJso)(x)—(Ptf"so)(x)\<||so||3;-;E [ (Xy) / IF(X >|d36<|flsw+lfnlsw>m<x>ds]
<Nelssllf = fullpeEe [W(Xt)euwnggo+ufn|\Bgo>fo n(Xs)ds]

< Cllellsgellf = fallB By [M]
< Cllelsgllf = fallB=W (),

for some constant C' > 0 depending on || f||p~ and ¢t > 0. We used Lemma 3.27 and the supermartin-
gale property of M, to obtain the last line. This leads to

f fn
| — P; HB(Bg;) <C|f = fallB= P 0. (3.95)
We know by Lemma 3.32 that A(f) and A(f,,) are associated with the isolated largest eigenvalue of
the operators Ptf and Ptf " respectively. Therefore, (3.95) shows that the approximation is strongly
stable (we refer to [92], in particular the definition in Section 2.2 and Proposition 2.11), and [92,
Proposition 2.2| ensures that A(f,) = A(f) as n — 4o00. This shows that the function A : B (X) —» R

is continuous and concludes the proof.

3.6.2.3 Proof of Theorem 3.16

The proof, inspired by [49], relies on two ideas: performing a Witten transform inside the variational
representation (3.33) and separating the symmetric and antisymmetric parts of the generator £. We
write dv = pdu = e’ du and consider first that v € C2°(X) instead of #!(v). Starting from (3.33),
we consider a function u of the form

u=e?/p, PeCTX). (3.96)

We call this choice “variational Witten transform” for its similarity with the standard Witten trans-
form [425, 234, 304] and its use in the variational formula defining I in (3.33). Since u = e¥+3
with v,1) € C°(X) it is clear that u € DT. This follows by noting that, using the shorthand nota-
tion w =1 /2 4+ v/2 € CX(X), we have

1
_% — W W — Ly — 5|gva|2 S C:O(X) - BEO(X)

Moreover, it holds u = ¥ > 0 and u is constant outside a compact set, so u € Bjj(X) and it holds
u€ DT,
We now rewrite the expression in (3.33) for u given by (3.96), using again the notation w =

P/2+v/2:
_/ gy = - /Lwdu—f/ loTVw|? dv.

Recalling that S = 00”7 /2 and expanding w = v/2 + v/2, we obtain

1 1 1 1 1
—/ @duz—f/ Ewdu—f/ Evdu—f/ V’(/)-SV’(/}dV—*/ V’U-SV’L/JCZV—*/ Vu-SVudv.
x u 2 Jx 2 Jx 4 Jx 2 Jx 4 Jx

(3.97)
We now decompose L into symmetric and antisymmetric parts. First, it holds

1 1 1 1 1
fiLEde:fi/X(ﬁs?/))e”dufi/X(ﬁAzb)dl/:§/XV¢~SVUCZV75/X(EA¢)dV. (3.98)
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On the other hand, using that L4 is a first order differential operator satisfying £3 1 = 0, we obtain

/([,Av)e”du:/(EAe”)d/A:/(Egl)eq’duzo.
X X X

As a result
1 1 1 1
- 7/ Lydv = 77/ (Lsv)e” du — f/ (Lav)e’du = 7/ Vv - SVoudy. (3.99)
2 /s 2 Jy 2 /s 2 Jy
By plugging (3.98)-(3.99) into (3.97), we obtain
1 1 1
—/ @du = f/ V- SVudy — f/ (La)dv — f/ Vi - SV dv. (3.100)
x u 4 Jx 2 Jx 4 Jx

The first term in the above equation reads (recalling that p = e¥)

! /X Vo SVody = /X V(VB) - SV(y/P) dp.

By density of C2°(X) in (i), the above expression is valid for any p such that \/p € #* (). The
above computation shows that this condition is equivalent to v € J#1(v), and

1 1
Z‘/‘va . SV’U dl/ = Z|’U|‘2}f1(u)7

which does not involve the function ¢ € C°(X). Moreover, since L4 is a first order differential
operator, antisymmetric in L?(u), it holds

[ esvyar=— [ @ersin=- [ cxwar

As a result, (3.100) rewrites

Lu 1 1
- [ =gl + 5 [ (Exowds - 1l (3.101)
X X

and this expression is finite for any ¢ € C°(X).

Our goal is now to take the supremum over functions ¢ € C°(X) in (3.101), and prove that this
is enough to obtain the supremum over D. We consider for this the terms depending on v in (3.101)
and, using the duality between J#!(v) and 5 ~1(v) (see [273, Section 2, Claim F|) we obtain

1 1
5/ (Lav)ypdy — Z/ V- SV dr < \ﬁAUbf L) [ty — |¢|3f1 )
x x (3.102)

1
47€|£Av|<2%”*1(y) - 1(1 — )Y,

where we used Young’s inequality with ¢ < 1 to obtain the second line. Since Lav € #~1(v), the
supremum over the functions ¢ € C°(X) takes the value —oco when 1 ¢ #1(v). Therefore, by
density of C2°(X) in #*(v), the supremum over the functions of the form (3.96) for 1 € C°(X)
recovers the supremum over DT and it holds

1 1
1) = gl + 71Lav5e10), (3.103)

by definition of the ##~!(v)-norm in Section 6.2, which concludes the proof.

Remark 3.36. We have proved our result for measures of the form dv = e¥ du. Considering more
general measures v < u is made difficult because the Radon—Nikodym derivative p = dv/du may
vanish on some region of X, hence the definition of La(log p) is not clear. Given (3.102), we see that
we can give a sense to our computations provided L (log p) defines a linear form on 51 (v), namely:
there exists C > 0 such that

Vo € AV |/ $La(log p) dv| < Cllé s )

We find it however clearer to work directly with exponential perturbations of the invariant measure p.
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3.6.2.4 Proof of Corollary 3.17
The proof follows from the variational formulation of Theorem 3.16. Indeed, let us rewrite (3.39) as

1

Iaw) =5 inf L) (3.104)

where v is fixed and satisfies the assumptions of the theorem, and

1
L) =5 [ G- [ wiesan
X X
By [273, Section 2, Claim F|, we can identify 5#~!(v) with the dual of 5#!(v), so that Z, reads

1
Ve (v), T,(¢)= §|¢|if1(y) — (LAY, V) =10y, 1 (1) -

Denoting by V the adjoint of the gradient operator in L?(v), the Lax—Milgram theorem [72, Corol-
lary V.8], whose conditions are readily fulfilled, shows that the minimum is attained at a unique
1, € A1 (v) solution to

V(SVip,) = Lav. (3.105)

Inserting v, solution to (3.105) in (3.104) leads to

) =1 [ G (3.106)

which concludes the proof.

3.6.3 Proof of Proposition 3.8

The proposition is a consequence of the equality

LW 0, o 9
Since |07V V| has compact level sets and ¥ ~ |07 VV |2 by (3.22), ¥ has compact level sets. Since V
has compact level sets, for ¢ < 6/2 it holds # < W and #?% < C;W for some constant C; > 0.
Moreover, outside a compact set, the function

] 0 (—LV — LloVV]?)

LV e (—LV - §[oVV]?)

is bounded above and below since the numerator and denominator are both equivalent to |7 VV|2,
so the second condition in (3.21) holds. Finally,

Ly € 2\ o€ 0 9 9
—27 =2¢ (fEV - §|0VV| ) = 250 <£V - §\JVV| ) +e(f —¢)|oVV]

- 22\1/ +e(0—e)|oVV]E

Since ¥ ~ |0V V|2, we may choose ¢ small enough so as to obtain

LW
—2—— < U ,
W + Cy

for some constant Co € R. This proves the third item of (3.21).

3.6.4 Proof of Lemma 3.23

The proof relies on manipulations similar to those of [324]. A simple computation shows that

LW
W

(¢.p) =eq-VV —ye?|q|> + ve(1 — 20)p - g+ 67(1 — 0)|p|* — e|p|* — O~d. (3.107)
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For any n > 0 it holds

|Q‘2 |p|2
gz —n— — —.
L K 2 2n

As a result, Assumption 3.22 leads to

LW
W

(¢,p) > lql? (0v€ —ye® — 77776(1 - 29)) + |pf? (97 —0*y—e— ;*;(1 - 29)) —Oyd — Cy.

Since 6 > 0, it holds

B (4.) > alaf? + blpl? - .
where .
a:5(07%>—752, b:97(179)757%7, C = 0vyd + Cy.

The claim follows for 6 € (0,1) by choosing 7 < 2¢/~ and ¢ sufficiently small.



Part 111

Numerical analysis and algorithms






CHAPTER 4

ERROR ESTIMATES FOR ERGODIC PROPERTIES OF
DISCRETIZED FEYNMAN-KAC SEMIGROUPS

The material for this chapter has been released in [182] and is accepted for publication in Numerische
Mathematik.
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Abstract. We consider the numerical analysis of the time discretization of Feynman—Kac semi-
groups associated with diffusion processes. These semigroups naturally appear in large deviation the-
ory (as motivated in Sections 1.3.1 and 2.1) but also in Diffusion Monte Carlo methods or non-linear
filtering. We present in this chapter error estimates & la Talay—Tubaro on their invariant measures
when the underlying continuous stochastic differential equation is discretized; as well as on the leading
eigenvalue of the generator of the dynamics, which corresponds to the rate of creation of probability.
This provides criteria to construct efficient integration schemes of Feynman—Kac dynamics, as well
as a mathematical justification of numerical results already observed in the Diffusion Monte Carlo
community. Our analysis is illustrated by numerical simulations.
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4.1 Presentation

The study of Feynman-Kac semigroups for stochastic differential equations (SDEs) has been a topic
of growing importance in the past two decades, since these dynamics are related to several theoretical
and applied areas of mathematics. They can be seen as standard SDEs whose paths are reweighted
according to the exponential of the time integral of some weight function.

Feynman—Kac semigroups naturally appear in large deviation theory, where they can be used to
enhance the likelihood of observing rare fluctuations and henceforth computing cumulant generating
functions [416, 121]. This is motivated at length in Section 1.3.1. They also have important practical
applications, such as in the Diffusion Monte Carlo (DMC) method [190], which is a probabilistic
way of estimating the ground state energy of Schrédinger operators; or in computational statistics, in
particular in (non-linear) filtering [113, 137], where relevant trajectories are selected from observations.
We refer to Chapter 2 for further motivations and references.

We focus in this chapter on the bias arising from the time discretization of the underlying con-
tinuous stochastic dynamics and of the time integrated weight. Our interest resides in the ergodic
properties of the discretization, namely the invariant measure as well as the average rate of creation
of probability (i.e. the cumulant generating function). We refer to Section 1.4 in Part I for general
notions of numerical analysis for discretization of SDEs. Let us briefly present our setting and results.

We study a system X; € X evolving in a d-dimensional space. We assume in this chapter that

X =T

is a d-dimensional torus (where T = R\Z, the extension to unbounded spaces poses non-trivial issues,
as discussed at various places later on). For convenience, we consider that the evolution is dictated
by a stochastic differential equation with additive noise:

dXt = b(Xt) dt + O'dBt, (41)

where b : X — R? is a C°°(X) vector field, B; is a standard d-dimensional Brownian motion. Note
that the dynamics (4.1) may be non-reversible. The diffusion coefficient o > 0 is assumed to be
constant, but our results could be extended to dynamics with multiplicative noise upon appropriate
modifications. The infinitesimal generator of the dynamics (4.1) reads

0.2

and we denote by L' the adjoint of £ on L?(X) endowed with the Lebesgue measure. Since X is
compact and b is smooth, (4.1) admits a unique invariant distribution, denoted by p, which is solution
to the Fokker—Planck equation

L =0,

see e.g. [362, 262, 304]. In all this chapter, we use the shorthand notation C = C°°(X) for the space
of smooth functions over X', which is a core for the generator £ in L?(u).

Denoting by P(X') the set of probability measures over X', we use the definition of Chapter 2 for
Feynman—Kac type semigroups. That is, for a measurable function f : X — R and initial probability
measure v € P(X) we have,

E, {cp(Xt) elo f(Xs)ds:|
E, [efo* F(Xs) ds]

VE=0, Veel, df(v)(p)= : (4.3)

where the expectations run over initial conditions X distributed according to v and all realizations
of (4.1). The family of mappings {® };>¢ is a measure-valued non-linear semigroup in the sense that
<I>{ : P(X) — P(X) depends non-linearly on the initial condition and, for all v € P(X) and t,s € Ry,
of (&1 (v)) = ¢{+s(y), see Chapter 2. Such semigroups have been studied for a long time in the
context of Diffusion Monte Carlo (DMC) [213, 10, 77, 412, 190] in order to estimate the principal
eigenvalue of Schrédinger type operators —A + f, which correspond in our case to b = 0. They also
appear in the large deviations community [202, 289, 397, 406, 337, 338] where they are related to
the principal eigenvalue of £ + f, as discussed at length in Chapter 3, see also [133, 416, 121, 406,
119]. Other fields such as non-linear filtering, Hidden Markov Models [253, 137, 138] and free energy
computation [252, 251, 378, 301] also motivate the study of such semigroups.
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As we have studied in Chapter 2, the semigroup (4.3) converges in general to the average of ¢ with
respect to a tilted measure py (recall that X is bounded here). More precisely, the operator L+ f
has a largest eigenvalue A which is isolated from the remainder of the spectrum and non-degenerate,
with associated eigenfunction pf, and

VveP(X), Voel, Ofw)(p) —— [ wdpy,
t—o0 X
exponentially fast. We address in this work the time discretization of the semigroup (4.3) using a finite
time step At. The underlying continuous evolution (4.1) is discretized by a Markov chain (z,)nen
and (4.3) is approximated by (using a simple quadrature rule for the time integral)

E, [p(n) e TH0 1)

o B . 4.4
At (V)(®) E {emz;:; f(ri)} -

Under mild assumptions on the discretization scheme (made precise in Section 4.2.2), the discrete
semigroup (4.4) converges to an invariant measure j¢ a; in the following sense,

n—-+oo

VveP(X), Veoel, &L, w)(e)—— [ odusar
X

The core of this chapter consists in making precise the difference between py and pra;. We aim in
particular at designing numerical schemes leading to the smallest possible biases. Although a series
of papers study the statistical error of estimators such as (4.4) (see [114, 117, 113, 376, 377]), there
are, to our knowledge, no available estimates on the bias of the limiting measure with respect to At.
However, in the context of DMC (where we recall b = 0), it was numerically observed that some
discretizations provide first, second or fourth order of convergence in At for the largest eigenvalue A of
L+ f, see for example [10, 412, 328, 381], and [164] for the numerical analysis in a simple case (note
that we write A instead of A(f) to shorten notation). The results presented in this chapter provide
a mathematical justification of such convergences, while extending them to the case b # 0. Let us
also mention that Hairer and Weare have studied in [221, 222] the convergence with respect to the
time step of discretized dynamics similar to the one we consider, over a finite time and for a finite
population of replicas. They obtain in the limit At — 0 a limiting process, the so-called Brownian
fan.

We rely on the techniques developped since the works of Talay and Tubaro [400, 398], taking
advantage of the analytical tools developed in a series of papers [325, 110, 1, 2, 62, 295, 304], in order
to provide a systematic framework to study the bias in the time step. More precisely, we show in
Theorem 4.16 that there exist an integer p > 1 and a function % solution to a Poisson equation (both
depending on the numerical scheme at hand and the quadrature rule for the integral), such that, for
all ¢ € C,

/goduﬁm:/ <def+Atp/ Y dus + O(APT). (4.5)
X X X

This result is very similar to those of weak backward error analysis on invariant probability measures
of ergodic processes, see for example [110, 62, 295] and the presentation in Section 1.4.1. Moreover, as
the computation of the principal eigenvalue A (or cumulant function in the large deviations context) of
the operator L+ f is one of the main concerns in Feynman—Kac techniques, we provide in Theorem 4.21
the following error estimate:

1
Aae = 73 log [/ QAL dumt} = A+ CA +0(Ad™), (4.6)
X

where QfAt is the evolution operator of the discretized dynamics with weight function f. This result,
related to Theorem 2.8 in Chapter 2, is interesting since it allows to justify the use of population dy-
namics methods for discretizations of diffusion processes, see [202, 397, 337] for rare events simulations,
and [190] for DMC.

Let us mention that, while the proof of (4.5) relies on previous works concerning error estimates
on the invariant measure [400, 398, 62, 110, 295], the novelty of this work lies in taking into account
the non-probability conserving feature of the dynamics. With this point of view and, odd as it may
seem, formula (4.5) appears as a consequence of (4.6), and not conversely. An interpretation of this
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fact is that, in order to prove an error estimate on the invariant probability measure of this non
probability-conserving dynamics, we must first show that the discretized process creates or destroys
probability at a rate correct up to terms small in At. Phrased differently, we prove error estimates on
the principal eigenvalue before considering the associated eigenvector.

The chapter is organized as follows. Section 4.2 is devoted to general properties of Feynman—Kac
semigroups and their discretizations. We then present in Section 4.3 our main results concerning
the numerical analysis of the error on the invariant probability measure, depending on the choice of
the discretization scheme, before providing numerical applications in Section 4.4. Finally, Section 4.5
proposes possible extensions to this work. The proofs of the most technical results are gathered in
Section 4.6.

4.2 Convergence properties of Feynman—Kac semigroups

We present in this section the setting of our study. In particular, we remind convergence results and
some useful properties of continuous Feynman—Kac semigroups in Section 4.2.1, as well as convergence
results for their discretizations in Section 4.2.2. Although these results are known (and can often be
obtained as applications of the results of Chapter 2), we believe that it is useful to gather them here to
allow for a self-contained presentation of the numerical analysis framework developped in Section 4.3.

4.2.1 Continuous dynamics

We denote by (P;):>0 the evolution semigroup associated with the process (X;);>0 in (4.1): for all
veP(X)and g €C,
Ei(v)(p) = Ey [p(X)]-

Its weighted counterpart is
P/ (v)(p) = B, |p(X;) elo /(Xe)ds

The infinitesimal generators of P and Ptf are respectively £ and £ 4 f, where we denote with some
abuse of notation by f the multiplication operator by the function f. Whether a statement corresponds
to the function f or the associated multiplication operator should be clear from the context. We assume
in the sequel that the function f is smooth, so that the associated multiplication operator stabilizes
the core C.

The existence of a spectral gap for the generator £ + f and its adjoint is a key ingredient for our
study. Here and in the sequel, and otherwise explicitly mentioned, all operators are considered on the

Hilbert space
[ oPan < +oo} |
x

Let us insist on the fact that the L?(u)-framework is useful for the numerical analysis of Section 4.3,
compared to the B (X) spaces used in Chapter 2, which motivates the analysis of this section. For
a given closed operator T on L?(u), we denote by T* the adjoint of T in L?(u). In particular,

L*(pn) = {gp measurable

V(¢,¢) €C, /X(T¢)s@du=/X¢(T*w)du-

In this functional framework, the reversibility of the dynamics is equivalent to the self-adjointness
of £ on L?(u). As mentioned in Section 1.1, we want our results to be valid for irreversible dynamics.
Therefore, we do not assume that £ is symmetric, and this is why we need to distinguish between
eigenelements of £ and £*. We can then state the following.

Proposition 4.1. The operator L+ f, considered on L*(p), has a real isolated principal eigenvalue \
with associated eigenfunction hy € C normalized as

(L+ f)hy = Ahy, /){hfd/,L:l. (4.7

The operator L* + f then also admits A as a real isolated principal eigenvalue, with associated eigen-
function £y € C normalized as

(£*+f)£f:/\£f, /ngduil. (48)
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Moreover, the functions hy and £y are positive.

The fact that hy and £; belong to C is a consequence of elliptic regularity. Let us emphasize that,
as a consequence of (4.8), the measure

pp =Ly p

is the only invariant probability measure for the evolution encoded by Ptf -, Moreover, when the
underlying diffusion is reversible, i.e. b = —VV and u(dz) = Z~1 e~2V(@)/o? dz, the operator L is
self-adjoint (L* = L) so that hy = £;. When f = 0, it simply holds A = 0 and hy = ¢; = 1 whatever b.

Proof. Tt is shown in [199] that the operator £ + f has a real isolated principal eigenvalue when
considered as an operator on C°(X), the space of continuous functions over X. This can be proved
using the Krein-Rutman theorem [141] like in Part II. On the other hand, standard results of spectral
theory of elliptic operators on bounded domains show that £ + f on L?(u) has a discrete spectrum,
which is bounded above [358]. The first eigenvalue cannot be degenerate since the associated eigen-
vectors are smooth by elliptic regularity and are therefore also eigenvectors of £ + f considered as
an operator on C°(X). Finally, the positivity of h 7 and £y follows from the fact that the evolution
semigroup Ptf and its adjoint are operators with smooth and positive transition kernels (since the
noise is non-degenerate), together with the equalities P/ hy = e hy and (P/)*(; = e f;. We refer
to Chapter 2 for more details. O

In what follows, we use the subspaces Lfc (1) and Cy of functions of average 0 with respect to p:

L?(M)Z{sﬂeﬁ(u) ‘/deuf=0}7 Cf:{<P€C ’/XSDde:O}~

We also introduce the measure fiy = hy u1, the space
5f={<p60 ‘/ @dﬂf20}7
x

5 :inf{A—Re(z), zea(£+f)\{)\}} >0 (4.9)

and we denote by

the spectral gap of £ + f in L?(u). The fact that the largest eigenvalue \ is a priori non-zero
corresponds to a possible creation (A > 0) or destruction (A < 0) of probability induced by the source
term f, which plays the role of an importance sampling function. The statement about the spectral
gap in Proposition 4.1 implies the convergence of the Feynman—Kac semigroup (4.3), as stated in the
following result.

Proposition 4.2. There exists C > 0 such that, for all v € P(X) and ¢ € L*(u),
vzl [8{0)e) - [ edug| < Clielsagye, (4.10)

where 05 is defined in (4.9).

As made clear in the proof of this result (see Section 4.6.1), it is possible to consider any observable
¢ € L*(p) even if y is singular. This is due to the regularizing properties of the underlying diffusion
for positive times, and explains why the convergence result is stated only for times ¢ > 1. The next
proposition will be frequently used in this work.

Proposition 4.3. It holds
/ Fduy = A (4.11)
x

Proof. Integrating both sides of (4.8) on X,

/fdﬂf:/vfdu—/.c*efdu:x/ efdu—/ﬁndufzx,
X X X X X

since L1 = 0. O
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A natural corollary of Propositions 4.2 and 4.3 is that the largest eigenvalue of £ + f can be
obtained by a long time average of f using the Feynman—Kac semigroup (4.3).

Corollary 4.4. There exists C > 0 such that, for any initial distribution v € P(X),
(V) (f) — A < Cedt

Another important consequence of Proposition 4.1 is the invertibility of the generator and its
adjoint over suitable functional spaces.

Proposition 4.5. The operator L + f — X is invertible on Cy, in the sense that, for any g € Cy, the
Poisson equation
(L+f-Nu=g

admits a unique solution u € Cy, which is denoted by (L+ f—X)"tg. Similarly, L*+ f — X is invertible
on Cy.

The proof of this result can be read in Section 4.6.1. Let us emphasize that the smoothness of f
is crucial for this proposition to be true. Note also that the stability of the core of the operator £+ f
would be harder to prove for non-compact state spaces, as this is already a non-trivial statement for
the Poisson equation with f = 0, see [276, 277].

4.2.2 Discretization

We now turn to the discretization of the Feynman—Kac semigroup (4.3). We first define discretization
schemes, and show that they are ergodic for some limiting measure under mild assumptions. We also
recall the stationarity equation satisfied by this invariant probability measure, which proves crucial
for the numerical analysis developped in Section 4.3.

The properties of discretized Feynman—Kac semigroups are related to the properties of the under-
lying discrete dynamics. The approximation of the continuous dynamics (4.1) is given, for a time At,
by a Markov chain (2, )nen such that 2, ~ X,,a;. This Markov chain is characterized by the evolution
operator Qa; defined as

(Qavp)(z) = E[@(%wl) |zn = 17] (4.12)

A typical example is the Euler—-Maruyama scheme defined by:
Tna1 = Tp + b(xn) At + o VALG", (4.13)

where (G™)p>0 is a familly of independent and identically distributed standard d-dimensional Gaus-
sian random variables. In order to perform our analysis in Section 4.3, it is convenient to rephrase
discretizations of (4.3) such as (4.4) in terms of an evolution operator. For instance, we see that,
defining

QA1) (@) = 2T (Qup) (), (4.14)
the discretization (4.4) reads, for an initial measure v and a test function ¢,
v((QA)"¢)
oL, (0)(p) = : (4.15)
; V((QfAt)n]l)

We use the definition (4.15) for more general discretizations of (4.3) characterized by an evolution
operator Q£t. Consistency requirements on Qﬂt are made precise in Assumption 4.12 below. This
allows us to take into account various integration rules, both for the underlying dynamics and the
exponential weights. For instance, the choice

(Qhi)(@) = ¥/ [Qu, (e¥10) ] (w), (4.16)

well-known in the diffusion Monte Carlo community [381, 328, 320, 412], defines the following semi-
group:
- [*"(% At EL MM}

L, (V) (p) =

—1 flz)+f(xip1)
e, [ F]
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Remark 4.6. The weighted evolution of (X;)i>0 can be equivalently formulated as the unweighted
evolution for the augmented system (X, Zi)i>o0, where Zy > 0 is solution to

dZ, = Z, f(Xy) dt, Zy=1.
However, Z; is unbounded and may diverge to +o00. The augmented dynamics (X, Zi)i>o therefore
does not have an invariant measure in general, which complicates the analysis of the long time limit.
Moreover, a naive discretization like the Euler-Maruyama scheme applied to (X, Z¢)i>0 reads

Tpt1 = Tp + b(xn) At + oVALG",
Znt1 = 2n + 2nf(x,) AL,

Observe that the positivity of Zy may not be preserved during the dynamics if At is too large, which is
crucial for the numerical scheme to be well-defined. This issue persists in general for other schemes.
On the other hand, if x,, is fized, the process Z; solving

dZy = Zof (xn) dt, Zo = zy

over a time step At admits the exact solution

Zn+l = Zn ef (@n)AL,

Therefore, a first order splitting between X; and Zy leads to the first order integrator (4.14). If we
perform a second order splitting between Xy and Z;, we are back to the second order integration rule
prescribed by (4.16). As a result, although considering an extended system (Xy, Z;)i>0 of course makes
sense, we see that, in order for the positivity of Z; to be unconditionally preserved, we are naturally led
to the same schemes as for the usual Feynman—Kac dynamics. There is finally a technical restriction
with the reformulation of the Feynman-Kac dynamics using the augmented process (Xi, Zi)i>0. The
generator Lang of (X¢, Zt)i>o is defined, for a test function ¢, through Lawgp(z,z) = Lo(z,z) +
z2f(x)0,p(z,z). However, the numerical analysis presented in Section 4.3 uses stability properties of
the inverse of the generator of the dynamics (see Assumption 4.14 below). While L is invertible as an

operator acting on functions of x, it is much more difficult to define the inverse of Ly,e in a general
way (think of the case f =0).

In what follows, given that the discrete semigroup defines a measure-valued dynamics, we write for
simplicity v, = <I>fm ,(v), and we denote again by B>(X) = {pmeasurable | sup, ¢y [¢(z)| < +oo}
the space of bounded measurable functions. For a given bounded operator Q on B*(X) and a
probability measure v € P(X), we also denote by vQ the probability measure defined as

Voecd, (vQ)(p) = v(Qp). (4.17)

We start by recalling a one-step formulation of the non-linear dynamics (v,,)n>0, as suggested e.g.
in [117] and used in Chapter 2. This formulation is the basis for a stationarity property fundamental
in our numerical analysis.

Lemma 4.7. The sequence of probability measures v, = <I>£t’n(z/) satisfies the following dynamics:

Unt1 = ¢£t(yn)7

where

v f
Vv e P(X), Vo eC, @Qt(u)(w)zw. (4.18)
/(ak)

Proof. The proof relies on a simple rewriting: for all ¢ € C,

. v ((Qﬂt)"ﬂcp) v ((QQt)”(QQﬁD)) L ((Qgt)n]l) e (Q£t¢>
wi1(e) =~ ((Qfm)nﬂn) v ((Qﬂt)"ﬂ) v ((ng( £t]1)> " (Q£t1)7

which gives the result. O
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Let us now prove that the measure-valued dynamical process (4.18) admits a limit measure iy a¢
independent of the initial distribution v, and that the long time average (4.15) converges to the
average with respect to this measure. Although we could use the results of Chapter 2, we follow the
strategy of Del Moral and collaborators [114, 117, 115, 113], which relies on the Dobrushin ergodic
coefficient of a relevant operator (see Section 4.7). We believe this is instructive, and in the context
of a bounded state space it requires less regularity assumptions. For following this approach, we use
the following assumption, which is typically satisfied for discretizations associated with the continuous
dynamics (4.3) on the torus.

Assumption 4.8. The operator Qit satisfies a minorization and boundedness condition: there exist
e € (0,1) and n € P(X) such that, for all non-negative bounded measurable function o,

veeX, enlyp) < (Qhw) (@) < Mnlp). (4.19)

Since f is smooth and X = T?, the condition (4.19) is satisfied for the evolution operator (4.14)
as soon as a condition similar to (4.19) is satisfied for Qa;. The latter condition is, in turn, easily
seen to be true for the numerical scheme (4.13), with n(dz) = |X| 'dz the normalized Lebesgue
measure on X, see [304, Section 3.3.2]. Similar considerations allow to prove that (4.19) holds for
more complicated discretization strategies [219, 304].

We can now recall an important result which ensures the existence and uniquess of the limiting
measure for the discretized Feynman-Kac dynamics. Its proof, taken from [114], is recalled in Sec-
tion 4.6.2. To state the result, we introduce the total variation distance between two measures pu,
vePX):

[n—vlrv = sup [u(A) —v(A)],
ACx

where the supremum runs over measurable subsets of X. Recall that P(X) is complete for this
distance.

Theorem 4.9. Suppose that Assumption 4.8 holds true. Then the non-linear dynamics (4.18) admits
a unique stationary probability measure py ¢ which is independent of the initial measure and which

s a fized point of @it: ;
pfar = Ong(1r.ae)- (4.20)

Moreover, for any initial distribution v € P(X),
v = psillpy <2 (1—22)". (4.21)

Remark 4.10. Let us emphasize that the prefactor e in (4.19) typically scales as At 2 exp(—CpL/At)
for some constant Cr, > 0. Indeed, consider for instance the first order discretization (4.13). Its
transition kernel between x and x’ reads

Qns(z,da’) = (' —z — b(x)At)2) .

—— _exp(-
(2mo2At)2 p( 202At

We then see that ¢ scales at dominant order in At as At™* exp(—Cyp/At) for some constant Cp, >0
depending on o and X, independently on the drift b. Thus, the choice of integrator should not affect
significantly the value of €. We also recall that, if Qit satisfies a uniform version of (4.19) with
additional strong Feller and consistency conditions, it is possible to derive uniform in At convergence
estimates, see Theorem 2.21 in Chapter 2.

As a consequence of Theorem 4.9, if we define a discretization of the Feynman-Kac semigroup (4.3)
satisfying Assumption 4.8, the discrete dynamics (4.15) admits an invariant probability measure solu-
tion to the fixed point equation (4.20). In view of (4.20) and (4.18), this measure satisfies the following
stationarity equation:

voee [ Qhedurai= ([ Qhtdura) ([ wdnsar). (122)
X X X

In particular, if we define the approximate eigenvalue Aa; by

Ao [ QL tdnsan (4.23)
X
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then (4.22) can be rewritten as:

Qf _ eAt}xAt
Veed, /X A )| duar =0, (4.24)

This is the stationarity equation of the discretized process upon which the analysis in Section 4.3 is
built. Let us emphasize that it involves the approximate eigenvalue Aa; accounting for the rate of
creation of probability of the discretized process, which differs in general from the largest eigenvalue A
of the operator £+ f (which accounts for the rate of creation of probability for the continuous process?).
The numerical analysis of the approximation Aa; of A plays an important role in Section 4.3.

Remark 4.11. In the case f = 0, the measure [y ar = piae 15 the invariant probability measure of
the discretized process without reweighting, and the evolution operator Qa; conserves probability. This
also implies that Aay = 0. Therefore (4.24) simplifies as

Qar—1 _
Vo eC, /X[( AL )@}dum—Q

which is the standard stationarity equation of the invariant probability measure for discretizations of
SDEs [295, 304]. This is because the largest eigenvalue of the discretized evolution operator Qay is 1,
as for the continuous semigroup P;. As already mentioned in Section 1.4 in the Introduction, this is
an important difference with standard numerical analysis for SDFEs.

4.3 Numerical analysis of the discretization

We now turn to the main section of the chapter, where we quantify how close pf ¢, the ergodic
measure for the discrete Feynman-Kac dynamics, is from jir, the ergodic measure for its continuous
counterpart. We also make precise the difference at leading order in At. Following a general strategy
to study the error on the invariant probability measure of discretizations of stochastic processes dating
back to [400] (see Section 1.4 in the Introduction and [110, 295, 304] for more details), we compare the
evolution operator Q%, with the Feynman-Kac semigroup ¢2*(“+/). Although the non probability-
conserving feature of the dynamics is an additional difficulty, we obtain in Section 4.3.1 results similar
to those of [400, 110, 2, 304 concerning the error on the invariant probability measure. Moreover, we
provide in Section 4.3.2 error bounds for estimators of the eigenvalue A. Finally, we show how to relate
the invariant probability measures of different schemes in Section 4.3.3 and discuss in Section 4.3.4
how the Feynman-Kac discretization essentially inherits the properties of the discretization of the
underlying unweighted dynamics.

4.3.1 Error estimates on the invariant probability measure
4.3.1.1 Expansions of the discrete evolution operators Qﬂt

For unweighted dynamics (f = 0), consistency assumptions on the evolution operator @ a; characteriz-
ing the discretization rely on an expansion of Q¢ in powers of At (see the presentation in Section 1.4).
More precisely, it is assumed that there exist an integer p > 1 and differential operators (Ag)r=1,... p+1
such that the evolution operator Qa; of the discrete dynamics admits the following expansion: for all
peC,

Qarp =@+ AtA1p + AP Asp + ...+ AT AL o+ AP R A . (4.25)
The differential operators Ay have finite order and smooth coefficients: for any k& € {1,...,p + 1},
there exist m; € N and a familly of smooth functions (aa)|a|<m, (With a = (ai,...,aq) € N¢ and
la] = a1 + ...+ a4) such that
A=Y aad” (4.26)
la|<mi

where 0% = 93} ... 0g¢. Moreover, Ra; is an operator uniformly bounded in At in the following sense:
there exist At* > 0, ¢ > 0 and m € N such that

VAt € (0,At"], Voel,  [Ratelico <cllollem, (4.27)

IThis is made precise by equation (2.26) in Chapter 2.
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where

cm = sup sup |0%p(z)|. (4.28)
la]l<m zeX

el

The assumptions (4.25) and (4.27) are standard for the numerical analysis of ergodic measures of
SDEs [400, 276, 110, 1, 295, 304], and are satisfied for a wide range of explicit and implicit schemes
defined on compact domains. A scheme is of weak order p when (4.25) holds with

Vie{l,....p}, A=

see for instance [332]. Typically, A; = L for any reasonable discretization scheme.

Besides weak and strong errors, another notion of consistency is the error arising on the invariant
probability measure, in situations when the Markov chain associated with Qa; admits an invariant
probability measure pa;. The error between averages with respect to p and pa; are of order at
least At? when the scheme is weakly consistent of order p. It can however be of higher order At
(with p’ > p+ 1) when

Vke{l,...,p'}, Veecl, / Appdu = 0. (4.29)
x

This condition is satisfied by operators which are proportional to powers of £. See however [3, 295]
for examples of situations where A4y, is not a power of £ but the above condition is met.

In the context of Feynman-Kac averages (4.3) where we consider approximations Qgt of eAHLATS),
we generalize the conditions (4.25) and (4.27) as follows.
Assumption 4.12. There exist an integer p > 1 and differential operators (Ai)kzl,.-.7p+1 of the

form (4.26) such that the evolution operator Qgt of the Feynman—Kac dynamics admits the following
expansion: for all ¢ € C,

Qhp =+ AtAl o + AP Ao + ...+ APTTAL o+ APTER v, (4.30)

where Ry a¢ i a uniformly bounded remainder in the sense of (4.27). We also assume that .A{ is such
that
A=A +f,  Al=0, (4.31)

where Ay is a differential operator. In particular, A{]l = f.
Let us provide an example of such an expansion when Qﬂt is defined by (4.14).
Lemma 4.13. Assume that (4.25) and (4.27) hold with A1 1 = 0, and define Qit = e Qas. Then

Assumption 4.12 holds with, for all k € {1,...,p+ 1},
k

Alp=">" %Ak_mgo. (4.32)

m=0

Proof. The equality follows by expanding e®*f in At and taking the product with the semigroup
expansion: there exist At* and K > 0 such that

At? Pt

f 2 +1 +2

=1+ At —_— p AtP

Qarp ( +ALf + 5 o+ +(p+1)!f + TAt,f)

X (¢ + AtA1p + AP Ao + ...+ APTLA o+ AT RALp)

with [|[rf.a¢llco < K for 0 < At < At*. Gathering the terms of order At* leads to (4.32) plus a
uniformly bounded remainder, which proves the result. O

Note that, in (4.32), we obtain A{ = Ay + f where A; is defined in (4.25). However, there are

other ways to construct Feynman—Kac schemes Qﬁt, using for instance a splitting strategy. Let us
give an example. Assume for instance that the operator £ can be split in two parts: £ = L1+ Lo. We
can then define a splitting scheme as Qa; = e2t£2e2%41 | and, by discretizing the time integral of f in
three parts (using Simpson’s rule) intertwinned with e®*%2 and eAt41,

A , 24t A
QfAt = e feAtl2e ™5 foAth1e T

In this case, we see that the expansion of QfAt cannot be derived from the one for Qa; (by a statement
similar to (4.32)). The evolution operator Qﬁt nonetheless satisfies Assumption 4.12.
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4.3.1.2 Statement of the main result

Before stating our main theorem, we need to introduce the following technical assumptions.

Assumption 4.14 (Stability). The operators Ay + f — X and A} + f — X are invertible on Cy and CAf
respectively (in the sense made precise in Proposition 4.5).

In our setting, a crucial step of the proof consists in building an approximation of the eigenvector h s

to solve an approximate eigenvalue problem for the operator Qgt. This is an important difference
compared to the case f = 0, and requires the following assumption.

Assumption 4.15 (Spectral consistency). The operator A; + f, considered on L*(u), admits \ as
its largest eigenvalue, with associated eigenvector hy:

(AL + f)hy = Ahy.

Note that Assumptions 4.14 and 4.15 are immediately met when the schemes are weakly consistent,
i.e. Ay = L, since Assumption 4.14 is equivalent to Proposition 4.5 while Assumption 4.15 follows
from Proposition 4.1. However, it is possible in principle to construct numerical schemes for which
A1 # L, in which case Assumptions 4.14 and 4.15 should be checked directly.

We are now in position to state our main result on the numerical discretization of Feynman-Kac
semigroups, which makes precise error estimates a la Talay—Tubaro in the ergodic setting.

Theorem 4.16. Suppose that Assumptions 4.12, 4.14 and 4.15 hold. Assume also that the opera-
tors .A£ in (4.80) are such that, for all k € {1,...,p}, there exists ar € R with

Vpec, / (Aiw) dpy = ak/ pdug. (4.33)
X X

Define also ¢ € Cy as

(AT +f = Nreo) = 9,

?ﬁ:lﬁo—/X%de, /Agjﬂhfduf (4.34)
§=—(A£+1)*€f +£f 24 ECf.

/ hydpy
X

Then, there exist a time step At" > 0 and a real-valued operator Ry as (uniformly bounded in At in
the sense of (4.27)) such that, for any 0 < At < At* and any ¢ € C,

/gpd,uf’m:/ goduf—l—Atp/ o duy + AP Ry A (4.35)
X x X

Note that the denominator in the second term on the right-hand side of the definition of g is
positive thanks to Proposition 4.1. In general, in (4.30), we expect .A{; to be (L + f)F/k! (which
corresponds to a scheme of weak order k), in which case (4.33) holds for ay = A\*/k! # 0 (see (4.48)
below for a proof of the latter equality). This factor comes from the fact that Qgt does not conserve
probability. Indeed, for the evolution operator Qa; of a Markovian dynamics, one always has

/ Quaclldpy = 1.
X
On the other hand, considering (4.30) and applying (4.33) to ¢ = 1 leads to
/ Qﬁt]l dup =1+ Atar +... + AtPa, + Atp*'lrﬂm,
X

where 77 A; is a remainder term which is uniformly bounded for At sufficiently small. This is the
manifestation at the discrete level of the fact that, over a time step At, the dynamics increases or
decreases approximately the probability mass by a factor e***. The relation (4.33) should thus be
compared to the invariance relation (4.29) for f = 0.
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4.3.1.3 Proof of Theorem 4.16

The proof of Theorem 4.16 relies on four lemmas which allow to easily conclude the proof. We follow
the same strategy as for the error analysis of the invariant probability measure proposed in [295, 304]
but additionnal technical difficulties arise due to the non-linearity of the stationarity equation (4.22).
The first step (Lemma 4.17) is to construct the leading correction term . We next use a projector
in Lemma 4.18 to relate the exact stationary measure py and its approximation g a¢. An a priori
estimate on the approximate eigenvalue defined in (4.23) is then provided in Lemma 4.19. Finally, an
approximate inverse operator is constructed in Lemma 4.20. In the proofs and also in the statements
below, the remainders may change from line to line in the calculation, but we do not change the
notation for convenience. There are two types of remainders: terms of the form R¢ arp where Ry a¢
is a differential operator satisfying (4.27), and functions r; o, such that, for any k > 1, there is K > 0
and At* for which ||rf asllor < K when 0 < At < At™.

To begin with, we give the expression of the leading correction term . It relies on an approximate
reformulation of (4.22) which leads to an expression similar to (4.24) up to a remainder of order At

Lemma 4.17. Under the assumptions of Theorem 4.16, for any ¢ € C,

/X (Qgt@) (1+ APY) dpuy = </X QL,1(1 + AtPy) duf> </X o (1+ AtPep) duf> + APP2R, A0,

(4.36)
where Ry ¢ s a real-valued uniformly bounded remainder (in the sense of (4.27)) and v is defined

in (4.84).

The proof of this lemma is presented in Section 4.6.3.1. Defining the approximate eigenvalue Aa;
by

Aihar _ / QL 1(1+ AtPy) dpy, (4.37)
X

equation (4.36) can be rewritten as

QfAt _eAt:\A,,
Veed, /X [( A7 ®

This expression allows to identify the leading order correction term Aty in ps Ay — pty and can be
thought of as the approximate counterpart of (4.24). The second step is to use a projector that on the
one hand stabilizes in Cy the operator appearing in (4.38), and on the other hand relates the exact
stationary measure py and its approximation piy A;. For this we introduce the following projectors:
for all ¢ € C,

(14 AtPY) dpp = AT Ry avep. (4.38)

Wo=o— [ own Mo=o- [ odu. (4.39)

The operator II is the L?(u1) orthogonal projector on Lj(y), while II; is a projector on L7(u) which
is not orthogonal for the canonical scalar product on L?(p). However, it is orthogonal on L?(uy), so
that, for all ¢, ¢ € C,

/X Ly ) e dpy = /X o(yp) dpy. (4.40)
We can then show the following result, whose proof can be found in Section 4.6.3.2.

Lemma 4.18. Under the assumptions of Theorem 4.16, it holds, for any ¢ € C,

- Qfm _ eAtdar - B Q£t _ Aty )
/X ! (At ) 1O\ dpg,ae —/X Iy (At )Hf¢ (L+ AtP) dpg (4.41)
+ AP Ry A,
where Ry a¢ is a uniformly bounded remainder in the sense of (4.27).
Here, we see that two different operators appear inside the integrals because the factors e®tat

and e2at are different. The next lemma shows that these quantities are the same up to terms
of order AtP™?. As mentioned earlier, this is an important difference with the analysis in the case
f = 0. Some a priori estimate on the eigenvalue is required to conclude the proof, whereas, for the
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unweighted case, the largest eigenvalue of the evolution operator is 1 with eigenvector 1 both for the
continuous process and its discretization. The proof, provided in Section 4.6.3.3, relies on building
an approximate eigenfunction for the operator Qgt. Similar estimates were obtained in the diffusion
Monte Carlo context in analytically solvable cases in [328].

Lemma 4.19. Under the assumptions of Theorem /.16, there exist At* > 0, ¢ > 0 and functions
U1, ..., up € Cy such that the function hyar = hy + Atug + ... + AtP u, satisfies

Qgthf,At = eAt)‘A‘hﬁAt + Atp+27’f7At, / heacdp =1, (4.42)
X

where |15 atllco < ¢ for all 0 < At < At*. As a consequence, there exist At' and C' > 0 such that

AB = AR L AP (4.43)
with |Fgat] < C for all 0 < At < At
AtAar

Once we have reached this point, it is possible to replace the eigenvalue e Atdar jp

Lemma 4.18. The last step is to build an approximate inverse of the operator

Qf _ eAtS\At
Hf ( At At Hf,

as provided in the next lemma (see Section 4.6.3.4 for the proof).

by e

Lemma 4.20. Under the assumptions of Theorem 4.16, for any 0 < At < At*, there is an operator
Sgt :C — C for which

Q]; _ eAtS\At f 1
Vo ey, Iy tT I Sh, 0 = ¢+ AP Ry avep, (4.44)

where Ry ae : C — C is a uniformly bounded remainder in the sense of (4.27), and Sﬁt admits the
following uniform bounds: for any k > 0, there exist C > 0 and m € N (depending on k) such that

VAt € (0, At"], Hsgtw‘

o <Cliellon-

We now have all the tools to prove Theorem 4.16. First, plugging the estimate (4.43) obtained in
Lemma 4.19 in the error expansion (4.41) obtained in Lemma 4.18 leads to, for any ¢ € C,

Qf _ eAtS\m Qf _ eAt:\At
/ oy (At Hf(vb dﬂﬁAt - g =4 _— Hf¢
X X

At At
+ Atp+1Rf7At¢,

where Ry A+ satisfies (4.27). We next consider the approximate inverse operator S gt built in Lemma 4.20,

and set ¢ = Sgtﬂfga in (4.45). Therefore, for any ¢ € C,

(s a8 dps o

/X(Hf‘p) dpg.ar = /X(chp)(l + APY) dpug + AP Ry Ao = AL /X(wa)w dug + AP Ry avp,
where Eﬁ A satisfies (4.27). Since 9 has average 0 with respect to pf, this gives

/@duf,m:/ apduf—i-Atp/ @wdﬂf+Atp+1§f7AtQO,
x X x

which concludes the proof of Theorem 4.16.
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4.3.2 Alternative error estimate for the principal eigenvalue

We present in this section a useful application of Theorem 4.16, which provides an error estimate
for the approximation of the principal eigenvalue A of the operator £ + f. Such an estimate is
particularly useful for computing large deviations functions, as motivated in Chapter 3. We also
illustrate this analysis in Chapter 5 below. The choice ¢ = f allows to compute the principal eigenvalue
by ergodic averages, as shown in Proposition 4.3 and Corollary 4.4. As a result, this eigenvalue can
be approximated using Theorem 4.16, whose application to ¢ = f gives

/ Fiipar = A+ AP / Foduy + APy,
X X

where r¢ A is uniformly bounded for At small enough. Although this formula can be used in simu-
lations to estimate A\, we present an error estimate for an alternative approximation more commonly
used in practice. We will also see in Section 4.3.4 that this alternative formula can be more accurate
than the estimate based on averaging f.

Theorem 4.21. Suppose that Assumption 4.12 holds, with a numerical scheme consistent at order p
(that is, Al = (L + f)*/k! for 1 <k <p). Then there exist At* >0 and C > 0 such that

1 A\PT1
)‘At = Kt ].Og |:/X Qgﬂl d,qut} = )\ + Atp <)\p+1 — (p—l—l)') + Atp-i_l’f’f’Ah (446)
with |1y a¢l < C for any 0 < At < At*, and
Mot = [ AL+ [ foduy, (447)
X x

This result is important since it implies that we can approximate the eigenvalue A by comput-
ing Aa¢, which is proportional to the logarithm of the average creation of probability over a time
step At (given by Qﬁt]l) at stationarity. This is the reason why we need the coefficients ay, to be cor-
rect up to order p (i.e. ar = A\*/k!) since they represent the creation of probability of the discretized
process. The estimate (4.46) justifies the use of population based dynamics [202, 397, 337] when the
underlying continuous diffusions are discretized in time. We illustrate the error estimate (4.46) in the
numerical simulations reported in Section 4.4.

Proof. We use Lemma 4.19 to prove the theorem, which highlights the importance of this result in
our context. In all this proof, rya; denotes a smooth function which may change from line to line,
but whose C° norm is always uniformly bounded for sufficiently small time steps At. From the
definition (4.23) and the estimate (4.43),

1 ~
( At)\Af,) _ 10g (eAt)\At + Atp+27“f,At) )

]
Aat = At 08 \° At

Expanding eAthar defined in (4.37) in powers of At and recalling that .A{ 1=f,
Aar = At log [/X (1 FALf A APALL 4+ APTAS T ) (1 4+ AtPy) dus + Atf’”rﬁm}

AP
= E log [1 AR AT At / (Ap+111 + fw) dpy + Atp+27“f,At] :

where we used that [, 1 duy = 0 and, in view of (4.8),

Vke{l,....ph /XAgndWZ/X{('C;f)kn} efduz/x[wzﬁ f}d %’: (4.48)

Therefore,

Py
A 1 At Atk + Attt / (Af 1- - + ) dus 4+ AtPT2
At = At og |e _XP;Q Ao P+ fo ) duy T AL

pan
1 At A p+1/ f 1— A p+2 )
At og [ + At . -Ap+1 7(])_’_ D)1 + f ) dus + AtPT s Ay
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Given that e is uniformly bounded for 0 < At < At* and equal to 1 at leading order in At, we
obtain, by expanding the logarithm,

AP+
(p+ 1)

The result then follows from e™** = 1+ Atry a; and the definition (4.47) of \,41. O

Aar = A+ AP oA l:/ (Ap+1]l + f¢) d/.Lf - :l + Atp—i_l’/‘f,At.

4.3.3 TU Lemma

In the context of splitting schemes, it may be useful to relate the invariant probability measures of two
numerical schemes differing by the ordering of the applied operators. This is the purpose of a result
called “TU lemma” in [295], which we adapt to our context in Lemma 4.22. We then state a similar
version of this lemma for the eigenvalues of two such schemes in Proposition 4.23. We will see in
Section 4.3.4 that this last result can be combined with Theorem 4.21 to show that the schemes (4.14)
and (4.16) both provide second order estimates of the principal eigenvalue A using (4.46), when the
discretization of the process Qa; is weakly consistent of order 2.

Lemma 4.22. Consider two numerical schemes for the Feynman-Kac dynamics with associated evo-
lution operators QfAt and Qgt satisfying Assumption 4.8, and denote by pr ar and fiy ¢y Tespectively
the associated ergodic measures in the sense of Theorem 4.9. Assume that the evolution operators are
related by two operators Tgt and Uit, bounded on B*(X), as:

Vn =1, (QfAt) = Tgt (QfAt> Uﬁt- (4.49)
Then, for any ¢ € C,
/ ULvp dins a

[ edirai= /" (4.50)
X

UL Ldpya
X

For the TU lemma stated in [295], the typical case of application corresponds to Qa: = UatTa: and
Qar = TarUn, with two Markov operators Ta; and Uas. In this case, the relation (4.49) holds with
a power n — 1 on the right-hand side. For Feynman-Kac semigroups, T’ gt and UL are a priori such
that Tgt]l # 1 and U£t11 # 1. A typical case of interest is Qﬁt = ePtfQa, and @ﬂt = Qa¢ (eA),
in which case (4.49) is satisfied with T{, = e=* and U{, = /.

Proof. For any v € P(X) and any ¢ € C,

&k

~ ¢ . _ (( fAt)n50> V(Tgt(QfAt)nUit‘P)
P = @) v (T @k L)

(VTit) ((QfAt)n]1> y <VT£t) ((QfAt)nUitW) _ @fAt,n(Vﬂ(U&gp)
(VTgt) ((QfAt)nUgt]l) (VTgt) ((Qfm)n1> (I)£t,n(1/1)(U£t]l)

where 11 € P(X) is defined by

3

v (Titd))
voeC,  m(9)=—%
v (TAt]l)
The result then follows from the ergodic limits
ln 84,,000) = [ eduran  lm 8,000 = [ ediran

as provided by Theorem 4.9. O
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In our framework, the approximate principal eigenvalue Aa; is another important feature of a
discretization scheme. In fact, under an additional assumption on the operators Tit and U gt, schemes
related by (4.49) share the same approximate eigenvalues in the sense of (4.23). This is made precise
in the following proposition (see Section 4.6.4 for the proof).

Proposition 4.23. Fix a time step At > 0 and consider a numerical scheme for the Feynman—
Kac dynamics corresponding to an evolution operator Qfm satisfying Assumption 4.8, with associated
invariant measure (g a¢ given by Theorem 4.9, and eigenvalue Aa; defined by (4.23). Consider next a

second scheme corresponding to an operator @gt related to QfAt by (4.49), with operators Ugt and Tit
bounded on B*(X) and for which there exists o > 0 such that, for any ¢ € C with ¢ > 0,

ap SULp <a™lp, ap <TLp<ale. (4.51)

Then, @fAt satisfies Assumption 4.8, and its invariant probability measure is denoted by fiy a¢. More-
over, its associated eigenvalue Aay defined by

- 1 - ~
Aat = At log {/ Qﬁﬂl dl‘f,At} ) (4.52)
t x

is such that
Aat = Aag-

The eigenvalue Aa; should not be mistaken in this context with the definition (4.37), which serves
as an intermediate in the proof of Theorem 4.16. A careful inspection of the proof shows that it would
be possible to consider a slightly different assumption (4.51).

Remark 4.24. Although Proposition 4.23 may look odd at first sight, it has a natural interpretation
in terms of matrices. Indeed, if A € R4 and B € R4¥? are two square matrices with nonnegative
entries, the products AB and BA share the same real principal eigenvalue. One can show this by the
following argument. For any matriz M € R¥? with nonnegative entries, the spectral radius
_ n| =
p(M) = Tim_ M)

is an eigenvalue of M (see [383]). This eigenvalue is the equivalent of the principal eigenvalue for the
operator L + f since it is the eigenvalue of the matrix M with the largest real part. It is easy to see
that p(AB) = p(BA) by noting that

P(AB) = (AB)"|[* = lim |ABA)"'B= < lim [|A|~[(BA)" |~ | Bl = p(BA).

lim ||
n—-+oo

This leads to p(AB) < p(BA), and, by symmetry, p(BA) < p(AB); hence p(AB) = p(BA). In the
same way, evolution operators related by (4.49) share the same principal eigenvalue even though, a
priori, they do not share the same invariant probability measures. The proof of Proposition 4.23,
presented in Section 4.6.4, follows a path similar to the one used here for matrices.

4.3.4 Second order schemes

We now turn to second order schemes for Feynman-Kac dynamics. They are the most interesting ones
in practice, since they can provide an important improvement in the accuracy for a relatively cheap
computational overhead. Moreover, in our case, they can be straightforwardly built from second order
schemes for the dynamics (4.1), as a consequence of Theorem 4.16.

Lemma 4.25. Suppose that (4.25) and (4.27) hold with the following expansion for Qa¢:

£2
Vo el Qarp=¢+Atlyp+ At27<p + AB Az + AR, (4.53)

where As is a differential operator with smooth coefficients and Rz satisfies (4.27). Then the opera-
tor QfAt defined by

veel,  Qhw=c¥Qa(c¥p).
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satisfies Assumption 4.12 with p = 2:

Foo— 2 (L4 f)%p 34f 45
Yo eC, Qhip=p+ AHLA+ flp+ At 5 + At AL o + ARy avp, (4.54)
where 5 g2 2 2 . 2/
Ag@:ASSDJFT@JF (J;so)+ (Lifw)+f4<p+f(4fso)+f8s07

and Ry ar satisfies (4.27).

The interpretation of this result is the following: when we have a scheme consistent at order 2
for the dynamics with f = 0, we immediately obtain a second order scheme for the Feynman-Kac
dynamics by using the corresponding Markov chain and a trapezoidal rule for the time integral in the
exponential. Thanks to the consistency at order one (A{ = L+ f) and Propositions 4.1 and 4.5, the
assumptions of Theorems 4.16 and 4.21 are immediately satisfied with p = 2.

Proof. The expression of A?{ can be obtained by a direct computation or with the Baker—-Campbell—-
Hausdorff formula (see [215]), which is a convenient way to perform the algebra allowing to make
precise the various terms in expansions in powers of At. Let us sketch how this is done, and refer
to [295] for strategies of proof in order to make the expansions below rigorous. First,

£3
QAt = eAtL + At?) (A3 - 6) + ...
and, by the Baker-Campbell-Hausdorff formula,

QAL /2ALL (ALf /2

—e swmance e S0 (Ll e ).

where [A, B] = AB — BA denotes the commutator of two operators A and B. Therefore,

2 3 3
eAtF2AL AL /2 — Id+At(£+f)+%(£+f)2+%(£+f)3+% (—; [f.[f. 2] + [£,[£, f}]) +...

The conclusion then follows from

3
QA2 5 D12 AL [2GAL AL /2 | A43 <A3 - £6) T

upon developping the commutators. O

When we are interested in the computation of the principal eigenvalue with Theorem 4.21, we can
in fact show that the left-point integration (4.14) is sufficient for Aa; to be correct at order 2 if Qa¢ is
consistent at order 2 (i.e. (4.53) holds). In particular, the discretization scheme for the Feynman—Kac
dynamics need not be consistent at order 2 for the eigenvalue to be correct at order 2 (in the same way
that the invariant probability measure for discretizations of ergodic SDEs can be correct at order 2
even if the discretization itself is only weakly consistent at order 1, see [3, 295, 304]). This consequence
of Proposition 4.23 is made precise in the following proposition.

Proposition 4.26. Consider an evolution operator Qay with the following familly of discretizations
for the Feynman—Kac dynamics:

QLY = U TIA QAR 5 € [0,1).

Suppose that Assumption 4.8 holds for at least one of these schemes, and denote by )\‘SAt their associated
eigenvalues as in (4.23). Then, N\, is independent of . Moreover, when Qa; satisfies (4.53), the
eigenvalue N, satisfies (4.46) with p =2 for any § € [0,1].

Proof. The proof is a simple application of Proposition 4.23. Consider the scheme ng for a fixed
d € [0,1] and the scheme QVL = eAt%QAteAté, which corresponds to a trapezoidal approximation of
the integral. We can assume without loss of generality that @Zt satisfies Assumption 4.8. Then, ng
is related to @Qt through (4.49) for the corresponding operators:

UL _ J(6-1)Atf Tgt _ e(%f(;)Atf'

)
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The operators UJ, and T, are bounded on B* and satisfy (4.51) with a = e=2#l/ll5>/2 Therefore,
by Proposition 4.23, the eigenvalue XSAt associated to Qif is equal to Aa¢, the eigenvalue associated
to Qvﬁt, and thus does not depend on §. Moreover, by Lemma 4.25, if Qa; satisfies (4.53), @fm satisfies
the assumptions of Theorem 4.21 with p = 2. This shows that the eigenvalue A%, satisfies (4.46) with
p = 2 whatever the integration rule (i.e. for any § € [0, 1]). O

Remark 4.27. Proposition 4.26 shows that the eigenvalue Aay can be correct at order two even though
the scheme only has weak order one. One may also wonder whether it is also possible to have second
order convergence on the invariant measure when Qa¢ corresponds to a scheme of weak order one.
As mentioned in Section 4.3.1.1 this is the case when f =0, see the examples in [295]. Perturbative
arguments for small f however show that this extra cancellation on the invariant measure cannot
happen for a non-constant f, which we detail below.

To be more specific, we consider a numerical scheme Qay for an SDE with generator L such that

At? 3
Qar=1la+ AL+ ——As + o(At?),

with Ay # L% but

/ Aspdp = 0.
X

We know such schemes exists from [295], which is due to particular algebraic cancellations. For
exploring whether this situation is still possible when f # 0, we use a perturbative argument with a
potential e f for e < 1. Denoting by Ac, he the spectral elements (instead of Aes, hey), it holds

(L + ef)he = Aohe. (4.55)

Ezxpanding in powers of €, we find he = 1+¢cuy +&2uz +0(e3), and A\c = e\ +e2X2 +0(e3). Plugging
these expressions in (4.55), we obtain that \y = X and uy s solution to

—E*U]_ = H0f7

where Iy is a projection operator on functions of average 0 with respect to u. In particular, we have
uy = —(L*) Mo f. Now, a natural way to obtain a second order discretization for the Feynman-Kac
dynamics is to set
iat iat At?
Qhi = ¢ F Qe H = L+ AUL + [) + S A5+ O(AF),
with
AS = Ag +efL+eLf +2f2 (4.56)

We used the notation A3 instead of Agf compared to the notation in Section 4.3 for simplicity. If Ay =
L2, we are in the setting described in Section 4.3.4. Otherwise we should check that condition (4.33)
holds at second order, namely

( §¢)hsdu:a§/ ohe dp,
X X

with a§ = as o + cas1 + O(e2). Expanding the various terms and identifying each order in e, we find
at dominant order in € the condition

/Azwdu=a2,o/ pdu,
X X

which imposes az o = 0 by assumption on the numerical scheme. At first order in €, we find the
equation

/ (Asp)uy du +/ [(fL+ Lf)pldu = 04270/ ouy dpp+ az1 / pdp.
x x x x
Taking the adjoint in L?(u), since agg = 0, we are led to

Azur + (FL+Lf) L =az;,
for some as1 € R. The above equation rewrites, since L*1 = 0 and uy = —(L*) "o f,

[—A5(L*) o+ L*] f = a2, (4.57)
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In the case f =1, the equation (4.57) boils down to
L1 = ay 1,

which is indeed satisfied for a1 = 0. Similarly, (4.57) holds true for as; = 0 when Ay = L2. On
the other hand, when Ay # L2, it is impossible for (4.57) to be satisfied for any f. As a result, it
seems difficult to construct numerical schemes with weak order one and an extra cancellation on the
invariant measure, apart from very particular choices of f.

4.4 Numerical application

The goal of this section is to illustrate the error estimates presented in Section 4.3 on a toy example.
For this, we consider (4.1) over the one dimensional torus X = T with possibly non-gradient drifts:

dXy = (=V'(X¢) + ) dt + o dB, (4.58)

where V' is a smooth potential and v € R. Let us emphasize that a constant force is not the gradient
of a smooth periodic function. We first make precise in Section 4.4.1 the Monte Carlo algorithm
used to compute the Feynman—Kac averages. We next describe in Section 4.4.2 a Galerkin method to
compute reference values for the properties of interest. Note that such a discretization method can be
used only for low-dimensional systems; but, when it can be used, it typically provides more accurate
results than stochastic methods. Finally, we present our numerical results in Section 4.4.3.

4.4.1 Monte Carlo discretization

Discretization of the underlying SDE. The Euler-Maruyama discretization of the dynam-
ics (4.58) is given by:
Tn1 =an + (= V'(zn) +7) At + o VAL G", (4.59)

where G™ are independent and identically distributed one-dimensional standard Gaussian variables. It
is well known that this scheme is weakly consistent of order one (see for instance [332, 110]). In order
to test our results on a second order scheme, we use a discretization proposed e.g. in [1, 436, 177, 409]:

2
Tpi1 =Ty — V' <xn + (=V'(zn) +7) % + %avAt G"> At + yAt — %V"’(xn)AtQ +oVALtG".

(4.60)
It can be proved that this scheme is of weak order 2.

Weighted dynamics. Once the underlying SDE has been discretized, a Monte Carlo scheme for
approximating the associated Feynman-Kac semigroup (4.15) has to be devised. Several methods
have been succefully applied in order to compute Feynman—Kac averages, generally referred to as
Sequential Monte Carlo or Population Monte Carlo methods [139, 113, 301], see Section 1.4.2. For
simplicity and numerical efficiency, we present here a population method with multinomial resampling.
More precisions on this familly of algorithms are available in [139], see also [301, Chapter 6] in the
context of free energy computation and [221] in the context of diffusion Monte Carlo.

The algorithm relies on a dynamics run over a set of replicas of the system. At each step, the
replicas are updated according to the dynamics prescribed by the evolution operator Qa¢, and are
assigned an importance weight depending on the choice of discretization rule for the integral. The
replicas are then resampled following a multinomial distribution with their respective weights, before
computing the desired averages. This technique prevents the variance of the estimator to increase
exponentially in time, a common problem when computing directly quantities such as (4.15). We now
make precise the algorithm.

Consider a population of M replicas (£™),,=1,.. a initially distributed according to some prob-
ability measure v®M over XYM and evolving through a Markov kernel Qa; with time step At > 0.
We denote by xa: : X x X — R a weight function to be chosen later on. The algorithm consists in
repeating for each time 0 < n < Nje, the following steps:

(1) For m € {1,..., M}, evolve the m'" replica as T~ Qae(ey,);

(2) Compute the weight of each replica as w! = eXat(@n @1,
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(3) Compute the total creation of mass as

|
)—'ME
S
3

m=
and the normalized probability vector p, € R™ with components p* = w™/P,, for m €
{1,....,.M};

m )M

(4) Resample the replicas (Z" ), according to the multinomial distribution associated with p,,
which defines a new set of replicas (27, )M_,;

(5) Compute the estimator

Pn M Z n+1

Until now, we did not specify the choice of function y a¢, which depends on the discretization rule for
the integral in (4.3). In practice, given a discretization of the SDE characterized by an operator Qa¢,
we use the schemes defined by the left point integration e**fQa;, and by the trapezoidal integration

At QA5 They correspond respectively to the choices:

/
el = B J() and (o) = o (LEAED) (4.61)
The principal eigenvalue of the operator £ + f is then estimated with (4.46) through
1 Nitex'_l
A —1 1d ~ log | ——— P, |, 4.62
At = og [/ QL Mm} A7 08 [MNiter ngo (4.62)
while the average of ¢ is estimated by
1 Niter—1
/ god,ufym ~ N {57“ (463)
X iter n=0

where the ~ sign indicates the approximation arising from the finiteness of the number M of replicas
and of the number Ny, of steps. We do not take these errors into account and ensure numerically that
they are sufficiently small in our simulations to observe the bias due to the time step (this bias being
quite small in practice, this also motivates to study a one-dimensional model, see the numerical results
below). The reader interested in the convergence rates of this type of algorithm when M — 400 and
Niter — +00 is refered e.g. to [117, 139, 377, 164].

4.4.2 Galerkin discretization

We now make precise the Galerkin method that can be used to estimate Aa; and fx @dpg ¢ This
discretization provides reference values for the Monte Carlo method described in Section 4.4.1. In
particular, when V = 0 and v = 0, the two methods should give the same result since the Euler
scheme (4.59) is exact in law in this specific case.

Choice of the Galerkin basis. Since we work with periodic functions, we consider the Galerkin
subspace Span{e_n,...,ey} with ‘
ek(x) — ekam.

The generator of the SDE (4.58) reads
o2

The operators £ and f are represented in this Galerkin subspace by the matrices LY, BN ¢
CEN+XEN+1) defined as

Vi ke{-N,...,0,...,N}, L;'\,[k:/ ej(Ller), ]kf/ fejex.
X

The value of N is chosen sufficiently large for all results to be converged with respect to this parameter.
The only source of error in the quantities we compute then arises from the finiteness of the time step
At > 0, and possibly numerical quadratures to evaluate certain integrals. Our experience shows that
N = 30 is already sufficient for the applications described in Section 4.4.3.
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References quantities for At = 0. The invariant probability measure py satisfies the eigenvalue
problem (LT + f)us = Auy. We compute a reference approximation A} to A by computing the
eigenvalue of LV + BN with the largest real part:

(LN + BNV, = AN V7.

The associated eigenvector allows to construct the following approximation of fis:

The normalization condition [V}\,’o]o = 1 ensures that u?{ o has a total mass 1. Averages of observables ¢
are then estimated by computing the following integral

/ p(@)pfo(z) dz
x
using a one-dimensional quadrature rule.

Reference quantities for At > 0. We next approximate the evolution operators of the first order

£ I .
scheme e®*/Qa; and of the second order one e®*zQa,e”t2, respectively as

LN

AtBN _AtLN N
At,1 =€ e

BN N ArBN
, Mg = eBt T oAt oAl (4.64)

For each value of At, we construct the above matrices, and compute their respective principal eigenval-
ues Agt,l’ Agm and eigenvectors V;V’Alt, Vfcvft € C?N+1 by diagonalization (still with the normalization

condition [V;V ’Ajt]o =1 for j = 1,2). We then consider the following approximations of the principal
eigenvalue X\ of the Feynman—Kac operator £ + f, based on (4.46):

1
At

1

N
At,1 At

og AR, 1, Ao = log AR, . (4.65)
Averages of ¢ with respect to the invariant probability measure are approximated by the following

quantity, using the eigenvectors V}V’Alt and V}Yﬁf for j =1,2,

N

/X“P(x)ﬂj‘vgt(x) dz, Mj’\fﬁt: Z [Vggt]kek' (4.66)
k=—N

In view of Theorem 4.16, we expect the average of ¢ to converge linearly in At for the first order
scheme when At — 0, and quadratically for the second order scheme. We also use the TU-lemma to
show that, by appropriately correcting the first order scheme, we recover the same results as for the
second order scheme. More precisely, we apply (4.50) with U gt = eAt%, which leads to the following

approximation of the average (estimated in practice using a numerical quadrature):

f(z) N
/ M ()} n, (2) da
X

/ eAt@ u?{it (x) dz
x

On the other hand, from Proposition 4.26, the eigenvalues /\Xm and /\Xm should be equal, and

(4.67)

therefore )‘Xt,l need not be corrected.

4.4.3 Numerical results

Zero-potential case. We first choose V = 0, 0 = v/2, f(x) = (cos(27z))? and ¢(z) = exp(cos(27x)).
As mentioned earlier, in this case, the Euler scheme (4.59) is exact in law, so that the only source
of error arises from the integration of the exponential weight. We consider the dynamics represented
by the operator et/ Qa; and AE QA with Qar = At and first compare the results of the
Galerkin discretization discussed in Section 4.4.2. The results reported in Figure 4.1 confirm our
predictions: the averages of ¢ converge at first and second order for the first order and second order
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Figure 4.1 — Estimated error on the principal eigenvalue (left) and on the average of ¢ with respect to
the invariant probability measure (right) as a function of the time step, by Galerkin approximation.
The eigenvalues are computed with (4.65). The first and second order averages of ¢ correspond
to (4.66) with j = 1 and j = 2 respectively. The first order-TU scheme is computed with (4.67). The
dashed lines show reference first and second order convergences.

Galerkin schemes respectively; while the eigenvalues are the same, as expected from Proposition 4.26,
and so both converge at second order. In this case, the numerical method based on (4.46) is therefore
more accurate than the one based on averaging f with (4.35) to compute the principal eigenvalue A,
which would lead to errors of order 1 in the time step (numerical results not shown here).

We next consider the Monte Carlo scheme presented in Section 4.4.1, taking M =5 x 10* and an
integration time T =5 x 102, with Nige; = | 2;] for each time step At. We use half of the time for
burn-in, and average in time over the second half of the simulation. Moreover, for each value of At, we
run 30 realizations in order to reduce the variance of the estimator and to estimate error bars on the
Monte Carlo estimates (not displayed on the pictures). The choice of the function xa; depends on the
scheme through (4.61). We compare in Figure 4.2 the results of the Monte Carlo algorithm with the
Galerkin approximation, which serves as a reference. The agreement is very good, up to small errors
arising from the finiteness of the population and of the simulation time. This result was expected
since, given that the integration by the Euler scheme is exact in law in this case, the Monte Carlo
method must match exactly the Galerkin approximation provided N, Njr and M are all sufficiently
large.

Situation with a strong potential. We next show an application with a non-zero drift by setting
V(z) = cos(2rx) and v = 1. Let us recall that this dynamics is non-reversible since a constant
function is not the gradient of a smooth periodic potential. The other parameters are left unchanged.
Concerning the Galerkin approximation, we consider the two schemes described in Section 4.4.2, and
characterized by the matrices defined in (4.64). For these schemes, the eigenvalues are the same and
converge at second order (so we only consider one scheme), while the averages of ¢ converge at first
and second order respectively.

For the Monte Carlo algorithm described in Section 4.4.1, we consider the three following schemes:

o Qa¢ is discretized with the Euler scheme (4.59), and xa¢(z,2") = Atf(z) is chosen as the left
point integration; in this case, the eigenvalue and the average of ¢ converge at order one, so the
scheme is referred to as first order.

e Qa; is discretized with the second order scheme (4.60), and we set
xat(z,2') = Atf(x).

In this case, the eigenvalue converges at second order whereas the average of ¢ converges at first
order only, so the scheme is referred to as hybrid scheme.

o Qa; is discretized with the second order scheme (4.60), and we set

f(af)+f(33’)),

Xae(z,2') = At ( 5
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Figure 4.2 — Estimation of the error for the principal eigenvalue (left) and the average of ¢ with respect
to the invariant probability measure (right) as a function of the time step, by Monte Carlo simulation
(with comparison to Galerkin, see Figure 4.1). The eigenvalues and the averages of ¢ are computed
with (4.62) and (4.63) respectively. The first and second order schemes are relative to the choice of
the weight xa¢ in (4.61). The dashed lines show reference first and second convergences. For very
small values of the error on the eigenvalue, we observe the bias due to the finite size of the population.

which corresponds to a trapezoidal rule for the time integral; in this case, both the eigenvalue
and the average of ¢ converge at order two, so we refer to this scheme as second order.

We present the numerical results obtained with the various schemes we consider in Figures 4.3
(eigenvalues) and 4.4 (averages of ¢):

e Concerning the eigenvalues computed with the Monte Carlo method, we indeed observe first
order convergence for the first order scheme, and second order convergence for the hybrid and
second order schemes. In particular, the results of the hybrid and the second order scheme are
exactly the same. The Galerkin method also converges at second order, but with a much smaller
prefactor. This is due to the fact that in this case most of the error is due to the discretization
of the dynamics rather than the discretization of the time integral.

e Concerning the average of ¢, the first order scheme converges at order one, while the hybrid
and second order scheme converge at order two. We would have expected the hybrid scheme
to converge at first order but, once again, this is due to the fact that most of the error is due
to the discretization of the dynamics, and not to the time integral — as shown by the results
of the Galerkin method, which amounts to observing the error due to the discretization of
the time integral only. We indeed observe first and second order convergence for the Galerkin
approximation, but we see that the error is orders of magnitude smaller than the one of the Monte
Carlo approximation. This explains why the Monte Carlo hybrid and second order schemes seem
to provide the same results.

Situation with a weak potential. In order to obtain a better trade-off between the error due
to the discretization of the dynamics and of the time integral, we run simulations with the same
parameters as in the previous situation but with a smaller potential energy V(z) = 0.02 cos(2mz).
The results are the following:

e All the eigenvalues now seem to converge at second order (see Figure 4.5 (left)). This is due
to the fact that the error due to the discretization of the dynamics is very small, and that the
discretization of the time integral, which gives the dominant error term, always leads to an
effective second order convergence.

e The behaviour of the average of ¢ is more interesting (see Figure 4.5 (right)). The Galerkin
first and second order schemes provide first and second order convergence respectively. The
hybrid scheme exhibits a first order convergence, that matches the Galerkin first order scheme
for small time steps. This result can be expected since the two schemes match at order one.
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Figure 4.3 — Estimation of the error on the principal eigenvalue as a function of the time step, by Monte
Carlo simulation and Galerkin approximation, for V(x) = cos(2rx). The Monte Carlo estimates of
the eigenvalues are computed with (4.62), while the Galerkin approximations of the eigenvalues are
obtained with (4.65) for j = 1 and 5 = 2. The dashed lines show reference linear and quadratic
convergences to zero.

The first order scheme also converges at first order but with a larger prefactor, which is due to
the discretization of the dynamics. On the other hand, the second order Monte Carlo scheme
converges at second order, like the Galerkin second order scheme.

Conclusion. The numerical applications we presented show the validity of our analysis on a simple
test case. However, we observe numerically that the prefactor of the leading error term depends
on the choice of parameters. This has the consequence that some schemes may effectively seem to
exhibit an improved order of convergence than expected, while they actually have a small prefactor
at leading order, depending on the discretization at hand. This observation also motivates the study
of a one-dimensional model: not only can the Galerkin discretization be made sufficiently accurate
by considering a very large number of basis functions, but we can also run sufficiently long Monte
Carlo simulations in order for the statistical error to be negligible compared to the bias arising from
the time step discretization. Although the order of convergence would be harder to observe for higher
dimensional systems, the framework is still applicable and we refer to [313] and references therein for
examples in high dimension.

4.5 Discussion

The analysis and simulations we performed in this work were done for SDEs with a non-degenerate
noise on a torus. We however believe that most of our results could be extended to more general
settings. In particular, we wonder whether the results of Section 4.3 can be applied for unbouded
dynamics satisfying Lyapunov type conditions, as in Part II. However, in the functional framework
of Chapter 3, the stability property (Assumption 4.14), which is crucial for our analysis to hold,
should be rephrased as the invariance of a functional space (containing unbounded functions) under
the action of E;l(ﬁ* + f—=XA)"Y(¢s). In the case f = 0, which does not involve the eigenvector ¢;
(since hg = 1), this is already a quite technical result to obtain (see [276, 277]). Here, the presence of
the eigenvector ¢; adds a significant difficulty, which leaves the situation open.

Finally, in the context of large deviations, we would like to obtain error estimates on the rate
function, which is the Legendre transform of the cumulant function A, see for instance Corollary 3.12
in Chapter 3. However, transfering our error analysis to the rate function is difficult because of the
supremum involved, and we believe it is also an interesting open problem.
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(right), for V(z) = cos(2mx). The Monte Carlo estimates of the averages of ¢ are computed with (4.63),
while the Galerkin approximation is obtained with (4.66) for j = 1 and j = 2. The dashed lines show
reference linear and quadratic convergences to zero.

4.6 Proofs

4.6.1 Proof of the results of Section 4.2.1

Let us first give a result which shows that it suffices to prove Proposition 4.2 for probability measures
which admit a positive and bounded density with respect to the Lebesgue measure. This results relies
on the regularizing properties of the underlying diffusion.

Lemma 4.28. For any « > 0, denote by P, (X) the subspace of probability measures which admit a
smooth density with respect to the Lebesgue measure, and whose density is bounded below by o > 0
and bounded above by 1/a. Then there exists a, > 0 such that ®1(v) € Py, (X) for any v € P(X).

Proof. Note that, for any ¢ € C,

(Ple) @ = [ vliza)eta) s
x
where p{ is the integral kernel of the semigroup e!(“*/). By parabolic regularity (see for instance [174]),
the integral kernel is smooth for any ¢ > 0. It is also positive when f = 0 by the irreducibility properties
of the underlying non-degenerate diffusion: there exists ¢ > 0 such that (setting t = 1)

1
€ gp?(w,x/) < o

Y (z,2") € X2,
there exists a > 0 such that
1

Nk

Given that f is bounded, a similar property holds for pt
V(z,2) € &2, Va <pl(z,a') <
Since, for any bounded measurable function ¢,

(Plfw Pfll / /

v(P{1)
it follows that ®1(r) has a smooth density with respect to the Lebesgue measure, denoted by Fj ,:

1 (v)(p) = 2 \p! (z,2") v(dz)da'

1
Fi(x) = / pf(;v’,a:) v(dx').
v(P{1) Ja'
Moreover, since v(P{ 1) > \/a, it holds
1
« g Fl,l/ g NE]
o

which gives the claimed result. O
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We can now provide the proof of Proposition 4.2.

Proof of Proposition 4.2. In view of the semigroup property CIDZ(I/) = @{71@){(1/)) when t > 1, it is
sufficient by Lemma 4.28 to prove the result for measures v € P, (X), where a« > 0. The proof is
conducted in two steps: we first prove a convergence result for the linear semigroup Ptf ~ in L2 (1)
and any times ¢t > 0, and then rely on the fact that any probability measure in P, (X) is equivalent
to u to obtain (4.10).

Introduce the projector (different from the one defined in (4.39))

(o >L2(,L) oy Jv pduy
<hf7€f>L2(,L fx hydps

A simple computation shows that ﬁf commutes with £ + f and Ptf ATt is easily seen that the
spectrum of the operator IT¢ (£ + f — M1y is

o(L+ f— )\ {0} C {z € C, Re(z) < —5f},

Mpp=p—hy

and that the associated semigroup satisfies ety (L+f =Ny Ptf M ¢- By the Hille-Yosida theorem
(see for instance [351, 107]), there exists a constant C' > 0 such that, for any ¢ € L?(u),

Vit >0, ‘Ptf**ﬁ

< Ce™lo]l L2 (- (4.68)
2(p)

We now show that (4.68) implies the convergence result (4.10) for the class of probability mea-
sures P, (X). For a given v € P, (X) and ¢ € L?(u),

—A AT 1 P du
P = [ [ ave L [ [
1/[ t e N t Fp| av t 7 -
1
< —— ||P/ ‘ _ O e 7
ozinfxlu‘ ¢ fw L2(p) O‘ianH HQPHL2(#)

where we used a Cauchy-Schwarz inequality on L?(u1) to go from the first to the second line. The
latter computation shows that, for any v € P, (X) and ¢ € L?(u), there are functions a;, b; for which

/hfdl/
hed
v (P edus+a,  v(PIT _ dahrdy

+ bt7
/ hydpy 7 s dig
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with [a;] < K¢l z2(me™®" and [b| < Ke™%s" for some constant K > 0 independent of v and ¢.
Moreover, there exists € > 0 such that e < hy < 1/¢. Note also that |b;| < &2 for t > In(K/e?)/d; and

that
f){ hy dv > 2,
S oy dpy

(o) v (r)
! (v)(p) = NCOREICED)

Since

it follows that, for ¢ > In(2K/e)/dy,

(at — by fX ‘pd“f) fX hydpy

Jxhsdv [y oduy +ai [5 hy dug 7/ odp ‘
Johpdv + by [y by dpy X !
thfdu —|bt|

/ wdufD
thfd/‘f X

K —ost
S 53 (||<P|L2(#) + ’/X @dﬂfD e "

[ oaus| = | [ ot dn| < stz
X X

allows to obtain the desired conclusion. O

w0 - [ o]

Ja g dv+be [y by dpg

1
(|at| + |be|

The inequality

Let us conclude this section with the proof of Proposition 4.5.

Proof of Proposition 4.5. The exponential convergence result (4.68) implies that the operator ﬁf (L+
f — MIIy is invertible on Ran(Ily) = Lfc (1) with inverse given by

(ﬁ L ) = [ pr
AL+ fF-NI) =-— P/ iy dt.
0

The solution to (£ + f — X\)u = g with g € L?(u) then admits a unique solution in L? (). By elliptic
regularity, v € C; when g € Cy. The result for £* + f — A can be obtained by a similar reasoning. [

Note that, alternatively, it would have been possible to resort to the Fredholm alternative to prove
Proposition 4.5.

4.6.2 Proof of Theorem 4.9

Theorem 4.9 is a rewriting of [114, Corollary 2.5, which is stated in the context of a finite state space.
In order for the paper to be self-contained, we prove Theorem 4.9 in our setting of continuous but
compact state space, and in the simplified case of a time-homogeneous Markov chain, adapting the
arguments of [114]. The idea is to prove some contraction property using the Dobrushin coefficient
defined in Section 4.7 and the reformulation (4.70) below of the semigroup. We work on the space of
probability measures P(X) endowed with the total variation distance.

Define the weights

gn = (Qh)"1,

and the Markov operator S,, as

f
(Suip)(a) = LarlomOl2) (169)
(QA¢gn)(@)
The dynamics (4.15) can then be rephrased as
n KTL
vn(p) = M, K1 =S Ky, Ko=Ia. (4.70)

v(gn)
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This equality can be proved by induction. The result is clear for n = 0. For n = 1, we have (with
vy = V)

V(gl(K1s0)) B v (QfAt]l SO‘P) B v <Q£t§0>
v(g1) v(Qh1)  v(Qha)
Assuming that v, satisfies (4.70) at rank n, using (4.15) and recalling the definition (4.17), it holds

(@) (voA) (@)
Vnt1(p) = B ((Qfm)m'lﬂ) - (VQfAt) ((QL)”]I) =Ppsn (VQAt> (),

so that, using the recursion hypothesis and Q£tgn = gny1, it follows

(VQﬁt) (gn(Kn )) v (QfAt (gn(Kngo)))

Vn+1 (90) = =

= v1(p).

(VQﬁt)(gn) ’/(Qgtgn)
71/ (Qit(gn)sn(Knso)) . V(gn-‘rl(Kn-‘rl(p))
Qo) T vl

which concludes the recurrence.
We next introduce the familly of operators T,, : P(X) — P(X) defined by:

Vv ePX), VeeC, (VTn)(sO):M,

v(gn)

so that from (4.70) we have v,, = ‘I)fAt,n(V) = VT, K,,. Using the definitions of Section 4.7, we obtain,
for two initial measures p, v € P(X),

||:un - Vn”TV = ”MTnKn - VTnKrL”TV < |||Kn||| ||,uTn - VTn”TV-

Given that T, : P(X) — P(X), we can bound ||uT}, —vT,|rv by 2. The next step consists in studying
the contraction induced by the operator K,, = S,_1S,—2...51, where Sy is defined in (4.70). We
have

n—1
Il < TT Ukl
k=0

so that, using the relationship (4.92),

n

[tn, = vnllTv < 2 H (1 - O‘(Sk’))~
k=0

The last step consists in using Assumption 4.8 in order to obtain a lower bound on «(Sy) independent
of k. First, for all z € X and A C X,

oAy = Qhelonla)@) _ on(osla)
oA = @~ e

Then, it follows from definition (4.91) that

m n(gzc it ]lAi)
_ . . 12 ) 2 . _ 2
a(Sk) = m,;r/l;fx {2““1 (Sk(x,Ai),Sk(x 7A2)>} Ze Ai}lgimcx W -

{AiticicmCX N7

since the infimum is taken over partitions (4;)™; of X. As a result, we obtain that, for all measures
v,V € P(X),

|00 =@k, 00| <20-2)" (4.71)

Setting v/ = v, for m € N and using the semigroup property, we get

H(I)fAt,n(V) - q>£t,n+m(y) H

TV

— 2 n
TV<2(1 )", (4.72)
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so that (vp)n>1 is a Cauchy sequence in P(X). By completeness of P(X) for the total variation
norm, we can conclude that, for any initial measure v, there exists pr a; such that v, — pras in
total variation norm. Then using the one step formulation of the dynamics (4.18) and the semigroup
property, we obtain with the choice v/ = <I>£t(y),

HCI)fAt,n(V) — (I)£t (¢£t7n(v)) HTV <2 (1 . gz)n’

so that, taking n — oo and using the continuity of <I>£t on P(X) endowed with the total variation
norm, it follows that py ¢ = <I>£t (tf,A¢). Passing to the limit m — 400 in (4.72),

n

lvm — ppalloy <2 (1 — 52)

Finally, it follows from (4.71) that the limit p A; does not depend on the initial measure v.

4.6.3 Proofs related to Theorem 4.16
4.6.3.1 Proof of Lemma 4.17

The idea is to approximate at leading order the stationary measure pira¢ as (1 + AtPy)py, since we
expect the invariant probability measure to be correct at order p. We start from the stationarity
equation (4.36) and search for a function ¢ € C and a remainder R¢ a¢ : C — R satisfying (4.27) such
that, for all ¢ € C,

[ @Loa+ vy - ( [ abaa+ary) duf) ( [ o+ amp) duf) — AR .
X X X

(4.73)
In view of the expansion (4.30) of QfAt and of the invariance relation (4.33), the first term of the left
hand side is

/X <¢ +AtA{ G+ .+ APA S+ AT 6+ At”“RﬁAt(b) (1+ AtPY) dpuy

:(1+a1At+...+apAtp)/X¢duf+At”/X¢wduf+At”+1/X(A{;Hd)—i—w(A{(b)) dis + AP Ry A,

where R A+ gathers the terms of order at least p+2, and is uniformly bounded in At for 0 < At < At*
in the sense of (4.27) when 9 € C. On the other hand, the second term on the left hand side of (4.73)
can be written as, using again (4.33),

(1 + Atay + ...+ AtPa, + Atp/ by + AtP“/ (Agjﬂn + w(Afll)) duf) / o(1 + AtPY) dpy
X X X
+ APT2 Ry A

:(1+Ata1+...+At”ap)/)(¢duf+Atp (/ngduf/xwd,uf+/x¢wduf>

NG ( | ALvdns [ oans+an [ ovans+ [ vialnan | ¢duf) AP R A6,
x X x x x
where R a; is uniformly bounded in At in the sense of (4.27) when ¢ € C. We can now equate the
different orders in powers of At on both sides of (4.73) and choose ¥ such that only a remainder of

order p+ 2 remains. The terms apAtF / v ¢dpy cancel, so the first non-trivial condition to be satisfied
to eliminate terms of order At? reads

| oy = (/quduf) (/deuf) + [ ovduy.

This equality is satisfied for all ¢ € C if and only if (take e.g. ¢ =)
/ by = 0. (4.74)
x

The condition arising from the equality of terms of order AtP*! is

[ (o vl trau=ar [ ovaus+ ([ (fan)+ofn) ran) [ sdu.
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Using that A{]l = f along with condition (4.33), we have a; = . In addition, taking adjoints in L?(u)
and recalling A{ =A + f,

o (e i 7= ) an=( [ (e + ) an) [ oduy.

Moreover, in view of (4.74), one can subtract ()\ fx ey du) (fx (;Sduf) from the right hand side of
last equation. Finally, we obtain the following equation (with unknown ): for all ¢ € C,

o (e + a5 =) an=( [ ALaytr + i+ 7= 0iewan) [ odu.
(4.75)

By Assumption 4.14, the operator A} + f — A is invertible on C ¢ and leaves this space invariant. We
can therefore define a solution v to the following equation:

(Af + /= \(Lst0) =
S (AL er) hydp
fX hylpdp

The function €1y is uniquely defined in C + by Assumption 4.14 since § has average 0 with respect
to iy, and one can check that it is indeed solution of (4.75). Since the eigenvector ¢ is regular with
£y > 0, the function 1y belongs to C. However, 1) is not a priori of average 0 with respect to p s, so
that condition (4.74) is not satisfied. We can however consider the function v, = 1y + «, which is
still such that (4.75) holds. The choice oo = — [, ¥ dpy ensures that (4.74) is satisfied. This provides
the solution (4.34) and concludes the proof.

(4.76)

(AI)-H) b+l € Cy.

4.6.3.2 Proof of Lemma 4.18
We start by considering (4.24) and (4.38) for ¢ =1II;¢ with ¢ € C:

o LAtAa,
)
o L AtAar
/X [(QAt Ai >Hf¢

We next stabilize the operator in Cy by another application of the projector 1I;. First,

f AtAat
— €
/| (%) 0| diusai
Qf _ eAtAAt Qf _ eAt)\At
-/, [(Atm M) dus = [ | { g | o
Qf _ eAt)\At
e

thanks to (4.77). Second, since v has average 0 with respect to py,

f _ AtS\At
/X B (Qm A )Hf(b
f _ AtS\At
:/XKQM A )Hf“b
f _ AtS\At
_/XKQM A )Hf‘b

dpgac =0, (4.77)

and

(1 4+ AtPY) dup = AP R prd. (4.78)

d,uf (4.79)

d:ufa

(1+ APY) duy

_ Athar
(1+ AtPy) duf—</XKQAt i )Hf¢
At}\Af
(1+ AtPy) duf—/ [( )Hf(i)
X

dw) /X (1+ AtPY)dpg

d,LLf.
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In view of (4.78), the first term of the right hand side of the above equation is a remainder of

order AtPT!. Therefore,
f AtA
(1+ At dpy = — Qar= e pp
w== o s

o Atiar
/X Iy (QM Ai )Hf¢
o AtAar
:_/XKQM A )Hfd)
f _ AAtAAe
/XKQM N )Hfd’

since II;¢ has average 0 with respect to py. Combining (4.80) with (4.79),
Qgt . eAt)\At / ng o eAtS\At
I, =— | II d = I, | —=t+——— | II
/X f ( At FO| dpg,ae M A7 7O

+ Atp+1Rf’At¢,
where Ry a: satisfies (4.27). This concludes the proof of the lemma.

dpy + AtpHRf’Atqb

eAtS\At _ AtAay
dpy + AthrlRf,At(ﬁnL Y — / Mypduy
X

d,LLf + AthrlRf,Atqb,

(4.80)

(1+ APg)duy

4.6.3.3 Proof of Lemma 4.19

The first part of the proof of Lemma 4.19 consists in constructing an approximate eigenvector hr A+

of hy for the evolution operator Qﬂt. We use to this end Assumption 4.15 and (4.33), as well
as the definition of the leading order correction ¢ in (4.34). More precisely, we consider hya; =
up + Atug + ... + AtPu, € and look for functions ws,...,u, € Cy and up € C with fX ug du = 1 such
that

Qhihyar =2y ay+ AP 21y oy, (4.81)
with ||7f a¢llpe < C for 0 < At < At*. Recall that, by (4.37),

eAthar /}(Qgtnu + AtPp) dpy.

Expanding the left hand side of (4.81) using (4.30) leads to

p+1 p+1 k
Q£thf7At = Z AtkAihf,At + Atp+2Rf,Athf7At = Z At Z Af;uk_m + Atp+2le7Athf)At, (4.82)
k=0 k=0 m=0

with the convention ,Ag = I3 and up41 = 0. The right hand side of (4.81) can be expanded as
eAtS\At hf,At
= [/ (1 +ALAL 4+ APTTAT T+ Atf’“nﬁmﬂ) (1+ AtPep) duf} (uo + Atug + ... + AtPu,)
X

- [1+At/ A{]lduf+...+AtP/ A{;]lduerAtp“/ (Agjﬂ]wz/;A{]l) dpy + APY2rp p,
X X X

X (up + Atug + ... + AtPuy)

p+1 k
= ZAtk Z AUk —mm, + Atp+27’f7At,
k=0 m=0
(4.83)
where we introduced A\g = 1,
vme{l,...,p},  Am :/ Al 1 dpy, (4.84)
x

and A,1 is defined in (4.47):

Mot = [ AL+ [ foduy,
X X
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We see from (4.33) that A\, = an, for m € {1,...,p}, with in particular \; = [, fdus = \.

We now build the functions w,, by induction. Let us show the first steps of the recurrence, before
proceeding to the general argument. Plugging (4.82) and (4.83) in (4.81), the equality of terms of
order 1 leads to the trivial equality ug = ug. Equating terms of order At gives

Afug + Afur = Mg + Mour,
so that, using Ag =14, Ao =1, .A{ =A; + f and A\ = A,
(A1 + fluo = Auo.

In view of Assumption 4.15, we can conclude that ug = hy. The identification of terms of order At?
in (4.82)-(4.83) leads to

Aguo + A{m + Aguz = Aaug + A1ug + Agug,
which can be rewritten as
(.A1 + f - /\)u1 = g1,0, gi,0 = —.Aghf + )\th7 (4.85)

where the expression of s is given by (4.84) when p > 2 and by (4.47) when p = 1. In order to prove
that (4.85) is well-posed, it is sufficient to show that g; ¢ belongs to Cy. We show in fact in the sequel
that each function wuy, is solution to a Poisson equation similar to (4.85) with a right-hand side that
always belongs to Cy.

Let us now present the inductive construction to any order, until the terminal case k = p, showing in
particular the well-posedness of the equations defining each mode wug. This construction is reminiscent
of techniques used to build the expansion of the invariant probability measure in At in related works,
in particular [110]. Suppose that we have built functions wg,...,u, € Cy for some k > 1. Inserting
again (4.82) and (4.83) into (4.81) and equating terms of order At**! then leads to

k+1 k+1

Z A£+1—m“m o Z Akt 1—m U - (4.86)
m=0 m=0

For m = k + 1, we have A{;ukﬂ = ug4+1 on the left hand side and Agugy1 = ugy1 on the right hand
side, so that the terms of order k4 1 compensate. Taking aside the terms of order m = k leads to the

equation:
k—1

(Al + f - )\)uk = Z 9k,m> Jk,m = _A£+1_mum + )\kJrlfmum' (487)
m=0
A sufficient condition for the solution wuy to exist in C; is that gg., € C; for m € {0,...,k — 1}.

For m € {1,...,k — 1}, a sufficient condition for that is that A£+1_mum has average 0 with respect
to py, which is clear from (4.33) and the fact that u,, € Cy. It therefore only remains to show that

gk,0 = *A£+1hf + Ax+1hy belongs to Cy. Two cases have to be distinguished here:

(a) if k£ < p, then k4 1 < p and we can still use the invariance relation (4.33) applied to ¢ = hy,
along with the fact that Agy1 = agy1:

|
e

/gk,o dpy = —/ (A£+1hf)dﬂf+/\k+1/ hydpy = —ak+1/ hy duf+ak-+1/ hyduy =
X X X X X

(b) in the terminal case k = p, we cannot use (4.33) and A\, has a different expression (recall (4.47)).
Let us compute this expression explicitly. In view of (4.34),

/Xfwdﬂf—/){fd@gfd#(/xﬂ/oduf) </deuf>,

and, given that fioly = g+ Mshg — Aj(€stho) and [, fduy = A,

[ fodng= [ adusn [ votyau= [ Aiepman=» [ vt dn
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Since A1 =0,
[ Aiterondu= [ (atvdn=o
X X

Finally, using the expression of § in (4.34) and [, £y dp =1,

s / (A£+1hf) dpig
[ rvdns= [ gau=— [ Abytsaus [ gpana
X X X X / hf duf
x
s /X(Azj;rlhf) dpg
:*/XAerl]ld,LLer .
/ hydug
x
From this calculation, we obtain, with (4.47),
/ Ag+1hf dpy
x

Mir = [ Atdus + [ foduy =
v v /hfduf
X

so that

/ p.o dpy = —/ (AJ i hp)dpy + Ap+1/ hydpy = 0.
X X X

Therefore, for any k£ € {0,...,p} and any m € {0,...,k — 1}, it holds gx., € C;. This allows to
conclude that the equations (4.87) are well-posed in C; and (4.81) is satisfied.
We are now in position to conclude the proof. Inserting (4.81) in the stationarity equation (4.22),

/ Qfmhﬁm dppar = / (eAt)\AthﬁAt + Atp+27‘f,At) dug ap = eirae / hyaedir e,
X X X

so that

. / ANLTTN
eAtAAf, — eAt)\At +Atp+2 X

hyaedps e
x
At this stage, it suffices to prove that the remainder term is uniformly of order At?2 for At sufficiently
small. We note to this end that hyar = hy + Atus + ... + AtPu,, where the functions g, ..., u,
are regular and hy > 0. Given that the state space X is compact, there exists ¢ > 0 such that
hy > e > 0. This implies in particular that there exists At’ > 0 such that, for any 0 < At < A?/,

it holds hyar > €/2 > 0. We also know that there exists At* > 0 and C' > 0 such that, for any
0 < At < At*, it holds [|rf a¢llp= < C. As a result, for 0 < At < min(At', At*),

/ rr.atdig At / rraddisac o0

/ hf,At de,At / hf,At d,LLf,At
X X

X )
which gives the claimed result.

4.6.3.4 Proof of Lemma 4.20

We follow the strategy outlined in [295, 304], which uses a truncated inverse series expansion. The
first step is to use the expansion of the eigenvalue e®**2¢ as in the proof of Lemma 4.19:

effAar = /X QAL (L + AtP) dpuy

_ /X (1 ACATT+ APALT 4+ APTLAL T4 APTR AT (1 APY) disg

=14+ AN+ AP + .+ AN, + AT+ AP A,
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where the coefficients A, are defined in (4.84)-(4.47), and there exists C' > 0 such that |rj ] < C
for 0 < At < At*. This expression, combined with the expansion (4.30) of Qfm leads to:

Qf _ eAtS\At
I, NT Iy = A+ AtBa; + AP Ry oy,

with

A=T(A + f = NIy, Bag=I(AL = M)ITp 4.+ AP (AL — Ay T

P

The operator A is invertible on Cy by Assumption 4.14. Now we are back to the setting of [295, 304]
and it suffices to write the formal series expansion of the inverse of A + AtBa; = (Iq + AtBa A7 A
up to order p by setting

p
o= A1) (BacA™)"
n=0

and then only retaining the terms of order at most AtP™! in this expression. More precisely, denoting
Cy = T (A] — A\p)TI, we find

SL, = AT - AtATICL AT + AR (AN ATIC AT — ATIC3ATY) + ABC + ..+ APC,,

where the operators Cj, are defined using the operators Cy, and A~!. The operator S gt is well defined
and leaves Cy invariant since each Cj consists in a finite number of applications of operators of the
form C,A~! and a final application of A= = II;(A; + f — A\)~'II;. It is then easy to check that, by
construction, the equality (4.44) is satisfied.

4.6.4 Proof of Proposition 4.23

We first show that, if QfAt satisfies Assumption 4.8 with a reference probability measure 7, then @fm
satisfies Assumption 4.8 with the same measure 7. By Assumption 4.8, there exist ¢ > 0 and a measure
1 € P(X) such that, for any bounded measurable nonnegative function ¢,

en(p) < Qh,e < e n(y), (4.88)

so that, applying Uit on the right of Qgt and Tit on the left,

EW(UL‘P)TL]I < TithAtUiffF’ < 57177(U£t§0)T£t]1~

Using (4.51) leads to
ea’n(p) < Qhp < e hn(y),

so that égt satisfies Assumption 4.8. In view of Theorem 4.9, the scheme éﬁt admits a unique
invariant probability measure fi; o; and an eigenvalue Aa; defined by (4.52) . Now, integrating (4.88)
with respect to ps A and using (4.22) gives

—1

en(p) < e pp ai(p) < e ().

The same reasoning holds for fif a;. There exists therefore ¢’ > 0 for which the following inequalities
hold in the sense of positive measures:

1 : 1
e'n < ppar < o e'n < fipar < pl (4.89)

We are now in position to prove the equality of the eigenvalues Aa; and Aa: defined respectively
by (4.23) and (4.52). From (4.22), it holds, for any ¢ € C,

/x (Qﬂt)n pdpygar = </X QA1 d,uf,At) (/X (QL)H ‘Pdﬂf,At> = (/X QA1 duf,At>n (/X sﬂduf,m) :

Applying this last relation to U itga for ¢ € C and using the definition of Aa¢,

n n
/X (QZJ UL, odpsae = (/X QL1 de,At) (/X Uﬁtwduf,m) ZG”AtM"/XUgtSOde,At
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Similarly,

/ (éﬂt) pdiigar = ( / Q41 dﬂﬁAt) ( / <Pdﬂfm) = enAtiar / pdfif At
X X X X

It then follows that, for any positive ¢ € C,

(L) hedimpar [ wdiac [ (QL) Uhwdipae [ pdisa
enAt(/\At*AAt) — X % X — X X X .
0% " vdis UL odu; i (0r ) Ul v Ul wd
. Qnr) pditya Uawedupar | T Qar) Unipdity,ae | Unepdigad
(4.90)

It remains to note that the right hand side of (4.90) is uniformly bounded in n. Indeed, denoting by
Pn, = (QfAt)”Uitgo for a positive ¢ € C, we obtain using (4.51) and (4.89):

[ ondura / Ou g / oule)dn
X
< <
! o di a(e')?
TAt(bn de,At a¢n d,uf,At ¢n5 d77
X X

this bound being independant of n. Similarly,

/@dﬁf,m 1
X <

= ale 2°
/}(Uﬁtwduf,m (=7)

Therefore, the right-hand side of (4.90) is uniformly bounded for all n > 0, which proves that Aa; <
)\At by taking the limit n — +o00. A similar reasoning leads to )\At < Aag, hence Aar = Aag-

0<
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4.7 Markov contractions and Dobrushin coefficients

Denoting by M(X) is the set of measures over X, we define My(X) = {n € M(X)|n(X) = 0} the set
of (unsigned) measures with zero mass. The contraction norm of a Markov operator @ : P(X) — P(X)

is
o= sp Qv oo kO = vQliy

nemo(xy Illov pvery e —vTv
the second equality coming from the fact that all elements in My (X) are proportional to the difference
of two probability measures. In particular,

1@ = vQllrv < QI —virv.

A fundamental tool [115, 113, 114] for the study of Feynman—Kac type semigroups (4.15) and intro-
duced by Dobrushin [127, 128] is the so-called Dobrushin ergodic coefficient, which can be defined for
a Markov operator () as:

z,x’ €X
{A: }1<L<"LCX

a(Q) = inf {Z mln i), Q' Al)) } , (4.91)

where the infimum in the last equality runs over points z,z’ € X and all partitions (A;)7, of X. If
we interpret Q(x, A;) as the probability of going from z into the set A;, we see that this coefficient
provides information on the mixing properties of the operator ). The link between this coefficient
and the contraction properties of @ is made precise by the following relationship [127, 128]:

QI =1 = (Q). (4.92)
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As a result, a minorization condition on @ translates into a contraction of the operator through its
ergodic coefficient o(@Q). Relation (4.92) is essentially obtained by a Hahn decomposition of measures
of zero mass, as made precise in [127, 128].



CHAPTER D

LADAPTIVE SAMPLING OF LARGE DEVIATIONS FUNCTIONS

The material for this chapter has been published in the Journal of Statistical Physics [184].
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Abstract. We introduce and test an algorithm that adaptively estimates the large deviation
functions introduced in Chapter 3. These functions play an important role for predicting the proba-
bility and pathways of rare events in stochastic processes, as well as for understanding the physics of
nonequilibrium systems driven in steady states by external forces and reservoirs. The algorithm uses
methods from risk-sensitive and feedback control to estimate from a single trajectory a new process,
called the driven process, known to be efficient for importance sampling, as presented in Section 1.4.2.
Its advantages compared to other simulation techniques, such as splitting or cloning, are discussed
and illustrated with simple equilibrium and nonequilibrium diffusion models.

5.1 Motivation

We consider in this paper the problem of estimating large deviations functions introduced in Sec-
tion 1.3.1 and studied precisely in Chapter 3. These functions have a wide range of applications in en-
gineering and physical sciences, where they are used to predict the probability of rare events [388, 119,
121] and to understand how these events arise via transition paths or modified processes [250, 96, 97].
Large deviations theory also underlies now much of the research on nonequilibrium systems driven in
steady states by non-conservative forces or boundary reservoirs [406, 122, 228]. In this context, large
deviations functions play the role of nonequilibrium potentials, similar to the entropy or free energy,
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that characterize the steady state and fluctuations of physical quantities, such as energy or particle
currents exchanged with reservoirs, as well as the presence of symmetries [227] and phase transitions
in fluctuations [197, 233, 170, 8].

Recently, many efforts have been devoted to developing numerical algorithms for estimating large
deviations functions that go beyond the direct sampling of probabilities, which require prohibitively
large samples, as explained in Section 1.4.2. The most popular algorithms are variations of two basic
approaches used in rare event simulations, namely:

1. Splitting [109, 79, 13] or cloning [212, 202, 289] algorithms, which use population dynamics to
estimate probabilities or generating functions that have a multiplicative structure in time;

2. Importance sampling |75, 256, 15] (including transition path sampling [50]), which modifies the
process to be simulated, so as to transform rare events into typical events that can be simulated
efficiently.

These aspects are detailed in Section 1.4, and we have seen an application of cloning algorithm in
Chapter 4. Deterministic methods not based a priori on sampling can also be used, including spatial
discretizations of various spectral and optimal control representations of large deviations functions,
which work well for low-dimensional systems, in addition to action minimization methods, which can
be applied in the low-noise or low-temperature limit [241, 414, 208] as illustrated in Chapter 6.

In this chapter, we propose an algorithm that combines spectral methods with importance sampling
to efficiently estimate large deviations functions in an adaptive way. The core of the algorithm
comes from recent works on learning algorithms for risk-sensitive control of Markov chains [58, 5,
28, 57], which we adapt to continuous-time diffusion processes and to the problem of estimating
large deviations functions. The algorithm works by estimating or learning “on the fly” a modified
process, called the auxiliary or driven process, which corresponds to the process that is asymptotically
equivalent to the original process conditioned on the rare event of interest [97] or, alternatively, to the
exponential tilting of the original process, known to be efficient for importance sampling [98] (see the
discussion in Section 1.4.2). This modified process is given by a principal eigenvalue problem related
to the Feynman—Kac equation or, equivalently, by a stochastic optimal control problem [98] that we
solve iteratively using stochastic approximation and feedback control methods.

The main advantage of this algorithm, compared to splitting or cloning, is that it does not require
the simulation of many copies of the considered process — it runs on one long trajectory of that process,
modified with a feedback-reinforcement rule, to adaptively learn the driven process, thereby reducing
significantly the complexity of estimating large deviations functions. The calculation of error bars for
the estimated quantities is also simplified compared to other techniques, as the algorithm is based
on simple time averages and stochastic approximations [94, 372, 30]. Finally, the errors incurred by
discretizing continuous-time processes and functionals can be analysed in a precise way, in principle,
via Feynman—Kac semigroups as made precise in Chapter 4.

We discuss these advantages and test the algorithm in Section 5.4 with simple equilibrium and
nonequilibrium diffusions, after introducing the general model and notations in Section 5.2 and the
algorithm in Section 5.3. The results at this point are preliminary and are presented as a proof of
concept of the algorithm. More detailed results about the time-discretization and sampling errors will
be addressed in future works, together with more complex applications involving interacting particle
systems and higher-dimensional diffusions.

5.2 Framework

5.2.1 Model and notation

We still consider in this chapter an ergodic diffusion (X;);>¢ evolving in a state space X C R¢ with
appropriate boundary conditions according to the following stochastic differential equation (SDE):

dXt = b(Xt) dt + O'dBt, (51)

where b : X — R? is a smooth drift function, (B;)¢>0 is an m-dimensional Brownian motion, and o
is a d x m matrix, assumed to be constant for simplicity (see [97] for a treatment of diffusions with
multiplicative noise). The generator of this diffusion reads

1
L=b-V+3V-DV, (5.2)
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where - denotes the scalar product and
T

D=o00",
with T as the transpose, is the diffusion matrix, assumed to be positive definite (we thus use the
notation D instead of S in Chapter 3). This is the generator of the evolution semigroup (P;)¢>o,
defined by

Prp(x) = E[p(Xy) [ Xo = 2], (5.3)

for all time ¢ > 0 and any smooth test function ¢. The dual £ of £ in the space L?(dz) of square-
integrable functions with respect to the Lebesgue measure is the generator of the Fokker—Planck
equation

Ot = ETPtv (5.4)

which gives the evolution of the probability density p; of X; starting from some initial density pg
for Xo.

Our goal here is to study the fluctuations of time-integrated functionals of X, called observables,
having the general form

t t
A= 1/ f(xs)ds+1/ 9(X,) 0 dX,, (5.5)
t Jo t Jo
where f: X — R and g : X — R? are reasonably smooth functions (e.g. continuous) and o denotes
the Stratonovich product [350]'. Such a functional defined over the time horizon [0, ] can represent,
for example, a control cost associated with the state X; and its increments [95] or a physical quantity
integrated in time, such as the work performed on a particle by external forces or the heat exchanged
by a particle with its environment [385].

Assuming that the process is ergodic with respect to an invariant measure u(dx) = p*(z) dx with
smooth density p*, we have almost surely

= [ 1@ @ e+ [ o) 7@ de = (5.6)

t—o0

where, for any x € X,

JH (@) = b(x)p*(z) - ng*(fE) (5.7)

is the stationary current field associated with p* [98]. The theory of large deviations [119] refines this
ergodic theorem, generalized here with the additional g term, by providing estimates for the rate at
which the probability distribution of A; concentrates on its ergodic value a*. Such estimates can be
derived under general conditions? and take, in the simplest case, the form

tliglo —% logP(A; € B) = ngg I(a), (5.8)
for any Borel subset B of R, where I : R — [0, +0o¢] is a positive function such that I(a*) = 0. When
this limit exists, A; is said to satisfy the large deviations principle (LDP) with rate function I, and
we refer to Section 1.2 for an introductory presentation and precise definitions. Formally, this means
that

P(A; € da) = e @+ gq (5.9)

where o(t) denotes corrections in the exponential that grow slower than linearly in ¢. Thus, we see
that the rate function provides useful information about the fluctuations of A;: the likelihood that
Ay = a decays exponentially with time for all a # a*, since I(a) > 0 in this case, and converges
otherwise to 1 as t — oo, since I(a*) = 0. Moreover, the rate function is in general not a parabola,
meaning that it describes fluctuations that are generally not Gaussian. In this sense, large deviations
theory is often seen as an extension of both the ergodic theorem, which describes the concentration
of A; towards its mean, and the central limit theorem, which describes the local Gaussian fluctuations
of A; around its mean [119]. This is explained more in detailed in Section 1.1.2.

n order to respect the notation of Chapter 3, we should maybe write L:(f, g) for the time-integrated functional,
but we believe A; is more digest.

2We refer to Chapter 3 for proofs when g = 0, but the situation for g # 0 still seems to be open from a mathematical
perspective.
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5.2.2 Large deviations functions and driven process

In practice, the rate function I(a) can be calculated in many different ways other than by direct
sampling, which requires exponentially large samples with ¢ [75]. The most common method proceeds
from the scaled cumulant generating function (SCGF), defined for k € R by

1 ktA,
A(k) = lim z1og1[<: [eFt4]. (5.10)
By the Gértner-Ellis Theorem [119], the Legendre-Fenchel transform of this function yields the rate

function:
I(a) = sup {ka — A(k)}, (5.11)
keR
provided, essentially, that A(k) is differentiable; see Chapter 3.
For the SDE (5.1) and the additive functional (5.5), the SCGF is known to be given by the principal
eigenvalue of the operator

Ek:b-(V-l—kg)-i—%(v—&-kg)-D(V+kg)+kf, (5.12)

which is the generator of the Feynman-Kac semigroup PF, defined by

Plo(z) = E [p(X;) ™ | Xo = 2], (5.13)

for any smooth function ¢; see Appendix A.2 of [97]2. In the end, the rate function can thus be

computed by solving the spectral problem
Lihi = Ak)hy, (5.14)

where A(k) is the principal eigenvalue of £ and hy, its corresponding eigenvector. This holds provided
that this operator has reasonable spectral properties, made precise in the following assumption.

Assumption 5.1. The operator Ly, defined in (5.12) acting on L?(u) has an isolated largest eigen-
value \(k). Its multiplicity is one and it is associated with a regular eigenvector hy, € L*(u1) such that
for allx € X, hy(z) > 0.

This assumption holds for many systems, in particular when X’ is bounded [40, 182] or when b
and g are gradient fields with appropriate growth conditions [304, Section 2.5]; we refer to Chapter 2
for more details. In practice, the spectral problem (5.14) can be solved numerically using standard
projection or discretization (Galerkin) methods, which work well for low-dimensional systems [93],
or more involved real space renormalization methods when dealing with higher-dimensional systems
[204]. Note that, for g = 0, L, is the usual Feynman-Kac generator with source term kf. Moreover,
for k =0, Lo = L is the generator of the SDE, so that A(0) = 0 and hy = 1, the constant unit function.

The numerical method that we propose in the next section attempts to estimate the spectral
elements A(k) and hy in a different way using the fact that they are solutions of the family of eigen-
problems

PFhy = e Bp, Vit >0, (5.15)

which can be approximated stochastically. The method also exploits a connection between large
deviations and control theory showing that A(k) is the ergodic limit of an optimal control cost satisfying
a stochastic Hamilton—Jacobi-Bellman equation [187], and that hj determines the controlled diffusion
achieving the optimal cost, which is the driven process mentioned in the introduction. These results
are explained in detail in [98] (see also the references therein and the computations in Section 1.4.2);
for the purpose of this chapter, we only state them without proofs.

The controlled diffusion, denoted by (Xt)t>0, satisfies the SDE

dX; = b,(X;)dt + o dBy, (5.16)

where

bi(x) = b(x) + Dlkg(z) + V log hy(x)] (5.17)

3We should again write Ptkf’kg7 Af,g(k) and Iy 4 to match the notation of Part II but prefer the shorthand nota-
tion PF, A(k) and I since f and g are fixed.



5.2. FRAMEWORK 183

is the optimal control drift defined for all z € X', which is motivated in Section 1.4.2 in the case g = 0.
Under Assumption 5.1, this modified diffusion is ergodic with respect to a new invariant measure py,
whose density is

pr(x) = hi(@)lk(2), (5.18)

where [}, is the dual of hy, in L?(dw) satisfying Ellk = A(k)lj, 97, Section 3.3]*. These two functions
are normalized such that

/ hi ()l (z) de =1, / lg(z)dx = 1. (5.19)
X X

Because of the change of process, the observable A; must concentrate on a new value, which can
be shown to be given by X (k), that is,

Ay —— N(k) = ax, (5.20)

almost surely with respect to (X;)¢>o. Similarly, the control cost
Ct = kAt - Rt, (521)

where
1

R, = —
Y

t

B = b)) DB - (R ds, .22
0

reaches in the ergodic limit the value A(k), so that

Cr —— A(k) (5.23)

almost surely under (X;):>o [98, Section 4]°. Finally, it can be shown by Legendre duality that the
rate function at the value a; = A'(k) is given by the ergodic limit of R; above, leading to

R; m} I(ak), (524)

almost surely with respect to (X;);>0 [98, Section 4. Note that the diffusion is not modified for k = 0,
so that ag = a*, M(0) = a*, and I(a*) = 0.

These ergodic limits provide direct estimators of the SCGF and the rate function, based on a single
trajectory of the driven process, which can be simulated for different values of the parameter k € R.
For the SCGF, there are in fact three possible estimators:

1. From (5.20): the value of A, integrated numerically with the condition A(0) = 0;
2. From (5.23): the value of Cy;
3. The eigenvalue returned by the algorithm proposed in Section 5.3.

In practice, we find that the last estimator is more stable, although the first and second are more
adapted to obtain error bars.
For the rate function, we have two possible estimators:

1. The Legendre transform (5.11) of the SCGF, given in parametric form by
I(ay) = kar, — \(k), (5.25)
where ay, is either estimated from A; or by taking the numerical derivative of A(k);

2. From (5.24): the value of R; obtained for the value of A, giving the couple (A, Ry).

4The notation is slightly different than that of Chapter 4, see for instance Proposition 4.1.
5Note the similarity between the cost function R; and the action functional (1.38).
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In practice, we find that the first estimator based on the Legendre transform is more reliable. By
comparison, the computation of I(a) based on (5.22) involves the optimal drift b and, therefore, the
logarithmic derivative of hj, which is more difficult to estimate in a stable way.

In all cases, error bars can be constructed from the same trajectory by estimating, in principle,
the variance of A;, Cy and R; using covariance techniques for Markov processes [94, 372, 30]. This is
an advantage over splitting and cloning algorithms, for which the calculation of errors bars is difficult,
as they involve correlated copies or “clones” of the simulated process [377, 337, 338].

In closing, it is interesting to note that the driven process can also be interpreted as the change
of process in the importance sampling of the probability P(A; € B) that is optimal in the sense of
logarithmic or asymptotic efficiency [75]. Therefore, it can be used not only to estimate the SCGF
and rate function, but also to estimate the actual probability P(4; € B) in an efficient way [58].
The optimal change of process in this case is known to correspond to the exponential tilting of the
original process [75], which is a time-dependent process in general; see Appendix D of [97]. In the
ergodic limit, this process converges to a homogeneous process corresponding exactly to the driven
process (5.16). We refer to [98] for more details about these results.

5.3 Adaptive algorithm

We are now ready to present the algorithm for estimating the SCGF and the rate function of A
for continuous-time diffusions. The algorithm is based, as mentioned, on prior algorithms proposed
in [58, 5, 28, 57| for Markov chains and exploits the fact that

ALl p—— / o) i (x) da, (5.26)
t—o0 X

for any smooth test function ¢. This result follows under Assumption 5.1; see [97, Section II1.B] or the
results of Chapter 2 for a proof. The algorithm that we propose works from this limit by approximating
the action of the Feynman-Kac semigroup (P});>0 in a stochastic way as a time average computed over
a long trajectory of the diffusion. Moreover, it continuously modifies the diffusion as we estimate hj to
construct the driven process (Xt)t>0, which underlies the estimators of the large deviations functions.
The algorithm is presented next. Our contribution compared to [58, 5, 28, 57] is to consider general
time-continuous processes, time-additive functionals of these processes that depend on both their state
and increments and, more importantly, to construct the driven process explicitly so as to estimate the
SCGF and the rate function adaptively using the estimators introduced in the previous section.

5.3.1 Time discretization

The first step required in the algorithm is to discretize in time the SDE (5.1) and its associated
Feynman-Kac semigroup (5.13) by transforming the Markov diffusion (X;)¢>o into a Markov chain
(n)nen with a small time step. Many discretization schemes can be used for the SDE; see, for
instance, [270]. Here we use the standard Euler-Maruyama scheme with constant time step At, given
by

Tnt1 = Tp + b(xn) At + oVALE,, (5.27)

where (&,)n>0 is a sequence of independent standard d-dimensional Gaussian random variables. The
corresponding discretization of the evolution semigroup P; over a time step At is denoted by Qa¢, so
that

Qarp(z) = Ep(@ni1)|zn = 2], (5.28)

for any test function ¢ and © € X'. We refer again to [270, 304] and Section 1.4.1 for more information
about the discretization of SDEs and their weak error analysis.

We have seen in Chapter 4 that many discretizations also exist for the Feynman-Kac semigroup PF.
Here, we use the natural scheme where the diffusion is discretized as above and the integral of A; is
discretized as a Riemann sum with the left-point rule for the integral involving f and the mid-point
rule for the Stratonovich integral involving g. The action of PF is thus replaced by

Qhip(e) = E [ oo (B e g

T = x} . (5.29)

For our purposes, hj will be approximated by recursive applications of ta, based on the following
assumption.
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Assumption 5.2. There exist a time step At* > 0 and p > 0 such that, for 0 < At < At™,
QR ihrar = 2P Bhg (5.30)

where

hiar = hi + O(A),  Aai(k) = M(k) + O(AtF). (5.31)

This assumption means that the time-discretized operator Qgt admits h; as an approximate
eigenvector with approximate eigenvalue A(k). This applies, for example, when X" is compact. In this
case, precise estimates for the errors in (5.31) are obtained for g = 0 in Chapter 4. We believe these
error estimates can be extended to g # 0 under appropriate modification of the assumptions, but the
situation when X is unbounded is difficult.

In the following, we will drop the subscript At on hy ar and Aa:(k) to simplify the notations,
and will present the algorithm essentially as if h; were an exact eigenvector of QkAt with exact eigen-
value A(k). However, we should keep in mind that this is only approximately true due to the errors
in At. We will comment on this in Section 5.4 with specific numerical examples.

5.3.2 Stochastic approximation and annealing

The main ingredient of the algorithm is the limit (5.26) of the Feynman—Kac semigroup, which shows
that hj, and A(k) can be computed by successively applying Q%, to an initial guess ¢, so as to obtain

(Qh)p ~ mARB, / (@) Iy (x) da (5.32)
X

as n — oo. To perform this iteration, which is a functional version of the well-known power method for
matrices [120], we apply a stochastic approximation [353, 30, 28] whereby the expectation appearing
in the action of QX, is replaced by the iterates of the Markov chain:

E ek [f(mn)At—i-g(m"%m) -(zn_,_l—zn)]

QkAt‘P(xn) o(Tpt1)

Ty
} (5.33)
k [f(mn)At+g(w) '(l’n+17:rn)j|

Q

€ @(xn+1)7

where x,,41 is a random variable distributed according to Qa¢(zn, ). This approximation is known
to reproduce the expectation as a statistical average in the ergodic limit n — oo [5, 28, 30].

In our case, we simulate not the Markov chain (z,),en but a modified chain, corresponding to the
discretization of the driven process (5.16), which we express as

Frgl = Bp 4 [b(E,) + Fo(Zn)]At + 0 VALE,,, (5.34)

where
F, = D(kg+ Vloghy) (5.35)

is the extra biasing force derived, according to (5.17), from the estimate h}! of h at time n. In this
case, the evolution (5.33) is modified by the Girsanov formula [350] to

. Tp41+Tn ~ .
Qlﬁt@(i“n) ) ek [f(mn)At+g(4+2 7).(957#171”)]@(-in-i-l)Rn(-imjn—&-l) By = Z‘]
(5.36)
_ Fng1tEn) - s ~ o
~ ek[f(zn)At+g<42 *) (Zn+1 n)]@(xn+1)Rn($naxn+l),
where
Ro(Fn, Tngr) = e —in(ﬁ YAt — atp (Zn) - € (5.37)
n nytn+1) — XPp 20_2 n n 0_2 n n n .

is the Radon—Nikodym derivative of the transition kernel of x,, with respect to that of z,,.
In the end, we also apply an annealing scheme, commonly used in stochastic approximations, which
consists in replacing the update rule (5.32), defined by ¢° = ¢ and " ™! = QK,»", by the scheme

" =" +a, (QR" — "), (5.38)
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where (a,)nen is a decreasing sequence, often called the adaption or learning sequence, which acts as
a smoothing parameter, filtering here the noisy update of the eigenfunction. This sequence is usually

chosen in such a way that
D an= > a
ap, = 00, a; < 0o, (5.39)
n>=0 n>=0

with the understanding that a,, should not be decreased too slowly, so as to limit noise, nor too fast,
so as to reach the “correct” fixed point. These conditions can be relaxed under stability assumptions
or by an averaging procedure [353]; see [30] for more details.

5.3.3 Spatial projection

The iteration just described for approximating hj can be performed numerically by discretizing the
state space X into small cells (grid discretization). For high-dimensional systems, however, it is more
convenient to use a Galerkin-type approximation of the eigenvalue and eigenfunction [28], obtained
by projecting the problem onto a set of basis functions {¢; };Vil with ¢; : X — R [93]. Let us denote
by Hnr = Span{¢; jj\il the space spanned by these functions. Then the M-dimensional eigenproblem
that we need to solve is

Q%= e h, he My, (5.40)

using, for notational convenience, the same symbols h and X for the exact and the projected spectral
elements. We also drop from now on the parameter k, which will be implicit.
The eigenfunction h is expressed in that basis as

h(x) = Z a;0;(x) = ol ¢(x), (5.41)

where a = [ag, ..., ap]T and ¢(x) = [¢1(2), ..., da(x)]F. Multiplying (5.40) by ¢; fori € {1,..., M}
and integrating over any measure 7 on X’ yields

M M
Soa; [ au@odn=e>Y s [ dioydn, ic (1., (5.42)

j=1 X j=1 X
As a result, we see that the vector of coefficients v € RM is the principal solution of the eigenproblem

1
Aa=AB A= —logA 5.43
e a, A log A, (5.43)
where

A= [ o@oNydn. B [ 00" an (5.44)

Note that the matrix B is invertible as soon as the {gbj}jle form a linearly independent family.

5.3.4 Algorithm

We are now ready to describe all the steps of the algorithm that estimates the principal eigenvalue
of Ly and its corresponding eigenfunction. For a fixed k£ € R, we initiate the process at a position
xo € X and define a first approximation h° of h as

h = ()¢, (5.45)

where ¢ is the vector of basis functions and o is the initial vector of coefficients, chosen such that h°
is constant (although prior information could be incorporated at this stage). At each iteration, we
then perform the following steps:

1. Draw a new position Z, 11 according to the Markov chain (5.34);

2. Compute the extra bias F;, according to (5.35), which in the function basis takes the form

Y oz?%) .

(5.46)
ij\i1 aj ¢;

Fn:D<k‘g+
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3. Compute the Girsanov weight R,, according to (5.37);
4. Compute the matrices 4,1 and B, using the formulae
1 n k| f(@m)At+ Tmt1+Em (ZFrmt1—Tm - - - -
An+1 = n+1 n;)e [ ( ) 9( 2 ) (Fmt )} ¢(xm)¢($m+l)TRm(xm>xm+1)a
B LS ()o@ (5.47)
n = Tm Tm) .
+ n+1 =
which follow by projecting (5.36) and (5.44), respectively;
5. Update the coefficient vector o, giving the decomposition of the iterate h"™, as
B 1A,
a"t =a" 4 a, ( = - Id) a”, (5.48)
h* (o)
where Iy is the identity matrix of size M [28];
6. Estimate the eigenvalue as

1 ~
Al = T\ log (B (i 5.4
P A (n+ 1)At og (h"(Z0)), (5.49)

which follows from (5.43).

Repeating these steps, it can be proved that the iterates h™ and A\™ converge to the solution of the

spectral problem (5.40), following the analysis found in [58, 5, 28]; see also [30]. Moreover, because
h™ — h, the Markov chain (&, )nen samples in the long run the Euler-Maruyama discretization of the
driven process (5.16).

5.3.5 Remarks

The following are technical remarks worth noting about the algorithm:

1. The matrix A,, can be updated at each step using

n 1 k[f(in)AtJrg(M).(in_'_l,i,n)} N 5 T
Api1=—A, + — 2 n n R,, 5.90
S + nr 1t O(Zn)P(Tn+1) (5.50)

instead of the sum shown in (5.47). Similarly, the matrix B,, can be updated, following [28],
using the Shermann—Morrisson—-Woodburry formula, which leads here to
ntl oy n 1By $(E)e(E) By

B~} B

n+1 — n n n n+¢(3~3n)TB;1¢(i‘n) (551)

The advantage of this formula is that the computation required for updating the coefficient o™
scales with the number M of basis vectors as M?, as is common in the power method [120],
whereas the typical cost of inverting the matrix B scales as M?3.

We normalize the eigenfunction at every iteration by setting iL(:TcO) = 1 at an arbitrary location,
taken here to be the initial state Zy [58]. This prevents the norm of the eigenfunction from
diverging or decaying to zero, as is common in the power method, and provides an estimate
of A(k) through (5.49). This normalization step can be based on other norms, at the expense of
computing integrals.

The algorithm can be run with the original (unbiased) process (X;);>0, but the estimation of
the matrices A and B in this case typically suffers from large statistical errors due to the high
variance of the underlying estimator. This is a known problem related to the estimation of
Feynman—Kac functionals and exponential integrals in general {231, 230, 433, 374]. Biasing the
dynamics with the driven process (Xt)tgo reduces this variance in an optimal way (in the sense
of asymptotic or logarithmic efficiency) by forcing the exploration of the process in important
regions of the state space where the integrand of the generating function E[eF*4¢] is largest [98].
This issue is explained more precisely by the computations of Section 1.4.2.
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4. As the dynamics is biased towards the driven process (Xt)t>0, the vector a™ of basis coefficients
representing hy converges towards the solution of the eigenproblem (5.43), with the matrices A
and B computed as ergodic averages under (X;)¢>0, so that 1 = p in (5.44). Even for a small
number of basis functions, it would be a priori impossible to compute these matrices by numerical
quadrature. This shows that the algorithm can be used to obtain good approximations of hy
even for high-dimensional systems, provided that enough basis functions are used to represent
the support of uy, which is typically concentrated on a subset of X.

5. The algorithm is stable despite the fact that it includes the Girsanov reweighting factor, which
is exponential in time. The reason for this stability, already noted in [5], is that the Girsanov
weight is computed and accumulated incrementally over single time steps in (5.47).

6. The learning sequence (ay)nen is chosen here in the following way:

(a) For 0 < n < Ny, we take a, = 0, so there is no adaption at the level of h and A, although
the matrices A and B are evolved — this “burn-in” period allows for a better initial guess
of the various functions estimated through their ergodic averages;

(b) For N1 < n < Ny + Niger — No, we take a,, = 1, that is, the full information of the process
is taken into account;

(¢) For N1+ Niter — Na < n < Np+ Niter, we take a,, = C/(n— (N1 + Niter — N2)) with constant
C > 0, so the process learns less with time, smoothing the noise in the long run. In the
following, we choose C' = 1.

The times N7 and Ny can be fixed or can be chosen dynamically according to some stopping
rule.

7. In practice, we can perform independent simulations with different values of k£ to obtain an
interpolation of the SCGF over some range, say, [kmin, kmax|, which can then be used to obtain
the rate function by Legendre transform. Alternatively, we can do a simulation in which & is
slowly increased from k& = 0 in a “quasi-static” way, so as to adaptively update the biasing force
over a range of values for k [341] or to reach some prescribed value of the SCGF for an unknown
k [58].

5.4 Applications

We apply in this section the algorithm to two simple test cases involving one-dimensional diffusions.
The first is the Ornstein—Uhlenbeck process, for which the large deviations functions of the area per
unit time are known exactly [97], while the second is a driven diffusion on the circle, often used in
physics as a model of nonequilibrium systems, including Josephson junctions perturbed by thermal
noise and Brownian particles controlled by external forces [366, 360, 100]. We discuss for both the
convergence and efficiency of the algorithm.

5.4.1 Ornstein—Uhlenbeck process

The first example that we consider is the mean area or mean position

t
A= 1/ X, ds (5.52)
tJo

of the Ornstein—Uhlenbeck process on R satisfying the SDE
dX, = —20X, dt + V2 dBy, (5.53)

where # > 0. In the notations of Section 5.2, we thus have b(z) = —20z, ¢ = /2, f(z) = = and
g(x) =0, so that
d d?

L=-200— +

dx T (5.54)

and L, = L + kx.
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Figure 5.1 — Large deviations of the mean area for the Ornstein—Uhlenbeck process. Left: Evolution
of the estimated SCGF in time. Right: Evolution of the biasing potential Vj(z) in time for the linear
basis (curves from top to bottom), compared with the final estimate for the Hermite basis and the
exact result.

For this process and observable, it can be checked [97] that the SCGF, corresponding to the
dominant eigenvalue of Ly, is
]{32
Ak) = w0 (5.55)

so that I(a) = 0%a® from (5.25). This is expected, since the integral of a Gaussian process is also
Gaussian. Moreover, the associated dominant eigenfunction is

hi(z) = €707 (5.56)

leading with (5.17) to the optimal drift

bi(z) = =20z + 2(log hk(m))/ = —20x + g (5.57)

This shows that a fluctuation of A; is created in an optimal way by adding a constant to the drift,
which “moves” the Gaussian stationary density of the Ornstein—Uhlenbeck process

p(z) = \/E e 0" (5.58)

0 _piw_ k
pilz) = \/;e 0(x mk)27 my = 202 (5.59)

At — M = a (5.60)
t—o0

to

leading to

almost surely with respect to X;, in agreement with (5.20).
We compare the algorithm against these exact results using a simple mesh discretization (first-order
finite elements), defined by the basis functions

5+, z € [z; — 6,2;],
gi(r) =9 -5 4+1,  z€ [,z + 0], (5.61)
0, otherwise,
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where the points x; define the centers of each “cell” of width § > 0. In the following, we refer to
this basis simply as the linear basis. To illustrate the flexibility of the algorithm, we also perform
simulations using a Hermite polynomial basis, which forms a complete orthonormal basis in L?(p*).
We run the algorithm with k = 1, = 1/2, xg = 0, final time 7" = 2 x 10* and intermediate times
T, = NiAt = T, = NoAt = 2 x 10% with At = 5 x 1072, which a standard time step used in
simulations relative to the basic timescale of the dynamics, corresponding here to 1/(20) = 1. For the
linear basis, we use M = 61 equally spaced cells with § = 0.25 around = = 0, whereas for the Hermite
basis we use only M = 10 basis functions.

Figure 5.1 illustrates the results of a typical simulation, starting on the left with the evolution of
the estimate of the SCGF, given by (5.49), as time increases. We observe a very good agreement in the
long run with the exact value, which for the parameters used is equal to 1, with a faster convergence
observed for the Hermite basis compared to the linear basis. As mentioned before, we can also recover
the SCGF by recording the stationary value of A;, which corresponds as above to my = ap = N (k),
and numerically integrate the result in k from A(0) = 0. The results obtained are similar to those
obtained from the eigenvalue estimate (5.49), and are not shown for this reason.

To understand the convergence of the eigenvalue at the process level, we show in the right plot of
Figure 5.1 the evolution of the effective potential Vj associated with the modified drift by according
to

bp(x) = =V (). (5.62)

We show the results for both the linear basis and the Hermite basis, with the zero of the potential
arbitrarily set at V;(0) = 0. We see from these that the tail of the potential takes longer to be
estimated correctly, as the process starts to explore values away from mg = 0. After the convergence
time, there is a good agreement with the parabola

Vi(@) = 0(z —my)?, (5.63)

which is the exact solution predicted by (5.59). The small errors are due to the finite time step At
used and the finite basis function set. The small “wiggles” seen in the potential obtained with the
linear basis come from the fact that this basis is piecewise linear, so that V}, is piecewise logarithmic.
The potential obtained with the Hermite basis is smoother, as expected.

Repeating the simulations for other values of k, we can recover A(k), as shown in the left plot
of Figure 5.2. The result is in good agreement with the exact solution (5.55). Estimating N (k)
with (5.20) leads to an estimated rate function, by the Legendre transform (5.25), which also agrees
well with the exact rate function, shown in the right plot of Figure 5.2. By comparison, the rate
function obtained from the time average (5.24) of the extra biasing force (with the Hermite basis) is
not as good: it lies above the exact rate function and shows a larger offset or error as k increases,
which does not decrease by reducing At or increasing the number of basis functions.

To understand this error, we show in the left plot of Figure 5.3 the evolution of the extra biasing
force F,, for k = 1, estimated at the current location of the system, which should approach the
constant 2, following (5.57). The evolution is noisy, as can be seen, which is expected, since F, is
estimated by the logarithmic derivative

(k" ()"

F,(x)=2 ()

(5.64)

computed in the function basis from (5.46). The derivative amplifies the Monte Carlo errors inherent
in the estimate h™. In addition, the denominator often takes small values away from the mean
position my, which makes the estimation of the optimal force still more difficult. The right plot of
Figure 5.3 shows that the noise on Fj, is considerably filtered out by the time average underlying the
estimator R; of the rate function, although a bias remains even after the convergence time of the
SCGF, which leads to the offset seen in Figure 5.2. The results in both cases are more noisy for the
linear basis because the derivative is not continuous across the different cells.

The offset on R; remains more or less constant by running independent simulations (error bars on
30 simulations are too small to show), and so appears to be a systematic error or bias. Many factors
can account for this bias. First, the rate function estimated from the limit shown in (5.24) is known
to be an upper bound on the true rate function [98], which is tight if and only if the modified drift
estimated in the simulation is the optimal control drift (5.17). Here, F), is not constant, as predicted
from (5.57), so we expect the estimate R; to lie above its expected value. Second, we have noticed in
simulations that A; underestimates ay for large k, which has the effect of further “pushing” the estimate
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Figure 5.2 — Large deviations of the mean area for the Ornstein—Uhlenbeck process. Left: Estimated
SCGF compared with the exact result. Right: Estimated rate function based on the Legendre trans-
form of the SCGF and on the averaging of the biasing force (using the Hermite basis), compared with
the exact result.

of the rate function above I(a). This is most likely due again to F,, being non-constant. Finally, the
time average of F,, involves the ratio of two functions, according to (5.64), which fluctuate in time via
the updating of o™ in (5.46). As a result, we expect this additional randomness to artificially increase
the second moment of F},, leading to a further bias.

It is difficult to isolate these factors, and all, in fact, seem to play a role. In future works, it
would be interesting to study the bias observed in R; by computing, for example, the time average
of F2 using the final estimate of hj rather than the time-evolved estimate h™. Different annealing
sequences or averaging techniques could also be used to “filter” the time average of F> and mitigate
the bias on R;. For now, the most efficient and reliable way to compute the rate function is to use
the estimator based on the SCGF and its Legendre transform.

5.4.2 Periodic diffusion

We have motivated in the Introduction our interest for nonequilibrium dynamics. We thus consider
for the second test a diffusion on the unit circle satisfying the SDE

dX; = (=V'(X;) +y)dt + V2B, (5.65)

with the periodic potential V(z) = cos(27x) and v € R a constant drive. For v # 0, the total drift
cannot be expressed as the gradient of a smooth periodic function, so (X;);>¢ is a nonequilibrium
process violating detailed balance [366]. The observable studied for this process is the winding number

1 t
A, = ,/ X, (5.66)
t Jo

calculated with the real rather than periodic state, which can be interpreted physically as the mean
velocity or current of a Brownian particle moving around the circle [410]. In the notation of Section 5.2,
we have b(z) = —V'(z) +~, 0 = V2, f(z) =0, and g(z) = 1.

The SCGF and the rate function of this observable are not known exactly, but Galerkin ap-
proximations can easily be found by Fourier series, using the basis functions ¢;(z) = e72m% with
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Figure 5.3 — Large deviations of the mean area of the Ornstein—Uhlenbeck process. Left: Biasing
force F;, at the current state Z,, of the process at time n. Right: Evolution of the time average Ry,
which gives the rate function according to (5.24).

J € Z [326, 340, 410]. This basis is used to compute reference values for the SCGF and the rate func-
tion, devoid of At errors, by projecting the spectral problem (5.14) in Fourier space and by ensuring
that enough basis functions are used. We find in practice that M = 41 Fourier modes are sufficient.
We use the same Fourier basis for the algorithm, also with M = 41 modes, in addition to 7' = 2 x 10*
and Ty = T» = 2 x 103 for the integration times, as in the first test.

We show in Figure 5.4 the results of a typical simulation for v = 1 and k£ = 1. The left plot in
this figure shows the evolution in time of the estimated SCGF from the eigenvalue iteration (5.49),
while the right plot shows the final estimated eigenfunction hy for different time steps At, compared
with the reference Fourier solution. We see that the results for the eigenvalue and the eigenvector
significantly depart from the reference solutions for At = 0.05, but converge to them as At is decreased,
in accordance with Assumption 5.2 and the error estimates obtained in Chapter 4. For the same time
step used for the Ornstein—Uhlenbeck process, namely, At = 5 x 10~2, we see no notable difference
between the estimated eigenfunction and the reference values, leading to a precise estimation of the
SCGF. The convergence of the eigenvalue here is much faster than for the Ornstein—Uhlenbeck process
because the space explored is compact, being limited to [0, 1] with periodic boundary conditions.

As for the Ornstein—Uhlenbeck process, we can repeat these simulations over a range of values
for k to obtain the SCGF and the rate function. The left plot of Figure 5.5 shows that the SCGF is in
good agreement with the Fourier solution for At =5 x 1073, and so is the rate function estimated by
Legendre transform. However, as seen before, the rate function estimated with the time average R; of
the biasing force shows an offset, although smaller this time, which comes from the noisy estimation
of F,. As before, the estimator of the rate function that should be used is the one based on the
Legendre transform of the SCGF, with aj, estimated by A;.

5.5 Conclusion

We have presented a new algorithm for estimating the large deviations functions of time-integrated
observables of Markov processes, which characterize the likelihood of their fluctuations in the long-
time limit. The algorithm draws on earlier results on stochastic control [58, 5, 28, 57], and works
by adaptively estimating the principal eigenvalue and eigenfunction of a spectral problem related to
the large deviations problem. The adaptive part consists in modifying the process considered, using
feedback and reinforcement learning, so as to reach the so-called driven process, which is known to



5.5. CONCLUSION 193

1.4
13 ]
2 1 12 1
1.1
1.5 L 9 !
> N \2 0.9
<
| At = 0.05 | 0.8 At =0.05
— At =0.02 07 —— At =0.02 1
—— At =0.01 sl — At =0.01 ]
ol At = 0.005 | At = 0.005
. —— Reference 051 Reference |
0 éo 40 éo éo 100 0.4 ‘ ‘ ‘ ‘
nAt 0 0.2 0.4 . 0.6 0.8 1

Figure 5.4 — Current large deviations of the driven periodic diffusion. Left: Evolution of the estimated
SCGF with time for different time steps At. Right: Estimated eigenfunction hj for different time
steps At compared with the reference Fourier solution.

be optimal for the purpose of estimating large deviations functions using importance sampling [98].
In this sense, the algorithm relates to many adaptive importance sampling methods that have been
proposed recently for rare event simulations; see, for instance, [150, 339, 46, 261]. It is also closely
related to diffusion Monte Carlo methods [190, 377, 313], which attempt to estimate the ground-state
wavefunction of a many-body quantum system by simulating a related stochastic process.

The proposed algorithm can be applied to diffusions, as illustrated here, but also to Markov chains
in discrete or continuous time, and works for both equilibrium and nonequilibrium systems, that is,
reversible and non-reversible processes, respectively. Moreover, although the test cases presented here
are simple, they clearly show that the algorithm has the potential to improve upon other simulation
methods, especially cloning methods, since it runs on a single simulation of the process and provides
information about how fluctuations are created in time by constructing the driven process in a non-
parametric form and with no prior information. A modification of the original cloning algorithm was
proposed recently [337] to construct the driven process, but it is based on a different feedback rule
that compares two time-dependent histograms, whose estimation is noisy and requires a large number
of clones. The results presented here show that a single clone, evolving over a long-enough time, is
sufficient. This obviously cuts the computational complexity of estimating large deviations, but also
simplifies, as mentioned, the error and convergence analyses of the algorithm.

As with any new proposal, more work is needed to understand the benefits and limitations of the
algorithm, to test its applicability to realistic systems, and to benchmark it against other numerical
methods. Of particular importance is to derive precise error estimates associated with the space
and time discretizations of the spectral elements, large deviations functions, and the driven process.
Estimates for the discretization errors in At for the SCGF can be found in Chapter 4, but these
discretization errors are also present in cloning algorithms when applied to diffusions, so they are
not specific to the algorithm presented here. The use of Galerkin discretizations requires further
investigations, particularly in the low-noise limit and for processes involving many interacting particles,
and we mention that recent work on optimal control problems show that alternative representations
can be used, such as neural networks [223, 154, 224], which is an interesting path to follow.
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CHAPTER 0

LCONSTRUCTING APPROXIMATE CONTROLS FOR SMALL
TEMPERATURE SYSTEMS

The material for this chapter is a work in preparation with E. Vanden-Eijnden and T. Grifke [185].
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Abstract. The computation of free energies is a common issue in statistical physics, in particular
for systems at low temperature. A natural technique to compute such high dimensional integrals is to
resort to Monte Carlo simulations. However, these techniques generally suffer from a very high variance
in the low temperature regime because the expectation is dominated by high values corresponding to
rare trajectories, which is the situation of interest in practice. We propose here a general strategy
to build approximate controls in order to reduce the variance of such estimators. Our construction
builds upon the instanton theory, presented in Section 1.1.3, and can be realized offline. We show
that the resulting estimator behaves well in the small temperature regime, and that the approximate
control is actually an expansion of the optimal control around the instanton.

6.1 Motivation

This work is concerned with variance reduction for estimating free energy-like functions arising in
statistical physics. We will consider low temperature finite time problems [155, 118, 157, 414], which
have been introduced in Section 1.1.3 in the Introduction. In such a situation, high variance arises
because the observable takes large values along very rare trajectories [156].

We have motivated in Section 1.4 two ways for reducing the variance of naive estimators for this
kind of problem. One is to introduce a bias in the dynamics, so that rare trajectories become more
likely under the new dynamics [155, 231] — a strategy sometimes referred to as tilting. However, the
expectations at hand have to be corrected with a Girsanov weight, and it is actually not obvious
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that the additional drift decreases the variance, unless the optimal control is exactly known. For
high-dimensional systems, it is hopeless to compute this optimal control to a high degree of accuracy,
and poor approximations may deteriorate the quality of the estimator.

Another strategy is to resort to population dynamics [212, 116, 113, 109, 289, 71|, which is another
instance of importance sampling. The idea here is to run a series of systems in parallel, and to select
the ones that realize the rare trajectories. We have used this method to compute cumulant functions in
Chapter 4 above, and there are actually various ways to design a selection mechanism, some provably
behaving better than others [377, 12, 140]. However, it is a well-known fact that, in high-dimension,
the number of replicas needed for performing accurate computations becomes very large.

It also possible to combine the two approaches, see [337] for an application to the computation
of long time large deviations functions. However, for a general system, one cannot compute the
exact optimal control, nor run enough replicas in parallel to obtain accurate free energy estimates.
We focus here on the construction of approximate optimal controls. Since several equivalent expres-
sions are available for the optimal control, many approximation techniques have been developped,
including cross-entropy methods [433], milestoning [231], martingale based techniques [312], model
reduction [232] and forward-backward SDE [265], or more recently machine learning based algo-
rithms [223, 154, 224]. However, once an approximation of the optimal control has been estimated,
one needs to correct the expectation with the appropriate Girsanov weight. Here as well, it is not
guaranted in general that these techniques lead to a variance reduction .

The goal of this chapter is to provide a simple way to construct approximate controls, and to show
that they have a finite variance in the small temperature regime. We rely for this on the theory of
instantons [155, 156, 209, 211], which we recall in Section 1.1.3 in Part I. Our technique allows to
compute the approximate control offline, contrarily to the previous work [414], which required on the
fly update.

Our presentation is organized as follows. Section 6.2 recalls well-known facts about zero vari-
ance estimators with an optimal control. Since this optimal control is not accessible in practice, we
turn in Section 6.3 to the construction of approximate optimal control that behave well in the small
temperature regime. Section 6.4 provides some illustrative applications.

6.2 Optimal control and low temperature limit

6.2.1 A direct approach

In this study, we focus on computing expectations of exponential functionals for which naive estimators
typically have a large variance. We first recall the framework of Section 1.1.3 and consider, for a fixed
time 7" > 0,

A =E, [e%f(X;)} , (6.1)
where (X7)i>0 is solution to the following stochastic differential equation
dX; =b(X;)dt + eo(X;) dB;. (6.2)

Here, (B¢)>0 is a d-dimensional Brownian motion, and b : R 5 R4 o:R* —» R¥? and f: R4 - R
are smooth functions. In (6.1), E, denotes the expectation with respect to all trajectories solving (6.2)
and starting at © € R% at t = 0. Note that we could also consider time-dependent functions b and o
without additional difficulty. The generator of the dynamics (6.2) reads

T
czb.v+e%:v2, (6.3)

where o7 stands for the transpose of the matrix o, - is the scalar product in R%. In what follows, we
again use the possibly position-dependent diffusion matrix

D=o0", (6.4)

which is assumed to be positive definite everywhere in R¢.

A motivation for studying (6.1) is the computation of the free energy

Z. =¢log A (6.5)
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in the small temperature regime. It is known by large deviations arguments that Z. — Zy ase — 0, see
for instance [193, 211] and the discussion in Section 1.1.3. This is why we are interested in numerically
estimating (6.1) for ¢ < 1. In this situation, the expectation in (6.1) is dominated by very large values
realized by rare trajectories.

The goal of this chapter is to propose a biasing strategy to reduce the variance of the naive
estimator for (6.1) obtained by running independent samples according to (6.2). We will also need to
discretize in time the SDE (6.2), but we refer the reader to the vast literature on the subject already
discussed in Chapter 4. Before presenting our strategy, we first recall some well-known facts about
optimal control for variance reduction of (6.1).

6.2.2 Optimal tilting on path space

We present the biasing framework used throughout. For this, we first consider a modification (X5 );>¢
of the diffusion (6.2) given by

dX: = b(X5)dt + D(X{)Vg(t, X5) dt + veo (XF) dBy, (6.6)

where g : Ry x R? — R is a smooth function, and D is defined in (6.4). Assuming that the control has
a gradient form is natural since, as shown in Proposition 6.2 below, the optimal control is gradient.
For this, we need the following integration by part formula.

Proposition 6.1. Consider the dynamics (6.2) and (6.6). Then (6.1) rewrites

1, =~ ~ 1 [T ~
A, =90 E, lexp <[f(X§«) —g(T, X%)] + f/ a(t, X;) dt)] , (6.7)
€ e Jo
where .
a(t,z) = Og(t,x) + Lg(t,x) + §|an|2(t,x). (6.8)

The proof relies on the Girsanov theorem and the gradient structure of the drift, and closely follows
the computations in Section 1.4.2 in the context of long time problems.

Proof. First write the Girsanov formula for the path change of measure [262, 362] between the pro-

cesses (X5 )i>0 and (X7 )i>o:

A =B, [eH/OD)] =R, [t/ D= I 17Vol (XD e [ 9o XDy dbe] (6.9)

Write now It6 formula over a trajectory of ()?f)@o using the generator (6.3):
dg(t, X5) = (9ug + Lg + Vg - DVg)(t, X§)dt +\/eoVy(t, X5) dB,.
Integrating in time and dividing by e, the above equation becomes

1 (7 -~ T,X5)—g(0,Xo) 1 [T -
L[ ovg, Xy ap, = ~ 9T AT — 900, X0) +7/ (0eg + Lg +10Vg|?) (£, X7) dt.
Ve Jo € €Jo

Inserting the above equation into (6.9) leads to the conclusion. O

The idea of Proposition 6.1 is that the Girsanov theorem can be rewritten without martingale term
upon changing the value of the observable f at final time. A direct consequence is the expression of
the optimal bias and the corresponding zero variance estimator.

Proposition 6.2. Define the function ¢ : [0,T] x R — R, as
belt,) = By [ 1] (6.10)

and
ge(t,x) = elog (¢, x). (6.11)
Then, by setting g to g. in (6.6), the estimator (6.7) has zero variance, namely

A = 4.0, 2). (6.12)
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In (6.11), E; , means that the dynamics (6.2) is started at time ¢ from position x. The proof of
Proposition 6.2 is a simple consequence of the Feynman-Kac formula.

Proof. We first note, using the Feynman—Kac formula [259, Theorem 21.1], that v, is solution to the
following backward PDE (for simplicity we drop the subscript ¢ for the rest of the proof):

oY+ LY =0
1 d (6.13)
Y(T,z) =e=T@ vzeR
Defining g = elog ), we see that g satisfies
Org = sat—w = E;Ew
(4 (4
T
= —ceT9/5Led/E = 6( —e'b-Vg— e—g/sL‘; : (V(eg/evg)»
1 2
= (—Eg—i\avm )
Using the terminal condition in (6.13) shows that g is solution to
1 2

g(T,z) = f(x), VaeR™L

As a result, (6.14) ensures that a(f,z) = 0 in Proposition 6.1. The terminal condition then leads to
the conclusion. O

In general, Proposition 6.2 cannot be used as such for numerical applications, since estimating the
optimal control is still more difficult than solving the initial problem of estimating (6.1). However,
this result serves as a guide to design approximate controls that are easier to compute and behave
well in the small € regime. We explain in the next section how to build such approximate controls
from transition path theory, which is the main contribution of this work.

6.3 Instanton and optimal bias

Since the optimal control g. given by Proposition 6.2 cannot be computed in general, the goal of
this section is to present a method for constructing a good approximation of this function from the
transition path theory [155, 156, 209, 211]. In Section 6.3.1, we propose a natural position-independent
drift built on the instanton of the system, that is a low temperature reaction path. We show in
particular that in the small noise limit our estimator has a finite variance, whereas a naive estimator
has (or a general approximation of g. may have) a variance which increases exponentially with e 1. We
then propose in Section 6.3.2 a second order approximation, which adds an inhomogeneous harmonic
force to the control. Finally, in Section 6.3.3 we show that this procedure actually boils down to a
Taylor expansion in /¢ of the optimal drift g. around the instanton, and show that an approximation
of any order can be computed with this strategy.

In this section, we assume for convenience that the noise is additive, that is ¢ € R4*? is constant
and so the diffusion matrix (6.4) is constant, although this can be generalized to situations where o
is position-dependent. We may also assume that b, 0 and f depend explicitely on time upon minor
modifications.

6.3.1 First order control

If the control g. is difficult to estimate in practice, we can in general have access to an instanton, or

reaction path, which stands for the zero temperature most likely path of fluctuation for the dynamics.

This has been explained in Section 1.1.3, and we recall here some elements concerning instantons [211].
Considering (6.1) in the limit € — 0, we know that A. obeys the following scaling

T
A, < exp (51f(q5T) — %5’1/ 0, - DO, ds) (6.15)
0
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where =< denotes logarithmic equivalence, and (¢, 0;);c[0,] solves the forward-backward system

{é’tb(@)JrD@t, ¢o =z, (6.16)

0, = —(Vb)(¢0) -0, Or = Vf(¢r).

The reaction path (¢¢);c[o,r] corresponds to a typical path realizing fluctuations in (6.1). In the small
noise limit, we know by the Freidlin-Wentzell theory [193, Section 3| that the trajectories of (X§)icjo,7
dominating the expectation (6.1) concentrate exponential fast on this path for the uniform convergence
norm under mild conditions, and we refer to the discussion in Sections 1.1.3 and 1.3.2 for more details.

When such a reaction path is known, it is natural to consider the biased dynamics
dX: = b(X)dt + DO, dt + /2o dB;, (6.17)
which corresponds to the dynamics (6.6) with the choice

g(t,x) =0 - (x — ¢¢), (6.18)

in place of the optimal control g. defined in (6.11). This dynamics is natural because, in the small ¢

limit, (X§)¢cjo,7) satisfies the following expansion:

X5 = ¢t +VEG + O(e), (6.19)

where

This can be checked by directly expanding ()?f )telo, 7] around the instanton (¢¢)¢ejo,7) in (6.17), and
studied rigorously with the tools from [193, Section 2.2]. This means that, in the small temperature
regime, ()?f )telo, 1) follows the path (é):cjo,7) perturbed by an inhomogeneous Ornstein-Uhlenbeck
process at scale /e.
Using such a control, (6.1) can be estimated with Proposition 6.1. The weighting coefficient reads
‘O’@tP

a(t, x) + 6, - (b(x) — ¢t) +0; - (x— @),

which may be rewritten thanks to (6.16) as

|U€t‘2

alt,z) = +0; - (b(x) — b(¢)) + 0; - (x — ¢y). (6.21)

We can then consider the small ¢ scaling of the estimator (6.7) for such a choice of control g.
Inserting the expansion (6.19) into (6.21) we obtain

1 > ‘00t|2 _1 _ 1,

e a(t, X7) =——F——+¢e 2Vb(d)b; - G+ 20 - G + O(1) (6.22)

6.22

1
= — |0t +0(1),

where we used the equations (6.16) to obtain the second line. Finally from (6.16) and (6.18) we have
(using the boundary condition at ¢ = T in (6.16))

e (T, X5) = e Y200 - Cr + O(1) = e 2V f(ér) - Cr + O(1), (6.23)
and
e f(X5) = f(or) +e V2V () - Cr + O(1), (6.24)

so that it holds e~ 1 (f(X&) — g(T, X5)) = e~ f(¢7) + O(1). Therefore (6.7) becomes, in the small
regime,

T
A = exp (slf(ng) - %51/0 0, - Detdt> E[exp (0(1))] (6.25)

This expression is consistent with (6.15), and this shows that the estimator has a finite variance
in the low noise regime. As a conclusion, the pseudo-potential g defined in (6.18) is a good guess
to try to reduce the variance of (6.1). Before showing that ¢ is an approximation of the optimal
pseudo-potential g, it is natural to turn to the next order approximation.
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6.3.2 Second order control

The method described above can actually be extended using a higher order ansatz. For this, we come
back to the dynamics (6.6) for an abstract function g. From the expansion in (6.19), we expect the
trajectory (Xf)te[O,T] to concentrate on the path (¢;):c0,7) up to a y/e-Ornstein-Uhlenbeck process.
If we expand Vg correspondingly, we expect the extra drift to take the form

Vo(t, X5) = Valt, ér + Xi — ¢0) = Vg(t,¢0) + V2g(t, ¢) - (X§ — b4) + O(e). (6.26)

Moreover, from Section 6.2.2 (in particular Proposition 6.2) we would like g to approximate the
solution to the Hamilton—-Jacobi equation

1
atg+£g+§|0'v.g‘2 :07 g(T,JJ) :f(x)a
as € — 0. Since L =0b-V +¢eD : V2/2, we may approximate the latter equation by
1
Qg +b-Vg+5loVel* =0, g(T,x) = f(x). (6.27)

One can check that the instanton defined in (6.16) corresponds to the choice g(t,z) = 0(t) - (z — ¢¢)
where (¢,0) is such that g solves (6.27), see [211]. However, in this case, it holds V2g = 0 so there
is no improvement in considering the expansion (6.26). This naturally suggests to consider instead a
quadratic ansatz for g

1
g(t,z) =0; - (x — ¢¢) + 5(36 — &) - Ki(x — o), (6.28)
where K; € R?*? is a time dependent matrix to be determined. For this, let us compute the equation
satisfied by V2g from (6.27), which rewrites componentwise

1
0¢g + br.Okg + §Djkajgakg =0,

where we used Einstein’s notation for summation over repeated indices. Taking the derivative with
respect to an index ¢ € {1,...,d} leads to

0:0;9 + 0;brOkg + bkafkg + Djkajgaizkg =0,

where we used the symmetry of the matrix D € R?*¢, Taking then the derivative with respect to
another index | € {1,...,d} shows that

0:04g + 03brOkg + 0;bp0%,g + O1brOAg + bpOi, g + Djkaf»lg@fkg + Djkajgaf’klg =0. (6.29)
The above equation becomes, in vectorial form,
V29 + V- Vg+ (Vb)'V?g+ V3gVb+ (V29)TDV3g + bV3g + (V3g) ' DVg =0, (6.30)

where the equation is evaluated at (¢,x). Note that V2b is a third order tensor whose contraction with
the vector Vg is defined by (6.29). From (6.6) and (6.26), we want to find a time-dependent evolution
equation for V2g(t, ¢;). We therefore compute

%Vgg(t o(t)) = 9, Vg + d(t) - Vg

= — (V20)"Vg — (V) "V2g — V2gVb — (Vg)" DV?g (6.31)
— V% — (V29)"DVg + $V,

where the right hand side is evaluated at (¢,¢:). Considering the ansatz given by (6.28), we have
Vy(t,¢:) = 0;, V3g(t, ¢¢) = Ky and V3g(t, ¢¢) = 0, so (6.31) provides the following equation for K:

{ oK+ (VH)TK, + K,Vb+ (V?*)"6, + KF DK, = 0, (632)

Ky =V f(¢ér),

where Vb and V2b are evaluated at ¢;. This is an instance of an algebraic Riccati equation [283],
which is an interesting feature compared to the more standard instanton result of Section 6.3.1.
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Indeed, in addition to simply guiding the dynamics along the path (¢¢):c0,7) through a position-
independent drift like in (6.17), an additional harmonic force drives the system back to the instanton.
The coefficients of this harmonic force are given by the matrix (K;);c[o,7) solution to (6.32), which can
be thought of as the next order expansion of the instanton in the setting presented in Section 1.1.3.
In particular, these coefficients are unsigned, see the applications in Section 6.4. Note that Ricatti
equations recurrently appear in optimal control theory [257], so it is no suprise to encounter such an
equation in our approximation procedure.
Finally, the dynamics (X} );cjo,7] corresponding to the second order ansatz for g reads

dX§ = b(X{)dt + (DO, + DE,(X{ — ¢,)) dt + \/eo dB,. (6.33)

Although (6.32) may seem long to compute, we recall that this is an offline computation, and once ¢;
has been computed, (6.32) is an ordinary differential equation in R%*?¢, Next, once K has been
estimated, there is small additional cost in running (6.33) compared to (6.2), the overhead being that
of computing a linear force with known coefficients. However, since (6.32) is nonlinear, singularities
may appear in finite time, and we assume throughout that the various parameters of the model allow
to define its solution, see [283]. Finally, since X§ — ¢; is of order /e, the second correction term
in (6.33) is also of order +/e.

6.3.3 Consistency with optimal control

From the expansions performed in Sections 6.3.1 and 6.3.2, we can expect to build an approximation
of order M € N* through

)®k

NE

dM(tz) =) Tit)o (z—¢) (6.34)

k=1

where ®k stands for the k*" order tensorization of a d-dimensional vector, ® the k** order contraction
and, for each k > 1, (Tx(t)), cpo.7] 15 @ time dependent kY™ order tensor. A natural question is to

describe the limiting object
“+oo
0o ®k
g (t,l‘):ZTk(w@(l’*qbt) y
k=1

provided by the large M limit. Since this approximation solves the zero-e Hamilton—Jacobi equa-
tion (6.27), and X§ — ¢ is typically of order /¢ along a tilted trajectory, we expect ¢°° to be the
expansion of the optimal drift g. defined in (6.11) in powers of /. In other words, we can interpret
the approximations g defined in Sections 6.3.1 and 6.3.2 as the first terms of an expansion of g. in
powers of /¢ around the instanton. This idea is made more precise by the following proposition,
which concerns the second order expansion, namely k = 2.

Proposition 6.3. Consider the drift g. defined in (6.11), and the second order approzimation

o(t,2) = 00 (2= 00)+ 5 (0 = 60) - Kalo — ), (6.35)

where (¢4, 0¢)rejo,) 15 defined in (6.16) and (Ky)icjo,r) satisfies (6.32). Then, in the small € limit, for
any t €0, T] and x € RY, it holds

T
ge(t7x) = f(¢T) - /t Os - DO ds + g(t,x) + 0(63/2>' (636)

Proposition 6.3 is a consistency result for the approximations built in Sections 6.3.1 and 6.3.2.
Indeed, the first part of (6.36) is simply the action functional appearing in (6.15) truncated over [¢, T].
Since it does not depend on the position, it does not influence the drift Vg. With the notation of
the expansion (6.34), Proposition 6.3 actually reads T} = 6 and T, = K. This result does not seem
standard in the literature [193, 211], and it is an interesting question to find a general structure for
the higher order terms of the expansion. In particular, as noted in Section 6.3.2, it is somehow natural
for K to solve a Ricatti equation since it corresponds to a linearization of the control force [257]. We
may wonder if there is a particular structure for the higher order tensors T} arising in the decompo-
sition (6.34).

The proof displaid below clearly shows that such a higher order expansion can be performed for-
mally, leading to an expression like (6.36) with a smaller remainder. However, proving mathematically
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this result (by using techniques as those described in Section 1.1.3) may be difficult, the first task
being to find a general expression for the tensors T} defined in (6.34).

Proof. The idea is to rewrite the Feynman—-Kac mode v, defined in (6.10) with Proposition 6.1 in
order to exhibit the leading behaviour. Consider the dynamics (X§):ejo,7) defined in (6.6) with g
given by (6.35). Adapting Proposition 6.1 starting from any ¢ > 0 we have

be(t,z) =Ey . [eé(f()?%)—g(TX%Hg(tJ?f)Hé s a(sisms}
(6.37)

i) E,, {e%(f()?;)—g(T,)?;))Jr% s a(57)?s)d5:| :

where the function « is defined in (6.8). We now perform an expansion inside (6.37) like that of Sec-
tion 6.3.1 but with an additional order of accuracy in € and starting from an arbitrary position. First,

when g is the second order potential (6.35), the process (Xf)c(o,7] admits the following expansion:

X{ = ¢y + Ve + 2By + O(%2), (6.38)

where
d¢y = (Vb(¢¢) + Ky) dt + o dBy,

46, = (VD0 Be + 3G~ VH(BG + Kofl)dt

This follows by expanding ()?f )telo, ) around the path (¢):e[o0,7) and identifying the terms of different
orders in €. Note that we will actually not need the precise expression for the processes ((¢)¢cjo,1]
and (B¢)iefo,r) in what follows.

We first consider the terminal terms in (6.37). Using (6.38), we obtain

F(X3) = [(or) + VeV f(dr) - Cr+e [w«m - Br + %cT V2 f(¢r)Cr | +O(%/?)

~ 1
9(T, X7) = Vebr - Cr +¢ [QT Br + §<T ' KTCT:| +0(%2).
The terminal conditions for § and K lead to

F(X5) - g(T, X5) = f(ér) + O(c*?). (6.39)

It remains to study the integral term in (6.37). For this, we follow the computations leading to (6.22)
but going one order further in ¢, and still neglecting the term of order ¢ in the generator £. This leads
to

- . . -1
alt, X§) = 0ig(t, X7) + b(X7) - Vo(t, X7) + 5 |o0]. (6.40)
It then holds (we omit the dependency of ¢, # and K on time for conciseness)
. .1 . .
Og(t,x) =0-(2-¢) =0 -9+ (x—¢) K(z—9¢)—(x—-9) K¢
Vy(t,z) =0+ K(x — ¢).
As a result, (6.40) reads
- .~ 1~ oo~ 1 ~ o1~ .
alt, X5) = 6+ (X5 = 6) 00+ S(X — 0)- K(X; = 6) - 5(Xf - 0)- Ko — 5 (X - 9)- KT
Y e Ye 1 e 2
+0(X5) - (0 + K(XF = 9)) + 5o (0 + K(XF = 9))[,
which may be reorganized as follows (using (6.16) for the time derivatives of ¢ and 0):
Y e 1 1 e 1 YE 1 Ve 2 Y e
alt, X5) = —|of)* + 5|ae|2 +50- DE(X] = ¢) + 50 DKY(X§ —¢) + ilaK(Xt —9)|"+0(b(X5) — b(9))

1

—0-VD(O)(X; ~ 6)+ 3 (K; — ) K(K: — ) + 5 (o(X7) ~ b(6) - K(X; —0)

2
+5(%F — ) KT (0(X7) ~ b(9)) — 50 DK(XF — 9) ~ 36+ DET(XF ~ 9)
= Slo8P + S |o K (X5~ )+ 0(6(X) ~ b(9)) — 0 VB(9) (X — 0)
(K7 =) KX = 0) + L (6(K9) —b(6) - K (X5 — ) + 3 (X5~ 0)- K™ (o(X5) ~ b(0)).
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Inserting the expansion (6.38) in the above equation leads to
= 1 € €
alt, Xf) = — §|09|2 + §|0CtK|2 + /€0 - Vb(9); + 60 - Vb($)B: + G AR
€ . 1 1
—0-Vb(o)(Vel: +ebt) + §Ct K G+ 55@ - Vb(e) K¢ + 556 - KTVb(9)¢e.

Now, we may identify the terms of various orders in 1/ in the above equation. At leading order it
remains —|of|?/2, which was expected. At order /g, the terms are

0-Vb(¢)¢ — 0 - Vb(¢)¢y = 0.

We now turn to the terms of order £, which read
1 1 . 1 1 1
§Ct "KDK(+0-Vb(9)B:—0-Vb($) B+ §Ct K¢+ §<t -OV?b(4) ¢+ §Ct KTVb(¢)(+ §Ct -Vb(¢)TK (.

We see that the terms proportional to 3; cancel, while the quadratric product in (; factors out, so it
remains:

K + KDK + KTVb(¢) + Vb  (¢) K 4 0V2b(9),

which is equal to 0 since K is solution to (6.32). Gathering the results show that (6.40) reads in the
small € limit

=~ 1
alt, X5) = —5\09t|2 +0(e3?).

Plugging the above estimate together with (6.39) into (6.37), we obtain

As a result, the optimal control (6.11) admits the following expansion

1 T
g:(t2) = glt,) + f(or) — 5 [ lob. P ds + O2),
t

in the small ¢ regime, where ¢ is defined in (6.35). This concludes the proof of Proposition 6.3. O

6.4 Numerical applications

We start with the simple situation in dimension one where the drift is given by b = —VV with
V(z) = |z|?/2 and o(z) = 1. In particular, when f(x) = x we know that the optimal drift is actually
equal to 6. This has two consequences. First, this means that the first order approximation described
in Section 6.3.1 actually provides the zero variance estimator of Proposition 6.2. We should therefore
obtain an estimator with variance close to zero. Then, the second order term should not be of any
help, so the matrix K defined in Section 6.3.2 should be zero. For the numerical simulations, we
consider T' = 2, At = 0.005, N = 5000 realizations of the dynamics, and x = —1 for the initial
condition. The instanton ¢, its momentum 6 and the matrix K are computed offline. In Figure 6.1,
we plot ¢, 0, K together with realizations of the unbiased process, and the processes with first and
second order corrections. We note in particular that the matrix K indeed vanishes, showing that the
first order control is the optimal one. In Table 6.1, we present the value estimated by the different
estimators with the corresponding relative error (empirical standard deviation over empirical average).
We see that the naive estimator becomes very ineffective in the low temperature regime, while the
other two produces near zero variance estimators. The remaining variance is actually due to the time
discretization of the Girsanov weights.
We consider next the double well potential defined by

2 _ 1 2
Vi) =T (6.41)
and leave the other parameters unchanged. Since the process starts from the left well, a typical
fluctuation leading to high values of (6.1) corresponds to a trajectory crossing to the right well. We

plot the various quantities of interesting in Figure 6.2. We observe now that the matrix K is non-trivial,
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Figure 6.1 — Instanton and control matrix with examples of realizations for the free dynamics and
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those with first and second order controls, for ¢ = 0.05.

Estimator-relative error / ¢ | Naive estimator | First order Second order
1 1.127 - 0.83 1117 -107® [ 1117 - 1075
0.5 1.26 - 1.2 1.248 - 1071° | 1.1248 - 10715
0.1 2.98 - 9.2 3.025 - 10" ] 3.025 - 10~
0.005 7.25 - 12.1 9.15-107" [9.15-10""

Table 6.1 — Estimated values of the free energy (6.1) at various temperatures for the different estima-
tors, together with relative error, in the case of a quadratic potential.
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Figure 6.2 — Instanton and control matrix for € = 0.05.

and even becomes negative. Thus the harmonic force corresponding to the second order correction
becomes repulsive from the instanton at some moments. Table 6.2 shows that the naive estimator
rapidly becomes irrelevant, while the controlled dynamics behave very well at small temperatures.
In particular, the second order correction substantially reduces the relative error as ¢ — 0, but
deteriorates the quality of the estimator when ¢ is of order one.



6.5. CONCLUSION 205

Estimator-relative error / ¢ | Naive estimator | First order Second order

1 0.925 - 1.05 0.950 — 1.254 0.745 — 2.62

0.5 0.747 - 2.6 0.72 - 1.52 0.691 — 5.85

0.1 0.0055 — 38 0.231 - 1.25 0.237 - 1.34

0.05 1.2x 107718 [ 0.103 - 1.5 0.102 - 0.51

0.01 10739 — 32 1.96 x 107 —1.26 | 1.97 x 10~ - 0.17

Table 6.2 — Estimated values of the free energy (6.1) at various temperatures for the different estima-
tors, together with relative error, in the case of the quartic potential (6.41).

As motivated in Section 1.1, we are also interested in nonequilibrium dynamics. We thus turn
to a two-dimensional example, which means in particular that X € R?*2, and consider for this the
potential

Lo o 2, Y
V(LE,y) = Z(x - 1) + ?7

and the nonequilibrium drift

b(x,y) = —VV(2,y) + C <"§) with € — (_01 (1)) . (6.42)

The observable is set to f(z,y) = x + y and the process is started from (zg,y0) = (—1,—1). In
Figure 6.3, we present the three types of trajectories and the instanton ¢. Interestingly, the unbiased
trajectory remains trapped close to the bottom of one well of V| which is due to the nonequilibrium
forcing. The biased trajectory escapes from this well by performing a kind of loop in the direction
of the non-gradient drift. Figure 6.4 shows the evolution of the various components of ¢, 6 and K
with time. We see that K has non-zero outer diagonal terms, and that some coefficients also become
negative at some point. Table 6.3 presents the results at various temperatures, leading to the same
conclusion as the one dimensional example. This proves that our method is suitable for variance
reduction of nonequilibrium systems.

’ Mﬁ/\w\‘\
T N
0.5 f:(,\ﬁ
ﬂé
> 0
g No control ——
0.5 First order —— ]
x Second order ———
q) [—
-1
1 0.5 0 0.5
X

Figure 6.3 — Trajectories with the instanton ¢ for € = 1072.

6.5 Conclusion

Free energies are difficult to compute in practice due to the high variance of naive estimators in the
small temperature regime. In particular, the expectation (6.1) is typically dominated by very large
values taken over rare trajectories. One way to improve the standard Monte Carlo estimator based
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Figure 6.4 — Study of the instanton’s coefficients for the two-dimensional dynamics defined by the
drift (6.42). Left: values of the instanton and momentum. Right: values of the coefficients of the
matrix K (by symmetry it holds Ko = K2).

Estimator-relative error / ¢ | Naive estimator | First order Second order

0.1 307 - 20 1077 — 0.54 1058 — 0.61

0.05 9.18 x 10* =50 | 1.186 x 10° - 0.66 | 1.187 x 10% — 0.50

0.025 3.15 x 105 — 48 | 1.475 x 102 — 0.61 | 1.474 x 1012 — 0.43
0.01 4.71 x 10" - 50 | 2.81 x 10%° — 0.47 | 2.82 x 10°° — 0.20

0.005 2.50 x 10 —70 | 8.62 x 10%0 — 0.44 | 8.61 x 10°0 - 0.15

Table 6.3 — Estimated values of the free energy (6.1) at various temperatures for the different estima-
tors, together with relative error, for the two dimensional drift (6.42).

on drawing independent trajectories is to estimate the optimal bias which leads to a zero variance
estimator. However, one is not ensured that any such estimator of the optimal control indeed reduces
the variance in practice.

We have shown in this chapter that it is possible, thanks to the transition path theory, to construct
approximate controls that behave well in the small temperature regime. Since this is the regime we
are interested in, this is a nice feature of the approximation we build. Applications to (possibly
nonequilibrium) low dimensional systems prove the capacity of the method to reduce the variance
in this regime, even for nonequilibrium systems. The second order approximation provides better
results when the temperature becomes smaller and smaller. Interestingly, we show formally that the
polynomial terms of our approximate control correspond to an expansion of the optimal control around
the instanton. Providing a mathematical proof of these computations is an interesting challenge.
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Coulomb gases and random matrices
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The material for this chapter has been published in the Journal of Statistical Physics [82].

Contents
7.1 Presentation . . . . . . . . . i e e e e e e e e 209
7.1.1 Boltzmann—Gibbs measures . . . . . . . .. .. L Lo 210
7.1.2  Static energy and equilibrium measures . . . . ... .. ..o 211
7.1.3 Two remarkable gases from random matrix theory . . . ... ... ... .. 211
7.2 Simulating log-gases and Coulomb gases . . . .. ... .. ........ 213
7.2.1 Standard sampling methods . . . . . .. .. ... L oL 214
7.2.2 Hybrid Monte Carlo algorithm . . . . . . ... ... ... ... ... ... 215
7.3 Numerical experiments on remarkable models . . . ... ... ...... 218
7.3.1 Casestudy: 1D . . . . . ..o 218
7.3.2 Casestudy: 2D . . . . . .. 218
7.3.3 Casestudy: 3D . . . . ... 218

Abstract. Coulomb and log-gases are exchangeable singular Boltzmann—Gibbs measures appear-
ing in mathematical physics at many places. They are also related to random matrix theory, as
motivated in Chapter 1.1.4. We explore experimentally an efficient numerical method for simulating
such gases. It is an instance of the Hybrid or Hamiltonian Monte Carlo algorithm, in other words a
Metropolis—Hastings algorithm with proposals produced by a kinetic or underdamped Langevin dy-
namics. This algorithm has excellent numerical behavior despite the singular interaction, in particular
when the number of particles gets large. It is more efficient than the well known overdamped version
previously used for such problems, and allows new numerical explorations. It suggests for instance to
conjecture a universality of the Gumbel fluctuation at the edge of beta Ginibre ensembles for all beta.

7.1 Presentation

We explore the numerical simulation of Coulomb gases and log-gases by mean of Hybrid or Hamiltonian
Moute Carlo algorithms (HMC) [142, 245]. Such algorithms consist basically in using a discretization of
the (underdamped) Langevin dynamics, presented in Section 1.1, to produce proposals for Metropolis—
Hastings algorithms. This can be viewed as a way to add momentum to a Monte Carlo interacting
particle system. The basic outcome of this exploratory work is that HMC algorithms have remarkably
good numerical behavior for such gases despite the singularity of the interactions. Such algorithms
scale well with the dimension of the system, see [37, 63]. They are therefore more efficient than the
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tamed overdamped version already explored in the literature for instance in [311]. In this paper, we
benchmark the capability of the algorithm to reproduce known results efficiently, and we make it
ready to explore new conjectures.

Another advantage of this approach is that it can be adapted to take into account a sub-manifold
constraint [302]. We use this technique to simulate constrained gases in Chapter 8. We will illustrate
this technique to study numerically the behaviour of the spectrum of random matrices with prescribed
trace or determinant, which is difficult to achieve by direct sampling of matrices.

For the sake of completeness, we should mention that there are remarkable alternative simulation
algorithms which are not based on a diffusion process, such as the ones based on piecewise deterministic
Markov processes (PDMP), see for instance [260] and [415].

7.1.1 Boltzmann—Gibbs measures

We are interested in interacting particle systems subject to an external field and experiencing singular
pair interactions. In order to encompass Coulomb gases as well as log-gases from random matrix
theory (see the motivation in Section 1.1.4), we introduce a vector subspace X" of dimension d of R™,
with n > 2 and n > d > 1. The particles belong to X, and R™ is understood as a physical ambient
space. We equip X with the trace of the Lebesgue measure of R™, denoted by dx. The external
field and the pair interaction are respectively denoted by V : X — R and K : X — (—o0, +0o0], and
belong to C2?(X) functions, with K (z) < oo for all z # 0. For any N > 2, we consider the probability
measure Py on XY = X x .-+ x X defined by

e BNHN(z1,...,zN)

Py (dz) = Zn dxy---dxy, (7.1)

where Sy > 0 is a parameter,
Iy = / e ANHEN (@1 2N) g L da
XN

is the normalizing factor, and

N
1 1
HN(xlw-wa):NE V(l’i)JFWE K(z; — z;)
i=1 i£j

is usually called energy or Hamiltonian of the system'. We assume that Sy, V, and K are chosen

in such a way that Zy < oo for any N. The law Py is invariant by permutation of the coordinates

Z1,-..,2N (exchangeable), and Hy depends only on the empirical measure
1
UN = N Z Oz,
i=1
Therefore Py is also the law of a random empirical measure encoding a cloud of indistinguishable
particles x1,...,zxy. We emphasize that the particles live on the space XN = X x --- x X of dimen-

sion dN. The parameter n serves as the physical dimension of the ambient space, for the Coulomb
gas setting described next.

For any m > 1 and # € R™, we denote by |z| = /2% + -+ + 22, the Euclidean norm of x. This
matches the absolute value when m = 1 and the modulus when m = 2, R? = C.

7.1.1.1 Coulomb gases

The notion of Coulomb gas is based on elementary electrostatics. Here the vector subspace X is
interpreted as a conductor. It corresponds to taking K = g where g is the Coulomb kernel or Green
function in the physical space R™. More precisely, recall that the Green function g in R", n > 2, is

defined for all € R", z # 0, by
log ﬁ ifn =2,
g(x) =

INote however that this is not the Hamiltonian of the Langevin dynamics described in Section 1.1, since there is no
momentum here.
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This function is the fundamental solution of the Poisson equation, namely, denoting by A the Laplace
operator in R™ and by Jy the Dirac mass at 0, we have, in the sense of distributions,

27 if n=2,

(n—2)|sn1| = P22 e 5 3,

—Ag =cdy, with c= {
T(1+n/2)

The physical interpretation in terms of electrostatics is as follows: Hy(z1,...,2n) is the electrostatic
energy of a configuration of N electrons in R" lying on X at positions x1, ..., 2y, in an external field
given by the potential V. The Green function or Coulomb kernel g expresses the Coulomb repulsion
which is a two body singular interaction. The probability measure Py can be seen as a Boltzmann—
Gibbs measure, Sy playing the role of an inverse temperature. The probability measure Py is known
as a Coulomb gas or as a one-component plasma, see for instance [387] and references therein.

7.1.1.2 Log-gases

A log-gas corresponds to choosing d = n and a logarithmic interaction K whatever the value of n is,

namely
1 1 9 9
K(z) = logm = —ilog(ml +---+ay), zeb.
Coulomb gases and log-gases coincide when d = n = 2. In dimension d = n > 3, log-gases are natural
and classical objects of approximation theory and can be seen as limiting Riesz potentials, namely
lima—0 2 (J2[~* — 1), see for instance [391, 390, 387].

7.1.2 Static energy and equilibrium measures

Under natural assumptions over V and K, typically when Sy > N and V beats K at infinity, it
is well known, see for instance [84, 386] and references therein, that Py almost surely, the empirical

measure
1N
UN = N Z 53c1
=1
tends as N — oo to a non random probability measure, the equilibrium measure
L = arginf £.

The measure p, is the unique minimizer of the strictly convex lower semi-continuous “energy” £ defined

by
js E(n) = /X Vi + / [ K-y,

This concentration phenomenon is described in more details in Section 1.3.3. When K = g is the
Coulomb kernel, the quantity £(u) is the electrostatic energy of the distribution of charges u, formed
by the sum of the electrostatic potential coming from the external electric field V' with the Coulomb
self repulsion by mean of the Coulomb kernel g. Note that £(u) = oo if u has a Dirac mass due
to the singularity of g. An Euler-Lagrange variational analysis reveals that when X = R? and V is
smooth, convex, and grows faster than ¢ at infinity then the equilibrium probability measure pu, is
compactly supported and has density proportional to AV, see [84] and references therein. Table 7.1
gives examples of equilibrium measures in this Coulomb setting. We refer to [284, 237, 380, 386, 387]
for old and new potential theory from this analytic point of view. Moreover, quite a few equilibrium
measures are known for log-gases beyond Coulomb gases, see for instance [87].

Actually it can be shown that essentially if Sy > N and V beats g at infinity then under (Py) 5
the sequence of random empirical measures (pn), satisfies a large deviation principle with speed Sy
and good rate function &, see [84, 196, 32|. This will be used in Chapter 8. Concentration of measure
inequalities are also available, see [85] and references therein.

7.1.3 Two remarkable gases from random matrix theory

Let us give a couple of famous gases from random matrix theory that will serve as benchmark for our
algorithm. They correspond to n = 2 because the Lebesgue measure on a matrix translates via the
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d ‘ X ‘ n ‘ v ‘ Lo ‘ Nickname
1 R | 2 | colintervale arcsine
1 R |2 x? semicircle GUE
2 |R?2|2 |z|2 uniform on a disc | Ginibre
d>3|R%|d |z|2 uniform on a ball
d>3 R d radial radial in a ring

Table 7.1 — Examples of equilibrium measures for Coulomb gases, see [380, 84].

Jacobian of the change of variable to a Vandermonde determinant on the eigenvalues, giving rise to
the two-dimensional Coulomb kernel inside the exponential via the identity

H|xl — ;| =exp Zlog|xi —

1<J 1<J

Hence the name “log-gases”. A good reference on this subject is [188] and we refer to [162, 145, 188,
189, 254] for more examples of Coulomb gases related to random matrix models. Coulomb gases
remain interesting in any dimension n beyond random matrices, see [386, 387|.

7.1.3.1 Beta-Hermite model
This model corresponds to

1‘2

=25

This means that the particles evolve on the line R with Coulomb interactions given by the Coulomb
kernel in R2. For 3 = 2, it becomes the famous Gaussian Unitary Ensemble (GUE), which is the
distribution of the eigenvalues of random N x N Hermitian matrices distributed according to the
Gaussian probability measure with density proportional to H — e~ NTr(H ”). Beyond the case 5 = 2,
the cases § = 1 and 8 = 4 correspond respectively to Gaussian random matrices with real and
quaternionic entries. Following [145], for all 8 € (0,00), the measure Py is also the distribution of
the eigenvalues of special random N x N Hermitian tridiagonal matrices with independent but non
identically distributed entries. Back to the case g = 2, the law Py writes

d=1, n=2 X=R, V(z) K(z) = —log||, By =N?B, B (0,00).

(z1,...,zn) €RN ey it o H(ml — ;)% (7.2)

i<j

In this case, the Coulomb gas Py has a determinantal structure, making it integrable or exactly
solvable for any N > 2, see [327, 188]. This provides in particular a formula for the density of the
mean empirical spectral distribution Euy under Py, namely

_ N2 N-1

> H} (VNz), (7.3)
£=0

e
rE€ER—

V2t N

where (Hy) >0 are the Hermite polynomials which are the orthonormal polynomials for the standard
Gaussian distribution N'(0,1). The equilibrium measure pu, in this case is the Wigner semicircle
distribution with the following density with respect to the Lebesgue measure:

/ p)
r€ER— ulze[,z’g]. (74)
27

A plot of u, and Epy is provided in Figure 7.1, together with our simulations. We refer to [290] for
a direct proof of convergence of (7.3) to (7.4) as N — oo. Beyond the case 8 = 2, the equilibrium
measure fi, is still a Wigner semicircle distribution, scaled by 3, supported by the interval [—8, 3],
but up to our knowledge we do not have a formula for the mean empirical spectral distribution Euy,
except when f is an even integer, see [145].
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7.1.3.2 Beta-Ginibre model
This model corresponds to

|=[?
= R
In this case, the particles move in R? with a Coulomb repulsion of dimension 2 — it is therefore a
Coulomb gas. As for the GUE, the law Py can be written as

d=2, n=2 X=R* V() K(z) = —logl|z|, Bnx=N?8, B€(0,00).

(21, zn) € RN o e VISP T |y — ) (7.5)

1<J

When § = m for an even integer m € {2,4,...}, the law of this gas matches the Laughlin
wavefunction modeling the fractional quantum Hall effect (FQHE), see for instance [175].

For g = 2, this gas, known as the complex Ginibre Ensemble, matches the distribution of the
eigenvalues of random N x N complex matrices distributed according to the Gaussian probability

* —T
measure with density proportional to M +— e NT*(MM7) where M* = M . In this case Py has a
determinantal structure, see [327, 188]. This provides a formula for the density of the mean empirical
spectral distribution Euy under Py, namely

zeR?—

o—Nlal? Ni |V Na|*
)

T 4
£=0

(7.6)

which is the analogue of (7.3) for the Gaussian Unitary Ensemble. Moreover, if Y7,...,Yy are inde-
pendent and identically distributed Poisson random variables of mean |z|? for some z € R?, then (7.6)
writes ) v v
xeRmp(1+”‘+ v <1).

T N

As N — oo, by the law of large numbers, it converges to 1/x if |x| < 1 and to 0 if |z| > 1, while by
the central limit theorem it converges to 1/(27) if |z| = 1. It follows that Eun converges weakly as
N — oo to the uniform distribution on the disk, with density

1)<t

reR? (7.7)
s

which is the equilibrium measure p,. When N is finite, the numerical evaluation of (7.6) is better
done by mean of the Gamma law. Namely, by induction and integration by parts, (7.6) writes

L [T ety = N

7T(N — 1)' N|xz|? Y s

zeR?—

)

where " is the normalized incomplete Gamma function and where we used the identity

_ r 1 /OO N—1 —
e " —_——= U e “du.
[ _ 1)
prd £ (N =1/,

Note that ¢ — 1 — I'(N,t) is the cumulative distribution function of the Gamma distribution with
shape parameter N and scale parameter 1. Figure 7.4 illustrates the difference between the limiting
distribution (7.7) and the mean empirical spectral distribution (7.6) for a finite N. Beyond the case
B = 2, we no longer have a formula for the density of Euy, but a simple scaling argument reveals that
the equilibrium measure p, is in this case the uniform distribution on the centered disk of radius 1/3/2.

7.2 Simulating log-gases and Coulomb gases

Regarding simulation of log-gases or Coulomb gases such as (7.1), it is natural to use the random
matrix models when they are available. There exist also methods specific to determinantal processes
which cover the log-gases of random matrix theory with f = 2, see [246, 382, 347, 111, 27, 285,
226]. Beyond these specially structured cases, a great variety of methods are available for simulating
Boltzmann—Gibbs measures, such as overdamped Langevin diffusion algorithm, Metropolis-Hastings
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algorithm, Metropolis adjusted Langevin algorithm (MALA), and kinetic versions called Hybrid or
Hamiltonian Monte Carlo (HMC) which are based on a kinetic (or underdamped) Langevin diffusion,
see for instance [73, 304]. Other possibilities exist, such as Nosé—Hoover dynamics [255] or piecewise
deterministic Markov processes [64].

Two difficulties arise when sampling measures as (7.1). First, the Hamiltonian Hy involves all
couples, so the computation of forces and energy scales quadratically with the number of particles.
A natural way to circumvent this numerical problem is to use clusterization procedures such as the
“fast multipole methods”, see for instance [243]|. A second difficult feature of such a Hamiltonian is the
singularity of the interacting function K, which typically results in numerical instability. A standard
stabilization procedure is to “tame” the dynamics [247, 74], which is the strategy adopted in [311].
However, this smoothing of the force induces a supplementary bias in the invariant measure, as shown
in [74] for regular Hamiltonians. This requires using small time steps, hence long computations. In the
present note, we explore for the first time the usage of HMC for general Coulomb gases in the context
of random matrices, in the spirit of [393], the difficulty being the singularity of the interaction. This
method has the advantage of sampling the exact invariant measure (7.1), while allowing to choose
large time steps, which reduces the overall computational cost [176].

In Section 7.2.1, we review standard methods for sampling measures of the form e #~NH~ before
presenting in detail the HMC algorithm in Section 7.2.2.

7.2.1 Standard sampling methods

To simplify and from now on, we suppose the support set X in (7.1) to be R, We introduce the
methods based on the overdamped Langevin dynamics (already described in Section 1.1). To sample
approximately (7.1), the idea is to exploit the fact that Py in (7.1) is the reversible invariant probability
measure of the Markov diffusion process (Xt)t>0 solution to the stochastic differential equation:

dX, = —anVHy(X;) dt + /2% dB;, (7.8)

or in other words

t
o
Xt:X()—OéN/ VHN(XS>dS+ 271\73,57
0 BN
where (Bi),s, is a standard Brownian motion on &’ N and ay > 0 is an arbitrary time scaling
parameter (for instance ay = 1 or ay = By). The infinitesimal generator associated with (7.8) is
o

Lf=-NAf—anyVHy - Vf.
N

The difficulty in solving (7.8) lies in the fact that the energy Hy involves a singular interaction K,
which may lead the process to explode. Actually, under certain conditions on Sy and V, the equa-
tion (7.8) is well posed, the process (X¢), is well defined, and

Xy —— Py,
t—o0

for all non-degenerate initial condition Xg. See for instance [9, 169, 88] for the case of Beta-Hermite
case known as the Dyson Ornstein—Uhlenbeck process, and [51] for the Beta-Ginibre case. We do not
discuss these delicate aspects in this note. A convergence in Cesaro mean is provided by the ergodic
theorem for additive functionals,

1 [t wer
- / (ng dS ik) PN
t 0 8 t—o00

almost surely or, for any test function f € L!(Py),

L[ seas [ rar.

almost surely. It is also possible to accelerate the convergence by adding a divergence free term in the
dynamics (7.8), see for instance [146, 300] and references therein. This modification keeps the same
invariant distribution but produces a non-reversible dynamics.
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This method of simulation is referred to as an “unadjusted Langevin algorithm”, a terminology
which will be clarified later on. In practice, one cannot simulate the continuous stochastic pro-
cess (Xt);5 solution to (7.8), and resorts to a numerical integration with a finite time step At. A
typical choice is the Euler-Maruyama scheme [271, 332], which reads

Thy1 = T — VHN(ﬁk)aNAt + A IQZiNAtGk, (79)
N

where (G},) is a family of independent and identically distributed standard Gaussian variables, and zj,
is an approximation of Xga:. Note that ay and At play the same role here. However, because of the
singularity of Hy, this sampling scheme leads to important biases in practice, and (7.9) may even lack
an invariant measure [324, Section 6]. One way to stabilize the dynamics is to use a tamed version
of (7.9), which typically takes the following form:

VHN(.’Ek)()éNAt N
= 2, — 29N AtGy. 1
TR = T T T W N (o) |an At T\ By G (7.10)

This strategy is used in [311] but, as noted by the authors, the number of time steps needed to run a
trajectory of fixed time T as N increases scales as At ~ N2, which makes the study of large systems
difficult.

Another strategy is to add a selection step at each iteration. This is the idea of the Metropolis
Adjusted (overdamped) Langevin Algorithm (MALA) [373], which prevents irrelevant moves with a
Metropolis step. One can also view the MALA algorithm as a Metropolis algorithm in which the
proposal is produces by using a one step discretization of the Langevin dynamics (7.8). Let us make
this precise; more details can be found e.g. in [373, 370).

Algorithm 7.1 (Metropolis Adjusted (overdamped) Langevin Algorithm — MALA). Let Qa; be the
Gaussian transition kernel associated to the Markov chain of the Euler discretization (7.9) of the
dynamics (7.8). For each step k,

1. Draw a proposal Tyy1 according to the kernel Qa(xk,-);

2. Compute the probability
Qat(Fry1, e VN Erin)

Qai(wh, Tpgr)e ANHN(zR) 7

Pr=1A (7.11)

3. Set
Tp+1  with probability pg,
Tht1 = . .
Tk with probability 1 — py.

Note that the “reversed” kernel Qa+(-, ) is Gaussian only if Hy is a quadratic form. Note also
that if the proposal kernel K is symmetric in the sense that Qa:(x,y) = Qas(y,x) for all z,y then
it disappears in (7.11), and it turns out that this is the case for the Hybrid Monte Carlo algorithm
described next (up to momentum reversal)!

A natural issue with these algorithms is the choice of At: if it is too large, an important fraction
of the proposed moves will be rejected, hence poor convergence properties; conversely, if At is too
small, many steps will be accepted but the physical ellapsed time will be small, hence a large variance
for a fixed number of iterations. Algorithm 7.1 actually has a nice scaling of the optimal time step At
with the dimension of the system. Indeed, it can be shown that it scales as At ~ N *%, at least for
product measures (see [371] and references therein). Although this algorithm is already efficient, we
propose to use a kinetic version with further advantages.

7.2.2 Hybrid Monte Carlo algorithm

Hybrid Monte Carlo is built on Algorithm 7.1, but using a kinetic version of (7.8). For this, a
momentum variable is introduced so as to improve the exploration of the space, as discussed in the
Introduction. Namely, let Uy : RN — R be smooth and such that e #~¥U~ is Lebesgue integrable.
Let (X;,Y}) >0 be the diffusion process on R x RN solution to the stochastic differential equation

dX, = anVUy(Y}) dt,

(7.12)
dY, = —axVHy(X,) dt — yyayVUN(Y:) dt + | /27%0‘]“ dB,,
N
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where (B}),, is a dN-dimensional Brownian motion, and yx > 0 is an arbitrary parameter which
plays the role of a friction, and which may depend a priori on N and (X;):>0, even if we do not use
this possibility here?. In addition, Hy and By are as in (7.1), while Uy plays the role of a generalized
kinetic energy [393]. This dynamics admits the following generator:

INON

Lf =—-anVHn(z) Vyf +anVUn(y) Vaif+ i

Lham

Ayf —ynanVUN(Y) - Vyf, (7.13)

Lrp

where Ly, is known as the Hamiltonian part while Lgp is called the fluctuation-dissipation part, see
the discussion in Section 1.1. The dynamics leaves invariant the product Boltzmann—Gibbs measure

e~ BnUN(Y)

d
Z Y,

pn = Py @ wy  where wy(dy) =

see for instance [393] and the discussion in Section 1.1. In other words
e*ﬁNﬁN(I’y)

—————drdy with Hy(z,y) = Hy(z) + Un(y). (7.14)
INZY

As for the overdamped dynamics, the ergodic theorem for additive functionals gives
1 ! weak
- [ dx.yv,)ds —— p, almost surely.
t 0 t—o0

When Uy (y) = 3y|? then Y; = dX,/dt, and in this case X; and Y; can be interpreted respectively
as the position and the velocity of a system of IV points in X' at time . In this case we say that Uy
is the kinetic energy. For simplicity, we specialize in what follows to this “physical” or “kinetic” case
and refer to [393] for more possibilities.

Remark 7.2 (Stability of singular Langevin dynamics). Studying theoretically the long time behaviour
of (7.12) is made difficult by the singularity of the interaction kernel K. We have seen in Chapter 3
that this can be addressed through Lyapunov function techniques, and a natural choice for the Lyapunov
function is

2

for some a,e > 0 (see Lemma 3.23 in Chapter 3). The cross term x -y ensures the transmission of
the dissipation from momenta to positions when particles are far from the origin. However, because
of the singular interaction kernel, the system may blow up if two particles come close together. In the
case of Coulomb gases, it has been shown recently [316] that a good choice of Lyapunov function is
actually of the form

2
W (z,y) = exp (aHN(w) + aM +ex- y> ,

_ |y|2 LY
W(z,y) = exp aHN(x)—i-aT—l—Ex-y—i—e )
T
for some a,e,e’ > 0. The extra factor ensures the transmission of dissipation when two particles
get close. Using the results of [316], we can actually apply the results of Chapter 3 to obtain large

deviations results in time for the dynamics (7.12) when N is fized.

As before, to simulate (X, Yt)t>0, one can discretize (7.12) and sample from a trajectory. This
will provide a proposal for the HMC scheme as the Euler discretization (7.9) did for Algorithm 7.1.
A good way of doing this is a splitting procedure. First, one integrates the Hamiltonian part i.e.
the operator Lpam, in (7.13), which amounts to a standard Hamiltonian dynamics, before integrating
the fluctuation-dissipation part 4.e. the operator Lgp in (7.13). For discretizing the Hamiltonian
dynamics over a time step, a standard approach is the Verlet integrator [215, 301], which we describe
now. For a time step At > 0, this scheme reads, starting from a state (xy, yx) at time k:

At
Yk+y = Yn — VHn(2r)oan—,

Tht1 = Tk +yk+%aNAt,
At

Uk+1 = Ypyl — VHN(xk—&-l)CYN?.

2In the previous chapters, we have used the notation (g¢,Pt)e>0 to denote the Langevin dynamics. Here we write
(Xt,Yt)t>0 to avoid notational conflicts with the letters p and g, which are used for p-Wasserstein topologies in Chapter 8.
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This corresponds to updating the velocity over half a time step, then the positions over a time step, and
again the velocity over half a time-step. Given that this scheme only corresponds to the Hamiltonian
part, it remains to integrate the fluctuation-dissipation part, corresponding to Lpp in (7.13). For a
quadratic kinetic energy, it is a simple Ornstein—Uhlenbeck process whose variance can be computed
explicitly. Therefore, we add to the previous scheme the following velocity update which comes from

the Mehler formula?®:
~ 1- 772 —yNanAt
Yo+l = Nk+1 + 4/ ——Gr, n=e )
BN

where Gj, is a standard Gaussian random variable. Like the numerical scheme (7.9), because of
the singularity of the interactions, this integrator may not have an invariant measure [324], or its
invariant measure may be a poor approximation of py depending on the time step [295]. Note that,
here again, ay and At play the same role.

Hybrid or Hamiltonian Monte Carlo (HMC) methods, built on the later integration, appeared in
theoretical physics in lattice quantum chromodynamics with [142], see also [375], and are still ac-
tively studied in applied mathematics, see for instance [37, 393, 301, 242, 63, 153, 105] and references
therein. The HMC algorithm can be thought of in a sense as a special Metropolis Adjusted (un-
derdamped) Langevin Algorithm. Indeed, inspired by the MALA Algorithm 7.1, a way to avoid the
stability problem of the discretization of the kinetic Langevin dynamics mentioned above is to add
an acceptance-rejection step. A surprising advantage of this approach is that the Verlet integration
scheme is time reversible up to momenta reversal [301, Sec. 2.1.3 and eq. (2.11)], hence when comput-
ing the acceptance probability as in (7.11), the transition kernel does not appear. Note that the Verlet
algorithm has been widely used for years by statistical physicists, and goes back to the historical works
of Verlet [418] and Levesque and Verlet [310, 309]. Let us now describe the algorithm.

Algorithm 7.3 (HMC). Start from a configuration (xo,yo) and perform the following steps for each
time k > 0:

1. Update the velocities with

1—n?

Uk = nyx + Gr, n=e WoONAL
BN

2. Run one step of the Verlet scheme:

- - At

Urtl = Yk — VHN(xk)O‘N77

Tht1 = Tk + QH%aNAt, (7.15)
At

Ukt1 =Ygyl — VHN(karl)OlN?.

3. Compute the probability ratio

_ . |k+1]? |9x|?
pr=1Nexp |—fn | Hn(Tp41) + 5 — Hy(xr) — 9 .

4. Set

(Thsts Yrs1) = (Th+1, Yk1)  with probability py,
oo (T, —Tk) with probability 1 — py.

As noted in the various references above, the Metropolis step acts as a corrector on the energy
conservation of the Hamiltonian step. In this, it helps avoiding irrelevant moves, while enhancing the
exploration capacities of the dynamics through the speed variable. A more precise argument in favor
of this algorithm is the scaling of the time step At with respect to the system size N. Indeed, as
shown in [37] for product measures, the optimal scaling is as At ~ N _%, which makes the algorithm
appealing for large systems. Since the Hamiltonian computational cost scales as N2, we see that the

3The Mehler formula states that the Ornstein-Uhlenbeck process (Zt)¢50 in R™ solution of the stochastic differential

equation dZ; = V202dB; — rZdt satisfies Law(Zi4s | Zs = 2) = N(ze™ ", 17%72”02]”).
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cost of the algorithm for a fixed time T and N = [T/At] is in O(N ), which has to be compared to
the O(N*) cost reached in [311]. Finally, the parameter vy can also be tuned in order to optimize
the speed of convergence — we leave this point here and stick to yy = 1.

The control of the error or rate of convergence for the HMC algorithm is the subject of active
research, see for instance [293] and [153, 60] for some results under structural assumptions.

From a practical point of view, the algorithm can be tested in the following way. First, when only
the Hamiltonian part of the dynamics is integrated with the Verlet scheme (7.15), it can be checked
that the energy variation over one time step scales as At as At — 0. Then, if the selection step
is added, the rejection rate should also scale as At>. When the momentum resampling is added,
this rejection rate scaling should not change. For completeness, we illustrate some of these facts in
Section 8.4.

7.3 Numerical experiments on remarkable models

In this section, we start testing Algorithm 7.3 for the two cases described in Section 7.1.3. Since the
equilibrium measures are known for any N > 2, we will be able to compare accurately our results
with the expected one. We will also consider models for which the empirical spectral distribution and
the equilibrium distribution are not known. We remind that when X = R? with d > 1 we have the
following formulas that hold in any dimension:

T 1 T

1
V$2=2$7 Vieg — =——%5, V—=——+.

7.3.1 Case study: 1D

We test the numerical method by looking at the mean empirical distribution in the case of the Gaussian
Unitary Ensemble (7.2) with § = 2, N = 8, for which the exact expression of Euy under Py is
provided by (7.3). The results in Figure 7.1 show a very good agreement between the exact result
and the algorithm. For completeness, we study the rejection rate of the algorithm as At goes to zero,
as mentioned at the end of Section 7.2.2. More precisely, we compute over a trajectory the rate of
rejected moves in the Step (4) of Algorithm 7.3. The logarithmic plot in Figure 7.2 shows a linear fit
with a slope of about 3.1, which confirms the expected scaling in At>.

We also study the quartic confinement potential V(xz) = z/4, as in [311]. In this case, the
empirical spectral distribution is not known, but the equilibrium distribution has density with respect
to the Lebesgue measure given by

4a? — 22
27
The results of the numerical simulations, see Figure 7.3, show a good agreement with the equilibrium

measure when N is large. Note that a tridiagonal random matrix model is known but it does not have
independent entries, see [278, Proposition 2.1].

r € R (2a% + 2?) Toc(—2a,24]; @ = 371,

7.3.2 Case study: 2D

We next consider in Figure 7.4 the mean empirical distribution in the case of the Complex Ginibre
Ensemble (7.5) with 8 = 2, N = 8. In this case, we also know a theoretical formula for Exy under Py,
given by (7.6). For completeness, we investigate the scaling of the relative energy difference in the
Step (3) of Algorithm 7.3 (by turning off the selection procedure of Step (4)). The logarithmic plot
in Figure 7.5 shows a slope of about 2.9, which confirms the expected scaling in At® that corresponds
to the error of energy conservation, over one time step, of the Verlet integrator (7.15).

We explore next in Figure 7.6 the Gumbel fluctuation at the edge, which is proved for 8 = 2 and
conjectured for 5 # 2, see [365, 86, 143] (note that in this case we have a formula for u, but not
for Eun under Py). One could also explore the crystallization phenomenon, see [45] and references
therein.

7.3.3 Case study: 3D

In Figure 7.7, we finally turn to the Coulomb gas which correspondsto X =R3, d=n =3,V = |-|2/,6,
K = 1/|-| and to the log-gas for which K = —log|-|. In the first case the equilibrium measure pu, is
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Figure 7.1 — Study of the Gaussian Unitary Ensemble with N = 8 (top) and N = 50 (bottom).
The solid line is the plot of the limiting spectral distribution (7.4) while the dashed line is the plot
of the mean empirical distribution (7.3). The bars form the histogram of simulations obtained using
our HMC algorithm. This algorithm was run once with final-time 7" = 10% and time-step At = 0.5.
The histogram was produced by looking at the last half of the trajectory and retaining the positions
each 1000 time-steps, producing n values, g namely ~ 8 x 10% and ~ 5 x 10* respectively.
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uniform on the centered ball of R? of radius (5(d —2)/2)/?, see for instance [84, Corollary 1.3], while
in the second case the equilibrium measure is not know yet, see however [87]. In both cases we do not
have a formula for Euy under Py. One could study the fluctuation at the edge, which is conjectured
to be Gumbel, just like for the complex Ginibre ensemble in 2D.
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Figure 7.2 — Evolution of the rejection rate in Algorithm 7.3 as At goes to zero, for the Gaussian
Unitary Ensemble with N = 50, 3 =2 and T = 10° (in log-log coordinate).
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Quartic mean empirical distribution, beta=2, N=8
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Figure 7.3 — Study of the quartic confinement with N = 8 (top) and N = 50 (bottom). The solid
line is the plot of the limiting spectral distribution (7.4). The bars form the histogram of simulations
obtained using our HMC algorithm. This algorithm was run once with final-time 7" = 10% and time-
step At = 0.5. The histogram was produced by looking at the last half of the trajectory and retaining
the positions each 1000 time-steps, producing n values namely ~ 8 x 10% and ~ 5 x 10* respectively.
We do not have a formula for the mean empirical distribution for this model. This gas describes
the law of the eigenvalues of a random symmetric tridiagonal matrix model but its entries are not
independent, see [278, Proposition 2].
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Figure 7.4 — Study of the complex Ginibre ensemble with N = 8 (top) and N = 50 (bottom). The
solid line is the plot of the limiting spectral distribution (7.7) while the dashed line is the plot of
the mean empirical distribution (7.6), both as functions of the radius |z| and scaled by 27 (in order
to obtain a radial density). The bars form the histogram of simulations obtained using our HMC
algorithm. This algorithm was run 40 times with final-time 7" = 10° and time-step At = 0.1. The
histogram was produced by looking at the last halves of the 40 trajectories and retaining the positions
each 10000 time-steps, producing n values namely ~ 16 x 10 and ~ 10° respectively.
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ensemble with NV = 50, in the cases 8 € {1,2,4}. The solid line is the plot of the fit with a translation-
scale Gumbel distribution. The Gumbel fluctuation is proved only in the case § = 2, see [365, 86].
These simulations suggest to conjecture that the Gumbel fluctuation is valid for any g > 0. The
simulation matches pretty well the edge support at \/(/2 and suggests that the variance is not very
sensitive to 3.
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3D Coulomb with Euclidean confinement and beta=2, N=50
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Figure 7.7 — Study of the 3D Coulomb case (top) and 3D Log-gas (bottom) with Euclidean confinement
and § = 2 and N = 50. Equilibrium measure in solid line and histogram obtained with our HMC
algorithm with NV = 50 and same simulation parameters as for Figure 7.4. In contrast with the GUE
case and the Ginibre case, we do not have a formula for the mean empirical distribution at fixed N
for both cases, and for the Log-gas (bottom) the equilibrium measure is not known.



CHAPTER 8

LCOULOMB GASES UNDER CONSTRAINT: SOME THEORETICAL
AND NUMERICAL RESULTS

The material for this chapter has been released on arXiv [85].
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Abstract. We consider Coulomb gas models for which the empirical measure typically concen-
trates, when the number of particles gets large, on an equilibrium measure minimizing an electrostatic
energy. We study the behavior when the gas is conditioned on a rare event. We first show that the
special case of quadratic confinement and linear constraint is exactly solvable due to a remarkable
factorization, and the conditioning has then the simple effect of shifting the cloud of particles without
deformation. To address more general cases, we perform a theoretical asymptotic analysis relying on
the Gibbs conditioning principle presented in Section 1.2.2. The technical part amounts to establish-
ing that the conditioning ensemble is an [-continuity set of the energy. This leads to characterize
the conditioned equilibrium as the solution of a modified variational problem. For simplicity, we fo-
cus on linear statistics and on quadratic statistics constraints. Finally, we illustrate numerically our
predictions and explore cases in which no explicit solution is known. For this, we use a Generalized
Hybrid Monte Carlo algorithm (which generalizes the algorithm used in Chapter 7 by taking into a
submanifold constraint) for sampling from the conditioned distribution for a finite but large system.
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8.1 Motivation

This section contains the main elements of the considered model, some motivations and the plan of
the chapter. We consider here the so called Coulomb gas model already encountered in Section 1.1.4
and Chapter 7, which shows an interesting behaviour in the limit of a large number of particles, see
for instance [84, 387, 287|'. As we have seen at several places above, the model consists in a set of
random particles Xn 1,..., Xy n for N > 2, where each Xy ; belongs to X = R? for some physical
dimension d > 2. The particles interact through the Coulomb kernel g : R? — R defined by

1
log 11 it d=2,
g(x) = 1
W’ if d 2 3.

This denomination comes from the equation satisfied by the interaction g. Indeed, denoting by dy the
Dirac mass at 0, g solves in the sense of distributions the following Poisson problem:

/2

— Ag = cqd0, with ¢q = surface({z € R : 2| = 1}) = 2F(d/2)'

(8.1)

Note that lim| o0 g(2) = 0 if d > 3, while lim |y g(z) = +oo if d = 2. In (8.1) A =N 92
denotes the Laplacian operator in R%. In addition to this pair interaction, the particles are subject to
a confining potential V : R* — R assumed to be lower semi-continuous and such that

lim (V(z) — 2L4—2log|z|) > —oc. (8.2)

|z|—+o00

Following [85] or [386], under this assumption, we can define the electrostatic energy on P(R%) by

e = ([ (oo -n+ D) yasyuay), (53)

This makes sense in R U {+oo} since the integrand is bounded from below thanks to the assump-
tion (8.2) on V. Moreover for all u € P(R?) such that [log(1 + |z])14=2p(dz) < 0o, we have

E(p) = //Rdwg(w — y)p(dr)u(dy) + y V(x)p(dx). (8.4)

The functional € has a unique minimizer on P(R%) called the equilibrium measure [35, 386]

s = argmin &. (8.5)
P(R%)

It has compact support, and if moreover V has a Lipschitz continuous derivative then it has density

AV

e (8.6)

on the interior of its support. In particular if V' is proportional to |- |2 then pu, is uniform on a ball.
The compactness of the support of u, comes from the strong confinement assumption (8.2). Note
that it is possible to consider weakly confining potentials for which the equilibrium measure still exists
but is no longer compactly supported, see for instance the spherical ensemble in [225, 86].

Let Xy = (Xn1,.-., X~ ) be arandom vector of (RN with law
e BNHN(z1,...,zN)
PN(d(E) = dl‘l s 'dLL'N, (87)
ZN
where By > 0 satisfies
lim ﬁ—N = +o0,
N—o0

LCompared to the previous chapter, we focus on this model (compared to more general gases) because it is more
amenable to a theoretical analysis, but we believe most of our results can be generalized at the price of some additional
technical difficulties.
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and
1 & 1
HN(ml"”’xN):sz(xi)—'_ﬁzg(xi_xj)' (8.8)
i=1 i#£]
This makes sense only if
ZN = / e ANHN (@12 N) oy d < 00, (8.9)
(RN
and this is the case when V satisfies
/ o= S (V (@) =214 log(14+12]) gy < oo, (8.10)
Rd

As we have seen in Chapter 7 and before in Section 1.1.4, this model is standard in mathematical
physics: Py is a Boltzmann—Gibbs measure modelling a gas of particles, called here a Coulomb gas,
at inverse temperature Sy and with Hamiltonian Hy. The law Py is exchangeable in the sense
that Hpy is symmetric in x1, ..., xy. Indeed, it depends on 1, ..., x N only via the empirical measure,
namely, Py almost surely,

N
Hy = /Rd V(2)un (dz) + //;‘é 9(z — y)un(dx)un(dy) with py = ;;5@7 (8.11)

where the double integration runs over {(z,y) € R¢xR? |z # y}. A heuristic reasoning suggests that, if
By — +oo fast enough, under Py the empirical measure py should concentrate in the limit N — +oo
on the equilibrium measure p, that minimizes the energy £ in (8.4)-(8.5). This is intuited from the
Laplace principle given the expression (8.7) for Py, where Hy is defined by (8.11). This intuition can
be made rigorous through a large deviations principle (LDP), which can be established in this case and
many others, see for instance [84, 148, 196] and the references therein. In particular, the case d = 2 with
quadratic confinement V' corresponds to the well-known Ginibre ensemble for random matrices [188,
169], see Section 1.1.4. We mention again that we could consider more general interactions, such as
Riesz kernels [84, 287], discontinuous [148] or weak [225] confinement (see Section 1.3.3), but we stick
to this setting for ease of presentation. The technical requirements needed for extending our proofs
will be pointed out throughout the chapter, and cases not covered by the theoretical analysis will be
investigated numerically in Section 8.4.

As large deviations are concerned with probabilities of rare fluctuations, it is possible to consider
the empirical measure of the random gas conditioned on such a fluctuation. There has been a number
of works on the behaviour of such gases conditioned on having an unusual proportion of the particles
lying in some region of the space. As an example, for d = 2 and V' quadratic, [14] reformulates the
conditioned equilibrium measure through an obstacle problem. On the other hand [201, 200] consider
the rare situation in which there is a “hole” in the distribution, in other words no particle around zero.
Finally [318, 319] consider the one dimensional Wigner situation in which an abnormal proportion of
particles lie on one side of the real line. Explicit expressions can be obtained in the latter case. The
study of such conditionings is motivated by questions arising in theoretical physics, see for instance
the discussion in [319].

While the above mentioned works bring substantial contributions to the understanding of condi-
tioned random gas distributions, they also motivate further questions. Indeed, one may consider more
general constraints, like conditioning on the barycenter of the cloud being far away from the origin.
This may be of interest for both theoretical [14] and practical purposes (if one wants to filter out noise
conditioned on some rare event [66]). Moreover, the numerical methods proposed in [201, 200, 319]
do not seem adapted to sampling the empirical distribution conditioned on some event — since this
event is typically rare, naive sampling is generally not efficient. The goal of this work is therefore
to investigate some theoretical results on such conditioned Coulomb gases, as well as providing an
efficient algorithm to sample conditioned distributions. The algorithm we use is a generalization of the
Hamiltonian Monte Carlo algorithm used in Chapter 7 which incorporates a submanifold constraint.

Mathematically, our aim is to consider the particles Yx = (Yn1,..., YN n) in (RN such that

Yy ~ Law(Xn | {nv(Xn) <0), (8.12)
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where ¢y 1 (RN — R, and to consider the limiting behaviour of the empirical measure

1 N
N Z 5YN,,', )
=1

as N — 400, depending on the confinement potential V' and the constraint £ y. Instead of an inequality
constraint like (8.12), we may instead consider an equality constraint

Yy ~ Law (Xy [ En(Xn) =0).

We will generally consider inequality constraints since they naturally lead to a Gibbs condition-
ing principle. Equality constraints could be considered as well by an additional limiting procedure,
see [119, Section 7.3] and the discussion in Section 8.3. We could also set £y to be R™-valued for
some m > 2 but we restrict to one dimensional constraints for ease of exposition. The cases studied
in [14, 201, 200, 318, 319] correspond to the choice

Env(xr,. ., on) = pn(ly) — ¢,

for some measurable set U C R? and constant ¢ € R. We will study in this chapter more general
linear statistics of the form

En(zy,. . xn) = un(p), (8.13)

for some constraint function ¢ : R¢ — R satisfying growth conditions, see Section 8.3.2. A particular
case of interest is when the constraint function ¢ is itself linear, namely:

p(x)=x-v—c, (8.14)

for v € R% and ¢ € R. Indeed, when ¢ is chosen according to (8.14) and V is quadratic, the equilibrium
measure under conditioning is the unconditioned one translated in the direction of v. We provide a
simple proof of this result in Section 8.2. We next turn to more general constraints in Section 8.3, prov-
ing first an abstract Gibbs conditioning principle in Section 8.3.1. When considering linear statistics,
we prove in Section 8.3.2 that conditioning Py boils down to modifying the confinement potential V.
In Section 8.3.3 we consider the case of quadratic statistics, which modifies the interaction kernel g.

In order to validate our theoretical results and explore cases in which explicit solutions are not
available, we also propose an original method for sampling the law of Yy for a fixed N. Based on
the Hamiltonian Monte Carlo (HMC) method used in [82] for sampling Gibbs measures associated
to Coulomb and Log-gases, we describe and implement the generalized Hamiltonian Monte Carlo
algorithm proposed in [303] for sampling probability measures on submanifolds. The method, detailed
in Section 8.4.1, shows remarkable performance, and the results presented in Section 8.4.2 are in
agreement with the theory.

Notation

We introduce and recall some notation used throughout the chapter. For all d > 1 we denote by
lz| = (22 + -+ + 22)1/2 the Euclidean norm and by z -y = x1y; + -+ + 24yq the scalar product
on R%. We denote by P(R?) the set of probability measures on R? and, for all p > 1, by P,(R%) those
probability measures having finite p-moments in the sense that |-|” is integrable. For any measure
u € P(R?), the support of u is defined as supp(u) = R%\ A, where A is the largest open set such that
p(A) =0 (which may be empty). For all measurable f : R? — R, we define

flz) = 1y
7o = sup 1@)] and Sl = sup LSO
z€R? xFY |37 - y‘
We define the bounded-Lipschitz distance on P(R?) by
dpr(p,v) = sup fdp—v).
[fllec<l JRE
[IfllLip<1

For all p > 1, we define the p-Wasserstein? distance on P,(R?) by

dw, () = ( inf // & — yPr(de,dy) ) .
P mell(p,v) J JRd xRd

20r Monge, or Kantorovich, or transportation distance.
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where TI(y,v) is the set of probability measures on the product space R? x R? with marginal distri-
butions p and v. Following [419], the Kantorovich-Rubinstein duality theorems state that

dw, (u,v) = sup fd(p—v) and dw,(u,v)’ = sup (/ fdu —/ gdu) .
I fllip<t /R4 FEL! (), €L (v) \JR R?
f@)<g(y)+lz—yl®
(8.15)

For any p > 1, we say that a function f is dominated by |z|P when?

T ——iC]

rERd 1 + |I|p

< 0

The p-Wasserstein topology is the one induced on P,(R?) by dw, . If (vx)x is a sequence in P(R?)
then limy_ o dpr(vn,v) = 0 if and only if limN%ooffdl/N = ffdl/ for all bounded continuous
f:R?— R. For all p > 1 and all sequence (vx )y in Pp(R?), we have limy_, dw, (vy,v) = 0 if and
only if imy_, dpr,(vn, ) = 0 and limy_,« [ |2[Pdvy = [ |2[Pdv. In other words dpy, metrizes weak
convergence, while dy, metrizes weak convergence plus convergence of the p-moment, see [419].

We denote X ~ P to say that the random variable X has law P, and X 2¥ to say that the random
variables X and Y have same law. A sequence of random variables (Xi,..., Xy) is exchangeable if
for any permutation o of {1,..., N} it holds (X1,..., Xn) 4 (Xo(1), s X))

We now recall the large deviations definitions from Section 1.2.1 in Part I. We say that a sequence
Y1,..., Yy of random variables taking value in a metric space (), d) satisfies a large deviations principle
at speed Sy if, for any measurable set A C Y, it holds

1 — 1
—inf I(p) < lm —logP(Yy€A)< lim —IlogP(Yy € A) < — inf I(u), (8.16)
neA N—o+oo PN N—+oo DN HEA

where the interior and closure are taken with respect to the topology induced by d, while I : Y —

[0,400] is lower semicontinuous, and called the rate function. If I has compact level sets for the

topology induced by d, we say that I is a good rate function (see Definitions 1.3 and 1.4 in Part I).
We finally recall some elements of potential theory. The interaction energy

T v) = / / e = puld)(dy) (8.17)

is well defined for any signed measures p, v with compact supports and takes values in R U {400},
see [284, Chapter I|. We use the abuse of notation J(u) = J(p, p) for the associated quadratic form.
Moreover, for any compact set K C R¢, J attains its infimum over probability measures supported
on K. This value is called the capacity of the set K [284, Chapter II]. A measurable set A has
positive capacity if it contains a compact set K and a measure p with supp(u) C K and such that
J(u) < 4oo. Otherwise, the set is said to have null capacity. A property is said to hold quasi-
everywhere if it is satisfied on a set whose complementary has null capacity. Although inner and
outer capacities should be considered, we know these notions coincide for Borel sets on R?, see [284,
Theorem 2.8]. Denoting by P.(R%) the set of compactly supported probability measures, in accordance
with [284, Theorems 1.15 and 1.16], for any pu,v € P.(RY) with J(u) < +oo and J(v) < +00, it holds
J(p—v)=0if and only if p = v.

8.2 From conditioning to shifting: quadratic confinement with
linear constraint

This section is devoted to the particular case where V(x) = |z|? and the constraint is chosen according
to (8.13)-(8.14). This corresponds to the Ginibre ensemble of random matrices if d = 2, as presented in
Section 1.1.4. The following theorem states that this special case is exactly solvable: the conditioning
has the effect of a shift without deformation, due to a remarkable factorization. The proof, presented
in Section 8.5.1, is quite elegant. It is inspired from the seemingly unrelated work [88]. The result by
itself appears as a special case of the general variational approach presented in Section 8.3 below.

3We use a simpler notation for functions of bounded growth compared to Part IT because the only cost (Lyapunov)
function we use here is W (z) = 1 + |z|P.
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Theorem 8.1 (From conditioning to shifting). Let d, N > 2 and V = |-|*, so that (8.9) holds. Let
Xy =(XnNn1,---,XNnN) and Py be as in (8.7). Then the equilibrium measure py is the uniform law
on the centered ball of R of radius 1, and moreover, almost surely, for allp > 1,

N
. 1
Jim_dw, (N Eéxw,wu*> =0, (8.18)

regardless of the way we define the random variables X 5 on the same probability space. Now let v € R?
with [v] =1, ¢ € R, choose p(z) = x-v —c and consider Yy = (Yn1,..., YN N) with

X X
YNNLaw<XN"P( ) oo o N’N)zo).

N

Then

X 4 X
YNQXN+<C N1t N’N~v>(v,...,v).

N

Moreover, denoting p? = ¢y * s, we have that almost surely and for all p > 1, it holds

N
. 1
1\}E>noo de (N 26YN,N”@> =0, (8.19)

regardless of the way we define the random variables Y on the same probability space.

The proof of Theorem 8.1 relies crucially on the quadratic nature of the confinement potential,
but remains valid whatever the pair interaction, beyond Coulomb gases, as far as it is translation
invariant?. More general linear projections can be used. Indeed, if we choose ¢(z) = p(z) — ¢ where p
is a linear projection over a subspace E C R? of dimension m and ¢ € R™, the result still holds.

Remark 8.2 (Ginibre random matrices and Hermite ensembles). Let M be an N x N random matriz
from the complex Ginibre ensemble, which is a Hermite ensemble (quadratic confinement). Its eigen-
values have law Py with d = 2, By = N2, and, V(x) = |z|? and g(z) = —log|z|, see for instance
[188, Ch. 15]. Let R? = C, v € R? with |v| = 1 and ¢ € R. The assumptions of Theorem 8.1 are
satisfied and the constraint in terms of matrices reads Tr(M) - v = ne, where we identify again C
with R%. More precisely (8.19) holds and the conditioned equilibrium measure reads

]l\z—cv|<1

u?(dz) = dz.

T
The same reasoning can be applied to other matriz ensembles, and more generally to [-ensembles
(corresponding to B = (8/2)N?) under quadratic confinement and pairwise repulsion. In the special
case of the complex Ginibre ensemble, the entries of M are independent, in particular the diagonal
and off-diagonal are independent, and we could deduce the result from the universality theorem on the

circular law [402] together with the Gibbs conditioning principle for independent Gaussian variables.
Some numerical experiments are provided in Section 8.4.2.

In practice, we would like to consider a non-quadratic confinement and a non-linear constraint
function ¢. The numerical applications presented in Section 8.4.2 show a much wider range of be-
haviour than shifting the equilibrium measure. It turns out that the conditioning mechanism is an
instance of the Gibbs conditioning principle from large deviations theory presented in Section 1.2.2.
The purpose of the next section is to provide proofs in this direction, which allow to derive the con-
ditioned equilibrium measure in more general contexts, of which Theorem 8.1 appears as a particular
case.

4Theorem 8.1 thus shows a spectacular property of Gaussian ensembles (in the sense of quadratic confinement). We
have already observed two times in this thesis the particular structure of Gaussian variables. First, in Section 1.2.2,
we saw that independent Gaussian variables have both small and large Gaussian deviations. Next, in Chapter 3, we
noticed that the Orstein—Uhlenbeck process has the particularity of fluctuating like independent Gaussian variables (see
Remark 3.11). We can only observe the beautiful regularity of Gaussian objects without more precise statements.
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8.3 A general conditioning framework

As is known from the seminal work of Ben Arous and Guionnet [29], large deviations theory provides
a natural framework to study the concentration of empirical measures of the spectrum of random
matrices and, beyond, of singularly interacting particles systems. We refer in particular to [84, 148, 33|
and references therein for recent accounts. Since large deviations theory is concerned with estimating
probabilities of rare events, conditioning on such a rare event is a natural direction to follow. This
procedure is generally refered to as Gibbs conditioning principle or mazimum entropy principle. This
principle is explained for instance in [357, Section 6.3] and [119, Section 7.3].

When no conditioning is considered, we know that under mild assumptions the empirical measure
associated to the Gibbs measure (8.7) satisfies a LDP with rate function £. When the random gas is
considered under conditioning on an appropriate rare event, the Gibbs conditioning principle states
that the resulting conditioned empirical measures concentrate on a minimizer of £ under constraint.
Proofs of this fact in our context are presented in Section 8.3.1. Next, Section 8.3.2 studies the
corresponding constrained minimization problem for linear statistics, while Section 8.3.3 is concerned
with quadratic statistics.

8.3.1 Gibbs conditioning

The goal of this section is to present an abstract Gibbs conditioning principle and apply it to the
Coulomb gas model. Most works considered hitherto Gibbs principles associated to Sanov’s theo-
rem [119, 357, 306], in other words in absence of interaction, showing that by conditioning the em-
pirical measure, the resulting equilibrium measure minimizes the rate function under constraint. The
same strategy can actually be applied to any exchangeable system satisfying a large deviations princi-
ple provided the conditioning set is an I-continuity set, following for instance [104], [119, Section 1.2]
and [357, Section 5.3]. This is the purpose of the next proposition, which can be of independent
interest and is already presented in Part I (Proposition 1.13). The proof is postponed to Section 8.5.2.

Proposition 8.3 (A Gibbs conditioning principle). Suppose that Y1,...,Yn are random variables
taking values in a metric space (Y, d) satisfying a large deviations principle at speed (Bn)n, and with
good rate function I. Consider a closed set B which is I-continuous in the sense that

inf I =inf I < +oo0. (8.20)
B B

Then, the set of minimizers
g ={yev:iry) =1} (8.21)
is a non-empty closed subset of B. Moreover, for any € > 0, setting

A.={yeY:dy, Ip) > ¢},

there exists c. > 0 such that

1
m ——logP (YN €A,

Y, ) < —c.. 22
N 51\/ N €EB C (8 )

In particular if we define a random variable Y}; ~ Law(Yn | Yy € B) for all N then almost surely
limpy 00 d(YR, FB) = 0 regardless of the way we define the Y}, ’s on the same probability space. Further
in particular if I = {yp} is a singleton, then almost surely it holds limy_, o Y}, = yp = minp I.

In other words, (8.22) entails that the variables Y conditioned on being in B concentrate on a
minimizer of I over B (see Theorem 8.7 below). In order to use Proposition 8.3 in the Coulomb gas
setting, we start by recalling a LDP associated with the Coulomb gas model (see [84, 148]). In order
to consider unbounded constraints in what follows, we make the following assumption.

Assumption 8.4 (Growth condition). There exist a >0, R € R and ¢ > 1 such that
Ve eRY  V(z)>alz|?— R

The above growth condition not only ensures that V' satisfies (8.2), but also allows to consider a
finer topology for the LDP, see [148, Theorem 1.8]. It could certainly be relaxed under appropriate
modifications. In particular, Assumption 8.4 shows that [148, Assumption C’l] is satisfied for any
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function of the form |z|P for 1 < p < ¢, so [148, Lemma 1.1] applies. Assumption 8.4 thus has
the following consequence. Consider an exponent p € (1,¢). Then, under Py defined in (8.7), the

empirical measure
1 XN
i=

satisfies a large deviations principle (8.16) in the p-Wasserstein topology at speed (8y)n and with the
following good rate function:

E=E— inf &£ with inf £ > —o0,
Pp(RY) Pp(RY)

where £ is defined in (8.3). The energy £ has additional nice properties, which we recall below for
convenience.

Proposition 8.5 (Properties of the electrostatic energy). Let £ be as in (8.3). Suppose that Assump-
tion 8.4 holds, and take some p € (1,q). Then, denoting Dg = {u € P(R?) : E(u) < +oo} the domain
of €, the following properties are satisfied:

e D¢ is convex and & is convex on Dg;

e Dg C P,(R?) and there exists a unique p, € Pec(RY) such that

e e e ,
) = i = i = i o2

o the minimizer pi, € P.(R?) satisfies the Euler-Lagrange conditions (where Cy = E(15))

{ 2g % uy +V = Cy, quasi— everywhere in supp(pi), (8.24)

2g % e +V = Cy, quasi — everywhere.

The domain D¢ is not empty since it contains for instance measures with smooth density over a
compact support. For convenience, we recall a proof of these classical results in Section 8.5.2.

Remark 8.6 (Going beyond Coulomb gases and convexity). The LDP presented here holds for a much
larger range of models than the Coulomb gas setting, see for instance [148]. However, the assumptions
in [148] do not ensure the convexity of the rate function £, which poses problems when it comes to
identifying the equilibrium measure — we thus stick to this setting here. In practice, the convexity of €
is derived from a Bochner-type positivity of the interaction potential, see [8/]].

We are now in position to apply Proposition 8.3 to the Coulomb gas model.

Theorem 8.7 (Gibbs conditioning for Coulomb gases). Let £ be as in (8.3). Suppose that Assump-
tion 8.4 holds and take some p € (1,q). Consider a closed set B C P(R?) such that

inf £ =inf & < o0, (8.25)
B B

where the interior is taken with respect to the p- Wasserstein topology. Then the set of minimizers
& = {M e P(RY) : E(n) = i%fé’} (8.26)

is a non-empty closed subset of B. Moreover, if Xy ~ Py is as in (8.7), and if Yy = (Yn1,.-., YN N)
is such that

N
1
YN ~ LaW(XN ’/J,N € B), with  uy = N Z(SXN,N
i=1

then almost surely it holds
N
. 1
v, (57 S0 ) =0

regardless of the way we define the random variables Yy on the same probability space.
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The proof of Theorem 8.7, which can be found in Section 8.5.2, is an instance of the Gibbs
conditioning principle provided by Proposition 8.3: the conditioned empirical measure concentrates
almost surely on a minimizer of £ over B. It is alluring to consider a more general LDP for the
conditioned empirical measure as in [281], but the arguments proposed in [281] do not fit the case of
our singular rate function, in particular Dg has empty interior. Our strategy is then to restrict to an
I-continuity set B satisfying (8.25), which allows to use the lower bound of the LDP, very similarly
to [357].

Next, rather than aiming at the greatest generality, we consider the case of linear and quadratic
statistics constraints, for which I-continuity can be proved and the resulting equilibrium measure can
be identified in terms of a modified version of (8.24).

8.3.2 Linear statistics

As explained in the introduction, the case of linear statistics is of particular importance. This moti-
vates focusing first on conditioning sets B of the form

B={veP,(R :v(p) <0}, (8.27)

for some measurable function ¢ : R¢ — R. This kind of constraint was studied for example in [14, 201,
200, 318, 319]. In particular, the Ginibre case with ¢ = 17 — ¢ for some measurable set U C R? and
c € R is considered in [14]. The choice ¢(x) = c—x-v for v € R? has been treated in Section 8.2 for the
related equality constraint. We consider here more general potentials V' and constraint functions ¢.
The next assumption on ¢ ensures that B is suitable for conditioning.

Assumption 8.8.
o Assumption 8.4 holds for some ¢ > 1;
o ||¢llLip < 400 and thus ||¢|lecp < +00 for all p € (1,q);
o there exists u_ € Dg such that u_(p) < 0;
e there exists py € Dg such that pi(p) > 0.

The existence of y_ means that the set B has non empty interior, while that of y, implies that
B # Pp(Rd), so that the constraint is not trivial. Since the Gibbs principle relies on B being an
I-continuity set, we provide a fine analysis of the minimization of £ over the set B defined in (8.27).
We prove in particular that the minimizer is unique with compact support, and we characterize it
through an integral equation similar to (8.24) with an additional Lagrange multiplier. The proof of
this result is presented in Section 8.5.3.

Theorem 8.9 (Variational characterization). Let i, € P.(R?) be the unconstrained equilibrium mea-
sure as in Proposition 8.5, and let B the set defined in (8.27). Suppose that Assumption 8.8 holds,
for some g > 1 and p € (1,q). Then B is closed in the p- Wasserstein topology and

inf € =inf & < +oo. (8.28)
B B
Moreover
&5 ={neP®Y): &) =i €} = {u*},

where pu¥ has compact support and is solution to, for some a = 0,

{ 29 % p? +V +ap =C,, quasi— everywhere in supp(u?), (8.29)

29 u¥ +V+ap > C,, quasi — everywhere,
with C, = E(pu¥). Finally, one of the two following conditions holds:
® i, € Banda=0;

o . & B, in which case u?(¢) =0 and o > 0 in other words the constraint is saturated and the
Lagrange multiplier is activated.

We have now the following consequence of Theorems 8.7 and 8.9.
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Corollary 8.10 (From conditioning to confinement deformation). Suppose that Assumption 8.8 holds
with ¢ > 1 and p € (1,q). Consider a Coulomb gas Xy = (Xny1,.... XN n) ~ Py as in (8.7).
Introduce Yn = (YN 1,..., YN n) with law given by

| X
NZ‘P(XNJ) < 0) .
=1

Let u? be as in Theorem 8.9. Then almost surely it holds

YN ~ Law <XN

N
. 1
]\}gnoo dwf’ (N Zléyzv,mucp> =0, (830)

regardless of the way we define the random variables Yy on the same probability space.

Theorem 8.9 and Corollary 8.10 show that conditioning on a linear statistics is equivalent to
changing the confinement potential V into V + ap where o > 0 is a constant determined by the
constraint. If pu, € B, a = 0 and the conditioning produces no effect. Note also that the global
Lipschitz condition on ¢ in Assumption 8.8 could possibly be relaxed. For instance, if ||¢]|co,p < 400
for some p € (1,q) we expect that a minimizing measure has compact support, and that assuming ¢
locally Lipschitz suffices to prove Theorem 8.9. We leave these refinements to further studies.

Remark 8.11 (Equality constraints). When considering conditioning principles, one is often inter-
ested in equality constraints. It is not obvious at first sight to consider a set B defined by an equality
constraint, since its interior may well be empty. A common strategy is to use a limiting procedure by
introducing nested sets [119]. This is unnecessary here since we observe in Theorem 8.9 that either
the equilibrium measure lies in B, either the constraint is saturated.

Remark 8.12 (Projection). The conditioned equilibrium measure u?® can be interpreted as an instance
of entropic projection. These projections have been studied for a long time in the context of the Sanov
theorem, in other words independent particles or equivalently product measures without interaction at
all, see [305] and the references therein. Theorem 8.9 is therefore a precise study of such a projection
in the context of Coulomb gases under linear statistics constraint, where the entropy is replaced by the
electrostatic energy £. These remarks also apply to Section 8.3.3.

Remark 8.13 (Formula for constrained equilibrium measure under regularity assumptions). Sup-
pose that Assumption 8.8 holds and that V' and ¢ have Lipschitz continuous derivatives. Then the
conditioned equilibrium measure p? which appears in Theorem 8.9 and in Corollary 8.10 satisfies

AV 4+ alAyp .
= —7 almost everywhere in su ),
20, y pp(K?) (8.31)

u¥ =0, almost everywhere outside supp(u¥).

e

Indeed, it suffices to apply the Laplacian to both sides of (8.29) and use (8.1), and we refer for example
to [386, Proposition 2.22] for the technical details.

It is now possible to come back to the translation phenomenon described in Section 8.2 through
the energetic approach considered in the present section.

Alternative proof of Theorem 8.1. Using (8.31) under the assumptions of Theorem 8.1, we have AV =
2d and Ap = 0, so that u? is constant and equal to d/cq on its support. It then remains to show that
this support is indeed a ball of correct center and radius. For this, we observe that, since |v| = 1,

V(z) +ap(x)=|z*+alc—z-v) = |t — —| +— +ac,

‘ av|2  a?
2 4

so that the effectice confining potential is quadratic with variance 1/2 and center zyp = av/2. By
radial symmetry around zg, ©¥ must be a uniform distribution on a ball B(zg, ) centered at xp with
radius r > 0. In order to find the value of o, we write the constraint

|B(x07r)|_1/ x-vdr =c.
B(zo,r)
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The left hand side of the above equation reads, by symmetry,

\B(xo,r)\*l/ (mfaco)mdermow:|B(x0,7")|71/ z-vdx +xp-v =m0 0.
B(xzo,r) B(0,r)

Since zg = av/2 and |v|? = 1 we obtain
a = 2c,

which leads to zp = cv. Finally, the value of u# over its support is d/c4, where ¢, is the surface of the
sphere in dimension d. Since the volume of the sphere of radius r is equal to rcg/d, we obtain that
r =1 and we reach the conclusion of Theorem 8.1. O

8.3.3 Quadratic statistics

Once the linear statistics case has been studied, it is natural to turn to more general constraints.
Considering second order statistics is a first step in this direction, which motivates to consider sets of
the form, for p > 1,

B={veP,(R":Q(v) <0}, (8.32)

where @ is the “quadratic form”
Qine P, @) [[ v putdna(), (8.33)
R4 xR
and 9 : R? x R? — R is a prescribed function. For any p € P(R9), we denote by

. d
Uy :zeR R(iw(%y)u(dy)

the “potential” generated by p for the interaction 1, whenever this makes sense. We now make some
assumptions on the interaction ¢ for the functional @ to define an I-continuity set B in (8.32).

Assumption 8.14.
o Assumption 8.4 holds for some ¢ > 1;
e There is Crip > 0 such that, for any p € Py(RY),
HU;fHLip < CLip, (8.34)
and thus HU;me,p < 400 for allp € (1,q);
o ¥ is symmetric, i.e. P(x,y) = p(y,x) for all x,y € RY;
e () is convex;
o there exists p— € Dg such that Q(u—_) < 0;

o there exists puy € Dg such that Q(p4) > 0.

Before turning to the minimization under constraint, let us present a sufficient condition of con-
volution nature for a function ¢ to satisfy (8.34).

Proposition 8.15 (Sufficient condition for (8.34)). Assume that ¥(z,y) = é(x —y) for a function
¢ : R — R satisfying ||¢||Lip < +00 and thus ||¢||eep < +00. Then (8.34) holds with Crip = ||¢||Lip-

Proof of Proposition 8.15. For all v € P,(R?%) and z,2’ € R?, it holds

02 0) -0 )] < [ 06e—1)— 6’ ~)lid) < Wolhan | o=y —)lv(dy) = 6]k~
R4 R4

We thus obtain (8.34) with Crip = ||9]|Lip- O



CHAPTER 8. COULOMB GASES UNDER CONSTRAINT: SOME THEORETICAL AND NUMERICAL
238 RESULTS

In addition to the regularity ensured by Proposition 8.15, the convexity of ) is an important part of
Assumption 8.14. Conditions for this convexity to hold for an interaction of the form ¢ (x, y) = ¢(x—y),
which is related to Bochner-type positivity, are discussed at length in [31, 272, 84]. In particular, the
choice ¢ = g where g is defined in (8.1) leads to a convex (. Assumption 8.14 then provides a result
similar to Theorem 8.9, now leading to a deformation of the interaction energy. The proof can be
found in Section 8.5.4.

Theorem 8.16 (Quadratic constraint). Let u, € P(RY) be the unconstrained equilibrium measure
defined in Proposition 8.5. Suppose that Assumption 8.14 holds for some ¢ > 1 and p € (1,q) and
let B be the set defined in (8.32). Then B is closed in the p-Wasserstein topology and

inf £ =inf & < +o0. (8.35)
B B

Moreover
6p={nePRY): £(u) =inf €} = ("}

where ¥ has compact support and is solution to, for some a > 0,

29 % u¥ + QaU;fw +V =Cy, quasi— everywhere in supp(u¥), ( )
8.36
29 % u¥ + 2aU;f, +V 2 Cy, quasi— everywhere,

with Cy = E(u¥). Finally, one of the two following conditions holds:
e i, €B and a =0y
o u, & B, in which case Q(u¥) =0 and o > 0.

The quadratic constraint leads to a change in the interaction contrarily to the linear situation,
which led to a change of confinement. From Theorem 8.16, we obtain the following result.

Corollary 8.17 (From conditioning to interaction deformation). Suppose that Assumption 8.14 holds
for some ¢ > 1 and p € (1,q). Let us consider a Coulomb gas Xn = (Xnj,..., XN n) ~ Py as
in (8.7), and Yy = (Yna,...,YnN) with law given by

N

Yy ~ Law | Xn a2 Z "/)(XN,i _XNJ) <0

1
N

i,j=1

Let 1% be the conditioned equilibrium measure as in Theorem 8.16. Then, almost surely, it holds

N
1
i L -
]\;un dw, (N il Oyn.i» It ) =0, (8.37)

regardless of the way we define the random variables Yn in the same probability space.

Remark 8.18 (Higher order constraints, convexity, and regularity). From the proof of Theorem 8.16,
the Gibbs principle holds for a set B of the form (8.32) for @Q convex and lower semicontinuous.
However, we would not be able to say much on the solution in such an abstract setting. In particular,
higher order statistics could be considered, leading to higher order convolutions, but checking the con-
vezity of the associated functional may become cumbersome. By lack of applications in mind, we do
not consider these higher order constraints.

Remark 8.19 (Formula for constrained equilibrium measure under regularity assumptions). Suppose
that Assumption 8.14 holds and that V has Lipschitz continuous derivatives and that v is C?(R?).
Then the conditioned equilibrium measure p¥ with appears in Theorem 8.16 and in Corollary 8.17
satisfies
v ¥ AV : "
capt¥ — AY(,y)p? (dy) = —, almost everywhere in supp(u?),
Rd 2 (8.38)

w =0, almost everywhere outside supp(u¥).

Indeed, (8.38) follows by applying the Laplacian on both sides of (8.36). Note that the expression (8.38)
is not explicit as in the linear constraint case of Remark 8.13 because we are mot able to invert the
convolution associated to Ay in general.
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8.4 Numerical illustration
In this section we consider the problem of sampling from conditioned distributions of the form
Law (Xy | v (Xn) =0), (8.39)

where £y : (RN — R™ for some m > 1, and Xy is distributed according to Py defined in (8.7) for N
fixed. We drop the index N on £y in what follows to shorten the notation, and consider constraints
taking values in R™ for generality. Note that we consider equality rather than inequality constraints
since we have seen in Sections 8.3.2 and 8.3.3 that inequality constraints are either satisfied by the
equilibrium measure or saturated.

The first contribution of this section is to propose in Section 8.4.1 an algorithm for sampling
from (8.39). In a second time, we present in Section 8.4.2 some numerical applications, where we
illustrate the predictions of Sections 8.2 and 8.3. This is also the opportunity to explore conjectures
which are not proved in the present chapter.

8.4.1 Description of the algorithm

The description of the constrained Hamiltonian Monte Carlo algorithm used for sampling, which
builds upon the Hamiltonian Monte Carlo algorithm presented in Chapter 7, follows several steps.
We first make precise the structure of the measure (8.39). We next introduce a constrained Langevin
dynamics used for sampling, before giving the details of the numerical integration.

8.4.1.1 Dirac and Lebesgue measures on submanifolds

First, we describe more precisely the structure of the constrained measure (8.39) by introducing the
submanifold M, associated with the z-level set of £ for z € R™, namely

={ze( RHYN . ¢(z) = =z}, (8.40)

and we use the shorthand notation M = M. To define the conditioned measure, we use the following
disintegration of (Lebesgue) measure formula: for any bounded continuous test function ¢,

/(Rd z) do = / / T)0¢(z)—=(dz) dz. (8.41)

Indeed, for any z € R™, this defines the conditioned measure d¢(y)—.(dz), see [302, Section 2.3.2].
Since Py is given by (8.7), the constrained measure (8.39) can be written with the conditioned
measure d¢(,)(dx) associated with M through, for any bounded continuous ¢,

1

E[o(Xn) [én(Xn) =0] = Zg

[ ela) e @i (a). (8.42)

where ZJEV is a normalizing constant. The measure of interest is therefore

e*ﬂNHN(ZI/’)

%

P5(dx) = 8¢ () (da). (8.43)

In order to obtain a better understanding of (8.43), we relate the conditioned measure proportional
t0 J¢(y)(dx) to the Lebesgue measure induced on the submanifold M by the canonical Euclidean scalar
product, which we denote by o aq(dx). We use to this end the co-area formula |7, 173, 302]. We denote
by V& = (V&y,...,VE,) € RIVX™ and introduce the Gram matrix:

G(z) = V&(x)TVE(x) € R™*™, (8.44)
where the superscript T' denotes matrix transposition. In what follows, we assume that the Gram

matrix (8.44) is non-degenerate in the sense that G(z) is invertible for x in a neighborhood of M
(see [302, Proposition 2.1]).
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Proposition 8.20. The measures d¢(,)(dx) and opq(dx) are related by

Oe(a) (d) = |det G(w)| "2 0 p(d2). (8.45)
In particular it holds
—BNHE (z)
Zy

where

va(x) = Hy(z) + Un(z), Un(z)= log |det G(z)|. (8.47)

25
Remark 8.21 (Parametrization invariance). It seems at first sight that the definition of the condi-
tioned measure in (8.41) depends on the choice of parametrization of £, but it does not. To illustrate
this point, we consider for simplicity that m =1 and M = {m € (RHN . ¢(x) = 0}

First, the induced Lebesgue measure on M does not depend on the pammetmzatzon of M. Con-
sider next a smooth function F : R — R such that F(0) = 0 and F'(0) # 0, and the change of
parametrization M = {z € (RN : F(¢(x)) = 0}. The gradient of the constraint at x € (RN
then VF(&(x)) = F'(£(x))VE(x). Since £(x) =0 for x € M, the right hand side of (8.45) is changed
only by a multiplicative factor |F'(0)|? # 0. Therefore, the conditioned probability measure (8.43) is
left unchanged.

The aim is therefore to sample from (8.46), which is not an easy task except in very particular
situations, like the one studied in Section 8.2. The attempts in [201, 200, 319] show that a naive
approach is not efficient in general, since the conditioning event is rare. Actually, sampling probability
distributions under constraint is a long standing problem in molecular dynamics and computational
statistics. Concerning molecular simulation, one can be interested in fixing some degrees of freedom
of a system like bond lengths, or the value of a so-called reaction coordinate, typically for free energy
computations — we refer e.g. to [356, 106, 301] for more details. An example of application in
computational statistics is for instance Approximate Bayesian Computations, see [403, 322].

For sampling measures on submanifolds, a naive penalization of the constraint is not a good
idea in general, because it typically generates a very stiff dynamics whose numerical integration is
difficult. Moreover, our problem is made harder by the singularity of the pair interaction in the
Hamiltonian (8.8). We have seen in Chapter 7 that Hybrid Monte Carlo schemes (relying on a second
order discretization of an underdamped Langevin dynamics with a Metropolis—Hastings acceptance
rule) provide efficient methods for sampling such probability distributions. An issue when combining
a Metropolis—Hastings rule with a projection on a submanifold is that reversibility may be lost, which
introduces a bias. A recent strategy has been to introduce a reversibility check in addition to the
standard acception-rejection rule, which makes the HMC scheme under constraint reversible [430, 303].
Note that [432] proposes an interesting alternative to the scheme used here, but which is not compatible
with a Metropolis selection procedure in its current form. We thus present the algorithm as written
in [303], with some simplifications and adaptions to our context, for which we introduce next the
constrained Langevin dynamics.

8.4.1.2 Constrained Langevin dynamics

We define here an underdamped Langevin dynamics over the submanifold M, whose invariant measure
has a marginal in position which coincides with (8.46). We motivate using this dynamics by first
considering the problem of sampling from the unconstrained measure Py. For a given v > 0, we

define
dX; =Y dt,

2y (8.48)
dY;g = —VHN(Xt) dt—’}/}/t dt+ deBu
N

where (By);>0 is a dN-dimensional Wiener process. Like in Chapter 7, (X;);>0 stands for a position,
while (Y;):>0 represents a momentum variable. Let us mention again that the long time convergence of
the law of this process towards Py (a difficult problem due to the singularity of the Hamiltonian) can
be proved through Lyapunov function techniques [316] (see Chapter 3). In practice, the singularity
of g also makes the numerical integration of (8.48) difficult, and a Metropolis—Hastings selection can
be used to stabilize the numerical discretization [82]. The algorithm described below makes precise
how to adapt this strategy to sample measures constrained to the submanifold M.
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Since we aim at sampling from (8.46), it is natural to consider the dynamics (8.48) with positions
constrained to the submanifold (8.40), that is

dX, =Y, dt,
2
dY; = —VH(X;) dt — vY; dt + /Bi dB; + VE(Xy) dby, (8.49)
N
f(Xt) =0,

where (0;);>0 € R™ is a Lagrange multiplier enforcing the dynamics to stay on M. Let us emphasize
that the position constraint induces a hidden constraint on the momenta in (8.49), which reads

Vt>0, VEX)TY:=0.

The above relation is obtained by taking the derivative of ¢ — £(X;) along the dynamics (8.49).
This implies that momenta are orthogonal to the submanifold’s zero level set, which is a natural
geometric constraint [302, 303]. However, as hinted above, the dynamics (8.49) does not sample from
the conditioned measure (8.39), as shown in the following proposition [302, 303].

Proposition 8.22 (Invariant measure). The dynamics (8.49) has a unique invariant measure with
marginal distribution in position given by

e~ AnHy(x)
ZN
where va 15 a mormalization constant.

Although (8.49) does not sample from P]%, we have seen how to fix this problem. More precisely,
Proposition 8.20 shows that the dynamics (8.49) run with the modified Hamiltonian HJSV defined
in (8.47) samples from P1€/~

However, in practice, it may be preferable not to use the gradient of Uy, since it involves the
Hessian of the constraint £ and may be cumbersome to compute. Therefore, we will not run the
dynamics (8.49) with the modified Hamiltonian va but with Hpy, and perform some reweighting to
correct for the bias arising from the factor |det G(z)|~2. As explained in Remark 8.27 below in the
context of a HMC discretization, this ensures that we are sampling from the correct target distribution
while only moderately increasing the rejection rate.

8.4.1.3 Discretization

In order to make a practical use of (8.49) combined with Proposition 8.20, we need to define a
discretization scheme. We present below the strategy proposed by [303], which relies on a second
order discretization of (8.49) with a Metropolis—Hastings selection and a reversibility check.
As discussed after (8.49), momenta are orthogonal to the level sets of the submanifold. We then
define
My =1d - VE(r)GHa)Ve(x)T € (RHY, (8.50)

whose action is to project the momentum orthogonally to the submanifold M. We next define the
RATTLE scheme, which is a second order discretization of the Hamiltonian part of (8.49). A particular
feature of this numerical integration is to be reversible up to momentum reversal, at least for sufficiently
small time steps. We assume in Algorithm 8.23 that this condition holds, and we refer to [215,
Section VII.1.4] and [303] for more details.

Algorithm 8.23 (RATTLE). Starting from a configuration (T, Ym) with 2, € M and V&) ym =
0,

At
1. ynL-i—% =Ym — 7VHN(xTTL)'

2. Tyl :$m+Atym+%.

3. Compute the Lagrange multiplier 0,, € R™ associated with x,, 11 to enforce the constraint, using
Algorithm 8.25 below (if convergence has been reached).
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4. Project as @pi1 =2y 1 + Vé(xm)0m and Ymad =Ymadt + VE(x0)0m / At.

At
5. ym-{—% = ym+% - 7VHN(xm+1)

6. Ym+1 =rq1 Yy 3 where the projector U is defined in (8.50).

Finally, return (Tm41, Ym+1)-

We can now present the algorithm used to sample the conditioned distribution by integrating (8.49),
which runs as follows. First, the momenta y,,, are updated to 7,, according to the Ornstein—Uhlenbeck
process in (8.49) projected orthogonally to the submanifold with I, . Next, we evolve the config-
uration (%, ¥m) with a RATTLE step, leading to (41, Jm+1). However, reversibility may be lost
in the procedure for two reasons: either it is not possible to perform one step of RATTLE starting
from (Z,41, —Um+1), or the image of (Z,,+1, —¥m+1) differs from (x,,,, —m ). In both cases, the RAT-
TLE move is rejected, and the configuration is updated as (z,,, —J,,) (mind the fact that momenta
are reversed, which ensures the reversibility of the scheme with respect to momenta reversal). Fi-
nally, a Metropolis—Hastings acceptance rule corrects for the time step bias in the sampling. The full
algorithm reads as follows [303].

Algorithm 8.24 (Constrained HMC with reversibility check). Fiz T > 0, At > 0, v > 0, Kpax =
1, Niter = [T/At] and choose an initial configuration (xq,vo) with xg € M and VE&(xg)Tyo = 0
(possibly obtained by projection). Set also thresholds e,ov,enr > 0, and define na; = e 72t For
m=0,..., Niter — 1, run the following steps:

1. Resample the momenta as

o 1 -3,
m = pqe | DAtYm + 3 Gm | »
n

where G, are independent dn-dimensional standard Gaussian random variables.

2. Perform one RATTLE step with Algorithm 8.23 starting from (X, Gm), providing (Zm-+1, Ym+1)
if the Newton algorithm with Kyax, eEx has converged; otherwise set (Tm+1, Ym+1) = (Tmy —Gm )
and increment m.

3. Compute a RATTLE backward step from (Zm+1, —Gm+1), providing (z5¥, y=<V) if Newton with Kmax,
en has converged. If Newton algorithm has not converged or if |Tm, — x| > erev, reject the
move by setting (Tm+1, Ym+1) = (Tm, —Um) and increment m.

4. Compute the Metropolis—Hastings ratio

~ 2 ~ 12
po =1 nesp |, (B Gnen) + 2205 i) - B2E)) e
and set
( ) (Zmt1, Gm+1) with probability pr,
x =
mel Yl (T, —Um) with probability 1 — p,,.

A particularity of our implementation with respect to [303] is that we run the dynamics with the
Hamiltonian Hy while the Metropolis—Hastings ratio (8.51) (step (4) in Algorithm 8.24) is computed
with the modified Hamiltonian HS,. As pointed out in Remark 8.27 below, the modification induced
by the correction term Uy in (8.47) is generally small. Therefore, considering Hy for the dynamics
allows to avoid the computation of the Hessian of &, while the selection rule corrects for this small
error.

In order for our description to be complete, we define how to project the position on M (step (3)
in Algorithm 8.23). We use for this a variant of Newton’s algorithm.

Algorithm 8.25 (Newton algorithm). Consider a tolerance threshold exr > 0 and a mazimal number
of steps Kmax = 1. If one starts from an initial position 2° ¢ M and a Lagrange multiplier §° = 0 €
R™  the projection procedure reads as follows: while k < Kax,
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1. Compute My, = VE(2)TVE(2F) € Rmx™,
2. Set OF+1 =gk — M, 1¢(2b).
3. Define the new position x*+1 = ¥ + V¢(20)ToF+1.

4. 1If maux(|t9"“‘+1 — 6%, |§(:17k)|) < en, the algorithm has converged, else go back to step (1).
If the algorithm has converged in k < Kmax steps, return the value 8% of the Lagrange multiplier.

As we mentioned before Algorithm 8.24, we consider a fixed direction V&(2?) for projection. This
is needed to preserve the reversibility property of the final algorithm [303]. The procedure works as
soon as the matrix M}, defined in step (1) is indeed invertible at each step of the inner loop. This is
the case in our situation since we take m = 1, and we refer to [303] for more details. We are now ready
to use Algorithm 8.24 to sample from the constrained distribution, challenge the theoretical results of
Sections 8.2 and 8.3 and explore conjectures.

Remark 8.26 (Rejection sources). For a standard HMC scheme like in Chapter 7, rejection is only
due to the Metropolis—Hastings selection (step (4) in Algorithm 8.24). Here, rejection can be due to
the following reasons:

e the Newton algorithm in Step (2) (forward move) has not converged;

e the Newton algorithm in Step (3) (backward or reversed move) has not converged;
o the reversibility check in Step (3) has failed;

o the Metropolis rule in Step (4) has rejected the step.

In any case, the first step resamples the momentum variable according to the Ornstein—Uhlenbeck
process part in (8.48), and rejection comes with a reversal of momenta. Let us also mention that,
when the ratio (8.51) is computed with Hy (up to an additive constant), the Metropolis rejection rate
should scale as At>. This will be the case in our situation when & and ¢ are linear since in this
case the additional term Uy in (8.47) is constant, and we numerically observe this rate of decay (see
Figure 8.2).

Remark 8.27 (Correction term). Proposition 8.20 shows that the Hamiltonian of the system must be
modified in order for the constrained dynamics (8.49) to sample from the probability distribution (8.43).
Howewver, in Algorithm 8.24, we run the dynamics with Hy and perform the selection with Hf\, This
is motivated by the following scaling argument. Consider

1 N
€@) = 5 3l

for some real-valued smooth function ¢, which corresponds to the linear constraint situation described
in Section 8.3.2. In this case, the corrector term in (8.47) reads

) N
Un(z) = *mlog (Z |V¢($z)|> )

i=1
up to an additive constant. This means that the correction term in (8.47) scales like O(log(N)/N?)
when By = BN?, whereas the remainder of the Hamiltonian is O(1). As a result, the correction is
much smaller than the Hamiltonian energy Hy, and we may neglect it in the dynamics. This allows

to avoid computing the Hessian of the constraint £ at the price of a small increase in the rejection
rate.

8.4.2 Numerical results
8.4.2.1 Linear statistics with linear constraint: the influence of confinement

Since one motivation for our work was to study the trace constraint with quadratic confinement, as
detailed in Section 8.2, we first consider the model presented in Theorem 8.1 with d = 2, By = N2
and

VreR? olx)=c—z-v, v= (é) . (8.52)
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We run Algorithm 8.24 setting N = 300, T = 10%, At = 0.5, v = 1 and ey = €y = 10712
with K ax = 20. In all the simulations in dimension 2, the initial configuration is drawn uniformly
over [—1,1]%. We first set V(z) = 2|z|? and ¢ = 1, so that according to Theorem 8.1, the conditional
law of the empirical measure py under Py with the constraint gy (@) = 0 should converge in the
limit of large N towards a disk of radius 1/ V2, centered at (1,0) in R%. The simulations presented in
Figure 8.1 show a very good agreement with the expected result.

0.00

Figure 8.1 — Study of the quadratic confinement for N = 300 without constraint (left) and with
the constraint (8.52) (right). We see that the constrained measure is a disk of radius 1/4/2 centered
at (1,0).

In this simple case, the Hamiltonian in (8.47) is only modified by a constant, so we expect the
Metropolis rejection rate (step (5) in Algorithm 8.24) to scale like O(A#?) when At — 0. In Figure 8.2,
we plot this rate in log-log coordinates (setting here N = 20 to reduce the computation time). The
slope is indeed close to 3, which confirms our expectation.

32+

34t

-3.8 |-

Rejection rate

Linear fit ——

Simulation .

L L L L L L
-1.6 -15 -1.4 -1.3 -1.2 -1.1 -1 -0.9
Time step

Figure 8.2 — Study of the rejection rate of the Metropolis—Hastings selection rule with N = 20
(step (5) in Algorithm 8.24) in log-log coordinate. The slope of the linear fit is about 2.9.

In order to show that the translation phenomenon is specific to the quadratic confinement, we
first consider the case of a quartic confinement potential, namely V(x) = |z|*/2 subject to the con-
straint (8.52) with ¢ = 0.5. This choice for V together with ¢ defined in (8.52) satisfies Assumption 8.8,
so that Theorem 8.9 applies. However, no analytic solution is a priori available because the rotational
symmetry is lost. The unconstrained equilibrium measure in Figure 8.3 (left) shows a depletion of
the density around (0,0). In Figure 8.3 (right), we observe that the shape of the distribution is sig-
nificantly modified by the constraint, and does not possess any rotational invariance. As could have
been expected, the particles close to the origin feel a weaker confinement, so the distribution is more
concentrated near the outer edge.
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Figure 8.3 — Study of the quartic confinement for N = 300 without constraint (left) and with
the constraint (8.52) (right). The shape of the equilibrium measure is significantly distorted by the
constraint.

Another interesting case is when the confinement is weaker than quadratic, e.g. V(z) = §|x|%,

for which Theorem 8.9 still applies. The results are shown in Figure 8.4, considering again the
constraint (8.52) with ¢ = 0.5. We observe that the shape of the distribution also significantly
changes by spreading in the direction of the constraint. This can be interpreted as follows: since the
confinement is stronger at the origin, the more likely way to observe a fluctuation of the barycenter
(or less costly in terms of energy) is in this case to spread the distribution.

Quite interestingly, for both potentials the distribution obtained as ¢ — +o0o seems to reach a
limiting ellipsoidal shape, under an appropriate rescaling (figures not shown here). Studying more
precisely these limiting shapes and the rate at which they appear is an interesting open problem.

16

0.0

Figure 8.4 — Study of the weak confinement for N = 300 without constraint (left) and with the
constraint (8.52) (right). The constraint now spreads the equilibrium measure to the right.

8.4.2.2 Other constraints in dimension two

In order to illustrate the efficiency of our algorithm in situations richer than the linear constraint
with a linear function , we now present two other cases. First, we keep a linear constraint with
V(x) = 2|z|?, but set
cos(dzx1) + cos(dx
Vo eR? o(z)=c— ( 1)2 ( 2),

where 21 and z» denote here the first and second coordinates of 2 € R?. This choice is motivated by
Remark 8.13: since the Laplacian of ¢ takes positive and negative values, we expect the particles to
concentrate in some regions of R?, possibly leading to a phase separation. Note also that, in order
for the two last conditions in Assumption 8.8 to be satisfied, we need to choose ¢ € (—1,1). We set
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again N = 300 but At = 0.4 to reduce the rejection rate. The other parameters are the same as in
Section 8.4.2.1. We plot in Figure 8.5 the result of the simulation for ¢ = 0.2 and ¢ = 0.5. The particles
concentrate in the regions where the cosines are higher, which seems to lead to a phase separation for
the second value of c.

Figure 8.5 — Study of the cosine constraint for N = 300 with ¢ = 0.2 (left) and ¢ = 0.5 (right). A
phase separation appears as the particles are constrained to stay in the local maxima of the cosines.

In order to illustrate the results of Section 8.3.3, we consider a quadratic constraint ¢ : (RN — R
of the form

| X
Vo e (RHYN, ()= N2 Z (x4, z4), (8.53)
ij=1
with, for z,y € R?,
boy)=d(e—y), and Pz) =c— |a. (5.54)

A motivation for this choice is to modify the rigidity of the gas by constraining the particles to be
closer or further one from another in average. In order to make this rigidity anisotropic, we also
consider (8.54) with

Vo eR?  ¢(z) =c— |z (8.55)
The choice (8.55) modifies the rigidity only in one direction. For illustration we take V(z) = |z|*/2,
N = 50, At = 0.5, T = 10° (we take a lower number of particles because the constraint makes the
dynamics quite stiff). We set ¢ = 1 for (8.54) and ¢ = 0.5 for (8.55), which forces the particles
to move away from each other. These choices for i satisfy the conditions of Proposition 8.15, and
the application @ defined in (8.33) can be proved to be convex, so Assumption 8.14 is satisfied and
Theorem 8.16 applies. The distribution obtained for the constraint (8.54), presented in Figure 8.6
(left), shows that the more likely way for the particles to be repelled by the constraint induced by v
is to move away from the center and concentrate on the edge, compared to Figure 8.3 (left). For the
constraint (8.55), we clearly observe in Figure 8.6 (right) the effect of anisotropy.

8.4.2.3 A one dimensional example

We consider the Gaussian Unitary Ensemble (GUE), which is a degenerate two-dimensional Coulomb
gas for which the particles are confined on the real axis. Its corresponds in a sense to (8.7) with d = 1,
V(x) = 2|x|? but g(r) = —log|x|, and By = N2. It is known that the equilibrium measure is then
the Wigner semi—circle law, and we refer for instance to [29] for a large deviations study. We can
apply Theorem 8.1 for the linear constraint (8.52). In this case, the Wigner semi—circle law is indeed
translated by a factor ¢ (figure not shown here).

Next, in order to illustrate a case which is not covered by our analysis, we want to sample the
spectrum of those matrices whose determinant is equal to 1. In our context, this corresponds to
the configurations z € (R%)" with Hf\; |z;] = 1. By taking the logarithm, this constraint is actually
of the form (8.42) (by Remark 8.21 the conditioned probability measure (8.39) does not depend the
parametrization) with

N
Ve (RHN, () = %Zlog | 2] (8.56)
i=1
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Figure 8.6 — Study of the quartic confinement for N = 50 with the quadratic statistics con-
straint (8.53)-(8.54) where ¢ = 1 (left), and with the constraint (8.55) with ¢ = 0.5 (right). This
has to be compared to the unconstrained distribution in Figure 8.3 (left).

We plot in Figure 8.7 the distribution for n = 300, T = 10° and At = 0.05 for the unconstrained
log-gas, and with the constraint (8.56) for At = 0.01 (starting with particles equally spaced over the
interval [—1,1]). We observe what looks like a symmetrized Marchenko—Pastur distribution. Actually
Remark 8.13 suggests that the effective potential of the constrained distribution is | - |2 — alog| - | for
some « > 0, which is not that far from the Laguerre potential |- | — alog] - |.
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Figure 8.7 — Study of the one dimensional log-gas for N = 300 without constraint (top) and with the
constraint (8.52) (bottom). This corresponds to a deformation of the semi—circle distribution.
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8.5 Proofs

8.5.1 Proof of Theorem 8.1

This section is devoted to the proof of Theorem 8.1. The following lemma is some sort of quantitative
Wasserstein version of [55, Lemma C.1].

Lemma 8.28 (Translation). Let d > 1, p > 1, p1, 2 € Pp(RY) and ¢ : RY — R be a measurable
function. Then for all my,mo € RY,

d{’;vp (1 % Oy s 2 % Oy ) < 2P Y my — mg|P + 2p71d€Vp (1, p12)-
Moreover, if m; = a (f(pd,ui) fori=1,2 and a € R%, then
p=1 1
dw,, (111 * Oy, 2 % 0my) < 277 (L4 [alPll@lls,) 7 dw, (11, p2)-

Note that the right hand side is infinite if ¢ is not Lipschitz.

Proof. We have, by using the infimum formulation of the distance dw,,
d;eVp (lul * 6m1 ) 2 * 6m2) < 2p—1|m1 - m2|p + 2p_1d€Vp (Mla M2)7

where we used the convexity inequality |u + v|P < 2P~1(|ul? + |v|P) valid for all u,v € R%. Then

([ ot = a) )| < llleluapv, Goa ) < ol G, )
R

[my —ma| =

which is the claimed estimate. O

The following lemma is a d-dimensional version of the factorization lemma in [88]. It expresses
a non obvious independence between the center of mass and the shape of the cloud of particles
distributed according to Py. As noticed in [88], it reminds the structure of certain continuous spins
systems such as in [81, 321].

Lemma 8.29 (Factorization). Let us assume that the assumptions of Theorem 8.1 are satisfied, and
define u = (v,...,v) € (RON. Let 7 and 7+ be the orthogonal projections in (RN on the linear
subspaces

L=Ru and LJ‘:{me(Rd)N:x-u:0}.

Then, abridging Xy into X, the following properties hold:
e for all z € (RY)N, denoting s(x) = LAY € R, we have

m(x) = (s(x) - v)u = ((s(z) - v)v,..., (s(2) - V)v),

at(z) =z —n(x) =z — (s(z) - v)u = (z1— (s(x) - v)v,...,zn — (s(x) - v)v);

o 7(X) and 7+ (X) are independent random vectors;

o m(X) is Gaussian with law N (O )u, so that s(X) - v has law N (0 N )

N
> 28N 28N

o (X)) has law of density proportional to x € L+ e PNHN (=) with respect to the trace of the
Lebesque measure on the linear subspace L+ of RIN—1,

Proof of Lemma 8.29. Since |v| = 1, we have |u| = V' N, so the orthonormal projection on L reads,

for x € (RH)N
m(z) = \u|2 ( le 11) u=(s(z) v)u

The expression of 7 follows easily. For all z € (RN, from x = 7(z) + 7 (x) we get

2 = [ (@)]* + |7+ ().
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On the other hand, for all 4,5 € {1,..., N} it holds

Since V(z) = |z|?, it follows that for all z = (x1,...,zyx) € (RY)N
1, 5 1 1 9 n
Ha(w) = ol + 5 0w — 2,) = ln(a)f+ Hy (7).
i#]

Now, let uy, ..., ugy be an orthogonal basis of (R?)N = R with u; = u/v/'N € L. For all z € (RN
we write © = Efj’l ti(x)u;. We have 7(z) = t1(z)uy = (s(x) - v)u and 7t (z) = Efﬁg t;(x)u;. Then,
since By = BN? we have, for all bounded measurable f : L — R and g : L+ — R,

E[f(ﬂ(X))g(ﬂ'L(X))} =Z_1/ f(ﬁ(x))g(ﬂl(x))e R |m(@)1? g =B H ( m))dxl ~drn

(R4)N
-7 / f BN |t |2 )(/ g(t”>e—BNHN(t”)dt//)’
RAN—1

where t' = tjuq, dt’ = dt1, t”" = Zfﬁg t;u; and dt”’ = Hfivg dt;. This concludes the proof of the last
two points of the lemma. O

We can now turn to the proof of Theorem 8.1.

Proof of Theorem 8.1. Thanks to Lemma 8.29, we have, denoting again by u = (v,...,v) € (RH)V,

Law <XN

=Law ( Xy | 7(XnN) = cu)
= Law (cu+ 7 (Xy))
= Law (X)), (8.57)

where Xy = cu+7H(Xn) =cu+ Xy —7(Xpn). We also have
Xni+-+XNnN

Xy = ((C—S(XN)~U)U+XN71,...7(C—S(XN)%J)U—I—XN’N) where s(Xy) =

N
In other words (recall that p(z) =z - v —¢)
- 1 1 o
Xy = (XN,l N ;SO(XN,D% ooy XNN — N ;@(XNJ)U>’
so that
1 o 1 o
LN = N ;5)}]%1_ = uN *0pm, Where puny = i iz_;éxw and my = v/cpd,uN.

Thanks to the assumptions on V and g we know that the equilibrium measure p, is the uniform
distribution on a ball of radius 1. Now we note that ||¢|lLip < 1 and [¢du. = ¢, so that by
Lemma 8.28, denoting % = 6.y * p, for all p > 1, there exists ¢, > 0 with

dw, (i, 1%) < cpdw, (U, 114).- (8.58)
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On the other hand, the large deviations principle [84, Proof of Theorem 1.1(4)] when 8y /N — 400
gives, for all € > 0,

> P(dpL(pn, 1) =€) < 00 (8.59)
N

(alternatively we could use the concentration of measure [85, Theorem 1.5] and get the result for dyy, as
well). This summable convergence in probability towards a non-random limit, known as complete con-
vergence [429], is equivalent, via Borel-Cantelli lemmas, to state that almost surely, limy_, o0 dpr (1w, f14) =
0, regardless of the way we defined the random variables X and thus the random measures uy on
the same probability space.

In order to upgrade the convergence from dpy, to dy, for all p > 1, we note that from [85, Theorem
1.12], there exists 1o > 0 such that for all r > ro,

ZIP’( max |Xn x| > 7") < 0. (8.60)
~ 1<k<N

Now for all p > 1 and all i, v € P(R?) supported in the ball of R? of radius r > 1, we have
iy, (1, v) < (2r)P"tdw, (i, v) < r(2r)PHdpr (s, v).

Also, by combining (8.59) and (8.60), we obtain that for all p > 1 and all £ > 0,

> P(dw, (un, 1) =€) < o0. (8.61)
N

By the Borel-Cantelli lemma, for all p > 1, almost surely, limy oo dw, (in, i) = 0, regardless of
the way we define the random variables Xy on the same probability space. Finally, since p — dw, is
monotonic in p, we can make the almost sure event valid for all p by taking the intersection of all the
almost sure events obtained for integer values of p.

By combining (8.61) with (8.58), we obtain that for all p > 1 and € > 0,

> P(dw, (fin, 1¥) > €) < oo. (8.62)
N

Now if Yy is a random vector of (R%)Y such that Law(Yy) = Law(Xn | o(Xn 1)+ -+ @(Xnn) = 0)
then, denoting by ul = % Zil dyy.;, using (8.57) and the fact that u¥ is deterministic, we get

d ~
dw, (ux, #¥) = dw, (fin, 19).

Therefore, from (8.62) we get, for all p > 1 and all £ > 0,

ZP(dwp(upuw) >e) < 0.
N

By the Borel-Cantelli lemma, for all p > 1, almost surely, limy o dw, (uX, 1u?) = 0, regardless of the
way we define the random variables Y on the same probability space. Finally, since d, is monotonic
in p, we can make the almost sure event valid for all p by taking the intersection of all the almost sure
events obtained for integer values of p. O

Note that the above proof relies crucially, via Lemma 8.29, on the quadratic nature of V. However
the Coulomb nature of g is less crucial and the result should remain essentially valid provided that the
convergence to the equilibrium measure holds, for instance at the level of generality of the assumptions
of the large deviations principle in [84].

8.5.2 Proofs of Section 8.3.1

We start with the proof of the abstract Gibbs conditioning principle.

Proof of Proposition 8.3. The set 5 defined in (8.21) is not empty because the infimum is finite
by (8.20), B is closed and I has compact level sets (which also implies that I is lower semicontinuous),
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so the infimum is attained at least for one measure. Moreover, .#g is closed by lower semicontinuity
of I. Now, since

1 1 1
—log}P’(YN €A |vye B) = logP(Yy € A.NB) — — logP(Yy € B),
BNy BN BNy

the result follows from an upper bound on P(A. N B) and a lower bound on P(B). The upper bound
of the large deviations principle implies that

— 1
lim —logP(Yy € A.NB) < — inf I (8.63)
N—+oo DN A.NB

Assume first that A. N B # (). Since A. = {y € Y, d(y, #B) > €}, the lower semi-continuity of [
shows that there exists ¢, > 0 for which

inf I >c.+infl,
A.NB B

so that )
im — < —infl—c.. .
NLH}rloo B logP(Yy € AcNB) < néfI Ce (8.64)
If A N B = {), the infimum in the right hand side of (8.63) is equal to 400 so that (8.64) still holds.
The lower bound for the set B reads

1
lim —logP(Yy € B) > —infI.
N—+oo PN B

Since B satisfies (8.20), it holds

N@w - %logP(YN € B) < i%fI,
which, together with (8.64), leads to (8.22).

Finally, if Y}, ~ Law(Yy | Yy € B) and if we define the Y{’s on the same probability space then,
for all € > 0, by the Borel-Cantelli lemma, ) P(Y}, € A.) < co and thus, almost surely, Y3, & A.
for large enough N. Since the set A. depends on ¢ > 0, by taking ¢ — 0 with ¢ € QQ, we obtain that
almost surely, limy_,oo d(Y3, #B) = 0. O

We next recall elements of proof for the properties of the rate function £.

Proof of Proposition 8.5. Consider a probability measure p € Dg, so

[ Vi) + / / e = dn)udy) < +x.

Since V satisfies Assumption 8.4 and therefore beats g at infinity (in particular when d = 2), we have
[ laPutd) <+,
Rd

for 1 < p < q. Thus Dg C P,(R?).

In order to show the convexity of £ is it sufficient to study that of J defined in (8.17). When
d > 3, this is a consequence of [84, Lemma 3.1]. In the case d = 2, convexity over D¢ is also shown
in [84, Section 3]. Note that convexity is in general due to a Bochner-type positivity of the interaction
kernel.

Finally, the existence of a unique minimizer with compact support solving (8.24) follows from [84,
Theorem 1.2] for d > 3 and [380, Chapter I, Theorem 1.3] for d = 2. Since the minimizer of &
over P(R?) has compact support, the three problems in (8.23) clearly coincide. O

We finally present the proof of Theorem 8.7, which is a consequence of Proposition 8.3 and the
Borel-Cantelli lemma.
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Proof of Theorem 8.7. Under Py, the empirical measure uy associated to Xy satisfies a LDP in the

p-Wasserstein topology with good rate function £. Since B is assumed to be a closed continuity set for

the p-Wasserstein topology, the set &g defined in (8.26) is closed and non-empty by Proposition 8.3.
For simplicity we denote by

1 N
Y _
Uy = N;(SYNz

the empirical measure associated to Yy, where Yy ~ Law(Xy | uny € B). For any € > 0, we define
the set A, as in Proposition 8.3. Then, there exists ¢. > 0 such that

Zp(dwp(u%,gg) > 6) = Z]P)(dwp(/l,]\],g]g) > € | uN € B)
N N

=> P(un € A | ux € B)
N

< CZe_ﬂNCE < 400,
N

for some C > 0. Since Sy > N, the Borell-Cantelli lemma implies that
Jim dw, (un, &) =0,

almost surely in any probability space, which concludes the proof. O

8.5.3 Proof of Theorem 8.9

The proof is decomposed into four steps. We first show that under Assumption 8.8, the set B is an
I-continuity set for the electrostatic energy £. Next, we show that any minimizer of £ over B has
a compact support, and hence the minimizer is actually unique. The last two steps characterize the
minimizer through (8.29).

Step 1: I-continuity. Let us first show that B is closed for the p-Wasserstein topology by showing

that B¢ = {u € Pp(R?) | u(p) > 0} is open. Take p € B® and v such that dw, (p,v) < ev for some
€ > 0. By definition of the p-Wasserstein distance it holds

sup < fdu —/ gdu) <e. (8.65)
fEL (), g€L! (v) \JR? R#
f@)<g(y)+lz—yl”

Since |||l co.p < +00, for any u, v € P,(RY) it holds ¢ € L (v)N L (). Moreover, ||¢||Lip < +00 and ¢
cannot be a constant function because this would contradict the existence of p4 in Assumption 8.8,
s0 ||¢llLip > 0. As a result, for | —y| > 1 we have

o(x) = p()] < llelluplz =yl < elluiple = y[*.

Therefore, ¢ /||| Lip satisfies the inf-convolution condition in (8.65) and we may pick f = g = ¢/||¢||Lip

so that
/ Ldu—/ Ldyga
e ellLip re |[#llLip

p(p)
lellLip

As a result, B¢ is open and B is closed for the p-Wasserstein topology.
We now prove that B is an [-continuity set, namely that (8.28) holds. By the same reasoning as
above, the existence of u_ € Dg such that p_(¢) < 0 ensures that yu_ € B so

which becomes

v(p) = u(p) —ellellup >0 for <

inf £ < +o0.
B
Since B is closed and & has compact level sets (in particular it is lower semicontinuous), there exists [
such that
E(p) = i%f E.
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If i(p) < 0, it holds i € B and the proof is complete. Thus we may assume that fi(¢) = 0 and, by
considering a minimizing sequence, for any € > 0 we may find p. € B such that

E(ue) <inf& +e. (8.66)
B

For t € [0, 1], we introduce ji; = tu. 4+ (1 —t)fi € Dg. Since ji(¢) = 0 it holds y; € B for any t € (0,1].
By convexity of £ on its domain we have

E(pe) < tE(pe) + (1 —H)E(R).

We now proceed by contradiction by assuming that £(fi) = inf 5 £ —n for some n > 0. Recalling (8.66),
we have for some € > 0 and any ¢ € (0, 1]

E(pe) <t<iqf5+5> +(1-1) (ir}f&'—n) =infE+te — (1 —1)n.
B B B

Considering
n

t< ,
e+

we obtain that u; € B with
B

which is a contradiction. Therefore, (8.28) holds true.

Step 2: the minimizer is unique and has compact support. We now show that any min-
imizer p¥ has a compact support, before turning to uniqueness. We detail the proof for d > 3
following [84] by highlighting the necessary modifications, and leave the proof for d = 2 to the reader
(which is deduced from [380, Chapter I, Theorem 1.3]). We introduce

C 1m 6
and, for any compact K,

CK:iélfg, where By = {u € B | supp(u) C K}.
K

By Assumption 8.8, By is non empty for K large enough (consider p_ restricted to K). By Assump-
tion 8.4, for any constant C' the set

K={zeR% V(z)<C}

is compact. In all what follows, we assume that V' > 0. Since V is lower bounded and defined up to
a constant, there is no loss of generality.

Let us show that ( = (i for C large enough. Since the minimizers on B and B coincide, we can
consider a measure p € B such that pu(¢) < 0and E(p) < (+1. If p(K) = 1, the measure has compact
support and we are done, so we assume that p(K) < 1. The goal of the following computations is to
build a measure ux € B supported in K such that £(px) < E(u); this contradiction will show that ¢
and (g are equal. Let us first show that u(K) > 0 for C large enough. Indeed,

CH1z = [

Vdu+/ Vidp+ () > (1 — u(K)),
K c

——
>0
>0

which shows that p(K) > 0 if C > ¢ + 1. We may therefore define the restriction

o m(EN)

Since p(K) < 1, we define similarly pge. The measure u then reads

p=p(K)pk + (1 — p(K))prce.



CHAPTER 8. COULOMB GASES UNDER CONSTRAINT: SOME THEORETICAL AND NUMERICAL
254 RESULTS

Moreover, we chose p such that p(e) < 0, so it holds ux € Bk for C large enough. Using the
positivity of V and J (since d > 3 it holds g > 0), and u(K) < 1, we obtain that

£00) > p(0) [ Ve + (1= ) [V dree+ ) ()

> WP e) 4w [V + (1= ()C
> u(K)?E(ux) + (1 — u(K))C.
Let us proceed by contradiction by assuming that £(ux) > £(p), which leads to
E(n) = WK)*E(n) + (1 — p(K))C.
Since £(p) < ¢ + 1 we obtain
(C+1)(1 = u(K)?) > (1 - p(K))C.
Simplifying by 1 — p(K) we have
2(¢+1) = C,

which is absurd for C' > 2({+1). Since pux € B for C large enough, this shows that ¢ and (x coincide
and that any minimizer has compact support.

In the above proof, the only modification with respect to previous works (see for instance [84]) is
to check that the restricted measure uy satisfies the constraint for C' large enough. This is done by
picking the measure p close to the minimum and such that p(¢) < 0. The same strategy can be used
in the situation where d = 2 by writing

e = [ (P togle— ol ) wtaonutan)

and adapting [380, Chapter I, Theorem 1.3 since V(z) + V(y) dominate log |z — y| at infinity by
Assumption 8.4.

In order to show that the minimizer is unique, it suffices to notice that for two probability measures
1, v with compact support, it holds J(v—pu) = 0 if and only if 4 = v, see [284, Theorems 1.15 and 1.16].

Step 3: Lagrange multiplier. We now turn to a first step towards the expression of p¥ involving
a Lagrange multiplier «. We adapt the proof of [26, Theorem 3.1] by introducing the following subset
of R%:

R={(E(n) — E(u?) + ao, (@) +a1) 1 ag >0, a1 >0, p € De}. (8.67)
Since £ is convex on its domain Dg (which is convex), R is a non void convex subset of R? that does
not contain (0,0) (recall also that Dg C P,(R?) so the constraint takes finite values). Separating R
from (0,0) with a hyperplane (see [26, Corollary 1.41]), this ensures the existence of (ag, ;) €
R2\ {(0,0)} such that, for any u € D¢ and ag,a; > 0 it holds

ag(E(p) — E(u?) + ag) + ax (u(e) + ar) = 0.

By taking a1 — —u¥(¢) > 0 and g = p¥ in the above equation, we obtain that ap > 0. Then,
choosing p = p?, ag — 0 and a; > —p?(p) > 0 we find «; > 0. Taking ag,a; — 0, we obtain

Vi€ De, apf(u?) < aof(p) + aru(p). (8.68)

We now prove that ag > 0 by contradiction, using a kind of qualification of constraint argument. If
ag = 0, (8.68) becomes
Ve De, 0<aip(p).

Since a1 # 0 in this case, the above equation contradicts Assumption 8.8 by taking u = p_, so ag > 0
and we may renormalize (8.68) into

Vue De, E(p*) <E(p)+ aplp), (8.69)

where we set @« = a1/ap > 0.
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Finally, we show that either pu¥ = puy, in which case a = 0, or u¥(¢) = 0 and « > 0. First, if
lsx € B, p, satisfies the constraint and we know from Proposition 8.5 that it solves (8.29) with o = 0.
Otherwise, it holds p.(p) > 0. Assume that p¥(p) < 0 and take g = p® in (8.69), so

a/‘w(@) 2 0,

which implies @« = 0. Therefore, (8.69) implies that p? is the global minimizer u,, which is in
contradiction with () = u?(p) < 0, so the minimizer actually saturates the constraint and « > 0.

Step 4: potential equation. In order to derive the equation for u?, we follow [84, Section 4] by
introducing the modified potential and electrostatic energy, for p € P(R9),

Vo=Vetag, Eal)= [ Valahu(da) + 7).

Since the case when a = 0 corresponds to no-conditioning and we already know the equation satisfied
by the equilibrium measure in this case, we restrict our attention to the situation in which o > 0 and
1? () = 0. We define next, for any p € Dg,

ViE (0,1), () = Eal(l — )7 + ).
Because of (8.69) and the convexity of 1, it holds ¢'(0) > 0, so that
0<4'(0) = / Vo d(pp — p#) +2J (1%, pp — p#)
Rd
< / Vo dp+2J (17, p) — </ Vo dp® + 2J(u“”,u“")>
Rd Rd
< / (Vi + 20U )dpi — Cp,
R4

where we set U,» = p¥ * g and
Co= [ Vadi? +20(u%.4%) = [ (V +20,0)
Rd Rd
since u?(p) = 0. The above inequality may be rewritten as
Yy € De, / (Vi + 20,0 — C) dp > 0,
Rd

which proves the second line of (8.29) (by definition of quasi-everywhere).

Let us now prove the first line in (8.29) by contradiction. Assume that there is € supp(p?)
such that V() + 2U,«(z) > C,. Since p¥ has compact support, U,» is lower semi-continuous (284,
page 59]. By lower semi-continuity of V', there exists a neighborhood U of x and ¢ > 0 such that

Veeld, Vo(x)+2Uue(xz)>Cyp+e.

Integrating with respect to u? and using pu?(¢) = 0 leads to

C, = / (Vo + 2Up) dp# = /(V+ 2Uye ) dp? +/ (V' + 20y ) dpi?
R u RAU

> (Cy +e)p?(U) + / (V42U ) du?.
RANU

Since Vi, + 2U,» 2= C, quasi-everywhere and pu? € Dg, the above inequality becomes
C, = / (Vo +2U,0) dp? = Cp + ep?(U).
Rd

We reach a contradiction by noting that u?(U) > 0 since U is a neighborhood of x € supp(u?) (and
using the definition of the support), which proves the first line of (8.29).
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8.5.4 Proof of Theorem 8.16

We outline the proof of Theorem 8.16, which follows the same lines as in the linear case.

Proof. We show below that B defined in (8.32) is closed for the p-Wasserstein topology under As-
sumption 8.14. For this, we show that B¢ is open by picking u € P,(R?) such that Q(n) > 0 and

using again that, for e > 0 and v € P,(R?) such that dw, (u,v) < 5%, it holds, by (8.15),

sup < fdu —/ gdu) <e. (8.70)
FEL (1), geL} (v) \JRd R
f@)<g(y)+z—yl?

First, we note that for any p,v € Py(R?) it holds [|[UY]|ep < 400 and |UY||sc,p < +00. Therefore,
U;f € LY(p) N LY(v) and UY € L'(u) N L'(v) for any probability measures p,v with moments of
order p. Next, by (8.34), it holds [[U¥||Lip < CLip and [|UY||Lip < CLip. We assume for now that these
norms are non-zero, so we may first choose, f =g = Uﬁ/HU;"HLip, which leads to

Q- [ wegldoutdy) <0 i .71
R4 xR4
Symmetrically we take f = g = —UY/||U¥|Lip, which leads to

[, vty - w) < |0y (572
R4 xR4
By summing (8.71) and (8.72) and using the symmetry of ¢, we obtain

Q) = Q) = (IlUY lip + U llLip) > Q1) — 2CLipe. (8.73)

This shows that Q(v) > 0 for ¢ < Q(u)/(2CLip). To finish the argument, we consider the cases
where the Lipschitz norm of the potentials generated by g and v may be zero. Suppose first that
|U¥]|Lip = 0. This implies the existence of ¢, € R such that

Yz eRY, /Rd Y(z,y)p(dy) = cp. (8.74)

Integrating the above equation with respect to p shows that ¢, = Q(n) > 0. As aresult, if ||U;f’ lLip =0
and v is such that ||U¥||Lip, > 0 we can consider (8.72), which becomes (integrating (8.74) with respect
to v)

Q) = Q(u) — el Uy |Lip > Q1) — eClLip.
In this case, Q(v) > 0 for ¢ < Q(u1)/CLip. Then, if |UY||Lip = 0 it holds, for some ¢, € R,

Vo € RY /]Rd P(z,y)v(dy) = c,. (8.75)

Integrating with respect to p and using the symmetry of ¢ we obtain that ¢, = ¢, > 0. Integrating
next (8.75) with respect to v shows that Q(v) = ¢, = Q(u) > 0. Finally, if |U||Li, > 0 but
1U¥||lLip = 0, (8.75) holds with ¢, = Q(v) so that (8.71) becomes

QW) =2 Q(u) — eClLip,

and the same conclusion follows. As a result, in any case the measures v such that dw, (i, ) < eb
for e < Q(u)/(2CLip) belong to B® so that B¢ is open and B is closed in the p-Wasserstein topology.
We next show that B is an [-continuity set. The existence of u_ € Dg such that Q(u—) < 0
ensures that
inf & < 4o0.
B

Since £ has compact level sets and B is closed, there exists fi such that

E(p) = 1%f€.
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If Q(f1) < 0, I-continuity is proven, so we may assume that (1) = 0. Like in the linear case, we may
take e € B such that
E(pe) <inf &+,
B

and consider the convex combination p; = tp. + (1 — ¢)i for ¢ € (0,1). The convexity of @ shows
that, for any ¢t € (0, 1) it holds

Que) < 1Q(pe) + (1 = )Q(R) <0,

so that p; € B. Proceeding by contradiction by supposing that £(f1) < infg £, we obtain that for
t > 0 small enough it holds p; € B and

B

which is a contradiction, proving that B is an I-continuity set.

One can next follow the step 2 of the proof of Theorem 8.9 to show that the minimizer p¥ is unique
with compact support.

At this stage, the rest of Theorem 8.16 follows like the proof of Theorem 8.9. In particular, we
can introduce a set similar to (8.67) by setting

R={(E(w) — &) + a0, Q(r) + ar) rap >0, a1 >0, p € D¢}

The set R is convex by convexity of @), so the same convex separation theorem can be used, and we
can show that there exists o > 0 such that

Vpe De, EpY)<E(n)+aQ(p).

In this procedure, we use the existence of 4 from Assumption 8.14 in order to reproduce the qualifi-
cation of constraint argument. This leads to computations where the interaction energy J is replaced
by

Talwr) = Jr) o [[ vl putds)a(y),
R xR4
which leads to (8.36) by following the step 4 of the proof of Theorem 8.9. O

We insist on the importance of the convexity of @ for the above proof to be valid.
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