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Abstract ix

SYSTEMS OF PARTICLES IN (SINGULAR) INTERACTION : LONG-TIME BEHAVIOR AND PROP-
AGATION OF CHAOS

Abstract

This thesis is devoted to the study of certain systems of N particles in mean-field interaction, and of
a specific phenomenon : in such systems, when N — oo, two given particles become "more and more"
independent. This property is named propagation of chaos, and our aim is to prove it in several settings.
We focus on three main cases: the kinetic one (i.e. with degenerate noise), the one with singular
interactions, and the one with incomplete interactions. In each case, we seek to obtain quantitative and
uniform in time results. We start by setting up a coupling method to prove the long time convergence
of the Viasov-Fokker-Planck equation describing the limit of particles in Lipschitz interactions and
confined by a non-convex potential. The coupling method is then adapted to prove the propagation of
chaos property for this system, as well as for the FitzHugh-Nagumo model describing neurons in the
brain interacting in a mean field way. We then focus on a few particle systems in Riesz interactions.
The first one is the 2D vortex model, for which we prove uniform in time propagation of chaos using
entropic methods. We then study a one-dimensional singular system, motivated by the Dyson Brownian
motion derived from the study of random matrices, for which we prove this same phenomenon by a new
coupling. Finally, we show the uniform in time mean field limit for a system of particles interacting
according to a graph, random or not, before turning our attention to a method of numerical simulation
of interacting particles. In particular, we study the Random Batch Method, and its effect on the phase
transition that may exist for the nonlinear limit of the particle system. To this end, we look successively
at the Curie- Weiss model and the double-well model for the overdamped Langevin equation.

Keywords: probability theory, stochastic calculus, coupling methods, propagation of chaos, logarithmic
sobolev inequality.

Résumé

Cette thése est consacrée a 1’étude de certains systémes de N particules en interaction en champ moyen, et
d’un phénoméne particulier : dans de tels systémes, lorsque N — 0o, deux particules données deviennent
"de plus en plus" indépendantes. Cette propriété est appelée propagation du chaos, et notre objectif
est de la prouver dans plusieurs contextes. Nous nous concentrons sur trois cas principaux : le cas
cinétique (c’est-a-dire avec un bruit dégénéré), celui des interactions singuliéres et celui des interactions
incomplétes. A chaque fois, nous cherchons & obtenir des résultats quantitatifs et uniformes en temps.
Nous commencons ainsi par mettre en place une méthode de couplage afin de prouver la convergence
en temps long de 1’équation de Viasov-Fokker-Planck décrivant la limite de particules en interaction
lipschitzienne et confinées via un potentiel non convexe. Cette méthode est ensuite adaptée pour prouver
la propriété de propagation du chaos pour ce systéme, ainsi que pour le modéle de FitzHugh-Nagumo
décrivant des neurones dans le cerveau interagissant en champ moyen. Nous nous intéressons ensuite a
quelques systémes de particules en interaction de type Riesz. Le premier est le modéle de vortex 2D, pour
lequel nous prouvons la propagation du chaos uniforme en temps en utilisant des méthodes entropiques.
Nous étudions ensuite un systéme singulier en dimension 1, motivé par le mouvement brownien de Dyson
provenant de 1’étude de matrices aléatoires, pour lequel nous prouvons ce méme phénoméne par un
nouveau couplage. Enfin, nous montrons la limite de champ moyen uniforme en temps pour un systéme
de particules interagissant selon un graphe, aléatoire ou non, avant de nous intéresser & une méthode
de simulation numérique de particules en interaction. En particulier, nous étudions la Random Batch
Method, et son effet sur la transition de phase qui peut exister pour la limite non linéaire du systéme de
particules. Pour cela, nous regardons successivement le modéle de Curie- Weiss et le modéle double-puits
pour ’équation de Langevin sur-amortie.

Mots clés : probabilités, calcul stochastique, méthodes de couplage, propagation du chaos, inégalité de
sobolev logarithmique.

Laboratoire Jacques-Louis Lions
Sorbonne Université — Campus Pierre et Marie Curie — 4 place Jussieu — 75005 Paris — France
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Résumé succinct en francais

Comment ¢a merde alors ? But alors you
are French ?

Louis de Funés, La Grande Vadrouille

(1966), writbenby écrit par Georges et
André Tabet.

This is the only chapter in French.

Nous étudions dans cette thése des systémes de particules en interaction. En particulier, nous
cherchons & prouver dans plusieurs cas le phénoméne suivant :

Dans un systéme de N particules en interaction, lorsque N — oo,
deux particules données deviennent "de plus en plus" indépen-
dantes.

Ce phénomeéne a été nommé propagation du chaos : le chaos fait bien entendu référence a la
propriété d’indépendance, tandis que le terme propagation souligne le fait qu’il suffira de montrer
I’indépendance & la limite N — oo au temps ¢t = 0 pour qu’elle soit également vraie & la limite a
un temps ultérieur ¢ > 0.

Le systéme typique de particules est décrit par un systéme d’équations différentielles stochas-
tiques (EDS) de la forme suivante

N
. 1 . . .
dxiN = ¥ > KXY — xPN)dt + /20 dB].
j=1

Chaque particule est représentée par une quantité X € R, généralement sa position, oil Xti N
désigne la position au temps ¢ de la i-éme particule. K est une fonction (nous parlerons de noyau
d’interaction), oy est un coeflicient de diffusion qui peut dépendre ou non du nombre total de
particules, et les (B?); sont des mouvements browniens indépendants en dimension d.

Comme mentionné, nous souhaitons comprendre la limite lorsque N tend vers 'infini de ce
systéme. En notant u,{v = % Zfil d i~ la mesure empirique, nous pouvons réécrire le systéme
d’EDS comme suit t

AXN = K 5 p (XZ’N) dt + 2oy dB!,

ol  désigne 'opération de convolution : K*u(z) = [ K(z—y)p(dy). Silon s’attend effectivement
a ce que les particules deviennent indépendantes a la limite N — oo, ainsi que identiquement
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distribuées, on devine que pl¥ convergera vers une mesure p;, la loi d'une particule typique & la
limite. De la, trés formellement, un candidat naturel pour 'EDS limite

{ dXt =K *_ﬁt(Xt)dt + Vv 20'dBt,
ﬁt = LaW(Xt),

ot 0 = limoy. Cette EDS non linéaire est dite de type McKean-Viasov en raison de la non
linéarité induite par I'interaction avec sa propre loi.

Notons pf N = Loi (th’N s ey Xf ’N) la loi jointe du sous-ensemble des k premiéres particules

du systéme de N particules (avec la convention pN = pN™) et p®% = p, @ .... @ p; la loi non
linéaire limite p; tensorisée k fois.
Notre but est ainsi de montrer un résultat de la forme

Propagation du chaos : Nlim pf’N = ﬁ?k,Vk € N,Vt > 0, si cela est vrai pour t = 0,
—00

ou, de fagon équivalente, (voir par exemple Proposition 2.2 de [162])

Limite de champ moyen : A}gn uiv = p¢, Vt > 0, si cela est vrai pour t = 0.
[ee]
Nous ne précisons pas a ce stade le sens donné aux limites mentionnées ci-dessus.

Le document s’articule autour de trois grands axes, correspondant & des variations autour du
systéme de particules donné ci-dessus.

e Le cas cinétique (ou bruit dégénéré) : le mouvement brownien n’agit pas sur toutes les
coordonnées.

e Le cas singulier : le noyau K est singulier en 0.

e Avec des interactions incomplétes : les particules n’interagissent plus avec toutes les autres
particules.

Partie I : Le cas cinétique (ou bruit dégénéré). Le premier travail [83] concerne la preuve
de la propagation du chaos uniforme en temps pour un systéme de particules de la forme

ax;pN = v Ndt
AVt = aodBi — Vi Ndt - VU(XpN)dt — £ ST, VIV (XY - Xt

ol XZ’N et V! sont respectivement la position et la vitesse de la particule i dans R, U est
un potentiel de confinement non convexe tel que VU est lipschitzienne, et W est un potentiel
d’interaction tel que VW est lipschitzienne avec un coefficient de Lipschitz suffisamment petit.

Nous considérons pour cela une méthode de couplage suggérée par A. Eberle [66], connue
sous le nom de couplage par réflexion, congue & l'origine pour traiter le comportement en temps
long des processus de diffusion généraux, comme dans |66}, [69], et étendue plus tard pour montrer
la propagation du chaos uniforme en temps dans un systéme en champ moyen dans [64]. Cette
méthode de couplage repose sur la construction minutieuse d’une semi-métrique prenant en
compte les différents comportements des particules.

Cela correspond au Chapitre
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En utilisant les mémes idées, il est également possible de prouver la propagation du chaos
uniforme en temps pour un systéme de neurones dans le cerveau suivant le modéle de FitzHugh-
Nagumo

dxpN = (XpN = (xXpN)P - CpN —a)dt + % 0L, Kx (2N = 20N) + oxdBpt
dep™ = (XN = Oy Bydt + % 0L Ke(ZyY = Z0Y) + ocdBy €,

ou X Z Nest la potentiel de membrane de la particule ¢ et Cf "V est une variable dite de récupération
et ol nous permettons & ox ou o¢ d’étre égal & 0. Une fois encore, Kx et K¢ sont des noyaux
d’interaction supposés lipschitziens avec une constante de Lipschitz suffisamment petite. Au-dela
du résultat concernant les réseaux de neurones, qui est en soi intéressant, ce travail témoigne
surtout de la robustesse de la méthode de couplage mise en place dans le Chapitre [2]

Il s’agit d'un travail en collaboration avec Laetitia Colombani'® [54], résumé dans le Cha-

pitre [3

Partie II : Le cas singulier. Le premier modéle singulier auquel nous nous intéressons est le
modéle vortex 2D. Considérons le systéme de particules dans le tore en dimension 2 noté T2

dxN = % Sk (XN - XN dt + V2odB;,
J#i
pour le noyau de Biot-Savart K(z) = % (—lfﬁ, éﬁ) La limite non linéaire satisfait I’équation
de vorticité, qui apparait lorsqu’on considére le rotationnel de I’équation en 2D de Navier-Stokes
incompressible.

Dans leur récent article [99], P.-E. Jabin et Z. Wang ont prouvé, quantitativement, la propa-
gation du chaos pour ce systéme sur le tore. En s’appuyant sur leur travail, nous obtenons un
résultat similaire dans [85], mais désormais uniforme en temps.

L’approche consiste & calculer I’évolution temporelle de entropie relative de p¥ par rapport
a ﬁ?N , puis a utiliser une intégration par parties pour gérer la singularité de K grace a la régula-
rité de la densité de probabilité p;. Cette idée vient de I'observation que le noyau de Biot-Savart
peut étre explicitement écrit comme la divergence d’un champ matriciel borné. Afin d’améliorer
cet argument pour obtenir une propagation du chaos uniforme en temps, notre principale contri-
bution est la preuve de bornes pour la densité de p, dont on déduit une inégalité de Sobolev
logarithmique. De cette derniére, dans Pesprit des travaux de F. Malrieu [133] dans le cas lisse et
convexe, 'information de Fisher apparaissant dans la dissipation d’entropie donne un contréle sur
Ientropie relative elle-méme, induisant I'uniformité temporelle. Grace a la décroissance rapide
vers 0 des dérivées de la limite non linéaire, aucune hypothése de petitesse sur 'interaction n’est
requise. Nous prouvons ainsi I'uniformité en temps de la propagation du chaos sous un ensemble
d’hypotheéses satisfaites en particulier par le noyau de Biot-Savart.

La méthode et les résultats sont discutés dans le Chapitre [

Nous nous intéressons ensuite au cas du mouvement brownien de Dyson (généralisé) en di-

mension 1
dX{N =\ =dB] - AX{Ndt+ > — .
N N =Xy - X}

HUniversity of Bern, Institute of Mathematical Statistics and Actuarial Science, CH-3012 Bern Switzerland.
Email : laetitia.colombani|AT|stat.unibe.ch
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La dynamique ci-dessus est satisfaite, pour A = 0, par les valeurs propres d’un mouvement
brownien dans l’espace des matrices symétriques N x N, comme I’a observé F. J. Dyson en 1962
[65]. Pour A > 0, elle correspond aux valeurs propres d’un processus d’Ornstein-Uhlenbeck a
valeur dans l’espace des matrices symétriques N x N [47]. Ceci nous incite a considérer, dans un
cadre légérement plus général, le systéme 1D & NN particules en champ moyen

dXN = \/20NdB! — XZth——ZV (X — x7Nat,
J#i

ou oy — 0 et il existe « € [1, 2], tel que pour tout x € R*, V'(z) = ——%.

Nous obtenons un résultat quantitatif uniforme en temps pour a € [1,2[ en couplant un
systéme de N particules avec un systéme de M particules pour tous N, M > 0. Nous réussissons
a prouver, en utilisant pleinement le fait qu’en dimension 1 les particules restent ordonnées et que
le couplage optimal dans la distance de Wasserstein est explicite, que toute suite indépendante de
mesures empiriques est une suite de Cauchy dans un certain sens. Ensuite, I'indépendance assure
que la limite est une variable aléatoire presque stirement constante dans ’espace des mesures de
probabilité, qui peut alors étre identifiée comme une solution faible de la limite non linéaire &
laquelle nous nous attendons.

Cette méthode, qui, & notre connaissance, n’avait pas été utilisée auparavant, est décrite
en détail dans [84], et semble jusqu’a présent limitée au cas de la dimension 1. Le Chapitre
comprend la description compléte des résultats.

Partie III : Avec des interactions incomplétes. Enfin, nous considérons les cas ou les
particules n’interagissent pas avec toutes les autres particules, mais selon un graphe. Ceci rompt
I’hypothése d’échangeabilité du systéme, car a priori certaines peuvent interagir avec plus que
d’autres et la structure du graphe sous-jacent dans de tels cas influence grandement le compor-
tement du systéme.

Premiérement, nous remarquons que le couplage par réflexion permet de traiter des particules
interagissant selon un graphe

dxXN = F (Xf’N,wi)

N
an N i, N N 7
+3 E ¢Mr(x ( Jwi, X7 j) dt +v/20dB,

ot £V = (ffjjv)) iien’ §§];7) € {0,1} représente le graphe, (w;)1<ign est un désordre envi-
’ 1<i,5< ’

/ .
ronnemental, (an)n>1 est un paramétre d’échelle, F : R? x RY — R? est une force extérieure

N2
lipschitzienne et T : (Rd X ]Rd> — R? est une interaction lipschitzienne. En supposant qu’il
£

existe p € [0,1] tel que sup, ;¢ v |an =2 —p Na—s> 0, ce qui est vrai pour les graphes
ST —00

de Erdés-Rényi, la distribution empirique p¥ converge en distance de Wasserstein vers la limite
non linéaire p;.
Il s’agit d'un travail conjoint avec Christophe Poquet!? |115] disponible dans le Chapitre @

Ensuite, nous considérons le schéma numérique associé au systéme de particule en interaction

12Université Claude Bernard Lyon 1, CNRS UMR 5208, Institut Camille Jordan, F-69622 Villeurbanne, France.
Email : poquet[AT|math.univ-lyonl.fr
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en champ moyen pour un pas de temps ¢, qui s’écrit

Xl = XN = oVUGN) = 525 50, YWY = XPY) + V200G,
Gi iid ~ N(0,1).

Remarquez que la complexité numérique de chaque pas de temps est de O(N?), correspondant au
calcul de chaque interaction. Pour diminuer cette complexité, nous choisissons de considérer une
méthode appelée Random Batch Method. 1’idée est qu’au lieu de considérer que chaque particule
interagit avec toutes les autres particules, nous divisons & chaque pas de temps le systéme en

"lots" plus petits et nous calculons les interactions uniquement au sein de ces lots. Considérons,

pour un pas de temps k, une partition Py, = (73,17 s ’P,va/p) de {1,..., N} en N/p sous-ensembles

de taille p, et définissons
Ci={je{l,.,N}st. I e{l,..N/p}ijeP.}.

En d’autres termes, Cj, est I'ensemble des indices qui sont dans le méme sous-ensemble que i au
pas de temps k, avec la convention ¢ € Cj. La partition est choisie aléatoirement et uniformément
a chaque pas de temps, et donne le schéma numérique suivant

Ykl:“ =Y —ovU(Yy) - ;% Zj;ﬁiec; VW (Y — Y,.j) + \/EGQ,
Gioiid ~N(0,1),

Le schéma numeérique est maintenant de complexité O(Np) pour chaque pas de temps, et la
convergence de ce schéma, lorsque N tend vers l'infini et § tend vers 0, vers la distribution
invariante de ’EDS limite non linéaire peut par exemple étre trouvée dans [177].

Il est intéressant de noter que cette méthode "ajoute" de l'aléatoire au systéme. Cela nous
incite a analyser leffet de la Random Batch Method sur les systémes qui présentent une transi-
tion de phase puisque, si le systéme admet une température critique, cette température devrait
intuitivement diminuer en raison de ’ajout d’aléa.

Pour mettre en évidence ce phénoméne, nous étudions deux modéles-jouets : les limites non
linéaires du modele de Curie- Weiss et du systéme de particules dans un potentiel de confinement
double-puits. Ces deux modéles présentent une transition de phase : pour une température (ou,
de maniére équivalente, un coefficient de diffusion) inférieure & un parameétre critique, il existe
trois états stationnaires, et au-dela de ce paramétre critique, il n’en existe quun seul. Nous
étudions I’évolution de cette température critique en fonction de la taille des "lots".

Il s’agit d’un travail en cours, dont vous pouvez trouver I’état d’avancement dans le Chapitre|[7}
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Chapter 1

Introduction

C’est curieux chez les marins ce besoin
de faire des phrases. ..

Francis Blanche, Les Tontons flingueurs
(1963), written by Michel Audiard.
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1.1 Model(s) and motivation(s)

1.1.1 A matter of scale

When describing gases, several points of view are possible. The first and obvious one : a macro-
scopic point of view. There, one would be describing a gas through observable quantities such
as its temperature or its pressure. But a gas is also a large system of interacting particles. One

7
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could therefore try and apply laws of motion to each individual particle, and thus take a micro-
scopic point of view. This, however, quickly leads to several issues, a major one being that there
are a lot of particles. Let us recall that the Avogadro number, which describes the number of
molecules in thirty-two grams of oxygen, is around Ay ~ 6 x 102*mol~'. Keeping track of each
individual particle thus seems infeasible. Hence an "in-between" point of view : a mesoscopic
one. The goal is no longer to follow each particle, but to give a statistical description of their
behavior and study their probability distribution.

In 1872 Ludwig Boltzmann (1844-1906) thus derived, in a landmark article in the field of
kinetic theory of gases |23|, an equation that now bears his name and that describes the time
evolution of the probability density of a typical particle within a gas of identical particles subject
to elastic collisions. This equation allowed for the proof of the famed H-theorem, building upon
the work of James Clerk Maxwell (1831-1879), which states that the entropy of a gas can only
increase with time. Such a result however lead to much criticism!, notably from Johann Josef
Loschmidt (1821-1895), who argued that this theorem was in direct contradiction with Newton’s
law of motion, as the latter yields reversible processes (and therefore, reversing time, there should
exist processes for which the entropy decreases).

The explanation for this seemingly intricate paradox lies in a crucial assumption by Boltzmann
known as molecular chaos : the particles constituting the gas are assumed to be independent.
However this trivially cannot hold true for a fixed number of particles, as after each collision
between two particles, they are no longer uncorrelated. The rigorous justification of this inde-
pendence became an important mathematical question in 1900 when David Hilbert (1862-1943)
published a list of twenty-three (at the time) unsolved problems. Among these problems, the
sixth stated that "Boltzmann’s work on the principles of mechanics suggests the problem of devel-
oping mathematically the limiting processes, there merely indicated, which lead from the atomistic
view to the laws of motion of continua” [82).

Among the various works sparked by this problem, let us focus on Mark Kac’s (1914-1984)
[106], whose goal was to derive Boltzmann’s equation. He introduced the notion of propagation of
chaos, which amounts to rigorously proving that, in a system of N particles interacting through
collisions, as IV goes to infinity, two particles become statistically independent, hence molecular
chaos. Soon after Henry McKean (1930-) showed that this property actually holds for various
diffusion models with other forms of interaction [135].

This property of independence at the limit nowadays finds application in fields other than
statistical physics, and we will mention some of them throughout the document.

1.1.2 The two points of view

Let us start by very formally mentioning the various objects we will consider. The toy model for
a particle system is described by a system of stochastic differential equations (SDE) of the form

N
) 1 ) : )
dx;N = =T KXY - xPNydt + V2o ndB;. (1.1.1)

Jj=1

Each particle is represented through a quantity X € R?, most likely its position, where XZ N
denotes the position at time ¢ of the i-th particle. K is at this stage an unspecified function (we
will speak of an interaction kernel), oy is a diffusion coefficient that may or may not depend on
the total number of particles, and (B?); are independent d-dimensional Brownian motions. We
may sometimes refer to as a type of overdamped Langevin equation, in contrast to the

1See |34] for an historical background on the H-theorem.
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classical Langevin equation (see ([1.3.1]) later). Because of this scaling % and the fact that each
X" interacts with every other X7, the particles are said to be in mean-field interaction. A crucial
assumption is the exchangeability of the particles.

Definition 1.1.1 (Exchangeable family). A family (X%)icr of random wvariables is said to be

exchangeable when the law of (X*);er is invariant under every permutation of a finite number of
indezes 1 € I.

One can easily show via Ito’s calculus that pY, the joint law of (th’N, ...,XtN’N), is a weak
solution to the following partial differential equation (PDE)
N | X
atpiv(xlw"vxl\/'):_zvi' NZK(xz_xj) piv(l'l,...,ZZ?N)
i=1 j=1
N
+on Y AipY (w1, 7). (1.1.2)
i=1

We will consider several variations of this toy model, either by adding an additional force on
each particle (translating the effect of a confining potential), by considering a kinetic setting (in
which case each particle is described through both its position and its velocity), or by considering
different forms of interaction kernel K.

As mentioned, we wish to understand the limit as N goes to infinity of this system. Denoting

py = Zf\il d i~ the empirical measure, we may rewrite (1.1.1) as
t
AXPN = K« N (XZ’N) dt + 2o dBL,

where * denotes the operation of convolution : K * u(z) = [ K(z —y)u(dy). If we indeed expect
the particles to be independent at the limit N — oo and identically distributed (because of the
exchangeability), we guess pl¥ will converge towards a measure p;, the law of one typical particle
at the limit. Hence, very formally, a natural candidate for the limit SDE

{ dX, = K = py(X,)dt + v20dB;, (1.1.3)

ﬁt = LaW(Xt),

where ¢ = limoy. This nonlinear SDE is said to be of McKean-Viasov type because of the
nonlinearity induced by the interaction with its own law. We may also consider its related
Fokker-Planck equation

Opr(x) = =V - (K * pe(2))pe(2)) + o Ape(z). (1.1.4)

To come back to the initial motivation, would thus be the microscopic point of view, while
would be the mesoscopic point of view.

Obviously, the solution (pV); of takes its values in a space R?Y, which tends to an
infinite dimension space as N goes to infinity. The main convergence results will therefore not
concern p¥ per se, but rather its marginals.

Denote pf’N = Law (th’N, weey Xf’N) the joint law of the subset of the first k particles within
the N particle system (which means, by exchangeability, that pf N is the law of any subset of k

particles), and p&*¥ = 5, ® ... ® p, the measure p; tensorized k times. The informal definition of
propagation of chaos is the following.
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Definition 1.1.2 (Propagation of chaos - Informal). We say that we have propagation of chaos
for the particle system (1.1.1) if, provided for all k € N we have plg’N o &% we have
—o0

VE>0, VkeN, pbN —— p®k
N—o00
We do not yet specify in what sense the measures converge.

Notice that this property yields "independence at the limit", as the joint law converges
towards a tensorized law. The chaos aspect of this property obviously refers to the independence,
while the propagation alludes to the fact that it will be sufficient to prove this convergence as N
goes to infinity at time ¢ = 0 for it to also hold at later times ¢.

Depending on the type of convergence or the distance between the measures we consider, we
may define various types of propagation of chaos (weak or strong). The choice of metric will in
fact motivate the method of proof.

Another form of convergence, as N goes to infinity, we might wish to consider concerns the
empirical measure of the particle system u¥ = % Zfil 1) XN

Definition 1.1.3 (Mean-field limit - Informal). Consider a sequence of deterministic empirical
measures () )n>o such that pdY ~o po- We say the mean-field limit holds if for allt > 0,
—00

denoting ul the empirical measure at time t > 0 associated to plY and p; the solution of (1.1.4)
with initial condition po, we have ul N—> Dt-
— 00

Likewise, we do not yet specify in what sense we consider the convergence, but keep in mind
that uly is a random variable in the space of probability measures.

The convergences in Definitions [I.1.2] and [[.I.3] can be quantitative, in which case we will
speak of the rate of convergence in V.

Furthermore, we consider the convergence in N without saying much of the time parameter
t. But, a priori, for a distance between pf N and ﬁ,‘?k to be smaller than a given threshold
€ > 0, one has to choose an integer N that may depend on t. This leads us to a specific form of
propagation of chaos or mean-field limit that we will mention on several occasions throughout
this document, and that is a uniform in time version of these results, in which the convergence
in N is independent of ¢.

In what follows, we denote P(X) (resp. Pp(X)) the set of probability measures on a given
space X (resp. probability measures with a p-th moment on X).

1.1.3 Some preliminary remarks

Are the various objects well-defined ? The first question we should answer is whether or
not the objects (1.1.1), (1.1.2)), (1.1.3) and (1.1.4)) exist and are uniquely defined. The answer
obviously depends crucially on the kernel K and its properties, and depending on the model we
consider, proving the well-posedness of the equations might require some work. We may however,
at this point, mention the following classical result.

Lemma 1.1.1. Consider, given two functions b,o : R% x P(]Rd) — R?, the following d-
dimensional McKean-Viasov SDE

{ dX; = b(Xy, pe)dt + o (X, pr)dBy, (1.1.5)

ﬁt = Law(Xt) 5
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where (By): is a d-dimensional Brownian motion, and the associated Fokker-Planck equation

d
1
Ohpr + Vo - (b, p)pr) = 3 > 0,04, (007 (2,p1)p1) - (1.1.6)
i,j=1

Assume b and o are globally Lipschitz continuous, in the sense that

3C >0, Vz,yeR? VuveP(RY,
b(z, n) = by, V)| + |o(z, 1) —o(y,v)| < C(lz—yl+Wa(pv)),

where Wy is the L?-Wasserstein distance (see Definition below). Assume furthermore
po € P2 (Rd). Then, for all T > 0, there exists a unique strong solution to SDE (1.1.5) on [0, T
and its law is the unique weak solution to the Fokker-Planck equation (1.1.6)).

Remark 1.1.1. The proof of Lemma in the case o constant and b(x, p) = [ b(z, y)u(dy),
which will often be the case of interest to us, can be found as Theorem 1.1 in [162] and Theo-
rem 2.2 in [137].

Classically, the assumptions on b and o given in Lemma also ensure strong existence
and uniqueness of the particle system

ax;pN = | xpV, 125XJN dt+o | XV, 125X,N dB;.

We also refer to Theorems 2.4 and 2.5 of [112] for a weaker form of existence and uniqueness
under more general assumptions on b and o.

The proof of this lemma is based on a fixed point argument, sketched in Proposition 1 of [45].

On the equivalence of the limits for large number of particles. Let us now mention the
fact that Definitions [[.1.2] and describe, provided the system of particles is exchangeable,
the same phenomenon, see for instance Proposition 2.2 of [162]. A quantitative link of this
equivalence can be partially found in [91]. The following lemma and its proof, given for the sake
of completeness in Appendix come from [80]. Recall that convergence in law towards a
constant is equivalent to the convergence in probability.

Lemma 1.1.2. Let f € P(RY) and, for N > 1, let Fx € P(RN?) be a probability measure
symmetric in all its variables, i.e Fy is invariant under the transformation (z1,...,xN)
(To(1)s s To(ny) for all o € &y the set of permutations of {1,..., N}.

Denoting (X1, ..., Xn) a random variable distributed according to Fi, the two following state-
ments are equivalent :

1. for all € > 0 and all bounded continuous function ¢ : R — R,

1 N
( N 200 - [owe)

— 00

26)—)0

2. for all k > 0, the sequence (F&)n of k-marginal distributions of Fiy converges towards f<*
for the weak convergence of measures (we also say converges weakly-*), i.e for all bounded



12 CHAPTER 1. Introduction

continuous function ¢ : R* — R
EN (¢(X1, . X / O(@1, o ) df (1)...df ().
N—)oo

Remark 1.1.2. By Proposition 4.6 of Chapter 8 of [15], it is sufficient to obtain the convergence
weakly-* of the marginals Fff, to consider only tensorized test functions ¢ = ¢1 ® ... ® ¢, where
for all j the function ¢; : R? — R is bounded continuous.

Furthermore, as can be seen in the proof, it is sufficient to prove the convergence of the
k-marginals for k = 1,2 to obtain propagation of chaos.

Remark 1.1.3. Alternatively, the equivalence between Definitions [I.1.3 and [I.1.3 can be seen
as a consequence of de Finetti and Hewitt-Savage theorem. See for instance Theorems 5.1 and
5.8 Of [.91/.

The long-time analysis of the processes. In this document, we will also focus on the long-
time behavior of and , i.e the possible convergence as t — oco. This is clearly
an interesting problem in its own right, as it provides insight into the behavior of processes.
However, in the context of this document, there may intuitively be an additional link between
propagation of chaos and the long-time behavior of the system.

This will become clearer when we describe the methods of proof for propagation of chaos,
since some of them are adapted from those for convergence towards a stationary distribution (and
this will also be one of the main points of Chapter . Furthermore, in Chapter [5] we will also see
how uniform in time propagation of chaos can be obtained from the long-time convergence of the
particle system. Finally, the quantitative results of limits as N — oo will often be interpretable
as the propagation of the initial distance between p{Y and pg, corrected by a term coming from
a form of law of large numbers (as there are interactions between particles) which will vanish as
N — oco. See later to get a better grasp on this particular remark.

In the meantime, it is easy to remark that propagation of chaos is linked to the stability of
. Assume oy = 0 = 0, meaning that we work in the purely deterministic case. Then for
a smooth function f we have

N ' N VF(XPN) . .
CZ(;;M&”)) NZ ( ) ;K(XZ’NX?N)
ie %/fdu,{vz/vf~K*uivduiv7

which in particular means that ¥ is a weak solution to the PDE (1.1.4)) as

Oy +V - (K * g i) = 0.

Remark that, if oy > 0, there is an additional martingale term to the equation above (as well
as a diffusion term), coming from the fact that ;2 is in this case a random variable because of
the Brownian motions.

Assume now that we have a result of stability for with ¢ = 0 of the following
form. Let p; (resp. 1) be a solution of with initial condition po (resp. vp) and let
d: P(R?) x P(RY) ~ R be a distance in P(R?). We suppose there is a constant C such that for
all ¢ > 0 we have

d(pie, v1) < e“*d(po, vo).
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Then we directly obtain from this stability result the property of propagation of chaos : pv

and p being two solutions of (I.1.4)), we have for all ¢ > 0 the convergence d(ul",p;) — 0
N—o00

provided d(u’, po) — 0.
N—o00

1.2 Proving propagation of chaos : some methods

In this document, we explore several methods to prove the propagation of chaos property. We
thus start by giving a very basic idea of what some of these methods consist in, and what they
require to be carried out. The goal is not to do an exhaustive review, but rather to give a flavor
of how some of the recent and/or relevant proofs work. The choice of the methods we mention
in what follows is motivated by the various comparisons we might wish to do, and many results
from this very active field of research are unfortunately left out. We instead refer to the classical
courses [162] [137], and to the more recent reviews [98] and [45, 46|, as most of the proofs and
calculations presented here are quite formal.

In addition, although we classify the various methods into fixed and specific categories, the
boundaries between these categories are quite porous, and many works belong to more than one
of them.

Let us just assume in the following, for the sake of simplicity, that we work in dimension one,
that o = o and that K is a Lipschitz continuous kernel, in the sense that

L >0, Vz,y € R, |K(x) — K(y)| < L|z — y|. (1.2.1)

This yields strong existence and uniqueness for the solution of (1.1.1)), (1.1.2)), (1.1.3) and (1.1.4).
We also assume that these solutions have finite p-moments, for p as large as required

N

1 . _

3Co >0, Vt>0, VN> 1, E (N S |XZ’N|”> < Cp and E(|X,[7) < Co. (1.2.2)
i=1

1.2.1 Coupling approach

Historically, one of the first tool used to show propagation of chaos is a probabilistic tool, as
used by H. P. McKean (see for instance |135]) and then popularised by A.-S. Sznitman [162],
known as a coupling method. It comes from the idea that a natural distance between probability
measures is the Wasserstein distance, strongly linked to the theory of optimal transport, and is
based on R. L. Dobrushin’s inequality in the deterministic case [61].

Definition 1.2.1 (Usual LP-Wasserstein distances in R). For p and v two probability measures
on R, denote by I (u, v) the set of couplings of p and v, i.e. the set of probability measures T' on
R x R with T'(A x R) = p(A) and T(R x A) = v(A) for all Borel set A of R. We define the LP
Wasserstein distance, with p > 1, as

Wy ) = (i /m—mwwmwfm,

Tell(p,v)

or, equivalently,

1/p
- inf E(|X -Y|P .
Wolu) = ( oy 0 EQX YD)
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We would thus like to prove a property such as W, (piC ’N7 oY k) N—> 0. However, instead of
—00

considering the infimum over all possible couplings, we build a specific one : we construct simul-
taneously two solutions of (1.1.1)) and (|1.1.3]) which tend to get closer together. The expectation
of the distance between the two solutions for this specific coupling then yields an upper bound
on the Wasserstein distance.

The method popularized by A.-S. Sznitman is the synchronous coupling, and consists in
considering the same Brownian motions for (1.1.1)) and (1.1.3), i.e

XN = 5 KOG - XNt + B0}
dX} = K * p,(X})dt + 20dB],
ﬁt = Law(Xt)

Notice, by uniqueness of the solutions of (L.1.1) and (L.1.3), that p)¥ = Law(X} N, ..., X"
and g = Law(X}, ..., X}V). Then, for all i € N

N
i i 1 i j ~ i
dx}PN - X1 = NE:K(Xt’N—XtJ’N)—K*pt(Xt) dt.
j=1

The Brownian motions cancel out, and we are left with an ordinary differential equation. Then

N
, _ ) , iy 1 , , R
d| X — Xi| = sign(XN - X}) ~ § K(X]PN — XINY - K« p (X)) | dt,
j=1

where
1 ifx>0
sign(z) =¢ -1 ifz<0
0 if z =0.

‘We now have to consider the difference of the drifts. Notice

N N N
1 7 1 — i 1 i, i) 1 S .
NZK(Xt’N*XtLN)*K*Pt( ¢)| < NZK(XtN*Xt]N)* ZK(thXg)
i=1 j=1

N <
7j=1
1Y ;
3 DoKX = X7) — K x (X))
j=1
Hence
, , 1 X 1 o
XY XY = K [ RO - X ) - &SR - X s

i=1 =1

t 1 N
+/ DK (XE - XI) — K #py(XD)| ds. (1.2.3)
0 .

=1

Thus, in order to prove some contraction or convergence, it is necessary (or at the very least it
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seems like it is necessary) to be able to control differences of the form K (x) — K(y), to deal with
the first integral of , while the second integral should be dealt with using some form of law
of large number since the (X}); are i.i.d. A priori, this coupling method thus only works with
sufficiently nice interaction kernels K (think of Lipschitz continuous kernels...). Let us however
note that such a method has been successfully applied to bounded discontinuous interactions
[92].

We postpone the proof of the following lemma to Appendix

Lemma 1.2.1. We have for allt > 0 and all N € N

200,/ Co
N

N
! 6N N = (i "N i
EN;K(Xt = XP7) = K*pe(X{)| <2LE|X;" — X{| + +2L o1

There thus exists a constant C' > 0, such that for all ¢ € N, (1.2.3)) yields
) _ ) _ t ) _ C
E (1Y - X)) <E(1x5" - X31) + / <2L]E (X5 — X)) + ) ds,
0

VN

and by Gronwall’s lemma

E (|X§’N - X§|) < et (E (\Xé’N - X’g|) + 2Lf/ﬁ> .

Finally, for all k € {1, ..., N}, we have constructed a specific coupling, which controls the Wasser-
stein distance

k k
A i 7 i Ck
Wi (o™, 58" ) <E <§ XN - Xt|> < (E <§ Dl X0|> +57 m) .
=1

i=1

Because this holds for any initial coupling of plg’N and ﬁ(‘?k7 we can in particular choose initial
conditions according to the optimal coupling for the Wasserstein distance, and obtain

_ _ Ck
Wl (p?7N7p§k) < €2Lt (Wl <pIOC,Nap?k) + 2L\/N) . (124)

The control (1.2.4)) above is the typical result of propagation of chaos one may obtain : provided
Wy (pg’N,ﬁg@k N—> 0, we have W, (pf’N,ﬁf’k) N—> 0 for all £ > 0. The bound consists
—00 — 0

in the propagation of the initial distance Wy (pg’N, ﬁggk> and an additional error 3 LC \kﬁ which

comes from the interactions (i.e the law of large number). Notice furthermore that this result is
not uniform in time, because of the term e?L*.

Remark 1.2.1. Some preliminary remarks on the method:

e This proof is, to some extent, the most "classical” proof given in the Lipschitz continuous
case.

e These calculations yield an explicit rate of convergence.

o We have, from the start, cancelled out the Brownian motions. It may however be interesting
to make use of this randomness, as explained later in Chapter[d, to obtain a uniform in
time result.
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e From a probabilistic point of view, this method of proof is quite satisfactory, as it provides a
better understanding of the stochastic behavior of the particles. The back-and-forth between
intuition and calculations will (hopefully) be more evident in the study of another coupling
method later in this document.

o To the best of our knowledge, such methods still fail in dealing with singular kernels K. As
mentioned, so far, they may only deal with Lipschitz continuous interactions, or possibly
discontinuous but bounded interactions [92).

1.2.2 Energy and entropy estimates

Instead of the Wasserstein distance, some physical quantities might be better suited to the use
of tools from PDE analysis. The comparison between the law of the system of N interacting
particles and the law of N independent particles satisfying the nonlinear equation can for
instance be done in terms of relative entropy.

Definition 1.2.2 (Relative entropy). Let p and v be two probability measures on R%. We
consider the relative entropy

dv dv ;
H(v,p) = B (d/‘ log d“) ifv<p, (1.2.5)
+o00 otherwise.

It is an interesting quantity in part as it controls usual distances. With a bit more work
(for instance proving a logarithmic Sobolev inequality, see [145]), a Talagrand’s transportation
inequality shows that the L2-Wasserstein distance is bounded by the relative entropy. Classically,
this is also the case of the total variation distance thanks to Pinsker’s inequality.

Definition 1.2.3 (Total variation distance in R). Let p and v be two probability measures on R
and denote B (R) the Borel o-algebra. The total variation distance is defined by

dry(p,v):=2 sup |u(4) —v(4).
AEB(R)

FEquivalently, the total variation distance can be written as a coupling problem

dpy (u,v) :=2 Xy s,tl.n)f(NM,Y~uP(X £Y).

Again, the main idea of this method of proof is the following : compute the time derivative of
the chosen "physical" quantity (here the relative entropy), use some form of law of large number
or large deviation principle, and conclude using Gronwall’s lemma, which allows us to bound the
quantity at time ¢ by its value at time 0 with an additional correction vanishing as N goes to
infinity.

To compute the time derivative of the relative entropy, we have the following (formal) lemma

Lemma 1.2.2. Fori=1,2 and t > 0, assume P} € P(R™) satisfies
0P ==V - (b'P") + o AP,

for some vector fields b* : [0, T] xR™ +— R™. For the sake of simplicity, assume dPf(x) = P}(z)dx
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with P} € C*>°, P} < P? and both P} vanish to 0 at +o00. Then
112

P,
1
P; Vlogp—z2

d
pris (P}, P?) =— a/m

—/ Pt1V~(b1—b2)—/ P} (b — b?) - Vlog P}

(1.2.6)
1
:/ p} ((b1 - b?) .v1ogp—’f2 -0
m P;

) . (1.2.7)

We postpone the (formal) proof of the lemma to Appendix

Let us assume, in order to carry out the computations in a more comfortable way and use
the lemma above, that p; is a meOth strong solution of (| in dimension one, which also
vanishes to 0 at +o0. Likewise, pY is assumed to be a smooth strong solution of -, which
is such that p) < pP™. By definition,

1

P,
Vlogp—z2

N N N Piv
Hip' by )—/RNpt log -

t

Applying (T1.2.6) to P} = pY and P? = 52V, we get for all t > 0 and all N € N
d,, N 5ON) —
dtH(pt WPe ) = U§ i
1 _
oy N§ K (i — ;) — K * (i) | Oslog g2

8log’

- %Z/pi\l 726“[{ i —x5) — Ol * py(xy) | - (1.2.8)

We often write

(o}, pPN) Z/pt 0; logpt
the Fisher information. As it is a non-negative quantity, we may discard it in order to give an
upper bound on the derivative of the relative entropy.

We are left with bounding the last two terms in . These are, again, the differences of
the drifts, which resemble the last term of in expectation. We show later in Chapter
how such calculations are carried out, but in the meantime we accept that we obtain a result
akin to

d
T HpEN) < C(H(py oY) + 1))

which, like previously, allows us to conclude using Gronwall’s lemma.

We thus obtain a result that is fRN pN log & ®N = O(1). To conclude on the convergence of

the marginals, we use the property of sub- add1t1v1ty of the entropy to get

Pt k
H(pkN,p®k)—/ piNlog <C—, (1.2.9)
t t - t p?k N
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for some constant C', independent of & and N, but not of time t.
Remark 1.2.2. Some preliminary remarks on the method :

e Here we have discarded the Fisher information on the basis that it is a non-negative quan-
tity. It can however be interesting to make use of it ; through a log-Sobolev inequality, one
can bound the relative entropy thanks to the Fisher information. This is something we will
do later in this document to obtain a uniform in time result.

e Instead of considering the entropy and its time evolution, it is possible to consider other
quantities, such as a modulated energy or a modulated free energy, as suggested in [159,

153, [39)].

o This methods allows us to deal with singular kernels, as it will be done later. The main
idea is to use the regularity of p: to compensate the singularity of the interaction kernel K.
One thus ends up relying heavily on the properties of py that one may be able to prove (HP
estimates, regularity, etc).

e This proof only stays at the level of the PDE , and does not concern itself with the
SDE , which is the "true" microscopic description of the system. This is not an
issue provided we can can prove there is a one-to-one connection between the PDE and
the SDE (as in : there exists a unique solution to , which is the law of the particle
system ) However, when considering singular kernels, this can be highly non trivial

[114).

1.2.3 BBGKY hierarchies

The method described above in Section [1.2.2]intuitively approaches the problem in a global way.
Indeed, we consider the entropy (or energy, or else) of pI¥ with respect to ﬁ?N , i.e of the joint
law of the entire particle system.

But, in reality, what we wish to obtain is a result of convergence on the marginals (which we
deduce from the global approach via sub-additivity).

Another idea would thus be to directly work at the level of the marginal distributions. From
(L.1.2)), by integrating over (zj1,...,2n) and using the exchangeability of the particle system,
we observe that pi" satisfies the so-called BBGKY hierarchy

: k
1
aupr ™ =~ § i N § K(z; —a;) | ot
i—1 =1

k

Zal (/K i — Tpy1)pr dka) +aZa2 . (1.2.10)

=1

Equation is not closed (except for k = N, for which it corresponds to ), as pf’N
depends on p; +1’N, thus the denomination of hierarchy.

Equivalently (see Lemma 4.1 of |111]), this corresponds to remarking that (X%, ..., X&)
solves the SDE system

k

) ) N — )
dxpN = K(XPN — xPN)dt + be(t,xw, ey XENYAE 4V 20dW], (1.2.11)

HM»



1.2. Proving propagation of chaos : some methods 19

for some independent Brownian motions W1, ..., W* and a progressively measurable function bf
such that

bf@VXLNPNVXMN)=4E(KXX?NP—xf*LNncng,mpxjN)ﬁg) as., ae. 1,

i.e a progressively measurable version of the conditional expectation.
Starting from the hierarchies, we may now consider various approaches.

Propagating bounds

We may propagate L? bounds along this hierarchy, as it was for instance done recently in [30].
From these LP bounds, one is then able to extract a subsequence such that every p* converges
weakly-* in some functional space.

For simplicity here, let us assume K’ > 0. Let p > 1, and notice that, by multiplying

by (pFN)P~1 and integrating over (z1, ..., 1), we (formally) obtain

k
1 kN / kN\p—1 1 kN
,a/ NP — PTRY; — K(z; —x; ’
pt Rk(ﬁt ) ; Rk(ﬂt ) N; ( J) Pt
k
N—k N /
a3 IR Y RCEE R
k
BN =1 g2
+o;/w<pt )

p—1 t/ ,
b Z RF Z ]
N—k B
- T Z \/Rk (pr\')p la’i <\/R K(‘rl - $k+1)pf+17NdIk+1)

k

2
~olr-DY [ Ny (a) (1.212)
i=1 /R
Recall Young’s inequality
11 Poob
Va,b>0, VYp,p*>1 st -+ -—-=1, abga——I——*,
p p p p

which allows us to bound

N -k

p
8t/ ( )pdxl dry < Cpo——— I k ) /K 1 —xk+1)pk 1’Ndxk+1 dxy...dxy,
R R

where (), is some universal constant depending only on p and o. Notice that the derivative of
pf N appearing in the second to last term of , which is usually in these sort of calculations
the main issue as the loss of a derivative at each step of the hierarchy constrains the study to
a complicated analytical space, is here dealt with using the last term of (via Young’s
inequality) i.e the diffusion part.
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Another Holder estimate then yields

LCLI TR

k:-‘rl N
A p. 1.2.13

d . kN
%Hpt’ HLP<CP,U

Here again we obtain a hierarchy of ODE’s. Provided at time t = 0 we have ||pf"™||z» < R for
some R > 0, which we can expect from an initially tensorized law, and if p > 1 is sufficiently
large to ensure || K|+ < 00, one can show that there exists a time 7% = T*(d, p, o, R) such that
for t € [0,7%] the estimate ||pF"¥||z» < (2R)* remains true.

These uniform bounds let us extract a weakly-* converging subsequence in L*([0,T*], LP).
Passing to the weak limit in each term of the hierarchy shows that the limit pj also satisfies an
(infinite) Vlasov hierarchy

Orpr = Za </ K(x; — $k+1)pk+1d$k+1> + 0282pk

i=1

It remains to prove uniqueness of the solutions to this Vlasov hierarchy, noticing that p®* is also
a solution, to conclude on the convergence of the marginals.

Remark 1.2.3. Some remarks on the method:

o These calculations are quite robust, and allow for singular kernels K : they only require
K € LP for some p > 1. Furthermore, they can adapt to a kinetic setting (see below for an
explanation of the kinetic SDE), as it was done in [30)].

e [t does not give an explicit rate of convergence in N, and so far only works on a finite
time frame [0, T*] with other technical restrictions (the processes must be on the torus for
instance).

Local relative entropy

A recent approach, see for instance |111], consists in considering the relative entropy of the
k-marginal pf N with respect to ek,

Denote Hf = H (pic N,ﬁ?’“) Using (1.2.7) we have

d
—HF :/ (B'(t,21,...,zx) — B*(t, 21, ...,21)) - Vlog pt —o|Vlog pt N
dt RF Pt p
where B! and B2 are the respective drifts of pF" and p®*, i.e
1 N -k
Bl(taxlv"ka - NZK be(tv‘rlv"'vxk) y
J=1 1<i<k
B*(t,x1, ..., ( K(x CEk+1)Pt(d$k+1)> .
R 1<i<k

In particular, we may bound

2

d 1
dthk g—U/Rk peN ‘Bl(t,xh...,xk) — B%(t, x4, ...,a:k)’
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k k
ZLZE < K(Xi’N—Xj’NHN*kb’?(tXLN s X
402:1 Nj:l t t N i\t e
2
- /R KX~ y)u(dy) )
2
1 o 1 ¢ N N .
e DB |y X (R - xi) - [ KEE - pan)
i=1 j=1
k
1 N_k i, N k N
+QJZE(‘ N (E<K(Xt7 _XtH’ )‘(X;’Na---aXf’N)sgt)
=1
2
-/ K(Xz’N—ym(dy)) )
R
k 2
LA 3 (K(XI’N XYY S Ko« pt(Xl’N))
20N?2 = t t t

k(N —k)? ,
" %E (‘E (KON = XEPNIEY, o XEN) ) = K (X)) ) :

where we used the exchangeability for this last line. We first use the assumption on the bound
of the second moments to obtain the crude bound

k

k(k—1)?
20 N2

E NT

k
(KXY =X - K (x| | <c
j=2

for some constant C' independent of £ and N.

For the second term, the key ingredient is a transport type inequality for p;

2

Iy >0, YwePR), Vtuz, <AYH (v, pr) . (1.2.14)

/ K(x — y)w(dy) / K(x — y)pr(dy)
R R

k+1)k .. 1,N .
;;L‘N?_“’Xk,N the conditional law of XZH' Y given (XIV, ...,X;“’N)Sgt, we have

)

Denoting p

2
¢ <’E (K(XtLN = XX, ---va’N)s@) - K« ﬁt(th’N)‘ >

“

SOE (H (pf;l‘lf\]’e?.u,xk.mﬁt)) .

[ R = st~ [ KN =ty

We then use a chain rule for the entropy to obtain

E (H (pgc;%?m)){kw’ﬁt)) _ g gt
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and thus obtain the key differential inequality

d k(k —1)2
iy g <o
dtt ¢ N2

By using Gronwall’s lemma, and iterating ([1.2.15]) over k € [0, N] (closing the hierarchy with the
crude bound HYY = O(N)), we may obtain Hff = O (]]\%) Plugging this estimate back into the

previous calculations yields the final result

+ yk(HF — HF). (1.2.15)

k k?
HP < Cm, (1.2.16)
for some constant C', independent of £ and N, but not of time ¢.
Remark 1.2.4. Some remarks on the method:

o The main interest of this proof, and the reason we mention it, is the rate of convergence
(1.2.16) which is a significant improvement over the rate (1.2.9).

o The key ingredient is satisfied by bounded kernels K (thanks to Pinsker’s inequal-
ity), by Lipschitz continuous K (using the result of [60]), or by K with linear growth or
Hélder continuous K. To the best of our knowledge, is still the main issue when
trying to apply the method to more general, and possibly singular, interaction kernels K.

e Once again, we may use the Fisher information (instead of discarding it) via a log-Sobolev
inequality, as it was done in [115], to get a uniform in time estimate. Doing so, with some
added technical assumptions, yields a constant C' in (1.2.16) which is independent of the
time t.

1.2.4 Compactness

Consider pv = % ZZV:I dxi~ the empirical measure. This object can have two meanings :

e cither it is seen as a probability measure on the path space, i.e uv € P (C([0,7T],R)), in
the sense that we randomly choose one of the particles that we follow along its path,

e or it is seen as a continuous function of the space of probability measures, i.e
pN € C([0,T],P(R)), in the sense that, at each time ¢, ul¥ is a probability measure.

In both cases, it is a random variable (since the particles are random) and we consider ¢V its
law. Our goal is to show that £V converges, for the weak topology, to 05 where p is the solution

of (1.1.4). To do so, we rely on three steps:

1. Tightness : Show that the law of x is tight, from which we deduce convergence up to
extraction of a subsequence,

2. Identification : Show that the possible limits are made up of solutions of the nonlinear
problem,

3. Uniqueness : Prove the uniqueness of the above limit object.

We show in the remaining of the section how one may obtain tightness in both cases.
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A probability measure on the path space

Here we consider p¥ € P (C([0,7],R)). Thanks to the following lemma, which can be found as
Lemma 4.5 in |137], tightness boils down to the tightness of the trajectories.

Lemma 1.2.3. The tightness of ¢N € P (P (C([0,T],R))) is equivalent to the tightness of the
probability distribution of X1V € C([0,T],R).

We thus wish to prove that for all ¢ > 0 and all T" > 0, there exists a compact set K. C
C([0,T],R) such that

sup P ((XtLN)tE[O,T] ¢ Ke) <e
N>1

Let € > 0 and T" > 0. To obtain the existence of such a compact set, we need some form of
equicontinuity. The idea behind the following calculations comes from [76|. By definition, we
have

t N
XN - XM = V20 (B} - BY) +/ %ZK (XIN — X2V du.
s =1

B;—B} . . S . ..
Let Zr = V20 supgc i<r |t:57|1/53| Since the Brownian motion is in particular %—Holder con-

tinuous, Zr is almost surely finite and EZr < oo (see for instance Theorem 2.1 of [150]).
Furthermore

tq N ) 1 N t )
/ v SOE (XN = XJN) du <y Z/ |K(X2N - X3N] du
s j=1 j=1Ys

LT ‘
<F 2 / Lugpe [Xo™ = X0 du
N Z g
;N T 2/3
<=9 (/ |X;vN—XgNy3/2du> . (1.2.17)
i=1 0

where we used Holder inequality for this last line. Thus
‘X}’N —X;’N‘ < (Zr + Cnr)(t — s)'V3, (1.2.18)

where Cy 7 is such that, using the assumption on the bounded second moment of the particle
system, there exists a constant C' > 0 such that supy ECy 1 < C.

In particular, there exists R, > 0 such that for all N > 1 we have P(Zr + Cn 1 > Re) < §.
Likewise, using the assumption on the bounded initial moments, there is a. > 0 such that for all

N > 1 we have P (|Xé’N| > ae) <S5

Let K. be the set of continuous functions f : [0,7] — R such that |f(0)] < a. and
1f(t) — f(s)] < RJt —s|*/3 for all 0 < s <t < T. Tt is a compact subset of C([0,7],R)
and for all N > 1

P (XN )icpm &Ko) <P (‘ngN‘ >ac) +P(Zr+Cnr > R) <e.
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We thus obtain the tightness of the probability distribution of X" € C([0,T],R), and thus
of ¢€N. From Prokhorov theorem, we may extract a converging subsequence towards a limit &,
which we may identify as the solution of a martingale problem for which we then need to obtain
uniqueness.

A continuous function on the space of probability measures

To show tightness of the random variables ' € C ([0, T], P(R)) we use the following Kolmogorov
criterion (see for instance Proposition 2.8 of [138] or Corollary 14.9 of [107]).

Proposition 1 (Kolmogorov criterion). Let (1) be a sequence of random variables in C ([0, T], P(R)).
Assume

o (ulN)n is tight for all t € [0, T,
o there exists C,p, 5 > 0 such that

Sl;{pIE Wh (¥, 1Y )P) < Ot — 8)P, for all s,t € [0,T].

Then (u™N) N is tight.

The first point directly comes from the uniform bounds on the moments of the particle system.
For the second point, we have

N
1 i i
UZTTANTADES ~ E ’Xt’N - XN
=1

Thus, similarly as (1.2.18), there are positive random variables ZZ. and Cziv,T satisfying

Sup supiE(‘erp + C}'\,’Tr) < oo (again, by Theorem 2.1 of [150] and the bounded moment
assumption) such that

N
1 _ ,
AT (TANTANES (N > Zp+ Cfvy) (t—s)"2.
=1

We thus obtain

supE (W (s, 1i)") < C(t = )5

The sequence (p™V)y is therefore tight. Up to extraction, pu” converges in law to a random
variable p. It then remains to show that p is a solution of (1.1.4)), and uniqueness of the latter

yields the convergence.
Remark 1.2.5. Some remarks :

o The main advantage of this approach is its wide range of applicability, as it can for instance
be adapted to cadlag processes, hence allowing jumps [137]. Other types of criteria for tight-
ness are in this case necessary (see Aldous’ criterion, given for instance in Theorem 16.10

Of [18/).
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o Obtaining tightness, regardless of the point of view, consists in "controlling” in expectation
the interaction term (see for instance ) In particular, for kernels K with a singu-
larity at 0, this amounts to controlling close encounters of particles [43, |76]. However, the
uniqueness of the limit object may become difficult to obtain in those cases.

e This method does not yield any rate of convergence.

e The weak convergence Law(puY) € P (P(C([0,T],R))) o d; is stronger than
—00
Law (p™) € P(C([0,T],P (R))) ~ 05, as shown in Theorem 4.7 of [1537].
—00

1.2.5 Weak derivatives

The goal is to provide an error estimation for quantities of the form
[E® (') — @ (pr)

where @ : P (R) — R is a test function chosen within a suitable class. The idea, to deal with
these quantities, is to work with a semigroup that acts on the space of functions of measures.

Define (P,);>0 the semigroup generated by (1.1.4)), whose action on a function ® : P (R) — R
reads

; (1.2.19)

P®:pypeP(R)— &(p),

where (p;); is the solution of associated to the initial condition py.

Studying this semigroup, as done in [140] for instance, requires defining an appropriate form
of differential calculus on the space of probability measures. The framework detailed in [48],
introduced by P.-L. Lions in his lectures at Collége de France and for which we refer to [36],
relies on the following notion of derivatives :

Definition 1.2.4 (Linear functional derivatives). A function U : P (R?) — R is said to be
continuously differentiable if there exists a continuous function g—g@ :P (Rd) x R% — R such that
for any m,m’ € P (RY),

oU

o (1= s8)ym+sm’,y) (m' —m)(dy)ds,

1
') - Ul = |
0
We call ngr]L the linear functional derwative fo U, with the convention [g, g—g(mw)m(dy) =01n
order to ensure its unique definition.
By induction, one can introduce higher order derivatives

U, oP—U
W(m » Y1, "'aypfl)_W(mvyla oy Yp—1)
Lrosru , ,
:/ / 5 (1 —=s)ym+sm',y1,...,yp—1,y) (M — m)(dy)ds,
0 R4 mP
again with [, (‘gfn—Up (m, Y1, -, Yp—1,y) m(dy) = 0 to ensure uniqueness.

In particular, for ®(u) := [ F(z)dp(x) with smooth function F, we can directly compute

o ) = (17 ([ F@)dn(o) ~ Fl)). (1.2.20)

omp
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The key fact concerning (Pt¢)t>0 is that, provided @ is sufficiently regular, it is a solution of
the so-called master equation. Denote, for a given function @,

Ut 1) == PP (),
which thus satisfies (under suitable conditions on K),
ou ou
ot 10 = [ (003t )@+ ) + 00 0. 0(@) ) i), ¢ 20
The starting point in order to obtain bounds on (1.2.19)) is the following decomposition

O () — @ (pe) =U (0, 1) —U (¢, po)
= U (t.pmp") = Ut o)) + (U (0, ) = U (8, 15)) -

It is shown in [48] [57] that we have the two estimates

B0 0.) 1t () = 3 [ ([ (0hpt— s ) i) ) ds, - (1220

and

B i) - = [ [ B (sl ) s m )00 X)) dins,

(1.2.22)
where 7 is distributed according to py and
§81 _ _
mﬁl = W((Sn - 5X31N) + o + 5(1g = Po)-
Finally, it has been shown in [166] that under some regularity conditions on K and ®,
) (e1.20) = 2 () (0, . 1), (10, 2)) + o () 8 s 21 2))
5m2 ) 1,22 5m2 t 0, <1 » POy <2 5m t s POy <1, 2(1 32 23)

where m() and m® are two solutions of some (explicit) Cauchy problem. Likewise, we can

compute the second derivative of g;bé. The proofs of Equations (1.2.21]), (1.2.22)), and (|1.2.23))
are quite computationally involved, but can be done explicitly.

Notice how, for the case of observable ®(u) := [ F(x ), that using (1.2.20) into (1.2.23)),
for a bounded function F, we can obtain via l) and m
C

B () - (3] <
The type of result obtained here is obviously weaker than the ones obtained in Wasserstein
distance for instance, as the convergence only concerns an observable ®, the regularity of which
actually plays a huge role in the bounds one is able to obtain on the linear functional derivatives.

However, this general semigroup approach allows for more general types of processes, for
instance for jump processes [140| or processes not driven by a Brownian motion but by an a-
stable process |42]. See also [57] for a uniform in time result.
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1.3 Contributions

Throughout this document, we will thus try and prove quantitative and uniform in time prop-
agation of chaos in various settings. These could roughly be divided into three main groups,
based on the type of difficulty they present.

e The kinetic (or degenerate noise) setting : the Brownian motion does not act on all coor-
dinates.

e The singular setting : the kernel K in ([L1.1.1)) is singular in 0.

e With incomplete interactions : particles no longer interact with every other particles.

1.3.1 Kinetic setting or degenerate noise

We consider here the second order dynamics (also referred to as the (underdamped) Langevin
dynamics) ' _

dXN =viNat

(1.3.1)

VN = 2odBi + £ N K (XZ’N - Xg’W) dt.

where XZ’N and V; denote respectively the position and velocity of particle i in R?. Notice
that, for ¢ = 0, we obtain the classical deterministic Newton dynamics, which is fundamental
in physics. In many applications, the function K can be polynomial (granular media), Newto-
nian (interacting stellar) or Coulombian (charged matter). See for instance [117] for an english
translation of Paul Langevin’s landmark paper on the physics behind the standard underdamped
Langevin dynamics.

Observe that the Brownian motions only act on the velocities, hence the expression degenerate
noise, and this fact will have several consequences. Mainly, proving propagation of chaos and/or
long-time behavior combines the difficulties of dealing with nonlinear processes and hypoelliptic
diffusions (see Chapter [2)).

Remark that can be seen as a small mass limit of , provided we add a friction
term f'thi’th, with v > 0 scaling properly, in the dynamics of V;N See for instance Section
2.2.4 of |116].

Vlasov-Fokker-Planck equation. Our first work [83] concerns the proof of uniform in time
propagation of chaos for a particle system of the form

Xi,N: i, N
{ ax, Ve dt (1.3.2)

dviN = 20dBi — Vi Ndt — VU (XpNydt— £ SN vw (XN — XYt

with X"V € R? and V; € R%, U is a non-convex confining potential such that VU is Lipschitz
continuous, and W is an interaction potential such that VW is Lipschitz continuous with a
sufficiently small Lipschitz coefficient (this is necessary for the uniformity in time as it ensures
the uniqueness of the invariant measure).

We consider to this end a coupling method suggested by A. Eberle [66] known as reflection
coupling, originally designed to deal with the long time behavior of general diffusion processes,
as in [66, [69], and later extended to show uniform in time propagation of chaos in a mean-field
system in [64]. This coupling method relies on the careful construction of a semimetric, taking
into account the various behaviors of the particles. This back and forth between the calculations
and the understanding of the processes is quite interesting as it yields a rather "robust" method.
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You may find the article, containing the long-time convergence of the non linear limit and the
uniform in time propagation of chaos of the particle system, as well as the precise description of
the coupling method and its benefits, in Chapter 2]

The FitzHugh-Nagumo model. Using the same ideas, it is also possible to prove uniform in
time propagation of chaos for a system of neurons in the brain satisfying the FitzHugh-Nagumo
model

{ dXN = (XPN —(xPNy - opN —a)dt + £ S8 Kx (20N - Z)Y) + oxdBp ¥ (13.3)

dOy™ = (XN = Oy 4 Byt + 5 YL, Ke(ZyY — Z2Y) + ocd By©,

where Xti’N is the membrane potential of particle i and CZ’N is a recovery variable, called the
adaptation variable, and where we allow either ox or o¢ to be equal to 0. Once again, Kx
and K¢ are interaction kernels assumed to be Lipschitz continuous with a sufficiently small
Lipschitz constant. Beyond the result of uniform in time propagation of chaos for the FitzHugh-
Nagumo model, which is in itself an interesting result, the present work is also a testament to
the robustness of the coupling method. This is joint work with Laetitia Colombani? |54].

Since the calculations are very similar to the ones of Chapter 2 you will find in Chapter 3] a
summary of the model and the results.

1.3.2 Singular interactions

The case of singular kernel K holds importance because of the number of applications and links
with other research areas. Consider the particle system in dimension d

) 1 ) . )
axN = - S Mg (XN - XPN) dt +V20dB, (1.3.4)
i

where M is a constant d x d matrix either antisymmetric (in which case we speak of a conservative
system) or Ml = £1 (dissipative, and resp. attractive or repulsive interactions), and assume there
is s € [0,d[ such that

| —loglz|, ifs=0,
9(z) = { |z|~®, if s > 0.

These type of interactions are often referred to as Riesz interactions. The specific case of s = d—2
is known as the Coulomb interaction. We refer to [45] 98] 33|, and more specifically to the recent
review [120] and references therein, but to name a few cases of interest :

e d>2s=d—2,M=1 yields an approximation of the second-order Newtonian dynamics,
e d=1,5=0,M = —TI has links to random matrix theory (see (1.3.5)) below and Chapter ,

0 -1
Od—2,5—O,M—(1 0

ter [4),

> corresponds to the 2D vortex model (see below and Chap-

o d=2,5=0,M= —I for the Ginzburg-Landau vortices (see for instance [154} |158]),

2University of Bern, Institute of Mathematical Statistics and Actuarial Science, CH-3012 Bern Switzerland.
Email : laetitia.colombani|AT]stat.unibe.ch
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e d=2,5=0,M = I corresponds to the Patlak-Keller-Segel model for chemotaxis in biology
(see for instance [33]).

Among the most recent works, let us mention [30} 32, |143|, which collectively seem to suggest
that all results for mean-field limits have been obtained in the case d > 1 and s < d. However,
our contributions yield both a quantitative and a uniform in time result, which complement said
works and other such as |152].

The 2D vortex model. The first singular model which motivates us is the 2D vortex model.

Consider, in Equation (L.1.1]), the Biot-Savart kernel K (z) = 5~ <—Ii%, ﬁﬁ) in dimension 2 on
the torus. The nonlinear limit satisfies the vorticity equation, which arises when considering the
curl of the 2D incompressible Navier-Stokes system. In the deterministic case, a partial result
may be found in [155]. With noise, for a convergence without rate, a first result appeared in |76,
relying on proving that close encounters of particles are rare and that the possible limits of the
particle system are made of solutions of the nonlinear SDE. In the recent work [99], P.-E. Jabin
and Z. Wang have proven that propagation of chaos still holds on the torus with a quantitative
rate. Building upon their work, we obtain a similar result in [85], but now uniform in time.

Their approach consists in computing the time evolution of the relative entropy of p¥ with
respect to ﬁ?N , and then using an integration by parts to deal with the singularity of K thanks
to the regularity of the probability density p;. This idea comes from the observation that the
Biot-Savart kernel can be explicitly written as the divergence of a bounded matrix field. In order
to improve this argument to get uniform in time propagation of chaos, our main contribution is
the proof of time-uniform bounds for the density of p, from which a time-uniform logarithmic
Sobolev inequality is deduced. From the latter, in the spirit of the work of F. Malrieu [133] in
the smooth and convex case, the Fisher information appearing in the entropy dissipation yields a
control on the relative entropy itself, inducing the time uniformity. Thanks to the fast decay to 0
of the derivatives of the nonlinear limit, no smallness assumption on the interaction is required.
We thus prove uniform in time propagation of chaos under a set of assumptions satisfied in
particular by the Biot-Savart kernel.

The method and results are discussed in Chapter [4

The 1D log and Riesz gases. We are then interested in the case of the (generalized) Dyson
Brownian motion in dimension 1

oN |20 i,N 1 1
XN =[S aB - AXPNdt + ; Wdt. (1.3.5)

The dynamics above are satisfied, for A = 0, by the eigenvalues of an N x N Hermitian matrix
valued Brownian motion, as observed by F. J. Dyson in 1962 [65]. For A > 0, it correspond to
the eigenvalues of an N x N Hermitian matrix valued Ornstein-Uhlenbeck process [47]. This
motivates us to consider, in a slightly more general setting, the 1D N-particle system in mean
field interaction

) . . 1 i i
dXt%N _ /QO'NdB; _ )‘XtZ,th _ N ZV’(XZ’N — Xg’N)dt, (136)
J#i
where oy = 0 and there exists a € [1,2[, such that for all z € R*, V'(z) = —[g[aFT

—00
The approaches discussed above fail on this system : a more PDE-oriented approach, which
would rely on the regularity of the nonlinear limit g; and on bounds on its derivatives, is hindered
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by the fact that there is no Laplacian term in the limit as oy — 0. Likewise, since the noise
vanishes and the interaction is singular, coupling methods also fail. A qualitative result of
propagation of chaos for the (generalized) Dyson Brownian motion was proved in 151} 43 [125]
using the tightness of the sequence of empirical measures and the uniqueness of the limit.

We provide a uniform in time quantitative result for a € [1,2[ by coupling an N particle
system with an M particle system for all N, M > 0. We succeed in proving, making full use of the
fact that in dimension 1 the particles remain ordered and the optimal coupling in the Wasserstein
distance is explicit, that any independent sequence of empirical measures is a Cauchy sequence
in some sense. Then, independence ensures that the limit is an almost surely constant random
variable in the space of probability measure, which can then be identified as a weak solution of
the nonlinear limit we expect.

This method, which to the best of our knowledge had not been used before, is fully described
in [84], and so far seems restricted to the dimension 1 case. You may find the complete description
of the results in Chapter [f]

1.3.3 Incomplete interactions and non-exchangeability

Finally, we consider cases where the particles do not interact with every other particles, but
according to a graph. This breaks the assumption of exchangeability of the system, as a priori
some may interact with more than other, and the structure of the underlying graph in such
settings influences greatly the behavior of the system. These systems of interacting particles
find many applications in Physics, Biology, Economics or Social Sciences (see |97} {110} |173] and
references therein), and model agents that are not identical.

Here, we focus on two problems concerning, first, the almost sure (with respect to the random
graph) quantitative and uniform in time mean-field limit in graphs, and then a type of numerical
scheme involving a random batch method.

Mean-field limit in graphs. We observe that the reflection coupling makes it possible to
deal with particles interacting according to a graph

N
AXPN = F (Xti’N,wi) dt + O‘WN Y e (Xf’N,wi,th’N,wj) dt + V20dB!, (1.3.7)
j=1
where V) = (51(1]\[)) , fi(];,) € {0, 1} represents the graph, {w;}1<i<w is an environmental
J Jagigen T
disorder, (an)nN>1 is a scaling parameter, F : RY x RY s RY is a Lipschitz continuous outside

A 2
force and T : (Rd X Rd) — R? is a Lipschitz continuous interaction. Assuming there is

a.s

p € [0, 1] such that sup; ¢,y |an =" —p 0, which is true for Erdés-Rényi graphs,

N—o0
the empirical distribution uY converges in Wasserstein distance to the nonlinear limit p;. We
prove furthermore that this mean-field limit for (1.3.7)) is uniform in time.

This is joint work with Christophe Poquet?® |115], available in Chapter @

3Université Claude Bernard Lyon 1, CNRS UMR 5208, Institut Camille Jordan, F-69622 Villeurbanne, France.
Email : poquet[AT|math.univ-lyonl.fr
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The random batch method. The numerical scheme associated to the overdamped Langevin
dynamics in mean field interaction for a timestep ¢ is the following

{ X = XN = sVUXEY) = 555 2 YWY = XY + V208G, (1.35)

oLid ~N(0,1). e
Notice, however, that the numerical complexity of each time step is O(IN?), corresponding to the
computation of each interaction. To decrease this complexity, we choose to consider a Random
Batch Method (RBM). The idea is, instead of considering that each particle interacts with every
other particles, we divide at each time step the system into smaller batches and compute the in-

teractions only within these batches. Consider, for a timestep k, a partition Py = (77,17 e ’P,iv /p )

of {1,..., N} into N/p subsets of size p, and define
C,={jef{l,.,N}st. I ef{l,..N/p}ijeP.}.

In other words, C,i is the set of indexes that are in the same subset as i at timestep k, with the
convention i € Ci. The partition is chosen randomly and uniformly at each time step, and yields
the following numerical scheme

iy i s i j i

Yk._Jrl =Y} -oVU(Y}) - 70T Zj;éiec,i VW (Y -=Y!) + V200G, (1.3.9)
»oiid ~N(0,1).

The numerical scheme is now of complexity O(Np) at each time step, and the convergence of
as N goes to infinity and § goes to 0 to the invariant distribution of the nonlinear limit
SDE can for instance be found in [177].

It is interesting to notice that this RBM "adds" randomness to the system. This prompts
us to analyze the effect of the method on systems that exhibit a phase transition since, if the
system admits a critical temperature, this temperature should intuitively decrease due to the
added randomness.

To get a better grasp on this phenomenon, we start by studying one of the simplest model
admitting a phase transition : the Curie-Weiss model. For N spins, given by a configuration
o= (01,.,0n), let Qx = {—1,1}¥ be the set of possible spin configurations. On this system
we consider the following Hamiltonian

1
VYo € Qu, HN(U):_ﬁZUin-
.

Intuitively, each spin will tend to align with the others. The evolution for (o(n)), in Qy
is the following: at each discrete time step, a spin is chosen uniformly among the N possi-
bilities. Let us denote ¢ this spin, and o’ = (o],...,0)) the configuration such that for all
j #1, 05 = o(n);, and o] = —o(n);. We accept o’ as the next step of o(n) with probability
exp (—B(Hn(0') — Hy(0))4). This parameter § will be called the inverse temperature.

In reality, this system can be entirely studied in terms of its magnetization, i.e the empirical
mean of spins, my(n) := + Zivzl o(n);.

The nonlinear limit as IV goes to infinity of this system admits a phase transition : for 5 > 1,
it admits three equilibrium points for the magnetization, and for § < 1 only one.

Now, instead of considering this well-known system, we choose a modification with random
batches in which at each time step the chosen spin no longer evolves according to the entire
system, but according to a subset of p spins containing the chosen spin. We can prove that the
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critical parameter is not 1, but 3. > 1, and that 5. =1+ p%r +o0 (ﬁ)

The second model we consider is the overdamped Langevin diffusion in a double-well potential,
for which it is known there is a phase transition, see for instance [168|. Similarly, we seek to
understand how the critical parameter for this phase transition evolves with the size of the
random batches.

This is ongoing work, the state of which you may find in Chapter [7}

All chapters are independent, with the exception of Chapter
which relies on Chapter

1.4 Perspectives

Remaining singular problems. There currently remain a few cases of Riesz interactions
for which quantitative and uniform in time propagation of chaos has not yet been obtained.
However, some works are apparently in preparation and should get, using the modulated free
energy approach, the desired result in some, if not most, of these remaining cases. This should
mostly conclude the study of , although there may remain some technical assumptions
to deal with. For instance, if the results hold on the torus, can we extend them to the entire
space R? ? A similar technical impediment can be found in our work on the 2D vortex model.
This question of compactness becomes crucial when dealing with second order systems : we may
bound the positions by working on the torus, but not the velocities. Obtaining quantitative and
uniform in time results in the kinetic setting for singular interactions thus seems to be the next
problem to tackle.

In both our work on the 2D vortex model and in [152], the uniform in time estimates are a
consequence of the (sufficiently fast) decay of the L° norms of the space derivatives of p; (or
a quantity involving said derivatives). See Chapter 4l Although it is not exactly how we prove
these decays, we understand that it is linked to the fact that, on the torus for a divergence free
kernel K, the invariant distribution is the Lebesgue measure, and likewise on the entire space
with repulsive interaction the solution p; goes to 0. Furthermore, we also work in a compact set
in order to bound log p; and its derivatives which appear in the relative entropy.

To dispense with the need to be in a compact space, and in order to still be able to use the
sufficiently fast decay of the nonlinear solution, we would like to try and work in weighted LP
spaces, changlng the measure of reference to the stationary distribution. The solutlon Dt should

should vanish. This may require the addition of a conﬁnlng potential. Note however that Worklng
with this a priori unknown measure may prove to be difficult for lack of known properties...

Using probabilistic tools. The most exciting recent results concerning quantitative prop-
agation of chaos for singular kernels use PDE-oriented methods (Modulated energy, BBGKY
hierarchies...). As we hope to convince the reader, there is a real interest in obtaining prob-
abilistic proofs (understand : proofs staying at the level of the SDE) as these may provide a
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better understanding of the processes, and this better understanding may then translate into
robust and intuitive methods for other problems. See chapter 2 of [171], or how the proof of
Chapter 2] adapts to Chapter [3] Thus, beyond the result, we would like to obtain coupling proofs
for singular kernels to both deepen our understanding of the phenomenon and ensure a diversity
of proofs.

For instance, the result in Chapter [5] which concerns propagation of chaos in the singular 1D
case, indeed relies on the convexity of the Riesz interaction in dimension 1, which is arguably its
biggest flaw, but also (and mainly) on the control of close encounters of particles, similarly as
the proofs using tightness argument. An idea could thus be to combine the coupling method of
Chapter 5] considering empirical measures, with the construction of a semimetrics of Chapter [2]
that would thus involve Lyapunov functions. Close interactions would be controlled in the case
of repulsive interactions in the kinetic case and regardless of the dimension.

Sharp rate of convergence. For along time it had been assumed that the rate of convergence
in N (in Wasserstein distance for instance) of N —1/2 obtained by the usual coupling methods or
via entropy dissipation was optimal, as it relates to the speed of convergence of the central limit
theorem. However as we mentioned, in a recent work, D. Lacker [111] proved, using BBGKY
hierarchies for the relative entropy, that the optimal rate should rather be N1,

So far, the difference in these rates of convergence has been justified by the fact that D.
Lacker uses a local approach through this BBGKY hierarchies, while previous methods deduced
the convergence of the law of a subset of k particles from the IV particle system by subadditivity,
thus considering a global approach to the problem.

Understanding why coupling methods fail in reaching that optimal rate and how we should
adapt them is a direction we have in mind. Likewise, we are discussing with D. Lacker of the
possibility of combining the BBGKY approach |111] with the calculations done in Chapter |4} in
order to obtain this optimal rate of convergence for singular interaction kernels.

And other problems. The system (1.1.1]) corresponds to a very specific (yet absolutely cru-
cial) type of particle system in mean-field interaction corresponding to pairwise interactions. It
would be interesting to go beyond and study

N
i=1

for a given b : R? x P (Rd) — R?.  The dynamics correspond to the specific case
b(z,p) = [ K(z —y)du(y). This type of system is currently considered for its applications, such
as the training of neural networks, and has been studied using weak derivatives (see [96] or the
recent [49] for a uniform in time result) or BBGKY hierarchies [111].

Furthermore, as the effective dynamics in Chapter [7] suggests, it may be interesting to take a
look at systems in which the interaction (equivalently the nonlinearity) appears in the diffusion
coeflicient.

And finally, due to its wide range of applications, there is no doubt that the study of large
systems of interacting agents will continue to provide microscopic problems that must be related
to their mesoscopic limit.

Bonne lecture !
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Chapter 2

Convergence rates for the
Vlasov-Fokker-Planck equation and
uniform in time propagation of
chaos In non convex cases

J’ai toujours eu du bol avec ’aléatoire,
moi.
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Abstract: We prove the existence of a contraction rate for Vlasov-Fokker-Planck equation in
Wasserstein distance, provided the interaction potential is Lipschitz continuous and the confining
potential is both (locally) Lipschitz continuous and greater than a quadratic function, thus re-
quiring no convexity conditions. Our strategy relies on coupling methods suggested by A. Eberle
|66] adapted to the kinetic setting enabling also to obtain uniform in time propagation of chaos
in a non convex setting.
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2.1 Introduction

2.1.1 Framework

Let U and W be two functions in C! (Rd). We consider the Vlasov-Fokker-Planck equation:
Oy (x,v) = =V (v (2,0))+ Vo (v + VU () + VW g (2)) vt (z,0) + Vyrr (2,0)), (2.1.1)

where v;(,v) is a probability density in the space of positions 2 € R? and velocities v € RY,

peta) = [ o)

is the space marginal of 14 and

VW s ae (1) = / YW~ y)uldy).

It has the following probabilistic counterpart, the non linear stochastic differential equation
of McKean-Viasov type, i.e. v; is the density of the law at time ¢ of the R??-valued process
(X¢, Vi)i>o0 evolving as the mean field SDE (diffusive Newton’s equations)

dX, = Vidt
dV; = \2dB; — Vidt — VU (X3) dt — VW * g (X;) dt (2.1.2)
Mt = Law (Xt) .

Here, (X;,V;) € R? x R4, (Bt)@O is a Brownian motion in dimension d on a probability space
(Q, A, P), and p; is the law of the position X;. The symbol V refers to the gradient operator,
and the symbol * to the operation of convolution.

Both in the probability and in the partial differential equation community, existence and
uniqueness of McKean-Vlasov processes have been well studied. See [135] |78, |162] for some
historical milestones. In the specific case of and , under the assumptions on U
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and W introduced in the next section, existence and uniqueness follow from [137] for square
integrable initial data.
A related process is the N particles system in R? in mean field interaction

dX} = Vidt,
; , . ) , 1 Y 4 ,
vi € [1,N], Vi = V2B - Vidt— VU (X[)dt— = S VW (Xi - X7 ) dt,
j=1
(2.1.3)
where X} and V;' are respectively the position and the velocity of the i-th particle, and
(B}:, 1<i<N ) are independent Brownian motions in dimension d. One can see equation
as an approximation of equation , where the law p; is replaced by the empirical measure
py = % ZZL 5X;j-

It is well known, at least in a non kinetic setting [137,|162|, that, under some weak conditions
on U and W, ul converges in some sense toward the law u; of X; solution of . This
phenomenon has been stated under the name propagation of chaos, an idea motivated by M. Kac
[106], and greatly developed by A.S. Sznitman [162]|. See the recent reviews on propagation of
chaos [45] 46| and references therein for an overview on the subject.

In statistical physics, is a Langevin equation that describes the motion of N parti-
cles subject to damping, random collisions and a confining potential U and interacting with one
another through an interaction potential W, which can be polynomial (granular media), Newto-
nian (interacting stellar) or Coulombian (charged matter). See for instance [117] for an english
translation of P. Langevin’s landmark paper on the physics behind the standard underdamped
Langevin dynamics. Therefore, Equation has the following natural interpretation: the
solution vy is the density of the law at time ¢ of the process (X, V;)¢>0 evolving according to
, and thus describes the limit dynamic of a cloud of (charged) particles. In particular, it
holds importance in plasma physics, see [172].

More recently, mean-field processes such as have drawn much interest in the analysis
of neuron networks in machine learning |51, 50]. In this context of stochastic algorithms, it is
known that the underdamped Langevin dynamics (not necessarily with mean-field interactions)
can converge faster than the overdamped (i.e non kinetic) Langevin dynamics [51} 88| toward its
invariant measure. For example, the results on could be applied to study the convergence
of the Hamiltonian gradient descent algorithm for the overparametrized optimization as done in
|[108] for Generative Adversarial Network training.

The goal of the present work is twofold. We are interested, first, in the long-time convergence
of the solution of (2.1.2)) toward an equilibrium and, second, to a uniform in time convergence
as N — 400 of toward . It is well known that such results cannot hold in full
generality, as the non-linear equation may have several equilibria. Here we will consider
cases where the interaction is sufficiently small for the non-linear equilibrium to be unique and
globally attractive, and for the propagation of chaos to be uniform in time.

There are various methods to study the long time behavior of kinetic type processes, such as
Lyapunov conditions or hypocoercivity, and we will discuss these approaches and compare them
with our results later on. We rely here on coupling methods following the guidelines of A. Eberle
et al. in [68] where the convergence to equilibrium is established for without interaction,
and also extend the approach to handle only locally Lipschitz coefficient. In a second part, we
also use reflection couplings (see [64]) for the propagation of chaos property.

Let us briefly describe the coupling method. The basic idea is that an upper bound on the
Wasserstein distance between two probability distributions is given by the construction of any
pair of random variables distributed respectively according to those. The goal is thus to construct
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simultaneously two solutions of (2.1.2)) that have a trend to get closer with time. Have (X, V;)
be a solution of (2.1.2)) driven by some Brownian motion (By);»¢ and let (X[, V}/) solves

dX, = V/dt
'ug = Law (X,g) .

with (Bj);5, a d-dimensional Brownian motion. A coupling of (X, V') and (X’,V”) then follows
from a coupling of the Brownian motions B and B’. Choosing B = B’ yields the so-called
synchronous coupling, for which the Brownian noise cancels out in the infinitesimal evolution of
the difference (Z;, W;) = (X¢ — X, Vi — V/). In that case the contraction of a distance between
the processes can only be induced by the deterministic drift, as in [21]. Such a deterministic
contraction only holds under very restrictive conditions, in particular U should be strongly
convex. Nevertheless, in more general cases, the calculation of the evolution of Z; and W; (see
Section below) shows that there is still some deterministic contraction when Z; + W; = 0.
We can therefore use a synchronous coupling in the vicinity of this subspace.

Outside of {(z,w) € R?? 2z +w = 0}, it is necessary to make use of the noise to get the
processes closer together, at least in the direction orthogonal to this space. In order to maximize
the variance of this noise, we then use a so-called reflection coupling, which consists in B and B’
being antithetic (i.e B; = —B;) in the direction of space given by the difference of the processes,
and synchronous in the orthogonal direction. In other words, writing

ZoAW,
e = { ‘Ztthl if Zy + Wi #0

otherwise

we consider dB] = (Id — 2e.el’) dB;. Levy’s characterization then ensures that it is indeed a
Brownian motion.

Finally we construct a Lyapunov function H to take into account the trend of each process
to come back to some compact set of R??. We are then led to the study of a suitable distance
between the two processes, which will be of the form p; := f(ry)(1+€eH (X, Vi) +eH (X[, V))), with
re = a|Zy| + | Zy + Wi|, where a, € > 0 and the function f are some parameters to choose. More
precisely, we have to choose these parameters carefully in order for Ep; to decay exponentially
fast. This leads to several constraints on «, € and on the parameters involved in the definition of
f, and we have to prove that it is possible to meet all these conditions simultaneously. For the
sake of clarity, in fact, we present the proof in a different order, namely we start by introducing
very specific parameters and, throughout the proof, we check that our choice of parameters
implies the needed constraints.

The study of the limit N — +oc is based on a similar coupling, except that we couple a
system of N interacting particles (2.1.3) with N independent non-linear processes ([2.1.2]).

The next subsections describe our main results and compare them to the few existing ones
in the literature. Section presents the precise construction of the aforementioned ad hoc
Wasserstein distance. The proof of the long time behavior of the Vlasov-Fokker-Planck equation
when confinement and interaction coefficient are Lipschitz continuous is done in Section [2:3]
whereas the propagation of chaos property is proved in Section[2:4 An appendix gathers technical
lemmas and the modifications of the main proofs when the confinement is only supposed locally
Lipschitz continuous.
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2.1.2 Main results

For ;1 and v two probability measures on R??, denote by II (i, ) the set of couplings of y and v,
i.e. the set of probability measures I on R?? x R?? with I'(AxR??) = p(A) and T'(R?4x A) = v(A)
for all Borel set A of R2¢. We will define L' and L? Wasserstein distances as

Wh (n,v) = Feiﬁi » / (|l = Z| + |v — 9|) T (dedvdzdd) ,

1/2
W2(u,u):< inf /(|x—5;|2+|v—ﬁ|2)r(dxdvdfcda)> .

rell(p,v)

Our main results will be stated in terms of these distances, even if we work and get contraction
in the Wasserstein distance defined with the aformentioned p. Let us detail the assumptions on
the potentials U and W.

Assumption 2.1. The potential U is non-negative and there exist A > 0 and A > 0 such that
d 1 |z]?
Vo € R, §VU () - x=2 AU (x)+ o) A. (2.1.4)

The condition (2.1.4)) implies that the force —VU has a confining effect, bringing back particles
toward some compact set. It implies the following:

Lemma 2.1.1. If Assumption holds, then there exists A > 0 such that for all z € RY,
Al g
Ulz) > 6|:1c| — A (2.1.5)

The proof is postponed to Appendix In particular, it implies that U goes to infinity
at infinity and is bounded below. Since only the gradient of U is involved in the dynamics, the
condition U > 0 is thus not restrictive as it can be enforced without loss of generality by adding
a sufficient large constant to U. This condition is added in order to simplify some calculations.

We will also assume that the potential U satisfies one of the two following conditions :

Assumption 2.2. There is a constant Ly > 0 such that
Vr,y € R4 x RY, |VU (x) — VU (y) | < Ly|z — y|.
Assumption 2.3. There exist Ly > 0 and a function 1 : R? — R such that
Yo,y €RIXRY VU (2) = VU () | < (Lu + ¢ () + ¥ () |2 — yl,

and
Vr € RY, 0 < P(x) < Ly/Nz|2 + 24U (z),

where Ly, > 0 is sufficiently small in the sense that
L’l/) < Cw(LUv )\7 Aa da Cl),

where cy is an explicit function given below in (2.5.9)), Ly is given in Assumption A by
Assumption A by Lemma d is the dimension and a is a parameter such that (2.5.1))

holds for some C°, namely is used to bound an initial moment.
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Obviously, Assumption [2.3] implies Assumption [2.2l We distinguish it as it yields simpler
proofs. Actually, the proofs of our main results already rely on quite involved computations
under Assumption 2.2 and thus for the convenience of the reader we present the proofs in this
case with full details in a first step, and then in a second step we explain how the more general
situation of Assumption [2.3]is tackled.

Remark 2.1.1. In the literature, see for instance [146] or the recent [35]], it is common to find
the assumption U twice continuously differentiable with an hessian matriz satisfying

IVEU (@) < CA+ V.U (), (2.1.6)

where ||V2U(x)|| denotes the matriz norm of the hessian. Here, Assumption together with
Assumption yield a stronger version of (2.1.6). Indeed, in dimension one for instance, we
have

! 77!
U ()] = Tim |U'(z) = U'(y)|
y—o |z -y

<Ly + 2Ly+/ Az|? + 24U ().
Using Assumption we obtain the existence of a constant A such that

A

V()] > lal - 4

which implies, once again using Assumption [2.1] that
@) (107 @)]+ 34) > 0@l > U')e > 200 (@) + 1ol — 24,
In particular, there are constants ¢y, co, c3 and c4 such that
AU (2)] + ca = VesU(x) + ca|z)?,
and therefore we obtain, for some constants C' and n,
U"(2)] < CA+n|U'(2)]),

where n has to be sufficiently small. This is no surprise as, in our work, we consider the "local
Lipschitz condition" to be a perturbation of the global Lipschitz Assumption [2.3

Example 2.1.1. Assume d=1. The double-well potential given by

ol @@= e <y,
v {<|x|—1>2

otherwise.

satisfies Assumptions and 29

Example 2.1.2. Likewise, we may consider U(zx) = %xQ + %cos(x) in dimension 1, which is
neither strongly convez, nor strongly convex outside a ball, but satisfies Assumptions[2.1] and[2.3
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Example 2.1.3. Consider U(x) = ixQ + %334 i dimension 1. We have

2 2 2 2
x 4 x x b 4 x
VU (z) -z 5 + bx /(4 + 1 +4x> (U(x)+ )

hence U satisfies Assumption[2.1 U is not Lipschitz continuous, however it satisfies
VU(@) = VU )] =3 e — ol +b o = |
=5l =yl +blz —yl[a? + 2y +o?
Sgle—ul+ 2 o=yl o7+
—(5+ @)+ v lo -,

where,

b b
Y(z) = %gﬁ < \/B\/24Zx4 < Vb Nz|? + 24U ().
We then require b to be sufficiently small for Assumption[2-3 to hold.

Let us now give the assumption on the interaction potential.

Assumption 2.4. The potential W is even, i.e. W () = W (—z) for all x € R%, in particular
VW (0) = 0. Moreover, there exists Lyy < \/8 (where X is given in Assumptz'on such that

Vz,y € R? x RY, VW (z) — VW (y) | < Lw|z — y|. (2.1.7)
In particular |NW (z) | < Ly |z| for all x € RZ.

Here we consider an interaction force that is the gradient of a potential W, as we stick to the
formalism of other related works (for instance [64]). Nevertheless, all the results and proofs still
hold if VIV is replaced by some F : R% s R? satisfying the same conditions. The confinement
potential may also be non gradient, however the fact that the confinement force VU is a gradient
simplifies the construction of a Lyapunov function.

The condition Ly < A/8 is related to the fact the interaction is considered as a perturbation
of the non-interacting process studied in |68]. Therefore, VI¥ has to be controlled by VU in
some sense. Note that we immediately get the following bound on the non-linear drift:

Lemma 2.1.2. Under Assumption for all probability measures i and v on R and x, & € RY,
VW s p(x) = VW xv (2) | < Lw|z — 2| + Lw Wi (i, v).
See Appendix [B:1.2] for the proof.

Example 2.1.4. Assumption 18 satisfled  for an  harmonic  interaction
W (x) = £Lw|z|?/2, or a mollified Coulomb interaction for a,b > 0 and k € N*

a ax|z|F—2

Wa)=t——— ie VW@ =F—71
(] + bk) * (e[ + by
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The first of our main results concern the long-time convergence of the non-linear system
(12.1.1)).

Theorem 2.1.1. Let U be continuously differentiable and satisfy Assumption [2.1] and Assump-
tion . There is an explicit ¢V > 0 such that, for all W continuously differentiable satisfying
Assumption with Ly < ¢V, there is an explicit 7 > 0 such that for all probability measures v}
and v3 on R*? with either a finite second moment (if Assumption holds) or a finite Gaussian
moment (if only Assumption holds), there are explicit constants Cy,Cy > 0 such that for all
t>0,

W1 (lltl, VtZ) § B_thl 5 W2 (lltl, VtQ) § B_TtCQ

where v} and v? are solutions of (2.1.1)) with respective initial distributions v§ and v3.
In particular, we have existence and uniqueness of, as well as convergence towards, a station-
ary solution.

The second of our main results is a uniform in time convergence as N — +oo of (2.1.3)

toward (2.1.2)).

Theorem 2.1.2. Let C° > 0 and a > 0. Let U be continuously differentiable and satisfy Assump-
tions and . There is an explicit ¢V > 0 such that, for all W continuously differentiable
satisfying Assumption with Lyy < ¢V, there exist explicit By, Bo > 0, such that for all prob-
ability measures vy on R?? satisfying E,, (e&(‘XMV')) <Co,

kB kB
Wl (Vf,Naljg@k) gf]\}, W22 (Vf’NaDt[gk) gTKQ/n

for all k € N, where l/f’N is the marginal distribution at time t of the first k particles

(XH V), ooy (XFE,VE)) of an N particle system (2.1.3) with initial distribution (19)®Y, while
R

Uy s a solution of ( with initial distribution vg.

The organization of the chapter is as follows : in Section 2:2] we define the various tools
involved in the construction of a good semimetrics. In Section 23] we study the long-time
behavior of the Vlasov-Fokker-Planck equation (i.e Theorem E under the global Lipschitz
Assumption on U. Then, in Section we prove propagation of chaos (i.e Theorem .
Finally, in Section we show how one may obtain the result of Theorem under the local
Lipschitz Assumption 2.3 on U.

We choose to present these proofs in this order, starting with the case in which the computa-
tions are the least cumbersome, in order to describe the method and motivate the construction
of the semimetrics. Then, we add the tools to deal with the propagation of chaos. Finally, by
combining the tools developed in Section [2.4] and the method of Section [2:3] we observe that
it is possible to handle a small perturbation of the Lipschitz condition on U. In this way, we
hope to gradually bring the difficulties and keep a form of clarity despite the sometimes involved
calculations.

2.1.3 Comparison to existing works

Space homogeneous (i.e non kinetic) models of diffusive and interacting granular media, usually
named McKean-Vlasov diffusions (see [14]), have attracted a lot of attention in the last twenty
years. They have been treated by means of a stochastic interpretation and synchronous couplings
as in [40] or in the recent [64] by reflection couplings enabling to get rid of convexity conditions,
but limited to small interactions. Remark however that small interactions are natural to get
uniform in time propagation of chaos as for large interactions the non linear limit equation may
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have several stationary measures (see [93] for example). The granular media equations were
interpreted as gradient flows in the space of probability measures in [38|, leading to explicit
exponential (or algebraic for non uniformly convex cases) rates of convergence to equilibrium of
the non linear equation. Another approach relying on the dissipation of the Wasserstein distance
and WJ inequalities was introduced in [20] handling small non convex cases. This approach was
implemented in [153] to get propagation of chaos, under roughly the same type of assumptions.
Mean-field limit using I'-convergence tools has also been obtained in [37] for A-convex potentials
in this non kinetic setting.

Results on the long time behavior of the non-linear equation , i.e. space inhomoge-
neous, are few, as they combine the difficulty of getting explicit contraction rates for hypoelliptic
diffusions as well as a non linear term. Recent works have tackled the question of contraction
rate for the underdamped Langevin diffusion when there are no interaction (i.e W = 0). Results
were obtained using hypocoercivity |62] and recently functional inequalities |1} |35], all in an L2
setting that is not well adapted to the interacting particle system. For singular potential U,
still without interaction, convergence rate in H' were obtained in |9]. Concerning the uniform in
time propagation of chaos, there are no results except in the strictly convex case (with very small
perturbation). We however refer to [170] for a result on the torus with W bounded with contin-
uous derivative of all orders, see also |27]. Using functional inequalities (Poincaré or logarithmic
Sobolev inequalities) for mean field models obtained in [87], other results were obtained provided
the confining potential is a small perturbation of a quadratic function as in [142} |86} [89] which
combines the hypocoercivity approach with independent of the number of particles constants
appearing in the logarithmic Sobolev inequalities. The convergence of the Vlasov-Fokker-Planck
equation to equilibrium for specific non-convex confining potentials and convex polynomial at-
tractive interaction potentials using the free-energy approach has also been obtained in [63]. Our
results generalize [89]. Indeed, we may consider non gradient interactions whereas it is crucial
in their approach to know explicitly the invariant measure of the particles system, and also we
may handle only locally Lipschitz confinement potential, whereas they impose at most quadratic
growth of the potentials, and non strictly convex at infinity potential. It is however difficult to
compare the smallness of the interaction potentials needed in both approaches. Note however
that they obtain convergence to equilibrium in entropy whereas we get it in Wasserstein distance
(controlled by entropy through a Talagrand inequality). Using a coupling strategy, and more
precisely synchronous couplings, results under strict convexity assumption were obtained in 21|
for contraction rates in Wasserstein distance, see also [108] but only for the nonlinear system.

As we mentioned, we adapt a proof from [68|, which tackles without interaction term.
This chapter uses a Lyapunov condition that guarantees the recurrence of the process on a
compact set. This idea is common when proving similar results through a probabilistic lens
(see for instance [163] or [4]). Lyapunov conditions may also help to implement hypocoercivity
techniques & la Villani to handle entropic convergence for non quadratic potentials, see [41].
Under the assumption U "greater than a quadratic function" at infinity and VW Lipschitz
continuous, we too consider a Lyapunov function that allows us to construct a specific semimetric
improving the convergence speed. But, and this is to our knowledge something new, when proving
propagation of chaos we add a form of non linearity in the quantity we consider to tackle a part
of the non linearity appearing in the dynamic (see Section below). Let us also mention the
very recent preprint by Schuh [156], posterior to our work, which also aims at proving long time
behavior for the second-order Langevin dynamics and its non linear limit as well as uniform in
time propagation of chaos, by constructing two separate metrics for small and large distances
and showing contraction for both these quantities.
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2.2 Modified semimetrics

As mentioned in the introduction, the proofs rely on the construction of suitable semimetrics on
R2? and R2?N . They are introduced in this section, together with some useful properties. In all
this section, A\, 4, A, Lyy and Ly are given by Assumptions and and Lemma

Before going into the details, let us highlight the main points of the construction of the
semimetrics. It relies on the superposition of three ideas. The first idea is that, in order to
deal with the kinetic process (2.1.2)), the standard Euclidean norm |z|?> + [v|? is not suitable
and one should consider a linear change of variables, like (z,v) — (z,z + Bv) for some 8 € R.
This is the case when using coupling methods as in [68, |21] but also when using hypocoercive
modified entropies involving mixed derivatives as in [170, [163 |8, |41], the link being made in
[141]. This motivates the definition of r below. The second idea is a modification of this distance
r by some concave function f, which is related to the fact we are using, at least in some parts
of the space, a reflection coupling. The concavity is well adapted to It6’s formula enabling the
diffusion to provide a contraction effect (in a compact). This method has been considered for
elliptic diffusions in [66], see also [69]. Intuitively, the contraction is produced by the fact that
a random decrease in r has more effect on f(r) than a random increase of the same amount.
Finally, the third idea is the multiplication of a distance by a Lyapunov function G, which has
first been used for Wasserstein distances in [90]. That way, on average, f(r)G tends to decay
because, when r is small, f(r) tends to decay and, when r is large, G tends to decay.

2.2.1 A Lyapunov function

Let
A

(b Tremt B:24<A+()\—7)/~H-d) (2:2.1)

and, for z,v € RY,
H (z,v) = 24U (z) + (6 (1 — ) + A) [2|* + 122 - v + 12]v]2.

For 4 a probability measure on R? with finite first moment, VW being assumed Lipschitz con-
tinuous, denote by £, the generator given by

L,¢(z,v) =v- -V (z,v) — (v+ VU () + VW * p(2)) - Vyob (z,0) + Ay (2,0) .

The main properties of H are the following.

Lemma 2.2.1. Under Assumptions and for all z,v € R and p,

2

H (z,v) >24U () + Alz|? + 12 ‘v + g , (2.2.2)

L,H (z,v) <B+ Lw(6+8)\) (/ |ydﬂ(y)>2 - (i)\ + )\2> |z|? — ~H (z,v), (2.2.3)
LoH (2,0) <B + ((/ |y|du(y)>2 - |x|2> (i)\ + )\2> CH (2,0). (2.2.4)

In particular H is non-negative and goes to +o0o at infinity.

The proof follows from elementary computations and is detailed in Appendix Notice
that the condition Ly, < A/8 is used here.
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In the case of particular interest where p = p; is given by (2.1.2), taking the expectation in
(2.2.4) and using Gronwall’s lemma, we immediately get the following.

Lemma 2.2.2. Under Assumptions[2.1] and[2.7], let (X¢, Vi)ixo be a solution of ([2.1.2) with

finite second moment at initial time. For allt > 0,

d
B B\ _.,

2.2.2 Change of variable and concave modification

We start by fixing the values of some parameters. The somewhat intricate expressions in this
section are dictated by the computations arising in the proofs later on. Recall the definition of

~vand B in (2.2.1]). Set

A 24B 24 ((1 2 2
a=Ly+~, Rog= 7), R1=\/ (@+a) +a)B.

4 5y min (3, % 5y min (3, %)

For z,%,v,7 € R?, set
r(z,z,v,0) =ale — 2|+ |xr — T +v—10].
Lemma 2.2.3. Under Assumptions and for all ,%,v,7 € RY,

2(1+a)2+a2

r(z,2,v,0)% < i (I0,3) (H (z,v) + H (&,9)) , (2.2.7)
so that, in particular,
r(z,Z,0,0) 2 Ry = ~H (z,v) +vH (Z,0) > %B
We refer to Appendix [B:I.4] for the proof. Let
. Jv B 1 . (1 Ly+Lw Ly + Lw
c:mln{%,3,7mln<2— 2% ,2 5o )
X exp <—; (LU—;LW + a + 96 max (21(1, 1>) Rf) } . (2.2.8)
Set 3
€=5, C=c+2B

and, for s > 0,

S

¢(s)—exp<;(;(LU+LW)+0¢+966maX(21a,1>)s2>, O(s)= [ ¢(u)du

0
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s u min(s,R1)
s =1-5 [(Ta reo= [ st

Remark 2.2.1. The parameters above are far from being optimal. They are somewhat roughly
chosen as we only wish to convey the fact that every constant is explicit.

The next lemma, proved in Appendix[B:2] gathers the intermediary bounds that will be useful
in the proofs of the main results.

Lemma 2.2.4. Under Assumptions and 2.,

(. ®
<< (1= , 2.2.9
“S6 2B + 2 (2.2.9)
Ly + Lw <a, (2.2.10)

1 Ly + Lw . H0) (7’)
2B <= (1202w f , 92.2.11
o= 2 ( ! )re]l(rJl,Rl] D (r) ( )
Ry -1
¢+ 2eB <2 / D(s)p(s) tds| (2.2.12)
0
’ 1 1

Vs >0, 0 =4¢" (s) + S (Ly + Lw) + a + 96e max %0 1)) s¢(s). (2.2.13)

The main properties of f are the following.

Lemma 2.2.5. The function f is twice continuously differentiable on (0, Ry) with f/ (0) =1
and ' (Ry) > 0, and constant on [Ry,00). Moreover, it is non-negative, non-decreasing and
concave, and for all s > 0,

min (s, Ry) f~ (R1) < f(s) < min (s, f (Ry)) < min (s, Ry).

Proof. First, notice that (2.2.12)) ensures that g(s) > % for all s > 0. Then, all the points
immediately follow from the fact the functions ¢ and g are twice continuously differentiable,
positive and decreasing, with ¢(0) = g(0) = 1. O

2.2.3 The modified semimetrics

For =, %,v,7 € R?, set

An immediate corollary of Lemmas and is that p is a semimetric on R?? which
controls the usual L1 and L2 distances:

Lemma 2.2.6. There are explicit constants Cy,Ca,C,,C. > 0 such that for all x,2',v,v" € RY,

/
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We also mention a technical lemma, see Appendix for proof.

Lemma 2.2.7. For all z,v,%,7 € R?

|H (z,v) — H (%,7)| < Capgar(z, T,v,0) + Capar(x, T,v,0) (\/H z,v) + /H (& ) (2.2.14)

where

24|VU(0)] 24Ly  6(1—7)+A—3 < 1 >
C = ———= and C = + + 2v/3max 1,— .
dH,1 o dH,2 a/ a/x %0

Finally, for ; and v two probability measures on R?? and a measurable function h : R?? x
R2%¢ 5 R, we define

Wy, (1, v) = inf /h(m,v,:ﬁ,ﬂ)F(d(xm)d(:ﬁ,ﬁ)) .

rell(p,v)

2.3 Proof of Theorem [2.1.1

In this section, for the sake of clarity, we only assume the potential U satisfies Assumption
and Assumption We refer to Section for the adjustment of the proof in the case VU
locally Lipschitz continuous.

Our goal is to prove the following result

Theorem 2.3.1. Let C° > 0. Let U be continuously differentiable and satisfy Assumption
and Assumption[2.3. Let

- 2B B A
Cr =C <1+6+2co)+2€<+c°>6+8.
Y ¥ A

For all W twice continuously differentiable satisfying Assumption with Ly < c/éK, for all
probability measures v} and v2 on R?*¢ satisfying E, H < C% and E,:H < cY

V20, W, (v, 17) < eI, (uh,03)

where v} (resp. v?) is a solution of ([2.1.1) with initial distribution v} (resp. v3).

2.3.1 Step one: Coupling and evolution of the coupling semimetric
Let £ > 0, and let rc, sc: R?? [0, 1] be two Lipschitz continuous functions such that :
ré® 4 sc? =1,
re(z,w) =01if |z + w| < g or alz| + |z +w| = Ry + &,
re(z,w)=1if [z+w| > ¢ and a|z| + |z +w| < R

These two functions translate into mathematical terms the regions in which we use a reflection
coupling (represented by rc = 1) and the ones where we use a synchronous coupling (represented
by sc = 1). Finally, £ is a parameter that will vanish to zero in the end. We therefore consider
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the following coupling :

dX, = V,dt

AV, = —Vidt — VU (X;) dt — VW % py (X3) dt + /2rc (Zy, W) dBJe
+v/2sc(Z;, Wy) dB3¢

pe = Law (Xy)

dX, = V,dt

AV, = —Vydt — VU (Xy)dt — VW i, (Xy)dt + V2rc (Ze, W) (Id — 2esel) dBJ*
+v2sc(Z, Wy) dBge

iy = Law(X4),

where B™ and B*¢ are independent Brownian motions, and

_ § Qi
Zi=X,— K0 WimVimVi Qu=Zi+W, e={ @1 T@Z0
0 otherwise,

and e] is the transpose of e;. Then

iz,

dt Wt Qt t ( 3 )

So d‘dzt”‘ = é—;l (Q: — Z;) for every t such that Z; # 0, and % < |Q:] for every t such that
Z; = 0. In particular

d|Zy|
< — | Z].
7 Qt| — | Z4

We start by using 1t6’s formula to compute the evolution of |Q;|. The following lemma is Lemma
7 of A. Durmus et al. [64] of which, for the sake of completeness, we give the proof.

Lemma 2.3.1. Under Assumption [2.1, Assumption [2.9 and Assumption we have almost
surely for allt > 0.

Q. = — e, - (VU (X,) - VU(Xt)) dt — e; - (vw s e (X)) — VIV % ,zt(f(t)) dt  (2.3.2)
+ 2v2rc (Zy, Wy) ey - dBLC
Proof. Let t > 0. We begin by considering the dynamics of Z;, W; and Q;. We have
dZ, = W,dt
AW, = —W,dt — (VU (X,) — VU(Xt)) dt — (vw s g (X,) — VIV % gt(Xt)) dt
+ 2V2rc (Z, Wy) epey - dBL
dQ, = — (VU (X,) - VU(Xt)) dt — (VW s 10 (X)) — VIV ,zt(f(t)) dt
+2V2rc (Z, W) esey - dBIC.
Therefore
dQ:? = —20, - (VU (X,) — VU(Xt)) dt — 20, - (VW s 10 (X)) — VWV gt(f(t)) dt
+4V2rc (Z1, W) (Qy - €4) er - dABLC + 8¢ (Zy, W) dt.
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We consider, for n > 0, the function ¢, (r) = (r + 77)1/2 which is C* on ]0, 00| and satisfies
S . _ 12 Py — 12 "N — _—3/2
Vr > 0, %12}) Wy (r) =717/%, 71}13}) 2y (r) =71 , %13}) dapy (1) T ,
and thus lim 2r¢) (r) + ) (r) = 0.
a0 7

Then
diy (1Qu) = = 20} (1Q:f2) Qi (VU (X)) - VU (X)) dt
— 200, (IQ:[) Qe+ (FW 5 e (X0) = VW iy (X))

+ 497 (|Qel?) V2re (Ze, W) (Q1 - er) e - dBy + 8¢, (|Quf?) r® (Ze, W) dt
+ 16#);7, (|Qt|2) TC2 (Zta Wt) |Qt|2dt

We make sure each individual term converges almost surely as 7 — 0. First, we notice that

| Q4

21Qly), (1Q¢]?) = (O 2 m 7 S

So
200, (1Q?) Qi+ (VU (X0) = VU(X0)) < VU (X,) = VU(X)| < LulZ.
Then, by dominated convergence, for all " > 0 almost surely

%ii’% OT 2y (‘Qt‘z) @ (VU (Xe) = VU(Xt)) dt = /OT |gZ| . (VU (X¢) — VU(Xt)) dt

T ~
:/ e - (VU (X,) — VU(Xt)) dt.
0
Likewise for all T > 0
200, (1Q41%) Q0+ (VW s ju (X0) = VW s i(K) ) < [VW s pu (X0) = VIV (K0
< Lw|Zi| + LwEE|Z|,

hence

T

lim ) 20y, (1Q¢[?)

n—0
T
= / et .
0

Then, since rc(Z;, W) = 0 for |Q¢| < % and

O

. (vw w10 (X)) — VW % ,jbt(Xt)) dt

/N

VW 5 e (X;) — VWV ,zt(f(t)) dt.

/ " 1 |Qt|2
8 ’)+16 ) |Qi? =4 —
¥ (1Ql7) + 16wy (1Q:F) 1e ((Qﬂ +0)2 Qi +77)3/2>
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" < A
Q2 +n)* QP

we have by dominated convergence
T
lim [ (800, (1QuP) re? (20, Wi) + 1607 (1Q42) e (20, Wi) Q1) di =0
0
Finally, by Theorem 2.12 chapter 4 of |150]
T T
hﬂ%/ V2, (1Q]?) re (Ze, W) (Qr - 1) ey - dB[C = / 2V2rc(Z, Wy) e, - dB™.
n 0 0

For any t, we obtain the desired result almost surely. The continuity of ¢t — |Q;| then allows us

to conclude that (2.3.2)) is almost surely true for all ¢. O
We denote

re o= ol Xy — Xo| + | Xe — Xo + Vi = Vi| = | Ze| + |Qu, (2.3.3)

pi := f (1) Gy where Gy = 1+ eH (X, Vi) + eH (X4, V). (2.3.4)

Since H (z,v) > 0 we have G; > 1. We now state the main lemma of this section.

Lemma 2.3.2. Under Assumption Assumption and Assumption let ¢ €]0,00[. Then
almost surely for all t > 0

t
vt >0, e“p < po —|—/ e“*Kyds + My, (2.3.5)
0

where (My), is a continuous local martingale and

1
K, = Af" (r)) re (Ze, Wy)? Gy + f (1) Gy + 96€ max (1, 2@) rof! (r) re (Ze, We)?

+ (ad|dZtt + (Lu + Lw) | Z:| + LWE|Zt|) I (r¢) Gy
+e (23 —yH (X4, Vi) — VH(Xtaf/tU f(re)

+ L (6+8X) (E (X)) + E( X)) f (o).
Proof. Using
|Qel = 1Qol + AP + M with
dA® = ¢, - (VU (X,) - VU(Xt)) dt — e, - (VW s 10 (X)) — VIV ,zt(f(t)) dt
AME = 2v/2rc (Zy, Wy) e; - dBJ°.

Therefore 7y = |Qo| + | Z¢| + A? + MZ. Let ¢ > 0. By Ito’s formula

d (eth (rt)) =ce f (ry) dt + et f' (ry) dry + %edf" (re) 8rc? (Zy, W) dt.
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Hence
et f (re) =f (r0) + A; + M, with
dA, :(cf (re) + oof (r) d‘j'
() e (VW s 10 (X)) — VWV # gt(f(t)) A (1) 2 (24, W) )ectdt
dM; =e“2V2f" (1) re (Ze, Wy) er - dBJ©.

) e (VU(Xt) - VU(X}))

We now consider the evolution of Gy = 1+ eH (X, Vi) + eH()N(t, f/t)
dG, =¢ (L‘MH (X, Vi) + L H(X,, f/t)) dt
+ ev/2rc (Zy, Wy) (VUH (X., V) — Vo H(X,, Vt)) -eseldBre
+eV2re(Z,, W) (va (X0, Vi) + Vo H (X, f/t)) - (Id — eeT) dBI®
+ ev/2se (Z,, W) (v H (X:, V;) —I—VUH(Xt,f/t)) . dBse.
Therefore e“p; = e f (ry) Gy = po + As + My, where
dA, =GydA, + et f (ry) (LMH (X1, Vi) + L, H(X,, fft)) dt
F deeCt [ (1) ¢ (Ze, Wy) (va (X, V) — Vo H(X,, f/t)) eudt,

and M; is a continuous local martingale. This last equality uses the fact that B™ and B*¢ are
independent Brownian motion and that e; - (I d— etetT) = 0. Furthermore

\VoH (X4, V}) — Vo H(X,, Vi)| = 12| X, + 2V, — X, — 2V3| = 122Q; — Z4|

1
<24 <2|Zt| + |Qt|)

1
< 24 max (1, ) Tt,
2a

so that dA; < e K,dt, where

Ko =(ef (r) + af () 221

) e (vw ¥ g (X;) — VWV # gt(fg)) F AP (1) 72 (Zy, W) )Gt

() ey (VU (X,) — VU(Xt))

-~ 1
(Lo (X0 Vi) 4 LH (X0 T) £ (1) 90 (1,50 ) ref () v (21,10,
And we conclude using Lemma [2.1.2] and Lemma [2.2.] O

2.3.2 Step two : Contractivity in various regions of space
At this point, we have
t
VS0, e <ot [ e Kads M,
0
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where M; is a continuous local martingale and, by regrouping the terms according to how we
will use them

K= (er o+ (22 4 (L + 1wzl 1 00 G (2:36)
14 (f” (re) G + 24¢ max (1, 22) rf! (rt)) re(Zy, W,)? (2.3.7)
+ e (2B yH (X0, Vi) = yH(X0, W) £ (1) (2:3.8)
+ L f (r) E(1Z)) G + eLw (6.4 83) (E(1Xu)) + E(Xi))?) £ (o). (2.3.9)

Briefly,

e lines (2.3.6) and (2.3.7)) will be non positive thanks to the construction of the function f
when using the reflection coupling,

e when only using the synchronous coupling, i.e when the deterministic drift is contracting,
line (2.3.6) alone will be sufficiently small,

e line (2.3.8) translates the effect the Lyapunov function has in bringing back processes that
would have ventured at infinity,

e finally, line ([2.3.9)) contains the non linearity and will be tackled by taking Ly, sufficiently

small.
In this section, we thus prove the following lemma

Lemma 2.3.3. Assume the confining potential U satisfies Assumption and Assumption 2.9
Then there is a constant ¢V > 0 such that for all interaction potential W satisfying Assump-

tion with Ly < ¢V, the following holds for K; defined in (2.3.6)-(2.3.9)
EK; < (1+ a)EEG; + Lw (Cx + Cie™ ") Epy,

with 0B 0B
Cx = (1 + 6) + 22 64 8)), (2.3.10)
gl A

6 + 8A

Y = e (cl + ) (IEH (Xo., Vo) +EH(X0,VO)) .

The constant ¢V is explicit, as it will be shown in Appendiz .

To this end, we divide the space into three regions

Reg; :{(Xt,Vt,Xth) s.t. |Qt‘ = and 1 < Rl},
Reg, = {(Xt, Vi, X0, Vi) sit. |Qu] < € and 7y < Rl},
RegS = {(Xta W)Xta‘zf) s.t. Tt > Rl} )

and consider

]EKt - E(Kt]]-Regl) + E(Kt]lRegQ) + E(Kt]lRegs)
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First region : |Q:| > ¢ and r, < R

In this region of space, we use the Brownian motion through the reflection coupling and the
construction of the function f to bring the processes closer together. Here we have rc(Z;, W;) =
1. Recall a|Z;| + |Q¢| = r¢ and Gy > 1.

e We have

d| Z,|
Pl

a + (LU + Lw) |Zt‘ < 01|Qt| — Oz|Zt‘ + (LU + Lw) |Zt|

=ar, — o?|Zy| — a|Z| + (Ly + Lw) | Zy|

1
< (a (Lu + Lw) + Ol) T,
e Since Gy =1+ €eH (X3, V}) + eH(f(t,f/t) >1,
Gy + ¢ (2B —VH (X0, Vi) — vH (X, f/t)) < ¢Gy + 2¢BG, = CG,. (2.3.11)

e We then have, by (2.2.13)),

4¢ (ry) + (; (Ly + Lw) + a + 96e max (210[, 1)> rid (1) = 0.

Hence
Af" (ry) + (; (Lu + Lw) + o + 96e max (21a’ 1>) ref’ (re)
=4¢" (r¢) g (re) +4¢ (r) g (r4)
+ (; (Lu + Lw) + « + 96e max (210/ 1>) T (1) g (1e)
=4¢ (1) g’ (11)
and

16(n)g' (1) + OF (re) < —A7® (1) + OB (1) = 0.
e At this point, through this choice of function f, we are left with
KlReg, < Dwf' (r)E(1Z0) G+ eLaw 6+ 83) (E (X0 +E(1%:1)%) £ ().
Using Lemma [2.2.6, f/(r,) <1and Gy > 1,
E (KilReg,) < LwGE (o) E(Go) + eLw (6+83) (E (1)) + E(%)?) E o).

Recall (2.2.6)
E(G,) =1+ €EH (X, V;) + eEH(X,, V),

2B o
<1+ 67 +e (EH (Xo, Vo) + EH(X,, VO)) e,
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and, since H(x,v) > \z|?,

- 1 1 -
E (X)) + E(IX))* <{EH (X, Vi) + (EH(X:, Vi),
2B 1

< - X 1 -t
STA 3 (]EH (Xo, Vo) +]EH(X0,VO)> e
Hence
2¢B 2¢B
E (Kt]lRegl) <Lw <01 (1 + 7) +o5 6+ SA)) E (o)
6 + 8\

+ Lyye ((31 + > (EH (Xo, Vo) + EH (X, VO)) E(p;) e .

A

We thus obtain E (Kt]lRegl) < Ly (CK + C(I)(e—“/t) Ep;.

Second region : |Q;| < £ and 7 < Ry

In this region of space, we use the naturally contracting deterministic drift thanks to a syn-
chronous coupling. Here Ry > r; > a|Zi| > ry — £ so that

Ki < CF () Got (0 = ru+ €4 % (L -+ L)) 1) G
+ (4f” (r¢) G¢ + 96e max (21a’ 1) ref! (rt)) re(Zy, Wt)2
+ L f' (1) E(1Z) Gy + eLw (6 +8)) (E (X)) + B(%))?) £ (o),
where we use . First
4f" (ry) Gy + 96e max (2104’ 1) ref’ (ry) <O0.

We use to obtain, since f (r;) < ® (r) and %qb(rt) < fl(r) =@ (re)g(re) < ¢(re) by
ez,

1/1
K <61+ )00 () G+ G (€O () + 5 (5 (Tt L) — 1) o)
+ LS (r) B (1Z,]) G+ eLw (6+8) (E(1X:])” + E(X))?) £ (o).
Then, thanks to , like in the first region of space

KilReg, <E(1+ )¢ () g(re) G + Lw ' (re) E(|1Z:]) Gy

+ eLw (6+83) (E(IX,))> + E(X])?) £ ().
Hence, since ¢ (1) g (r) < 1

ERiIReg <E(1+a)E(Gh) + Lw (Cx + Che ) Epy.
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Third region : r; > R,
In this region, we use the Lyapunov function. Here f’ (r;) = f” (r;) = 0 so that
Kilpeg, = (cGi+ ¢ (2B = vH (X0, Vi) = yH(X1, V) ) ) £ (re) TReg,
+ €L (6+83) (E (X)) + E(X))?) f (1) TReg,
:[e(c—'y) (H(Xt,Vt) +H(Xt,‘7t)) +2eB+c¢
+ L (6+8) (E (X)) + E( %)) | £ () TReg,
Since ¢ — v < 0 as a consequence of , and using Lemma

K < (=) 22 268 4.¢) £ () 4 chaw (648 (BX:D? + BUTIP) £ 1)

< (c (152“3 + 1) ~ §63> f(re) + €Ly (6 +8)) (E(|Xt|)2 + E(\XtI)Q) fre).

Then, using (2.2.9), EKt]IReg < LwCkEp: + LwCY%Epre™".
3

2.3.3 Step three : Convergence

Let T be a coupling of 1§ and v such that Epp ((z,v), (#,7))) < co. We consider the coupling
of (X, V;) and (X¢, Vi), with initial distribution ((Xo, Vo), (Xo, Vo)) ~ T, previously introduced.
Using Lemma and Lemma [2.3.3] by taking the expectation in (2.3.5) at stopping times 7,

increasingly converging to ¢ , we have by Fatou’s lemma for n — oo, V€ > 0,Vt > 0,

t t t
e“"Ep; <Epg + (1 + a) f/ e“E(Gs)ds + LWCK/ e“Epsds + LWC?(/ e(c_V)sEpsds.
0 0 0
(2.3.12)

Moreover, using Lemma and the fact v > ¢, for all t > 0,

¢ f(Ry) (1+€CY + €CY.
E (Gt) < (1 + €C?{ + GC%) , / e(C—’Y)SEdeS < ( H H) ’
0

y—c¢
t ct t
Cc e —1 LWCK
s g — 7 s dg.
/oe i c—LwCx ¢ C_LWCK/Oe i

We get

c (1+a)¢

e t <]Ept — m (]. +€C% +€C%)

F(R) (14 ey + et
Y—cC

t
(1 )5 0 0

cs s « 1 ) )

+LWCK/O e (Elp‘ e ( +eCH+eCH) ds

(1+eCl +eC%) + LwCi
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Gronwall’s lemma yields, for all t > 0

oct (IE (pt) — % (14 eCy + 66%))
F(Ry) (1 +eCl + eC%)

Y—C

eLWCKt.

< | E(po) + LwCik

Since W, (ut,v¢) < E (pt), we have thus obtained for all ¢ > 0

(1+a)é¢

12
W, (l/t,l/t) SC—LWCK

(1+€eCr +€C)
F(Ry) (1 +eCY + eC%)

Y¥—C

e(Lch—c)t

+ | E(po) + LwCik

Taking the infimum over all couplings I' of the initial conditions and using the fact that the left
hand side does not depend on &, so that we may take £ = 0, we get finally that for all ¢ > 0,

F(Ry) (1 +eCY + ec%)
’Y — C

W, (vi,vf) < |\ W, (v5,15) + LwCi ellwCr =)t (2.3.13)

and since, by Lemma CWV, (v}, vE) =W (v}, vE) and CoW, (v}, vF) = Wi (v, vE),
Wi (v, vf) el iweicy, L,

2(. 1 2 —(e—LwCk)t 2
W3 (v, v}) <e Cor z-

Then, for all W such that Ly < ¢/Ck, there will be contraction at rate 7 := ¢ — Ly Cxg > 0. So,
it only remains for Ly, to satisfy

c

, (2.3.14)
)+ 22 (6+8))

Ly <

2¢B
Cq (1 + =
with

2 4 <1+O‘)2+0‘2) 1
€1 = max (oz’ 1) fax € min (%)\,6) f (1)7 ¢ (R1)g(R)

Remark 2.3.1. We draw the reader’s attention to the fact that Theorem [2.3.1] is then a con-
sequence of everything we have done so_far : if we have an upper bound on EH (X0, Vo) +
EH (Xo, Vo), the constant C% in Lemma can be chosen equal to 0 provided we modify C .

Let us now show that there is existence and uniqueness of a stationary measure. Let C° > %

and y; a solution of (2.1.1)) such that E, H < C°. Using (2.2.6), for all t > 0, E,,H < C°.
Thanks to Theorem for Ly sufficiently small, there is 7 > 0 such that for all ¢t > s > 0

Wp (Mh Ms) < e_Tst (,U/tfsv MO) < f(Rl) (1 + 2660) e_Tsa
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and thus
Wi (e, p1s) < Cof(Ry) (1+2eC%) e

The space of probability measure with first moments, equipped with the W, distance, being a
complete metric space (see for instance [19]), and p; being a Cauchy sequence, there exists fioo
such that

Wi (e, poo) — 0 as t — oo,

and o, stationary. Theorem then ensures uniqueness and convergence towards this sta-
tionary measure.

2.4 Proof of Theorem [2.1.2

In this section, we show how we obtain similar results for the convergence of the particle system
to the non-linear kinetic Langevin diffusion using the same tools. We start by introducing the
coupling, the new Lyapunov function, we give a new definition for the various quantities we
consider, and then prove contraction of the coupling semimetric.

2.4.1 Coupling

We consider the following coupling
ax; = Vidi ] ]
AV} = —Vjidt — VU (X}) dt — VW * fi, (X}) dt
+V2 (re (Zi, Wi) dB{*" + sc (7, W) dB;"")
e = L (X7)
dx;N = vt ' _ _
dviN = —viNae— vu(xiMyde— £ S0 vw N - X))t
2 (rc (zi, Wi) (Id - Qe;gef;T) dBI* + sc (Zi, W) dch’i) ,

with, similarly as before,

S ‘ S » if
=X XN WiV VN, Qi=ziewi, d = @110
0 otherwise.
Let ul = % Zfil (5X:,N be the empirical distribution of the particle system, with i.i.d initial

conditions X N by We first notice that the particles are exchangeable. The generator of the
process given by the particle system (|2 is, for a function ¢ of (x1,...,zN,v1, ..., UN)

N
o =3 LN,

i=1

with

LoNG =v; - V.o —v; - Vo, — VU (2) - Vi — ZVW Ti —x5) - Vo, + Ay, 0.
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We define
ri =alZ{| + Qi (2.4.1)

B H(z,v)
H(z,v) :/0 exp (av/u) du, (2.4.2)

N N
Gt (574 BE N S (5152) -5 SO 1%,
Jj=1 Jj=1
(2.4.3)
L en o
Pe=N ;f () Gt (2.4.4)

There are two ideas when constructing this new Gi compared to the previous section. First,
we consider a modification of the Lyapunov function H, which we will describe in the next
subsection. Second, we add these empirical means of the form % > H. This will allow us to
deal with the non linearity appearing in the calculations. Recall the expectation in :
this term will become an empirical mean, see (2.4.23) and (2.4.24) below. When taking the
expectation of what we will denote K (similar to K; given in Lemma [2.3.2), we no longer have
a product of expectations, which we were able to deal with using the uniform in time bounds,
but an expectation of the product. We will therefore have to control a quantity on the particle i
multiplied by a quantity on the particle j, and we do not have independence within the particle
system. Hence the necessity, in the calculations, of adding this empirical mean of Lyapunov
functions.

2.4.2 A modified Lyapunov function
Notice how in the expression of G* above we did not consider the Lyapunov function H, but
instead H. Let us assume there exist Co,a > 0 such that E,, (EI(X, V)2> < (Co)? (which is

equivalent to the existence of C~0,Ez > 0 such that E,, (e&(‘XMV')) < C~07 as it was stated in
Theorem [2.1.2) ). First, notice

o) — /OH(z,v) exp (av/u) du = —exp( VH(z,v ) (a\/H(as,v) - 1) + %-

The idea of considering the exponential of the Lyapunov function is common when trying to
obtain a greater restoring force, see for instance [128|.
Here, for technical reasons (more precisely when dealing with the last term of A¢ given below
in (2.4.18)) we have to ensure, when writing H = f(H), that f’ is of order eV® instead of e®.
Direct calculations yield the following technical lemma.

Lemma 2.4.1. We have, for all z,v € R?

%x/H(x, v) exp (aVH(ac,v)) > H(x,v) 22 H(z,v)exp (a H(z,v) % (e—2), (2.4.6)

H(x,v) >H(z,v) (2.4.7)
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We may calculate, using (2.2.2)) and (2.2.3))

L, (H) — exp (a@)
)

,CH—I— eXp(Cl\/>>|V H?

(a\/ﬁ L,H + 24 “H exp (a\/ﬁ) ]g + U‘Q
<exp (avH) (B + L (6 + SN E,, (|z))* — <i>\ + >\2) 2 — 7H> (2.4.8)
+ 24av/H exp (ax/ﬁ)
<exp (avH) (B + 28ia2 + Ly (6 + 8\ E,, (Jz)? — gH) : (2.4.9)

where for this last inequality we used Young’s inequality 24avH < TH + 288“72.

Notice that ensures that this new Lyapunov function also tends to bring back particle
which ventured at infinity, and at an even greater rate. This new rate H exp(v/H) however
comes at a cost : the initial condition must have a finite exponential moment, and not just a
finite second moment as in Section 2.3

First, by (2.2.6) and (2.4.7)),

ioYri 1 (B i {7 1 (B
E(H(Xt,vt))g)\<W+EH(X0,VO))<)\(W+CO).

E(|X;))*

> =

Furthermore, the function h +— exp (a\/ﬁ) (B — %h) is bounded from above for A > 0 and
B € R. We therefore obtain from (2.4.9) the existence of B such that

Eﬂi@zvf[(xi,vi) <B - % (H (x4, v;) exp (a\/H(xi,vi))> (2.4.10)
Swi (V) <B-1E (H (X0, V) exp (a H (X, V;‘))) (2.4.11)
and %Ef[ (X, V) <B - ZIEH (X, V), (2.4.12)

where for this last inequality, we used (2.4.5). While (2.4.10)) and (2.4.11)) will be useful in ensur-
ing a sufficient restoring force, Equation (2.4.12)) give us a uniform in time bound on EH (Xti, V;),
provided we have an initial bound.

Now, for the system of particle, we have, using (2.4.9), Vi € {1, ..., N}, Va;,v; € R%,

LoNH (25, 0;)

N 2
288a* > i 17l
< exp (a\/H(xi,vi)) B+ 7a + Lw (6 4+ 8)\) (J]\lfj — %H(Jci,vi)

Summing over ¢ € {1,.., N}, we may calculate

w (6 +8X) ﬁ:( jo | J|> ZN:exp@\/]W)

i—1
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H (x;,v;) exp <a\/H (mi,vi))

v, N H (x;,v;)exp (a H(xi,vi))
2N o> N
i,j=1 =1
<. (2.4.13)

Here, we used - the fact that Y,y > 0 ze®VY 4ye™V7 —1eV? —yetV¥ = (VT — eaV¥)(y —

x) < 0 and assumed
Lw Yo YA
6— 14+ A - ie Ly << ———.
) ( * ) g8 " TWS 163+ 40

Likewise, there is a constant, which for the sake of clarity we will also denote B (as we may take
the maximum of the previous constants), such that we get

N N2
LN H(2;,0;) <B + Ly (6 4+ 8)) (W) exp (a\/H (xi,vi))
- %H (2;,v;) exp (CL\/H((Ei,’l}i)) ) (2.4.14)
N
N (]1] Zﬁ](xl,vl)> <B - % <;f ZH(@'Z,’UZ) exp (a\/H(xi7vi))> , (2.4.15)
and

N1 Qi Y
L (NZH(xi,vi)> 4< ZH xl,vz>. (2.4.16)

Once again, (2.4.14) and (2.4.15)) will be ensure a sufficient restorlng force, and (2.4.16) ensures a
z’

uniform in  time bound on the  expectation H(Xp b N ), since
E (% Z;VZI ﬁ(th’N, th’N)) =E (H(X,f’N7 V;N)) by exchangeablhty of the partlcles.
More precisely, we obtain from (2.4.12)) and (2.4.16|) the direct corollary

Lemma 2.4.2. Provided the initial expectations E (G§) and E ((Gé)z) are finite, there are

constants Cq 1 and Cg,2, depending on initial conditions, such that for allt > 0, for all N > 0,
and all

E(G) <Cg, and E ((G;’)?) < Coo.

Finally, since H(x,v) > H(z,v), Lemma still holds for our new semimetric.

2.4.3 New parameters

For the sake of completeness, and since this is similar to Section 2:2.2] we quickly give some
explicit parameters that satisfy the various conditions arising from calculation. T hese parameters
are far from optimal, and are just given to show that every constant is explicit. Let B be given
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by (2.4.10)-(2.4.12)), and (2.4.14))-(2.4.16)). Define

A 1608
a=Ly+—-, Ro=/——F—= and R;=+/(1+a)’+a?Ry.
4 ~ymin (3, 3)

Recall the definition of Cypr1 and Cyp 2 in (2.2.7). Denoting

2
Cr1=8 ((92 max (1, 1) + 16\/§CdH 1) (exp (a) — 1) + 16\/3(6 —2)Cyn 2>
’ a 2 a ’ 2 ’

1
Cra=38 (24 max (1, 204) + 4\/§CdH,1a + 8\/§CdH’2a2)

2B ¥ 1 . Ly+Lw 1 Ly + Ly
c=¢—,—,—min |24/ ——,= (1 - ———
5 800 12 2raR? 2 o

1 /L L
X exp <_8 (U—;W +a+Cr +C’f,2) R%)},

we set

2B"
é(s) = exp (—; (; (Lu + Lw) + a+eCp1 + nyz) s2> , P (s) = /OS & (u) du
s =1- 2B [ = [T swean

This way we satisfy the following conditions

el (1 _ 7)
160 80eB + 7y

a>Ly + Ly
e <1
. R g -
2¢c + 4eB <2 Mdu
0 (u)
9e+4eB < (1o LvtIw g o)
2 a r€l0,R.] P(r)

2.4.4 Convergence

The goal of the section is to prove the following result

Theorem 2.4.1. Let U € C! (Rd) satisfy Assumption and Assumption . For oll W €
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c! (Rd) satisfying Assumption with

. YA c 9 ya
Ly < R , 2.4.17
W mm<16(3+4/\) C1’ 64C. 256Cze> (24.17)

and for all probability measures vy on R?? such that ]E;DﬁQ (X, V) < (C%?, for all N, £ >0, and
t>0,

coc 1/2
CSdS

¢ (pr) <E (po) + € (1 + ) a1 / e

Proof of Theorem using Theorem

We ﬁrst show how Theorem is a consequence of Theorem n Let T be a coupling of v/’
and VO , such that Epy < oo. We consider the coupling previously introduced. For clarity, let
us denote
Ocl/Z
A= Lw )\G’Q V8, B=(1+a)Cay,

i.e
¢“'E (p1) <E (po) + €B / e ds + —= / e ds.

Let us consider

Then u(t) < u(0) i.e

A1 (1
¢ VN
We thus obtain the desired result, by taking the limit as £ — 0 uniformly in time, and by using
the exchangeability of the particles to have E(p;) = E (% PO pi) =E (% S p}) for all
kEeN.

E (p) <E (o) e + 2 (1- ™) 462 (1),

Evolution of the coupling semimetric for the particle system

We thus need to start by considering the dynamic of p;. Like in Lemma [2.3.1] we have almost
surely for all ¢t > 0

dIQi| =~ (VU (Xi) = VUX[N)) dt = e (VW i (X7) = VW < ¥ (X)) de
+2V2rc (2, W}) e;TdB]".
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Hence e f (r}) = f (ro) + A} + M} with

adi = [ef (o) +or' () B2 pr o) " (w0 (3) - vU i)

—f'(r}) ef;T VW e (X

+4f" (T;) re? (Zti7 Wg) ] ectdt,
thZ :66t2\/§f/ (TZ) re (Zti, WZ) edeB:C’i.
‘We now consider the evolution of

N N
Gi=1+eH (X}, V) +eH(XN, V) Z <ng Vﬂ) I % SO AN, V),
J=1 j=1

Notice how we have added new terms in Gi. Those additional quantities will help us in dealing
with the non linearity, as will be shown later.

dGi = e(L,MH(Xti,V;) + LN (XN, V”V)) dt

+eV2re (21, )(vvﬁ(‘g Vi) = V(XY V;N)) el dBr
+efrc (Z ) (V Ijl( f/;t) + Vvﬁ(XZ’NJ/;i,N)) . ([d— eiei )dB;C,i
+ ev/2se (Zt,Wl) (v H(XL,V0) + VH(XY, V’N)) - dBe

S € Lon (‘ V) + eNE XY VJN)) dt

k)

_|_

[a))

[\]
MZ“

re (27, W) (Vo (X1,V7) — Vo B(XIN, VIN)) - elel” aBre
(zt.wt) (.7 (%7 )

<.
Il
—

re (Zg', Wg') (va (X'g', Vg’) FV HXIY, vg'»N)> (Id — el ) dBI°

n
A5 =% =
WE

j=1
N
+ 5N s (Z{,Wg) (v i (Xg,vf) + VL HXIY, VJN)) - dBe
j=1
Therefore ' - _ _
etpl = et f (ri) G, = po + A} + M}, (2.4.18)
with

dA} =GidAi + ec”t f (r}) (cﬁ§Nﬁ(xg,Vt) + LN E(XPN VPN

N N
+ %Zﬁﬂi@z\fﬁ (ng‘_/;j) + %‘CNZE[(X?N,V?’N))dt

Jj=1 Jj=1
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1) U (rd) v (24 W) (VI (X5 G) = VBN Vi) - et

de (1
+e(+N

and M/ is a continuous local martingale. Let us deal with this last line. For the sake of
conciseness, from now on we denote for all i

Hy=H(X,Vi), and HY :=HX"™N VN)
We have
IV’U]N{ (XZ, ‘_/tz) - VUI?I(XZ’N’ ‘/tl’N)‘

= |V, H, exp (a\/ f{i) — Vq,HiN exp < >‘

’12)(1 24V — 12X — 24y N ’ (exp (a 1,
(exp (a FL) + exp (a\/ ZN>)
1\
<24 max <1, 2) T} (exp ( —|— exp (a H1N>>
a

+ 403 |H; — HY| <eXp (a\/ﬁ) + exp ( HN>)

Now, using Lemma [2.2.7] we get

v
_|_
(e}
]
o

/—\

°E

N—

N———

HN

+a 12X} + 24V

Vo H (X{,VF) = Vo H (XY, Vi)

< <24max( >+4\fcdH1a ré (exp )+exp( \/fTN))

+4fcdH2art< ;V) (exp >+exp( ﬁ))

<(24max( >+4fcdH1a <exp )+exp( \/ﬁ»
+ 8V3Cun sar <fexp( \F)ﬂ/ﬁexp( ﬁ))

Hence why, using (2.4.5) and (2.4.6), we get

Vol (X, V7) = Vo H (X, Vi)
S (24max (L 210[) + 4\/§CdH,1a> ry (32 (eé — 1) +H (X, V) + HXPN, V;N)>
+8vBCumad'sf (e —2)+ 1 (XL07) + HOGY V).
and thus
4e (1 " ;V)ect £ () 1 (2 W7) (VT (X0T7) = DuBH XN V) - el

<8eri f' (r}) e“'rc® (ZF, WY)
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X ((92 max (17 1) + 16\deH 1) (6% - 1) +16v/3(e — Q)CdHQ)
a 2a a

+ &t f (r) etre® (Z8, W) | 24 max +4v3Cqm,1a + 8V3Cyp 2a°
t t t t 2

x (el (X0, V) + el (XN, v;N))
<(eCpa+Cra)rif! (7’;) rc (ZZ, WZ) G

Then we use
1 XN
. N
VW (X)) - Zj - X77)

N
< [VW e i (K1) - 29w (X - X)
j=1

i 1 & ci i Ly i N j J.N
<VW*ut(Xt)——ZVW(Xt—X£)+ Z(‘X = XPN| | X - X))

szl
N N .
< VW (X7) = JIV;VW (X;' - Xg') + Ly |Zi] +LWZJ'$|Z“
And finally we use (2.4.10]), (2.4.14) and (2.4.15]) to have
Loon H (Xp,VE) + LY H(X; N, V)
—&-—ZE on H (Xt,V]) + =N i HXPN v

1

J

5 Y Xj’
< 4B+ Ly (6 + 8)) <z:j_1]\|/_t|> exp <a\/HiN>
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— %I_{i exp (a\/ H1> — %HIN exp (a\/HiN>
v ANy /& /
_ mz (Hjexp (a Hj> —|—H]Nexp (a HJN)> .

j=1
We thus obtain ‘ ‘
dAL < e Kldt (2.4.19)
with
. o dlZ¢ ) ) ) ) o
K; =f (ri) G; (a ‘dtt| + (Lo + Lw) | Z;| + (eCy 1+ Cyp2) rirc? (ZZ, Wf)) + 2cf (Té) G,
(2.4.20)
o o 1 & , . o
+Af" (r]) Gire® (ZEWE) + VW s fu (X)) = = SOVW (X{ = X7)| £/ () Gi - (2.4.21)
j=1

N
+ef (rf) (4B = LI (X)) = AN, VAN = ST i (X7,

16 16 16N <
j=1
N
ST RPN, V) (2.4.22)
16N j:1 t » V't

N SN\ 2
T el (6 + 8)\) f (r;) (W) exp (aﬁ)
, 1
S e () e (o) )

This formulation of K} might seem cumbersome (and to some degree it is...) but we have actually
grouped the various terms based on how we will have them compensate one another. Thus,

e lines (2.4.20) and (2.4.21) will be managed thanks to the construction of the function f
like before, with a special care given to the last term of line (2.4.21)), on which we will use
a law of large number,

e line (2.4.22) will come into play when considering the "last region of space" introduced
previously,

e line (2.4.23) will, under some conditions on Ly, be nonpositive when summing up all

(k7).

J
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e and finally, line (2.4.24]) will be nonpositive thanks to Lemma m provided Ly is suffi-
ciently small.

This highlights two important ideas in the construction of the function p : we both added in Gi
the empirical mean of H (X} N V;’N) +H (Xti, th) and constructed a Lyapunov function with a
greater restoring force. This is what allows us to tackle the non linearity appearing in (2.4.23))

N N i N 2
and ([2.4.24)) respectively in the terms bD ll tIG’ and (ZJ‘INXtI> exp (a\/HiN).

Some calculations

Like previously, we now have to show contraction in all three regions of space. Recall f’ (ri) <1
The same calculations as before will be used, we only detail here the differences.

e First, since 5% (6 +8)) < ¢, by using Lemma and since

HJNGXP <a\/HiN) < HiNeXp (a\/HlfV) +H]Nexp (a@/HJN)

we obtain

N N\ 2
eLw (6 +8X) f (r}) <ZJ_1A|[Xt> exp (a\/HiN>
N
_ng[f(r;) NHiNeXp<a\/HiN)—&—ZHJNeXp(a,/HJN) <0.
j=1

This takes care of (2.4.24)).

. N J . I
e We have, since f' (r}) < 1: %Zi\[l Ziz 7] 7 172 () Gi < W Then, using Lemma|2.2.6
RE Ly iz
1,9=1
1 2 2
, o 2 wiN N
= Y2+ s 2 N2 (X V) + 5 D 1z AN V)
i=1 ‘,j—l ij=1

1,j=1

e S < ﬁ) (ﬁp (a/i1) + 1Y exo (a/1Y) )

7,7=1

First, using (2.4.5)

e S g0 (7 (52.97) + B0 1)

3,J=1
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. 2C ¢ Z £(r) (Hj exp <a\/;j> + HY exp (a\/HTN)) .

Since
<\/E_+ ﬁ) (\/Ejexp <a\/;j> + \/Hif'veXp (a@>>
< 2[}1@ exp (a\/Hj) + Hj exp <a\/;1>
+ BN exp (a\/ﬁ> + HY exp (a\/H>]N”
we have
58 1 ) ) )

3,j=1

< 8(5]\;2 Z f(ri [H exp( \/E) + Hjexp (a\/gj)
—I—HiNeXp(a\/Hifv>+HJJ‘V€Xp(a\/H>JJ-V)]

8. < 4

and Ly C; < ¢, we get

This way, since 2C, Ly <

32’ 32

NZ<LWZ] Sy 6yt -t )
et () (e (aV/T) + 16HN 0 (ﬁ)

j=1
o\ 1/2 1 N )\
<E(G) TE||VW o (X)) - 5 Yo vW (X - X7) :
j=1
» o ] 9 1/2
<E (G E||[vw S Xi-Xj)| |Xi
(c) o (9) = 5 9w (%)) |

Moreover, we notice that given X}, the random variables )_(g for j # i are i.i.d with law
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i1 Hence

2

N
E VW*ﬁt(X’Z)—ﬁZVW(X;'—Xg) B¢
j=1

1 . AL?
= N — 1varﬁt (VW (Xt - )) < ﬁEﬁt (| ’ |2) )
SO
2
. 1 & .
E VW*ut(XZ)—NZIVW<X§—X§)
J=
2
_ 1 X
2
1S I R I
+E NZVW(XZ—Xg)—rileW(Xt"—Xg) ,
J=1 j=1
4L2 1 1 2 N _ .
<N_W1]EM(.|2)+<N_1—N) N;L%VE<Xt_XtJQ>7

1 1
<AL} Ez (|- 7).
W(N1+(N1)2> ro (14F)

We may then use Ej, (|- [?) < C*;

Thus, by the same exact construction as before, we can obtain the existence of a function f and
a constant ¢ > 0 such that in all regions of space, for Ly, sufficiently small,

1 ) COCé/g 4 4 1/2
IE(N;Kt><£(1+a)CG’1+LW X (N_1+(N_1)2> .

By taking the expectation in the dynamic of p; given by (2.4.18)) and(2.4.19) at stopping times
Tn increasingly converging to ¢ , we prove Theorem by using Fatou’s lemma for n — oo.

2.5 VU locally Lipschitz continuous

As previously mentioned, the new Lyapunov function H given in the previous section allows
for a greater restoring force, recall . Let us now see how using this function allows for a
perturbation of the global Lipschitz Assumption.

In this section we replace Assumption with Assumption We assume, for vj and 13
the initial conditions,

H(X,V) 2
Vie{1,2}, B, (/ eaﬁdu> < (C%)? (2.5.1)
0
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We show how the proof can be modified to still obtain contraction. As explained in Assump-
tion the coeflicient L, will be considered sufficiently small with respect to the parameters of
the problem. For now, let us simply assume L, is smaller than an a priori bound, for instance
Ly < 1. Some conditions on Ly, will appear in the calculations below and we will deal with these
later.

Like previously, we consider
Gt =1 + Ef:{ (Xt, ‘/t) + €I~{(Xt, ‘Z)

Hence following the same method as previously we obtain

Ko <Gu(ef () + af () B 4+ (Lo + L) (r) 12+ Low 5 (rO) B (1) (252)
+4f" (r))rc? (Z;, Wt)> + % (€Cp1+ Cro)rif (re)re(Zy, I/Vt)2 (2.5.3)
te (23 - % (H (Xe, Vi) + g(j(t,%))) f(re) (2.5.4)

+ (0 (X0 + 9(X0) |21 (r0) G
_ % (H (X¢, Vi) exp (am) + H(X:, Vi) exp <a H(tht))) (2.5.5)

L
+eTW (6 +8)\)

X (exp (a\/H (Xs, Vt)) EH (X;,V;) + exp (a H(X,, f/t)) EH(X,, xh)) Fry).
(2.5.6)

We describe briefly how the terms will compensate each other before writing the calculations
that are different.

e Like previously, lines (2.5.2) and (2.5.3]) will be dealt with through the choice of function
f, with the non linearity appearing at the end of (2.5.2)) giving us a remaining expectation
(cf bullet 1 below),

e line (2.5.4) will intervene like before in the last region of space (where we use that for all z
in R, H > H to come back to calculations we’ve made in Section cf bullet 2 below)
and in the first two region of space to compensate line (2.5.5) (cf bullet 3 below),

e and line (2.5.6) will give us a remaining expectation (cf bullet 4 below).

Notice how we use the Lyapunov function to compensate ¢ appearing when considering VU only
locally Lipschitz continuous.

e 1. We can find a constant C; . such that for all z,v,2,0 € R?,
|.’E - ‘i‘| =+ |’U - 17| < CLep(IL’,U,If’,’&),
and thus

E(E(|Z:]) Gef' (re)) < CueE (pr) E(Gy) -
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e 2. In the last region of space, we use the fact that
Kilp, < ((c - f) Gy +2eB + 8) F(r0) (2.5.7)

We deal with (2.5.7)) exactly like in Section [2.3.2]

e 3. Let us deal with the only locally Lipschitz continuous aspect. In the first two regions of

space we use f'(ry)|Zi| < f'(r)re/a < f(ri)/a and the upper bound in (2-4.0).
Gy (¥ (X)) + (X)) f (re) |24
- e% <H (X, Vi) exp (a\/m) + H(X,,V;) exp (a H(Xt,fft)» F(r)
< (v (X0 + (X)) £ () |2
25 ) (v (X0 + 9(X0)
X (\/mexp (a\/m) + mexp (a H(f(t,f/t)>>
-~ e% (H (X, V3) exp (a\/m) + H(X,,V;) exp <a H(XJ@))) Fr),

On one hand, since ¢ (z) < Ly+/H(z,v), we have

(@) + ¥(F) < Ly/H(@,v) + Ly VH(E,9) < Ly <H(o:,v)42rH(5:,f1) +1>,

and thus
(¥() +¢(2)) f'(re)| 4]
<5 (HGv)ew (oA 0) + HG 0 exo (/1)) ) 122

+ Ly (1) | 24|
On the other hand
(@) + (@) (VH@v) exp (ay/H(w,0)) + V/H(E,5) exp (ay/H(7,7) ) )
< Ly <\/H(x,v) +VH(, )
x (VH(z,v) exp (a/H(w,v)) + v/HE ) exp (ay/H(7,7) ) )
< 2Ly (H(x, v) exp (a\/fm) + H(%,7) exp (a\/m» .

This way, assuming in a first step that

Ly _ o 4Lye _ v
<el  and <el, 2.5.
2 N6 MY Taa €6 (2:58)
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we get, since in the third region of space f’ (r;) =0,
Gr (v (X0) +0(X0) £ () 124
e (06 Vs (o TRV + 1K, e (/T ) ) £ 00
< Lyl Zi| ' (1) Gl

At this stage, lines (2.5.2)), (2.5.3) and (2.5.5) (without the non linearity dealt with in bullet
1), can be bounded by the quantity

d| Zi|
dt

1
+ 5 (ECf,l + Cf,2) th/ (Tt) rc (Zta Wt)2 3

(Lo 14 D)F () |2+ 47" () (2, W) )

K; =G, (Cf (re) + af’ (r4) 3

where we used the a priori bounds 0 < Ly < 1and 0 < Ly < %. The righthand side is
then dealt with through the choice of the concave function f like previously.

e 4. Likewise, we can bound

& (¢ (oxp (ov/ A0 V) BH (%, 4) + o0 (a/H (K T ) B (R T2 ) 7 00)
< Cy pE(pe) + C?{,gE (pe)e™ ™,

with Cp 7 a constant independent of initial conditions and CIOLI i another constant, possibly

depending on initial conditions. Here, we used ([2.2.6]) and (2.4.5).

We can thus construct a function f and constants ¢ and €, through the same calculations as
before, such that there are C' and C° constants (resp. independent and dependent on initial
conditions) such that

t
Wt R () <E(po)+§(1+a)E(Gt)eCt+LWC/ ¢ (py) ds
0

¢
+LWC’O/ el (p,) ds.
0

Since EG; is bounded uniformly in time, we may now conclude using Gronwall’s lemma.

We have used in the proof the assumption on Ly. Let us explain why it can be
enforced. Here, the parameter € is independent of L., (as above we have bounded it using the a
priori bounds 0 < Ly < 1) and is similar to the expression of € given in Section Using the
fact that o > Ly, we assume

(2.5.9)

~ L I
L¢<Cw(LUa/\,A,d,a) I:min( léza7 U8’>/€7 )

: _ A
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Joint work with Laetitia Colombani.

Based on : Laetitia Colombani, and Pierre Le Bris. "Propagation of chaos in mean field net-
works of FitzHugh-Nagumo neurons." arXiv preprint arXiv:2206.18291 (2022) |54] to appear
in Mathematical Neuroscience and Applications, Volume 3, (2023).

Abstract: In this chapter, we are interested in the behavior of a fully connected network of
N neurons, where N tends to infinity. We assume that neurons follow the stochastic FitzHugh-
Nagumo model, whose specificity is the non-linearity with a cubic term. We prove a result of
uniform in time propagation of chaos of this model in a mean-field framework. We also exhibit
explicit bounds.

Since the method is similar to that of the previous chapter, we only present the model and
state the results.
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3.1 Understanding the model

Understanding the brain activity is both a complex and important challenge in current research.
Of course, interests are plentiful: characterizing brain functions, understanding structures and
links between them and figuring out some phenomena - such as cyclic heartbeat. One way of
modeling this activity consists in considering a very large number of individual neurons with
interactions. Since the number of neurons in a human brain is around 10'!, and thus even
"small" parts of the brain are constituted of a very large number of them, such a strategy can
be considered coherent.

The main quantity we study is the membrane potential of the nerve cells: it can "easily" be
observed and its modification characterizes a synapse (an interaction between neurons). Neurons
regulate their electrical potential. In general, without interaction, the potential evolves with time
but has quite small changes. Incoming potentials from other neurons are usually what make the
neuron fire, i.e. send potential to other neurons. We will here focus on an homogeneous network
of neurons and consider mean-field interactions. This way, each neuron will interact with every
other one, as it can be the case in small regions of the brain. The parameters of the model will
be considered the same for each neuron.

A classical model was introduced by Hodgkin and Huxley |95] using experimental data of the
activity of the giant squid axon. It describes the ion exchanges K*, Na®t and C1~ through the
membrane and their effects on the potential. A simplification of this model is the FitzHugh-
Nagumo model, which reduces the dimension: from a four-dimensional model (for one neuron)
with Hodgkin-Huxley equations, we obtain a two-dimensional model. It’s a compromise between
the biological accuracy and the mathematical simplicity.

The deterministic FitzHugh-Nagumo model for one neuron (or one particle) is given by the
following equations:

{ dXt = (Xt - (Xt)3 - Ct - Ol)dt
dC; = (v Xy — Cy + B)dt,

where X is the membrane potential and C' is a recovery variable, called the adaptation variable.
The parameters v and [ are positive constants that determine the duration of an excitation
and the position of the equilibrium point of this system. Finally o« € R is the magnitude of a
stimulus current (an entrance current in the system). Note that the variable C isn’t a physical
quantity, and is used to allow X to mimic the behavior of the potential. This variable C' has
linear dynamics and provides a slower negative feedback.

This deterministic model has been widely studied. In Chapter 7 of [165], Thieullen describes
the behavior of the solution of one deterministic FitzHugh-Nagumo system. The result is also ex-
tended to the case of a stochastic FitzHugh-Nagumo system, considering a noise on the dynamics
of X.

In fact, noise can be introduced in both equations to model different types of randomness :
when the noise appears in the first equation (dynamics of X) with a standard deviation ox > 0,
it models a noisy presynaptic current. When it appears in the second equation (dynamics of
C) with a standard deviation oc > 0, it describes a noisy conductance dynamic (a noise in the
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chemical behavior). In general, noise in this model is additive. Various mathematical questions
can be studied. Some authors choose to focus on the properties of the natural macroscopic limit
of the model as N — oo when it is clearly defined (see system (3.2.2)), when others work on
properties of the particles system for fixed N. These models can be quite complicated to study
mathematically. The main objectives are to characterize the behavior of these models when the
number of neurons N tends to +oc¢ in a mean-field limit, and to prove whether or not there exists
an equilibrium, a stationary behavior, when ¢ tends to +00. The question of the synchronization
of neurons can also be studied, since it is a phenomenon observed in different contexts, such as
the generation of respiratory rhythm or complex neurological functionalities.

In [167], the authors work on the determination of firing time. They consider a stochastic
FitzHugh-Nagumo model for one neuron, with Brownian noise on X, obtain approximation of
firing times and compare them with numerical simulations.

Even if the majority of authors consider a noise only on one equation of the model, some study
stochastic models with two noises. Berglund and Landon describe the behavior of the determin-
istic FitzHugh-Nagumo model for one neuron in 15|, and consider the stochastic model, with
noise on both equations, to work on the behavior of the interspike interval and the distribution
of oscillations of the solution.

In |164], Tatchim Bemmo, Siewe Siewe and Tchawoua focus on a quite different stochastic
model by considering additive noise 1 on the dynamics of X, and multiplicative noise £ on the
dynamics of C, both defined as sinusoidal functions of correlated Brownian motions (choosing
to avoid Gaussian noises since it is an unbounded noise). They also consider a deterministic and
periodic entrance signal in the first equation. They observe abrupt transitions of the membrane
potential X when the intensity of the noise is gradually modified.

In general, as we mentionned, many authors focus on a noise on only one variable. In [118],
Leén and Samson consider a FitzHugh-Nagumo model with a noise on C' but not on X, i.e.
ox = 0, and study the properties of the equations for one neuron. In particular, they focus
on hypoellipticity of the model, the existence and uniqueness of an invariant probability and a
mixing property by establishing a link between the model and the class of stochastic damping
Hamiltonian systems. They also consider neuronal modeling questions and study the generation
of spikes in function of parameters of the model. On the contrary, the article [169] focuses on
stochastic FitzHugh-Nagumo model with noise in the dynamics of X, and o = 0. They study
one neuron in a periodically forced regime. This study relies on the theory of Markovian Random
Dynamical System. The model is driven by a cosinus signal, and Uda studies the spike rate and
compares it with the probability of two-points motion of membrane potential.

As we said, we consider mean-field interactions. These interactions are described by two
functions Kx and K¢, applied on the difference between two states ((X},C}) — (X},C/)). In
particular, this type of interaction models electrical synapses.

In their article [6], Baladron, Fasoli, Faugeras and Touboul study FitzHugh-Nagumo and
Hodgkin-Huxley models with mean-field interaction, only on X. They consider more general
interactions, not only applied on the difference between two states, modeling chemical synapses
and electrical synapses. For the FitzHugh-Nagumo model, they consider a noise on X, and
prove propagation of chaos, i.e. the convergence of the law of k neurons towards the law of k
independent solutions of the mean-field equations. This article is completed and clarified by the
work of Bossy, Faugeras and Talay in [25].

Mischler, Quininao and Touboul consider a FitzHugh-Nagumo model in [139], with a linear
interaction on X, and a noise only on X, i.e. o¢ = 0 and Kx(z) = Az. The drift on X is
not exactly the same as in the model above, but remains similar as it is a cubic function of X.
They work on the properties of a solution of the McKean-Vlasov evolution PDE associated to
this model and obtain the uniqueness of a global weak solution. Furthermore, they prove that
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there exists at least one stationary solution, and when the interaction is small, the stationary
solution is unique and exponentially stable. They also exhibit numerical results with open
problems, like attractive periodic solution in time. In a similar framework, Lucon and Poquet
study the macroscopic limit of this mean-field model in [130], and in particular the periodicity
of such a system. They analyze the influence of both noise and interaction on the emergence of
periodic behavior, and prove the existence of periodic solution, exponentially attractive, when
the parameters satisfy some assumptions and the drift is small enough with respect to interaction
and noise. Their approach relies on a slow-fast analysis and Floquet theory.

This model can be complexified, by considering non mean-field interaction. In particular,
Bayrak, Hovel and Vuksanovi¢ work on a stochastic FitzZHugh-Nagumo model with a network
interaction in [10]. Their type of interaction take into account a connectivity coefficient between
two neurons, and a propagation velocity.

Other authors choose to complexify the model by considering stochastic FitzHugh-Nagumo
with a spatial model. A second spatial derivative of X is added in the dynamics of X. Various
authors study the behavior of such a model, and explore the notion of random attractors [131}
121} 126} [122] .

Finally, numerical schemes for the interacting particles system in the stochastic model can
also be studied. In [149], the authors adapt Euler-Maruyama scheme to approximate the solution
of the particles system.

3.2 Framework and results

Combining noise and interaction, we work on the following equations, for 1 < ¢ < N, where N
is the number of neurons:

dXPN = (XPN = (xPNy - opN —a)dt + £ N Kx (20N — 2)Y)dt + oxdBp
dCPN = (vxpN — PN + B)dt + £ 0 Ke(2pN — Z]N)dt + 0cdByC,
(3.2.1)
where we denote by Zi' the pair (X}, C"") to simplify the notation.

We assume that (B"*); and (B"“); are independent Brownian motions. Here, we consider
two Brownian noises BX and B, one on each equation, and thus assume that each neuron has
its own independent noises, and that there is no environmental (or shared) noise. We assume
either ox or o¢ (or both) to be non zero.

We consider Kx and K¢ to be Lipschitz continuous and respectively denote their Lipschitz
constants by Lx and L¢.

The goal of this chapter is to describe the behavior of this network as the number N of
neurons tends to infinity.

To describe its behavior, we consider the R2-valued process (Z;)i>0 = (X¢, Ct)i>0 evolving
according to the following non-linear stochastic differential equation of McKean-Viasov type

{ dXy = (X — (X)? = Cr — )dt + Kx * fiy(Z;)dt + oxdBY (3.2.2)

dCy = (vX; — Cy + B)dt + K¢ * ig(Z;)dt + ocdBE

where fi; = Law(Z,;) is the law at time ¢ of the process (X;,C;), and * denotes the operation of
convolution, i.e.

Kx « fig(u) = /Kx(u — v) i (dv).
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To some extent, (3.2.1) can be seen as an approximation of (3.2.2) in which the operation of
convolution is applied to the empirical measure (it emp = % Zil d,i.~, and what we wish to
g t

prove is that, indeed, the law uN of the network (3.2.1)) converges in some sense to a2 (i.e
the law of the solution of tensorized N times) as N tends to infinity. This phenomenon
has been stated under the name propagation of chaos -an idea motivated by M. Kac [106]- as
it amounts to saying that, as the number of particle increases in the system, two particles will
become "more and more" independent, converging towards a tensorized law. The notion of
"propagation" refers to the fact that proving such convergence at time 0 is sufficient to prove it
at a later time ¢.

In order to prove the convergence of ul¥ to ﬁ?N , we follow the coupling method described in
a recent work by one of the authors in [83], the result of which cannot be applied directly here.
This method has been put forward by Eberle, following earlier works by Lindvall and Rogers
[127].

Assumption 3.1. Kx and K¢ are Lipschitz continuous :
ILx >0,Vz,2 € R? |Kx(2) — Kx(2')| < Lx(||lz — #'||1)

Lo = 0,V2,2 € R? |Ko(2) — Ko(2)| < Le(||z — 2')|1)
Kx(0,0) =0 and Kc(0,0) =0

Before any result on propagation of chaos, we prove that both systems (3.2.1]) and (3.2.2)
have well-defined solutions:

Proposition 2. Let Kx and K¢ satisfy Assumptions . We assume that for alli € {1,...,N}
the law of (XZ™,CL™N) and the law of (Xo,Co) have a moment of order 2. Then, there exists a
unique strong solution for system (3.2.1)) and a unique strong solution for system (3.2.2]).

We denote W; and W, the usual L' and L? Wasserstein distances.

Theorem 3.2.1. [Non uniform in time propagation of chaos] Let Kx and K¢ satisfy Assump-
tions , There exist explicit Cy,Cy > 0, such that for all probability measures g on R? with

finite second moment,

k
Wi (Mf’Naﬂi@k) < CleCthN7

for all k € N, where uf’N is the marginal distribution at time t of the first k neurons

(X}, CH), ooy (XF,CF)) of an N particles system (3.2.1) with initial distribution (po)®Y, while
2

it is a solution of (3.2.2) with initial distribution pg.

This first theorem is in accordance with the theorem from [109], and gives an explicit depen-
dence in t.

Our main result consists in removing the time dependency in the previous upper bound. This
uniform in time propagation of chaos however requires stronger assumptions on the interaction
kernels.

Theorem 3.2.2. [Uniform in time propagation of chaos] Let Lx mqyx and Lc mas be two (ex-
plicit) universal constants such that Lx < Lx maz and Lo < Lomaz- Let Cingtexp > 0 and
@ > 0. There is an explicit ¢ > 0 such that, for all Kx and K¢ satisfying Assumptions
with Lx,Lc < cX, there exist explicit By, By > 0, such that for all probability measures g on
R? satisfying E,, (ea(|X|+\C\)) < Cinit,exp

k
Wl (Mf,Nnﬂ?k) < Blﬁ» W22 (Mf,N’ﬂ§k) < BQ

il
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for all k € N, where uf’N is the marginal distribution at time t of the first k neurons

(X2, Ch), ... (XF,CF)) of an N particles system ([3:2.1)) with initial distribution (p0)®", while
i

it is a solution of (3.2.2) with initial distribution .

At this stage we do not specify the constants L x e and Lc maee. When we prove uniform in
time propagation of chaos, Lx maz and Lc max are a priori bounds : Theorem [3.2.2] above will
be true for Lx and L¢ sufficiently small. The condition Lx < Lx,maz and Lo < Lo mas are
therefore not restrictive conditions, and are useful in proving some parameters are independent
of Lx and L¢.

The main interest of obtaining uniform in time estimates is that it allows the study and
comparison of the long-time behavior of the particle system and its nonlinear limit. As previously
mentioned, this work follows the method described in [83]. Beyond the result of uniform in time
propagation of chaos for the FitzHugh-Nagumo model, which is in itself an interesting result,
the present work is also a testament to the robustness of the coupling method.

3.3 Quick summary of how to adapt the calculations

In this section, we quickly explain how the calculations from Chapter [2] adapt to the case of
(3.2.1). In what follows, we assume ox > 0. The case ox = 0 and o > 0 has also been dealt
with in the original article.

Modified Euclidean distance : Our goal is to find a naturaly contracting subspace. We
start by considering a synchronous coupling between (Z/V); and (Zi);, i.e. By = Bi* and
B° = B"° and we have

dXPN = (XPN = (xPNY - opN —a)dt+ £ SN Kx (20N — Z)N)dt + oxdB)Y
dCPN = (vXpN — PN + B)dt + £ 0 Ke(2pN — Z)PN)dt + ocd By
dX} = (X] — (X})® = Cf — a)dt + Kx * iy(Z})dt + oxdBp™
dCi = (vXi — Ci + B)dt + K¢  fig(Z)dt + ocdBEC,
with fi; the law of Z}. Then,

dxXN - X) = ((XZ’N - X = (XN = (X)) = (N - €

1
+

=|

N
S Kx(ZPN - ZPY) - Kx o ‘;‘))dt.
j=1

We denote

& if
sign(z) = { o] 1 70,

0 otherwise,
and obtain, using Ito’s formula,
d|x;™ - Xj|
— (sign(X}Y = XH(XPN = X)) = sign(X]Y - X)) (M) - (X))?)



3.3. Quick summary of how to adapt the calculations 81

7, i, i 7, 7 1 1 1 — 1
—sign(X;N — XH(CPN — CF) +sign(X]N — X, Bl ST Kx (2PN - ZPN) — Kx o+ u(Z)) | dt
j=1
<[ 1Y - X = |y - (X7 + e - alf + Z (2N = ZPN) = K+ ul Z))
(3.3.1)
Similarly,
d(CPN = = | A(XPN = X — (CPN = CF) ZKC (ZIN — 7PNy — Ko s i (Z1) | dt,
] 1
and we obtain
N .
dloPN — 07| < ‘X”V Xi| — N — @il 4 Z (ZN — 20Ny Z Kow (20 ] dt.
(3.3.2)

If ox > 0, we may use the noise to get the processes XZ’N and X} closer, and then (3.3.2) shows
that there is contraction for |C’Z’N — C¥| when ‘XZ’N — X}l is close to 0. We thus may consider

the modified Euclidean distance : for z = (z,¢) € R? and 2/ = (2/,¢') € R?,
r(z,2") =r(x,c,2’,c) =z — 2’| + d|c = |, (3.3.3)

where d > 0 is an explicit parameter.

Remark 3.3.1. In the case ox = 0, we then have to assume oc > 0, and we do a change of
variable, motivated by the following observation. We have, when ox =0

d(X; — Xj) = (X7 = X)) = (X))* = (X))*) = (C} = CY)) dt

N
1 i j i
N S Kx(zZPN - ZPN) - Kx + p(Z)) | dt,
j=1
= (2(X; - X)) = (C} = C)) = (Xi = X}) — (X)) = (X])?)) dt
N
1 S Kx(zZiN - ZPN) - Kx «p(Z)) | dt
N x4 i X *plLy .
j=1
Thus

d|X; = Xi| = (sign(X] — X}) (2(X] = X]) = (C; = O))) = |(X))* = (X0)°] = |X; — Xi]) dt

N
: i_ i 1 i j — 54
+sign(X; — X)) | > Kx(ZpN = ZPN) - Kx « p(Z}) | dt.
Jj=1

The quantity | X} — X}| is therefore naturally contracting when |2(X} — X}) — (C —C?)| is close to

dt.



82 CHAPTER 3. FitzHugh-Nagumo neurons

0. Thanks to the presence of a Brownian motion in the stochastic differential equations defining

the potential C, we can now use a reflection coupling to have |2(X} — X}) — (C{ — C})| go to 0.
We thus consider the following modified distance r(x,c,z’,c') = §le — 2’|+ |2(x — ') — (¢ = ).

(Exponential) Lyapunov function : One of the necessary tool is a Lyapunov function (in
the same sense as in Chapter , for which we may consider H : RZ — R defined by

2

1 1
H(z) = H(x,c) = 5ya® + o+ 5 +ac+ Ho,  with HO:%jLa{

where 7, 8 and « are the parameters of the system (3.2.1)). Like previously, we modify H into
H given for all z € R? by,

H(z) = /OH(Z) exp (av/u) du 3exp (a\/H(z)) (a\/H(z) — 1) + (122,

for some parameter a > 0.

Construction of a semimetric : Then, we consider a modified semimetric. Let p((2;, 2})1<j<n)
be defined as follows:

p (2, 2 icisn) = NZf (2i,21)) G ((2),2]);) »

where f is a concave function and, for each i € {1,..., N},

N o N
G' ((2,2));) = 1+ €H () + €H (] ZH %) NZ

Coupling method : We now construct the coupling method. Let & > 0 be a parameter
destined to vanish, and let . : RT — R* and ¢,. : RT — RT be two Lipschitz continuous
functions such that

vz, o (z)+¢i(x) =1
ore() =11 € <

ore(z) =0 if < x> R+E.

w\m H

Intuitively, ¢ represents the region of space in which we consider a reflection coupling, and
psc the one in which we consider a synchronous coupling. We thus simultaneously construct the
following solutions

dX{PN = (XPN = (xXPNP - opN —a)dt + £ 0 Kx (20N — 27 )dt
+O X Psc (lXtLN - X“) dBZ,SQX + 0xX¥re (lXtLN - XH) dBZ’TC’X
dCPN = (vXpN = CpN 4+ Bydt + % Y0 Ko (20N — zPN)dt + ocd By,
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and
dXi = (Xi — (X})® — Ci — a)dt + Kx * i (Z8)dt
toxPse (IXE’N - X’ZI) By — ox pr (IXZ’N - X;‘|) aB;"x
dC} = (vX} — C} + B)dt + K¢ * ip(Z{)dt + ocdBy©.

Notice that we consider a reflection coupling on the dynamics of X, to bring the processes closer,
which will then ensure that the distance between C*" and C? will decrease via . We thus
choose a symmetric coupling on the dynamics of C, since we do not use the Brownian motions
(recall that we accept the possibility of having o¢ = 0).

Computation of the time evolution of the semimetric : With thls couphng7 it "only"
remains to compute the time evolution of the semimetric. We denote ri = (Ztz ,Z}) and
Gl = G(ZI™);,(Z]);). For all ¢ € R, for each i € {1,..., N}, we have by Ito’s calculus

d(e f(rH)GE) < e Kidt 4 dM], (3.3.4)
where M; is a continuous local martingale and K can be written as
K=K+ 1"+ 12" + 1" (3.3.5)

We define K, I"*, I} and I} as followed:
7 i i 1 1" i 2 i N Vi 2
Ki =Gy [QCf(Tt) + §f (1) | 20% Pre (|Xt - th)
+ 0D ((+98 + Ly + L) XN = K| - (XY = (X))

. _. . _.\2 .
+u+Lx+ﬂLc—&K?N—cn+@qn+cmw&¢mQXwV—XJ)%ﬂ

, D N W P , P
+ef(r) 4B—EH(Z;)—EH(Z; )—167\[];1 7NZ_:H (ZPNy
N
18 =G i) || D2 Kx(Zi = 2) — Kx » il Z0)
=
o 1 & . _
+ G f'(ry) N;Kc(ZZ—Zi)—Kc*ﬂt(Zé) ,

N
i ity LX iy | Lo E 73
It2’ :thl(,r,t) ZHZJN Z]”l +5th/(7‘t) W ZHZ,?N _ZgHI
Jj=1

—efriG - e |
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3,N
and It&i =ef(r) | (axLx + BxLc) (Z:]ZL)H) exp (a H(ZZN)>

N ciN 2 :
+ (acLx + BcLe) (W) exp (a H(ZZN))

_%H(Z Jexp <a\/m> _ @ViH(Zg’N)exp (a H(ZZ’N))

We need a control on E(G?), which is a consequence of the properties on H and the assumption
of the Theorem [3.2.2] on the initial condition.

Lemma 3.3.1. There exists Cq,1 and Cg.2, such that for each i < N, for all t > 0, we have
E(Gi) <Cq1 and E[(G)? <Cqa-

Each of the terms given in Equation will be controlled in a different way. The following
lemmas summarize it. The first term, K}, contains the various behaviors we have previously
identified : we deal with it either through a synchronous coupling (when the deterministic drift
is contracting), or through a reflection coupling (notice the second derivative f” in f( ¢ which will
provide contraction provided f is sufficiently concave) Flnally, notice the effect of Lyapunov
function H which yields a restoring force in Ktl, It " and I 3%,

Lemma 3.3.2. With the right choice of parameters and functions, for each i < N, for allt > 0,

~ . 1 .
BRI < ¢ <2 46y + Ly +6Le — Lo — +6LX) EG. (3.3.6)

The interaction term iKX(Zj’N — Zi’N) KX % ji¢(Z}) can be decomposed into the following
two parts : L Kx(Z] — Zi) — Kx # fiy(Z) and % 3 {KX(Z]’ — 7Ny — Kx(Z] — Z)|. The

first part, which is in It1 ' is dealt with using some form of law of large number.

Lemma 3.3.3. With the right choice of parameters and functions, for each i < N, for allt > 0,

E(1;") < 44 775522 (L + Le), (3.3.7)

where Cg 2 is defined in Lemma and Cipnit,2 15 a bound on the second moment of the processes.

I?" contains the leftovers of this decomposition and some of the additional terms of the
Lyapunov function.

Lemma 3.3.4. With the right choice of parameters and functions, for all t > 0,
1 X

2

N2
i=1

Finally, It?’ " deals with the non linearity appearing in the dynamics of the Lyapunov function,
and will be non positive for values of Lx and L¢ sufficiently small.

(3.3.8)

N
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Lemma 3.3.5. With the right choice of parameters and functions, for each i < N, for allt > 0,
I <o. (3.3.9)

With these four Lemmas, we can calculate
1 < 1< 1 < 1Y 1 Y
i [ 1,2 2,1 3,1
¥ > EK; =% ZEKt + % > RN + ¥ SR+ N > EI;
i=1 i i=1 i=1 i=1
N
1 1+ L . 1 Cinit.oC
NZ€(2+57+LX+5LC_LC_ 5X)1EG%+NZ e (x + Le)

1+ L Cinit,2C
<£(2+5’Y+LX+5L0—L0— + X> Z]EGZ+41/ t]\QfGQ(LX+LC)

Since by Lemma we have+- Zfil EG: < Cg.1,we obtain

N

1 . B
— Y EK; <€A+ (Lx + Lc)—
N; ¢ VN

where A and B are constants. o
For all initial couplings such that Ep ((ZS’N7 Zé)1<j<N> < 00, by taking the expectation of
(3.3.4) along a sequence of increasing localizing stopping times, we have thanks to Fatou’s lemma

R (p ((Z}%Zﬁ)l@gzv)) <E (p ((zm 7 )1<j<N)) +€A/t e*ds + (Lx + Lo) W/ o5 s

et —1 B et —1
L L .
+( x + C)\/N c

<k (p (2" Z)1<]<N))+5A
‘We obtain

E(p (", Zicien)) <E (0 ((ZY, Zhcsan) ) e + % (1— )
+ (LXJFCLC)B\;N (1 — eiCt) .

By using the exchangeability of the particles, we have E (p ((Zg’N, th)lgjgN)) =E (% PR f(rz')Gi) =
E <% Sk f(ri)Gi) for all k € N. Then

E (Z f(ri)Gi> = kE (p (20", Z{sen))

We may then conclude on uniform in time propagation of chaos.
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Singular interactions






Chapter 4

Uniform in time propagation of
chaos for the 2D vortex model and
other singular stochastic systems

Et enfin, monsieur Bidochon qui, lui, est

"spécialiste sur le tas!!"

Binet, Les Bidochon, Tome 12
téléspectateurs (1991).
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Abstract: In this chapter, we adapt the work of Jabin and Wang in [99] to show the first result
of uniform in time propagation of chaos for a class of singular interaction kernels. In particular,
our models contain the Biot-Savart kernel on the torus and thus the 2D vortex model.

Acknowledgements: This work has been (partially) supported by the Project EFI ANR-17-
CE40-0030 of the French National Research Agency. The authors sincerely thank Didier Bresch,
Laurent Chupin and Nicolas Fournier for many discussions around this topic.

4.1 Introduction

4.1.1 Framework

Our main subject is the convergence of the law of a stochastic particles system with mean
field singular interactions towards its non linear limit. More precisely we will establish the first
quantitative bounds in the number of particles uniformly in time. Let K : T¢ — R? be an
interaction kernel on the d-dimensional (d > 2) 1-periodic torus T¢ (represented as [—3, £]%), on
which we will specify some assumptions later. In this paper, we consider the non linear stochastic
differential equation of McKean-Viasov type

{ dX; = \2dB; + K * py(Xy)dt (4.1.1)

pt = Density of Law(X}),

where Xy € T?, (By);>0 is a d-dimensional Brownian motion and f * g(z) = [. f(z — y)g(y)dy
stands for the convolution operation on the torus. The density p; satisfies

Opr = =V - (pr (K * pt)) + Apr. (4.1.2)

In the other words, the non-linear Equation has the following natural probabilistic inter-
pretation : the solution p; is the density of the law at time ¢ of the T¢ valued process (X1)i>o0
evolving according to (4.1.1]). As we understand to be the motion of a particle interacting
with its own law, describes the dynamic of a cloud of charged particles (where (X;):>0
would be one particle). In particular, it holds importance in plasma physics, see [172]. We also
consider the associated system of particles, describing the motion of N particles interacting with
one another through the interaction kernel K.

N
i i 1 i j
dX} = V2dB; + ¥ § 1 K(X!— X])dt, (4.1.3)
j:

where X} € T? is the position at time ¢ of the i-th particle, and (B}, 1 < i < N) are independent
Brownian motions in T¢. We assume that (Xé)izlw n~ are exchangeable, i.e. have a law which is
invariant by permutation of the particles, so that this property is true for all times. We denote
by pn the density of the law of the system of particles, formally satisfying

N N N
1
OpN = — g Vi, - N E K(z;—z;) | pn | + E Ay, PN (4.14)
i=1 j=1

i=1
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We define p%; the density of the law of the first k marginals of the N particles system

ok (b, ., xy) z/ pn(t, 21, ., xN)dTpsr...dey,
T(N—k)d

which is also, thanks to the exchangeability of particles, the density of the law of any k£ marginals.
More precisely, in this work, we focus on the equation @D and we will not address the question
of the well-posedness of the stochastic equation (4.1.3)).

Here, although we will consider general assumptions on K, the main example motivating our
work is the singular interaction kernel known as the Biot-Savart kernel, defined in R? by

1 2zt 1 To I
Ka)— L% 1 ( 2 =) 4.1.5
@) = 22 Tap 27r< |x2’|x|2> (4.1.5)

Consider the 2D incompressible Navier-Stokes system on x € R?

Oiu=—u-Vu—Vp+ Au
V - u =0,

where p is the local pressure. Taking the curl of the equation above, we get that w(t,x) =
V X u(t, z) satisfies (4.1.2)) With K given by (4.1.5)) (see for instance Chapter 1 of [134]).

One can see equation (4 as an approximation of equation (4 , where the law p; is
replaced by the empirical measure ZZ 1 Xi. It is well known, at least in a setting where
the interaction kernel K is Lipschitz continuous (1137], [162]), that, under some mild conditions
on K, for all fixed k € N and all ¢t > 0, pk(t,-) converges toward pi(t,-) = pP* as N tends
to infinity, where p; is the density of the law of X, solution of . Thus, provided the
particles start independent, they will stay (more or less) independent, as the law of any k-uplet
of particles converges toward a tensorized law. The expression propagation of chaos to describe
this behavior was coined by Kac [106]), and we refer to Sznitman [162] for a landmark study of
the phenomenon. Of course there is a huge literature on propagation of chaos however limited for
uniform in time results, and always when the interaction potential is regular, see Malrieu [133]
for an example by a coupling approach under convexity conditions and the recent Durmus &al
[64] via reflection coupling allowing non convexity but where the interaction is considered small
and acts mainly as a perturbation. For more recent results we refer to [111] (and its uniform in
time extension in [113]) for a nice new approach for propagation of chaos furnishing better speed
but strong assumptions on the interactions (regularity, integrability), including a nice survey of
the existing results, and [57] using Lions derivatives for uniform in time results on the torus but
also under regularity assumptions on the interaction kernel.

Hence, both these classical and recent results do not apply to the Biot-Savart kernel, which
is singular at 0. For a convergence without rate, and specific to the vortex 2D equation, a first
striking result appeared in |76|, relying on proving that close encounters of particles are rare and
that the possible limits of the particles system are made of solutions of the nonlinear SDE. As
a second step, in the recent work [99], Jabin and Wang have proven that propagation of chaos
still holds in this case with a quantitative rate. The goal of the present paper is to extend their
works and show a quantitative propagation of chaos uniform in time. We refer to [BJW19b,
76, 99, 132, 31] for detailed discussions on the literature concerning propagation of chaos with
singular kernels, which is still at its beginning for quantitative rates. Shortly after this work was
submitted, an alternative approach to global in time estimates was developed in [152], see also
the very recent preprint [52].

Obtaining uniform in time estimates for propagation of chaos is an important challenge to
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tackle. One of its applications for instance concerns the use of particle system, which can
easily be simulated numerically, to approximate the solution of a nonlinear physics motivated
problem, such as here the vorticity equation arising from fluid mechanics. Likewise, it provides
a framework for studying noisy gradient descent used in Machine Learning (see the recent [49])
and thus attracts some attention.

The approach of Jabin and Wang [99] is to compute the time evolution of the relative entropy
of py with respect to py and then to use an integration by parts to deal with the singularity
of K thanks to the regularity of the probability density p;. In order to improve this argument
to get uniform in time propagation of chaos, our main contribution is the proof of time-uniform
bounds for p;, in Lemma from which a time-uniform logarithmic Sobolev inequality is
deduced. From the latter, in the spirit of the work of Malrieu [133] in the smooth and convex
case, the Fisher information appearing in the entropy dissipation yields a control on the relative
entropy itself, inducing the time uniformity. However a major difficulty is that this quantities are
expressed in terms of the solution of the nonlinear equation. We then have to prove a logarithmic
Sobolev inequality, uniformly in time, for p;, and a sufficient decay of the derivatives of p;. To do
S0, it requires new estimates on regularity and a priori bounds of the solutions of non linear 2D
vortex equation. Indeed, we prove that the bounds on the derivative of p; decay sufficiently fast
(see again Lemma to ensure uniform in time convergence without smallness assumption on
the interaction. Finally, the remaining error term in the entropy evolution due to the difference
between and is tackled thanks to a law of large number already used in [99).
Compared to [76] we thus obtain a quantitative and uniform in time result.

The organization of the article is as follows. For the remaining of this section, we state the
main theorem as well as the various assumptions on both the initial condition and the interaction
kernel K. In Section[f.2]we gather various tools that will be useful later on: we state the regularity
of the solutions, the existence of uniform in time bounds on the density and its derivatives, and
we prove a logarithmic Sobolev inequality. Finally, in Section [I.3] we prove the uniform in time
propagation of chaos following the method described in [99].

4.1.2 Main results

First, let us describe the assumptions made on the initial condition. Unless otherwise specified, LP
and HP respectively refer to the spaces LP(T¢) and HP(T¢). Given A > 1, we denote by C3°(X)
the set of functions f in C*°(X) such that 0 < § < f < A < o0, and CH(X) = Ux>1C°(X),
which is simply the set of positive smooth functions when X is compact.

Proposition 3. We make the following assumptions on py :
e There is A > 1 such that py € C°(T?)

e Foralln>1, C%:=||V"p| L= < o0

Remark 4.1.1. Let us discuss the smoothness assumption on the initial condition. Via Theo-
rem below, which follows from the result of [15)], this will ensure the smoothness of py. This
fact (and the fact that we consider, as we will see later, a smooth solution py of ) allows
us to justify all calculations in comfortable way. This could however be improved. First, as in
199/, the calculations should hold for any entropy solution of . Second, it is also shown
in [15], in the case of the vorticity equation, that an initial condition in L' yields existence and
uniqueness of a solution of which is smooth for positive times. One could thus think of
using the non-uniform in time result of [99] on a small time interval [0,¢€]|, and then complete
the proof on [e, 00[ with our result. We would then require some bounds on p. and its derivatives
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of a sufficient order (depending on the Sobolev embedding, see the proof of Lemma below)
that we could propagate in time.
For the sake of clarity and conciseness however we choose not to insist in this direction.

Let us describe the assumptions on the interaction kernel K. Below, V- stands for the
divergence operator.

Proposition 4. We make the following assumptions on K :

o [[K]l: < oo,

e In the sense of distributions, V - K =0,

o There is a matriz field V € L* such that K =V -V, i.e for 1 <a <d, K, = Zg:1 08V, .

The problem of finding a matrix field V € L>(T9) such that K = V -V for a given K is a
complex mathematical question. We refer to [28] and [148]| and the references therein for a more
detailed discussion on the literature. As it was noted in Proposition 2 of [99], the existence of

such a matrix V is true for any kernel K € L? (using the results of [28]), or for any kernel K
such that 3M > 0,Vx € T, |K (z)| < M/|z| (using the results of [148]).

Remark 4.1.2. If a function a satisfies V-a = 0, then for : T+ R we have V-(a1h) = (a-V)y

Suppose K is an interaction kernel in R? (such as the Biot-Savart kernel). It is possible to
periodize K on the torus as follows. For f a function on the torus (identified as a 1-periodic
function on RY), writing f *x g(x) = [, f(z — y)g(y)dy the convolution operator on a space X,

Koiga f2) = | K@—y)fdy= Y /T K-y + Ry~ K)dy

‘)
Re kezd

- [ Fe—veb)| s

kezd

and thus K sga f(z) = K pa f(z), where K (z) = > kezd K(z+ k). In particular, the periodized
Biot-Savart kernel obtained by taking K from (#.1.5) reads

1zt 1 (x—k)* -
K = —— 4+ — =K K . 4.1.6
@ =gt e Y = K@)+ Kolo) (116)
kEZ2 k#£0
It has been shown that the sum defining Ky converges (in the sense that Ko(x) = limpy 00 Z‘k‘ng,I#O %)

in C* (see for instance [155]). It is straightforward to check that K is periodic, bounded in L1,
and divergence free. Finally, Proposition 2 of [99] yields the existence of V' € L° such that
K =V -V. As a consequence, Assumption [4] holds in the case of the periodized Biot-Savart
kernel.

Remark 4.1.3. Notice that, for the Biot-Savart kernel on the whole space R?

~ 1 zt
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the matriz field V such that K =V -V can be chosen ezxplicitly

1 — arctan (%) 0

Vi) = 2 0 arctan (%)

One could also consider collision-like interactions, as mentioned in |99]. Let ¢ € L! be a
function on the torus, M be a smooth antisymmetric matrix field and consider the kernel
K =V - (M1y4)<0).- By construction, K is the divergence of a L matrix field, and since
M is antisymmetric K is divergence free.

Example 4.1.1. Consider in dimension 2 the function ¢ : x + |z|*> — (2R)? for a given radius

R > 0 and the matrix
0 -1
u=(1 %)

K(I) = 2$L(5¢(z):0.

which yield

This interaction kernel models particles, seen as balls of radius R, interacting via some form of
collision.

The well-posedness of the equations and under Assumptions (3| and 4| will be
discussed respectively in Sections[£.2.1]and [4.3.5] In particular we will see in Theorem [£.2.1] that
pr is in C°(RT x T9).

The comparison between the law of the system of N interacting particles and the law of
N independent particles satisfying the non-linear equation is stated in terms of relative
entropy.

Definition 4.1.1. Let pu and v be two probability densities on TN . We consider the rescaled
relative entropy

1 v vy s
Hy (v, p) = I (/‘bghl‘) ifv<m, (4.1.7)
+00 otherwise.

For the sake of conciseness, for all k € N and ¢ > 0, we denote py(t) : x € TN s py(t, %)
and gy (t) : x € T i 5PN (x). The main result is the following

Theorem 4.1.1. Under Assumptions[3 and[], there are constants Cy, Cy and Cs such that for
all N € N and all exchangeable density probability pn (0) € C (TN ) there exists a weak solution

pn of (4.1.4)) such that for allt >0

_ _ _ C
Hu (pn (1), pn (1) < Cre” U (pn(0), in (0)) + Wg (4.1.8)
In particular, if pnx(0) = pn(0), the first term of the right-hand side vanishes, and this
property has been called entropic propagation of chaos, see for example [91].

4.1.3 Strong propagation of chaos

We show that Theorem [L.1.1] yields strong propagation of chaos, uniform in time. For y and v
two probability measures on T denote by II (1, v) the set of couplings of 1 and v, i.e. the set
of probability measures I' on T x T with T'(4 x T%) = p(A) and T(T% x A) = v(A) for all
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Borel set A of T% . Let us define the usual L?-Wasserstein distance by

1/2
wzm,u)( we [ dwu,y)?r(dxdy)) ,
Tdk

Tel(p,v)

where drpax is the usual distance on the torus. For x = (z;);eqi,n € T, we write 7(x) =

N . .
+ it 64, the associated empirical measure.

Corollary 4.1.1. Under assumptions@ cmd assuming moreover that pn(0) = pn(0), there is
a constant C such that for allk < N € N and all t > 0,

ok (&) = (D)l + W2 (P (8), (1)) < C Qll\cfp_é

and
E,n ) Wa(m(X),pr)) < Ca(N)

where ao(N) = N~Y2In(1 + N) ifd =2 and o(N) = N~V if d > 2.

As shown in [22], the last result yields confidence interval in uniform norm when estimating
5 with m(XX) convoluted to a smooth kernel.

We postpone the proof as it will rely on results shown later. It will however be a direct
corollary of Theorem [£.1.1] and of the logarithmic Sobolev inequality proven in Corollary [£:2:1]
which is a crucial ingredient in the proof of Theorem [.1.1]

4.2 Preliminary work

4.2.1 First results on the non-linear PDE
We have the following result concerning the solution of (4.1.2).

Theorem 4.2.1. Under Assumption let po € C3°(T?). Then the system

{ Opr = =V - (K * pt) pr) + Apy, in RT x T¢ (4.2.1)

Po = o,
has, in the class of bounded solutions, a unique solution p(t,z) € CS°(RY x T4).

Proof. The first part of the theorem (existence, uniqueness and smoothness) can be proven by
following closely the proof done by Ben-Artzi in [13]. For the sake of completeness, this is detailed
in Appendix Note that a similar result has also been recently proven in [176|, where the C*
regularity of p; for any given k£ and any given ¢ is shown. The proof relies heavily on the fact
that the kernel K is divergence free, that the convolution operation tends to keep the regularity
of the most regular term, and that the Fokker-Planck equation has a smoothing effect.

Let us now prove the second part of the result, namely the time uniform bounds on p;.
Assume that pg € Cio(’]l“d)7 which by definition implies % < o < A, and consider p; the unique
solution of (4.2.1)). We start by proving that K « p; is in C*°. By definition

Kxp(x)= | K(—-yp(y)dy=— [ K(y)p(zr—y)dy.

Td d
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Then
Kepla)== [ V-Vt —ndy == [ VoIVunla )

Since V € L>(T%) and p € C®(RT x T?), we easily deduce that K p, as well as all its derivatives,
are Lipschitz continuous on [0, 7] x T¢ for all T > 0. Hence K * p is C>*. Moreover, using that
V - K =0 (in the sense of distribution), we immediately get that V - (K * p;) =0 for all ¢ > 0.
For t > 0 and = € T?, consider Z, the strong solution of the following stochastic differential
equation for s € [0, ¢]
dZy = 2dB, — K  py_s(Zs)ds, Zy = x

which exists, is unique and non-explosive since K * p;_ is smooth and bounded. Then

pt,x) = Eq (po(Z1)) -

The bounds on p; follow. O

4.2.2 Higher order estimates

We have already established that p; is bounded uniformly in time. In this section, we extend
this result to all its derivatives.

Lemma 4.2.1. For alln > 1 and ay,...,a, € [1,d], there exist C*,C° > 0 such that for all
t>0,

t
10, pllim < C - and [ [y, palleds < O
0

Proof. Thanks to Morrey’s inequality and Sobolev embeddings, it is sufficient to prove such
bounds in the Sobolev space H™ for all m, in other words it is sufficient to prove similar bounds for
0ar,....an Ps||22 for all multi-indexes .. The proof is by induction on the order of the derivatives,
we only detail the first iterations. We write f =V - (K * p;) pr) = (K * pt) - Vpy.

Integrated bound for ||Vp,[|2,. We have

1d 9
- — = 0:0s Py = 0:\py — ot f.
2 dt /Td |t /potatpt /pot Pt /potf
/ ﬁtAﬁt:*/ Vel
Td Td

/Tdﬁth/TdﬁtV'((K*ﬁt)ﬁt)z— Tdvﬁt'(K*ﬁt)ﬁtZ—/ pif =0.

Td

On the one hand,

On the other hand,

Hence,

1d, _ _
5 g 1PellZe + 11V Az =0,

—n2 a2
By integrating the equality above, we get fot IVoe|3: = M < )‘72 = Cf°.
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Integrated bound for ||0,, 4,72 and uniform bound for ||Vp;||2,. Similarly, we calcu-

late

]. d —_ 12 _ _ — _

57 | 100l = | 0ayptOay (Oipt) = |  OayptOa, (Apr — f)

2dt Jpa Td Td

=" Z/ |8a1,a2ﬁt|2 + / 8a1,a1ﬁtf~
o /T Td
Bounding
_ _ 1 _ 2 Lo
Td 8a17a1ptf < ||aa1,a1ptHL2Hf||L2 < 9 Z Haahazpt”L? + §||f||L27
as
and
4 2
11 = [ 1306 0| < I« il I9p1Es < N 1 91
T
~y=1

where we used Young’s convolution inequality, we get

1d _ 1 _ 1 _ _
5%\\%1%”%2 + 52 100y el 72 < gHKH%lIIPtIIQLooIIVPtHiz-

a2

By integrating the equality above and using Theorem we get

ol ~ ells 1 [ -
1 L2 2 1 L2 + 5 ||8o¢1,a2ps”%2d8 <§||K||2Ll/\2 HVPSHQLQdS
0 s 0

1 o0
<G IK[2N2CR,

This provides both the existence of C$° such that for all ¢ > 0, fg 00,0053 2ds < C5°,
and the existence of C* such that for all t > 0, |0, pe||2. < CY-.

Integrated bound bound for ||0a,,a,,0;0t|/3: and uniform bound for |0u,,a,0:|/3:. We have
Ouf = Z(aaK'y * pr) Oy pr + Z(K’Y * Pt) Oy Pt
v v
and

Do K%y = /Td 0K (x—y)pe(y)dy = — | O0a K, (y)pe(x—y)dy = —/Td K., (y)0apt(x—y)dy

Td

== /Td Vy5()0a.ppe(x — y)dy =Y Vi p % Do ppi-
B B

Hence

Z (Oa Ly * pr) Oypr = Z Z Va5 % Oappt | Oypr

¥ bl B
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=(V x0aVpe) Vpy,
and thus

1D~ @akcy # 5t) Oypill iz <NV # 0aViell e[Vl 2 < V|22 100V 5t 22 [V | 2
"

Therefore
106 fl172 < 2|V I[I7 100 Vo 71 [Vl T2 + 21 K |71 (|5t 7 |00 V52|72

Similarly to previous computations,

1d _ _ _
5% |80t1,(¥2pt|2 :/ aalaa2pt6al7a2 (Apt - f)
Td Td
- Z/ |aoz170t2,043/5t|2 +/ 80¢1,0427052/7t8011f
oy /T T4
<= ar.a2,05Pt 172 + 10as,az,00 0t 12 1 0as £l 2
a3
_ 1 _
< - Z ||aa1,0¢27043pt”%2 + 5 Z ||80¢17042,043pt||%2
[o %} [e%:)
FIVIL 100, Ve 21 1V 5 22 + K7 el Z e 100, Vil 7.2
1 _ _ _
<-3 > N0ar 2,058t 72 + IV 7 1V 5e]1721| 00, V|72
as
K72 156l 7 o0 10 Ve 72
and thus
1 d — 112 1 — 112 2 — 112 — 112
3 000l + 5 3 100 mswailZe IV I3 100, V03 V503

a3

+ KL 151 2o 100, Ve 72

Integrating over time, and using Theorem [£.2.]

Doy senPtl| 22 — |0aranpoll2s 1 K
ool 2 W0mcotllie 257 [0, s
2 s 0

2
2 k 2 2 2 K 2
<|V[3dCy / 100, V| 2ds + [, A / 100, V22 ds
<d (VI3 Cl + K 2002) 05

This provides both the existence of C$° such that for all ¢ > 0, fot 101,002,050 2 2ds < C5°,
and the existence of C¥ such that for all ¢ > 0, [|0a;,a,0t]/2: < C¥.

The proof is then by induction on the order of derivative, iterating the same method. O
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4.2.3 Logarithmic Sobolev inequality

We now establish a logarithmic Sobolev inequality (LSI) for p; solution of (4.1.2)). To this end,
we use the fact that the uniform distribution u on T satisfies a LSI and that p; is bounded
(below and above) uniformly in time. Recall the following Holley-Stroock perturbation lemma,
from [5, Prop. 5.1.6].

Lemma 4.2.2. Assume that v is a probability measure on T? satisfying a logarithmic Sobolev
inequality with constant CLS, i.e for all f € C3%(TY),

Let 11 be a probability measure with density h with respect to v such that, for some constant A > 0,
% < h < A\. Then u satisfies a logarithmic Sobolev inequality with constant C/fs = \2CL5 e
for all f € CZH(T?)
v 2
Ent,(f) < \?CL5 / ﬂdu.
e f

We also know that the uniform distribution u (i.e the Lebesgue measure) on T¢ satisfies a
LSI. See for instance Proposition 5.7.5 of [5], or [79] for a proof in dimension 1, the results in
higher dimension being a consequence of tensorization properties.

Lemma 4.2.3. Let u be the uniform distribution on T . Then u satisfies a logarithmic Sobolev
inequality : for all f € C3%(T?)

1 2
Ent,(f) < ﬁ/ﬂrd VJ{ du (4.2.2)

A direct consequence of Lemma [£:2.2] Lemma [£.2.3] and the bounds on p; given in Theo-
rem [£:2.1] is the following theorem, as well as its corollary. It establishes a uniform in time
logarithmic Sobolev inequality for p;, crucial for the uniform control of the Fisher information
appearing in the study of the dissipation of the entropy between the law of the particles system
and the nonlinear ones.

Theorem 4.2.2. Under Assumptions@ and for allt > 0 and all function f € Cgoo(’IFd),

A\ V£?
Ent; < dp
nPt(f) 87'('2 /]I‘d f Pt

Corollary 4.2.1. Under Assumptions[3 and[4, for all N € N, t > 0 and all probability density
BN € C?O(TdN)f

~ (1)
Proof. By tensorization of the logarithmic Sobolev inequality (see for instance Proposition 5.2.7

of [5]), since p satisfies a LSI with constant 8)‘%, so does py. Using Theorem for f = %
we thus get

B 1 N A1 pn |* pn ()
/HN(,U'NapN(t)):NEntﬁN(t) o (D) S@NEM@) VwﬁT(t) v )

Hence the result. O
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4.3 Proofs of the main results

From now on and up to Section [4.3.5| (excluded), in addition to Assumptions[3|and 4] we suppose
that there exists a solution py € CSH(RY x T4V) of (4.1.4). This justifies the validity of the
various calculations conducted in this part of the proof. The question to lift this assumption (by
taking a limit in a regularized problem) is addressed in Section

4.3.1 Time evolution of the relative entropy

We write

Hn(t) = Hn(pn(t), pn (1)) I (t):iz/ (t)’V o pN(t)rdx
N N\PN\V), PN , N N i TdeN x4 gﬁN(t) .

as short hands for the relative entropy and relative Fisher information. We start by calculating
the time evolution of the relative entropy.

Lemma 4.3.1. For allt >0,

d 1 1
d*HN(t) S AN() + 5Bn(t) — 5In(D), (4.3.1)
t 2 2
with
1 _ VQiﬁN
An(t) =3z Z.Zj/]I‘dN pn (V(zi — ;) =V * pe(ay)) ;Tda:
. 2 ,
B =y 3 [ o SV ) <V ) e
i i ¥
Here, | - |? denotes the sum of the square of the coefficients of the matriz.

Proof. Tt has been shown, in [99], that
d 1 _ _
g"HN(t) < -IN(t)— = Z pn (K (x; — xj) — K * pe(x;)) - V, log pndx,
TN

with

1 Z/ (V( ) =V x pr(2)) VaoN
~ N2 Ty —Tj) — x;)) : ——dx
N2 e Jpan PN j Pt oy
—1 5 ~ PN
V i — Ly -V i)) Vg, mfd .
+N22/W( (zi — ;) * py(xi)) VﬂN@Vsz x

Let us consider the latter term

1 _ _ PN
r \%4 i )=V i Va: vzfd
NZ/T< (@i = 23) = Vo pe@0) : Vo Vs, L
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1 1 _ _ PN
—_—E g —E Vi, —xz;)—V i Vi, Ve, — dx.
N i ap /TdN N P (@ =) Hpue) (Vo < LPN)ﬁ :

a,B
Let
i PN PN i N2 i 1 =
yg = | Va,— ) —, 2y =(Vapn), =, and z,5:= | = > V(z; —x;) =V *p(x;)
b= () o e EOCR

2 2

then, using vy < 5 + % for all ,y € R,

=
R
*[]
Q&
@
l\z
v
. no

S~ Sk (Dekoct) < § 00+ ]
a,f B a

B

and thus, using the Cauchy-Schwarz inequality,

Z‘ra ﬁzayﬁ X5 Z 2+

| =

() (5]

B «
1 2 1 i \2
:5 —|—§ Z > (xa,ﬂ)
a,B
Hence

1 _ _ PN
NZ/T< (@i = ) =V plo2)) s Vg © V.,

2N Z/}I‘dN PN
2

1 |V;r pN| 1 _
fI ; .
N ( E /szv N E V(x — Vs pe(z;)| dx

PN
f

2

Vg p 1 _
r1 - ‘ dx +7Z/T(uv | N| sz(l’i*l’j)*v*pt(l’i) dx
J

f

This yields the desired result. O

4.3.2 Change of reference measure and Law of Large Number

We now state three general results which will be useful in order to control the error terms Ay
and By defined in Lemma[4.3.1] The first one will be used to perform a change of measure from
pn to pn.
Lemma 4.3.2. Let N € N. For two probability densities p1 and v on T | and any ® € L>(T)
andn >0,

E'® < nHa(p,v) + % log EVeN®/n,

Proof. Define
f= 1eN‘i’/”u, 0= / eN®/Mydx.
0 TdN
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Notice f is a probability density. By convexity of the entropy

1 1
— log fdx < — log pdx.
N/WNuogfx N/TdN“Og”X

On the other hand

1 1 1 log 6
— log fdx = — ddx + — 1 dx — ——.
N/dNu og fdx /dN,u X N/d plog vdx N

The next two statements are crucial theorems of [99].

Theorem 4.3.1. [Theorem 3 of [99]] Consider any probability measure 1 on T¢ and a scalar
function 1 € L (T x T4) with ||| < 5= and such that for all z € T?, [, (2, z)pu(dz) = 0.
Then

- 10
/szv exp (N Z w(xl,mjl)qp(xl,sz)),u@Nda;g C=2 (l—i— a 72)3 + T ﬂﬂ) ,  (4.3.2)

J1,j2=1

where
4 4
a=(elvli=) <1, f=(Vaelwlr=) <1

The second one is a nice improvement of the usual level two large deviations bound for i.i.d.
random variables.

Theorem 4.3.2. [Theorem 4 of [99]] Consider any probability measure p on T and ¢ €
L>(T4 x T?) with

. » 2
[sup, [$(-, 2)]l|z (u))) -1 (4.3.3)

7 = (1600 + 36¢) (sup
p=1

Assume that ¢ satisfies the following cancellations
veeT, [ e, 2uldn) =0= | oz a)ulda).
Td Td

Then, for all N € N,

N

1 2
/TdN exp (N Z ¢($i,x]—)),u®Nd:c < T < (4.3.4)

4,j=1

4.3.3 Bounding the error terms
Lemma 4.3.3. The terms Ay and By introduced in Lemma are such that
1 1
AN(t)+ =Bn(t) S C | HN(t) + =
2 N
with . .
C = CiMd|[V2hillp [Vilze + CoX*d (V[T [Vt T
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where C1,Cy are universal constants.

Proof. Recall from Theoremthat pr € C3°(T9) for all t > 0. We first bound By. For (X});
given in , we have

1 |V,5t
=N¥/W o (x ZV — Vs pi(mi)| dx
2

TV 30 -V

72 th

iy se Wm

i a,f=1

1 i j ~ oy
N Z Vas(Xi = X7) = Vo, * pe(X3)
J

_ d
<7A2HV’””%"°2 SB[ [ = S Vas(Xi = XF) = Vg % pu(X7)
S N N Lo VB t o8 % Prldy
J

i a,f=1

We apply Lemma to each

Pap = NZV,/B i —j) = Vag*pe(@i) |

to get, for all Cg > 0,

2

1 i j — i
B[ {3 3 V(X = X0) — Vs # (XD
J

c 1 I .
gCB’HN(t)—kWBlog]E exp | &~ —— Vap(Xj = X]) = Vap * (X))

This way,

CpM?||V o _ 1 1 _
By < B || PtHL E E log/ PN €xXp o —\/N g Va,(@i — ) — Vo g * pe(x;) dx
[ J

+ CBdZ)\ZHVﬁtHLooHN(t).
In the following we choose Cp = 64¢%||V|% . Applying Theorem m to

1

1#(%@ = 8€||V||ch>

(V(z =) = Vxpi(2))
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which satisfies [|1)||~ < £ and is such that

1 1
oi(x)dr = ———— V(z—2)p(x)de — ————— Vxp o¢(x)dxr =0
T ¢(Z,I)pt(I) € 8€||V||Loo /]I‘d (Z I)pf(lﬂ) &£ 8€||V||Loo /]Fd *pt(z)pf(x) € 5
we get
. C
By < Cp|[V[[ 2 A2d? V|70 (HN(t) + J\f) ; (4.3.5)

where C’B and C’B are universal constants.
We now proceed with the bound on Ay. Applying Lemma to

1 _ Vi N
b = e zj: (V(xi —xj) = V = py(x;)) : ;T,
we obtain, for all Cy > 0,
Ca _ 1 _ V2.hN
AN <W10g/TdN PN €Xp m;(v(% —xj) = Vo p(zy)) : ﬁN dx + CaHn(t)

In the following we choose

Ca = 4V/16002 4 36| V2 p; || o |V || oo Ad := CAN|| V2 5y || o ||V || oo -
Then, we apply Theorem [£.3.2] to

-
- &

oea) = o (V=)= V(e : L))

Pt

which satisfies, thanks to Assumption

1

] == z—x)—V xp(2 'VQﬁt
[ oeaniiz =g [ (e-0)-viene):

Pt

(Z)) pt(z)dz
1 ) . i )
" Ca /][‘d (divK (z — x) — divK * p¢(2)) pi(2)dz = 0,
and, thanks to [, (V(z = 2) = V* py(2)) pe(2)dzx = 0,

o(z,2)pe(x)dx = 0.

Td

_ 2
Through our choice of Ca, (4.3.3) is verified, as v < (1600% + 36¢*) (2d|lv‘|L°°||V2pt||L°°)‘) =

Ca
i < 1. Hence

A C
An < Call V25l |V | L Ad (’H,N(t) + N“‘) , (4.3.6)

where C 4 and C 4 are universal constants. The conclusion easily follows.
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4.3.4 Proof of Theorem in the smooth case
It only remains to gather the previous results. Equations (4.3.1), (4.3.5) and (4.3.6) yield

ColVI3 A2V 113 d?
BIVIE- 2 Vpll} )HN@)

d o
() < (CAAdIIV%IILwlIVIILw + 5

Cy 1
+ W - §IN(t)a

. . _ 2 2 4 _
and using Corollaryand CallV2pill Lo |V Lo Ad < 3 (32) +1 (2)7 CAIV25e)| 2 |V |13 0 A2d?

ColVI3=N[Vpl3 o d? C
- OolVIE=XIValE )wmz

d 2r\? .
< — _— — ;;2_ oo [/ oo
dtHN(t) X (( \ > CaMd|[V=pe| L |V L N

LY e X v VIR — CalVIE~ IV 2N | 1 () + 2
ST h\ Aq tll L Loo B Lo Il Lo N N

In a more concise way, using Lemma [£.2.] it means there are constants C1,C5°,C5 > 0 and a
function ¢t — Cy(t) > 0 with fot Cy(s)ds < CS° for all ¢ > 0 such that for all ¢ > 0

d Cs
— t) < — — t t —.
dtHN( ) (C1 — Ca(t))Hn (t) + N
Multiplying by exp(Cyt — fot C3(s)ds) and integrating in time we get
H(t) < e—clt+f0t Cg(s)dsHN(O) n % /t ecl(s—t)+f; Cz(u)du g

oo C o0
< OOt 0 3 Cs
e Hn( )+701Ne ,

which concludes.

4.3.5 Dealing with the regularity of py

As mentioned at the beginning of Section up to now we have proven the result under the
additional assumption that there exists a smooth solution py to (4.1.4). Let us now remove
this assumption. Consider ({¢)c>0 a sequence of mollifiers such that ||(.||z: = 1, whose compact

support are assumed to be strictly contained within [—%, %]d. Let us consider K¢ = K % (.. We
have K¢ € C>(T?) and div(K¢) = 0.

Let pS; be the unique smooth solution (see Lemma 8 below) of the parabolic equation with
smooth coefficients

N N
€ 1 € € €

ij=1 i=1
with initial condition p%(0,-) = pn(0,-)..
We have the following bounds

Lemma 4.3.4. Let v > 1 be such that py(0) € C;O('JF‘“V). Then, for allt > 0 and all € > 0,
pi(t) € C32(T4Y).
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Proof. Let x € TN Consider the particle system dX¢(t) = —% Zf;l Ke(X5(t) — X5(t))dt +
V/2d B} with initial condition X§ = x, where we denote X{ = (X§(¢), ..., X§(t)). We have strong
existence and uniqueness for this SDE. Then

P (t,x) = E (piy (0, X3)) .

The bounds on p9, follow. O

Using Lemma we get (p5y)e is a sequence of smooth functions uniformly bounded in
L>®(R* x TN?). This yields two results.

First, we can extract a weakly-* converging subsequence in L= (RT x TV9), i.e there exists
pn € L®(R*T x TN?) such that for all f € LY (R x TN?) we have

/ pnf — pN [
TNd e—=0t JpNa

We finally check that py is indeed a weak solution of (4.1.4]). For all T > 0 and for all f smooth
test function on [0, 7] x TN

e We have, since 0, f is smooth and therefore in L!([0,T] x TN4)
/ PO — PNOLf.
TNd TNd

e Likewise, since A,, f is smooth and therefore in L!([0,T] x TN9)

[t [ ovsn
']I‘Nd ']I‘Nd

e Finally

/ pN K (x; — ) - Vg, f — pnK(z; —xj) -V, f
TNd

TNd

= [ o K i ) = Ko=) Vo o+ [ (0 = o) Ko ) Vi d
TNd TNd

<ol 1o e 1K = Kl + [ (o= o) K@i =)Vt

—0,
as [|[K¢ — K|[z1 — 0 and K (x; — x;) - V,, f € LY([0,T] x TN?).

We have thus proven that py is a weak solution of (4.1.4)).

Likewise, we may consider (p¢)., which weakly-* converges to a solution which, by uniqueness,
is p.

Second, p%; satisfies the assumption made at the beginning of Section ie p§y € CH(RT x
T%). Since by considering V¢ = V * (. we have K¢ = div (V°), we get that K¢ satisfies Assump-
tion [ and that the calculations done in Section [£.3] are valid for this specific kernel, i.e

Cgecoo’é
+ P

M (i (6 20 (1)) < Hav(on (0), o (0))e ™3™ 4+ 2 % (4.3.8)
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Notice how, in the proof of Lemma the constants bounding the various derivatives of
p only depend on the initial conditions, on ||K||p: and on ||[V||ze. Since ({¢)e>0 is a sequence
of mollifiers, we have ||K€||1 — || K||L: as € tends to 0, and ||[V¢||p~ < ||V]|re. The righthand
side of can thus be chosen independent of e.

We now use the fact that for © > 0 and v € R we have uv < ulogu — u + €, to obtain the
variational formulation of the entropy,

NHN(pi\/(t)vin(t)) = sup {]Epjv(t)(g) - Eﬁﬁv(t) (eg) + 1ag € Loo} ’ (439)

the equality being attained for g = log (p N ) We thus consider, for g € L,

PN

1
N

036000 1
1+C N’

(B 0(0) — By (e9) +1) < Ha (o (0), p (0))e e +

By definition of the weak-* convergence in L> (since both g and e9 are thus in L!), we have
the following convergence E,c (1)(9) — E, 5 1)(9) and Eze 1) (€9) —> Epy (1) (€9) as € tends to 0.
Therefore, for all g € L>°,

1

~ Eonn(9) = Epnn () + 1) < Hn(pn(0), pn (0))e e +

which yields Theorem using (4.3.9) for Hy (pn (1), pn(t)).

Cgecoo 1
1+Cy N’

4.3.6 Proof of Corollary m

Let k € N, and N > k. The sub-additivity of the entropy (see for instance Theorem 10.2.3 of [3])
implies that the (rescaled) relative entropy of the marginals is bounded by the total (rescaled)
relative entropy

k VZJ Hi (P (1), () < NHn (pn (1), pn(1)).

The logarithmic Sobolev inequality established in Corollary £.2.1] implies a Talagrand’s trans-
portation inequality (see |145]), so that the L2-Wasserstein distance is bounded by the relative
entropy. Classically, this is also the case of the total variation thanks to Pinsker’s inequality, and
thus

105 (6) = Al s + Waloly (8), 51(8) < O\ k(o (8), u(8)) < c¢ LJIXJHN(PN(U%N@))-

k

With the additional assumption that Hx(pn(0), pa(0)) = 0, we thus get the result using Theo-
rem To obtain the result on the empirical measure, we recall for the sake of completeness
the arguments of [105, Proposition 8]. Given z,y € T, a coupling of 7(x) and 7(y) is ob-
tained by considering (x;,ys) where J is uniformly distributed over [1, N]. From this we get
Wy (m(z), 7(y)) < |z —y|/v/N. Considering (X,Y) an optimal coupling of (px(t),pn(t)), we
bound

&=

E (Wa(m(X, ) < E (Wa(r(X), 7(Y))) + E (Wa(n(Y), 51))
< T%WQ(me,ﬁN(t)) HEWs(r(Y), 1)
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The last term is tackled with the result for i.i.d. variables established in [75].
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polytechnique — Mathématiques, Tome 10 (2023), pp. 867-916. [34]
with the addition of: Remark [(.3.21 and Section (.6

Abstract: In this chapter, we prove the first quantitative uniform in time propagation of chaos
for a class of systems of particles in singular repulsive interaction in dimension one that contains
the Dyson Brownian motion. We start by establishing existence and uniqueness for the Riesz
gases, before proving propagation of chaos with an original approach to the problem, namely
coupling with a Cauchy sequence type argument. We also give a general argument to turn a
result of weak propagation of chaos into a strong and uniform in time result using the long time
behavior and some bounds on moments, in particular enabling us to get a uniform in time version
of the result of Cépa-Lépingle [43)].

Acknowledgements: This work has been (partially) supported by the Project EFT ANR-17-
CE40-0030 of the French National Research Agency.

The authors thank Prof. Martin Hairer for the remarks that led to the addition of Re-
mark [(£.3.2] and Section G.6

5.1 Introduction

We consider the one dimensional N-particle system in mean field interaction

dX! = \20ndB} — ) dt — —ZV (Xi — X])d (5.1.1)
J#i

where for all i € {1,..., N}, X} denotes the position in R of the i-th particle, (B{); are indepen-
dent Brownian motions, and oy is a diffusion coeflficient that may depend on N. We denote
XY = (X¢,....,X}). We will refer to U as the confining potential and V' as the interaction
potential, on which we will specify the assumptions later. Finally, we denote by p¥ the law of
(X}, X

The goal of this chapter is to give various results concerning equation in the case where
V is a singular repulsive interaction potential. The main motivating example is the (generalized)
Dyson Brownian motion

[ 7 1
dx} = ,/ TdBi — AXidt + Nzﬂdt. (5.1.2)

J#i

Equation [5.1.2) is satisfied, for A = 0, by the eigenvalues of an N x N Hermitian matrix valued
Brownian motion, as observed by Dyson in 1962 |65]. For A > 0, it corresponds to the eigenvalues
of an N x N Hermitian matrix valued Ornstein-Uhlenbeck process (see for instance [47, [151]).

The work of Wigner [175] is often considered to be the starting point of Random Matrix
Theory. The main observation is that, for a Wigner matrix (a symmetric N x N matrix whose
entries above the main diagonal are independent centered variables), the empirical distribution
of the eigenvalues converges weakly as N — oo to the standard semi-circle distribution. We refer
to 2] and references therein for a thorough introduction on Random Matrix Theory.

The main result of this chapter concerns the limit, as IV goes to infinity, of , which can
be considered as a dynamical version of the convergence of the eigenvalues of a Wigner matrix.
What we wish to prove is that in a system of N particles in mean-field interaction, as N goes to
infinity, two particles become more and more statistically independent. Kac [106] described this
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behavior as propagation of chaos, and we refer to Sznitman [162] for a landmark study of the
phenomenon. The notion of chaos refers to the independence, while propagation alludes to the
fact that having this property of independence at the limit at time 0 will be sufficient to ensure
the same independence at later time ¢.

This limit for the Dyson Brownian motion was recently studied in [17] using a notion of
spectral dominance, and obtained without convergence rate. Let us also mention the work [92]
which proves propagation of chaos in 1D in a kinetic setting (i.e each particle is represented by a
position and a velocity) for a discontinuous interaction corresponding to the sign of the difference
of positions.

Throughout this chapter, we denote by u := % vazl dxi the empirical measure at time ¢ of
the N particle system. As proven by Sznitman [162], the convergence of the empirical measure
towards a constant random variable p; is equivalent to the property of propagation of chaos.
Very formally, this limit p; is a weak solution to the non linear equation of McKean-Vlasov type

Oipr = 0p (U + V" % py) pt) + 002, pi, (5.1.3)

where o is the limit (possibly 0) of o as N — oo and x is the (space) convolution operation.
The stochastic differential equation associated to (5.1.3) is

{ dX; =\20dB; — U'(X,)dt — V' % py(X,)dt, (5.1.4)

ﬁt = LaW(Xt),

and can also be seen as the formal limit of the stochastic differential equation (SDE) (5.1.1)),
noticing § Y-, V/(X{ — X{) = V" x Y (X{). At this stage however, let us insist on the fact that
the objects and solutions of (5.1.3) and (5.1.4]) can be ill defined, especially when V’ is singular.

As we aim at deriving quantitative propagation of chaos result, we need a distance. For p
and v two probability measures on R, denote by IT (i, v) the set of couplings of 1 and v, i.e. the
set of probability measures I on R x R with I'(A x R) = p(A4) and T'(R x A) = v(A) for all Borel
set A of R. We define the LP Wasserstein distance, with p > 1, as

1/p
W, (1, v) = <Fe%ﬁ£,y)/|x —y|PT (d:vdy)) .
It is important to notice (see for instance Remarks 3.28 and 3.30 of [147]) that in dimension 1
the optimal coupling (i.e the one realizing the infimum) for W,, p > 1, is known as it is the
monotone map. In particular, for two sets of points (z;);cq1,...n} and (y;)je{1,...,N}, assuming
without loss of generality that z; < ... < zy and y; < ... < yn, and two measures p = % > i 0z,
and v = & 2 0y, one has

1
Wy (p,v)P = N Z |z — il”

There exists many ways of proving propagation of chaos, let us mention some.

e The main probabilistic tool, as used by McKean (see for instance [136]) and then popu-
larised by Sznitman [162], is the coupling method. It consists in coupling the solution of
(5.1.1)) with N independent copies (X}); of the solution (5.1.4). The goal is to control the



112 CHAPTER 5. 1D log and Riesz gas

Wasserstein distance, which by definition can be written as

N
Wl = e (St 5p).
=1

rem(pN p0N

Here, the notation W, refers to the fact that the Wasserstein distance depends on an
underlying distance d. This is the only time we use this notation, not to be confused with
the LP Wasserstein distance W, we use thereafter.

Instead of considering the minimum over all couplings, the key idea is to construct a specific
one, which will therefore provide an upper bound on the Wasserstein distance. Well known
coupling methods include the synchronous coupling [162} |40], or the more recent reflection
coupling as suggested by Eberle [66, |69} 64]. The main benefit of this method of proof is that
it allows for a better probabilistic understanding of the processes and gives quantitative
speed of convergence in the case of Lipschitz continuous interactions. However, to the
authors’ knowledge, coupling methods have not yet given results in the case of singular
interactions.

e Using tools from PDE analysis, and functional inequalities, in order to show convergence
of pN towards ﬁ?N , recent progress have been made using a modulated energy |160, (159,
152, by considering the relative entropy of pN with respect to p&% [99] or by combining
these two quantities into a modulated free energy [32]. These quantities have proven useful
in showing propagation of chaos for systems of particle in singular interaction by making
full use of the regularity and bounds on the moments of the limit equation (5.1.3).

e Another method, that lies somewhere in between the fields of probability and PDE analysis,
consists in proving the tightness or compactness of the set of empirical measure, showing
that the limit of any convergent subsequence satisfies , and proving the uniqueness
of the solution of . This has been for instance done for singular interaction kernels,
in the specific case of [151} 43, [125]. This method, however, does not provide

quantitative convergence rates.

Notice that all the methods described above rely on the properties of the limit equation
7 because one needs to either give sense to the quantity V' * u; in (and maybe show
some properties in order to carry out computations) to use coupling methods, prove bounds
and regularity on the solution in order to use PDE related methods, or at the very least prove
the uniqueness of the solution of . This study of the limiting equation can be a quite
challenging task.

In this chapter, we describe a method that relies only on the well posedness of the system of
particles and which provides a quantitative (and in some cases uniform in time) result of
propagation of chaos. We make full use of the fact that in dimension one the particles will stay
ordered, and that as a consequence the interaction we consider will be convex (See Remark
below). Using a coupling method, we prove that by taking any independent sequence of empirical
measures, it is a Cauchy sequence. Then, independence ensures the fact that the limit measure
is an almost surely constant random variable. To the authors’ knowledge, such a method has
not been used before to prove propagation of chaos.

Let us now introduce our main assumptions. The condition on the interaction potential is
the following:

Assumption 5.1. There exists a > 1 such that

T

Vx € R*, V/(J?) = —W,

(5.1.5)
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and we thus consider L
ﬁ|l’|7o‘+1 Zfa> ].

V(z) = { (e Faol (5.1.6)
Notice that for all x € R*, V'(z) = =V'(—z), and V"' (z) = []aT -
Let us consider the open set
Oy = {X = (z1,..,zy) ERY st. —oco<z <..<zxN < oo}.

Remark 5.1.1. We highlight the main geometrical property we will use :
Denote Hipt o : RY = R the function given by
1
Ve = (2i)ieq1,.. N} Hinta(x) = N Z V(i —z;).
i#j
This way the particle system (5.1.1)) can be rewritten as the following Langevin diffusion
dXt =V QUNdBt — Z/{(Xt)dt — VHin@a(Xt)dt,

where X; = (X},...,X}Y) € RN, B is a Brownian motion in RN, and U : RN — RV is the
function given by U(x) = (U(%i)),cicn-

Let X = (x1,...,2n) € Oy and Y = (y1,...,yn) € On. We have, since x — V'(x) is odd
under Assumption[5.1]

(VHint,oz(X) - VHint,a(Y)) . (X_ Y)

=% Y @) (V) V(- )
1<j#AiSN

:% Yo (@i— ) — (=) (V@i — ) = V(s —95)
1<j<i<N

— Y (mma) — ly—) (Vie =) =V~ ).
1<j<i<N

Then, for i > j, we have x; — x; > 0 and y; —y; > 0. Since the function V' given by Assump-
tion is an increasing function on R™ each term in the sum above is non-negative. We thus
obtain

(VHlnt,(X(X) - vHint,a(Y)) . (X_ Y) > 0.

The drift term appearing in the particle system seen as a Langevin diffusion in RY is therefore
the gradient of a convex function on Oy. This property will imply the long time convergence of
the particle system (see the proof of Theorem thereafter), and will be one of the main tools
used to prove propagation of chaos (see the proof of Lemma .

Consider U € C?(R), and make the following assumptions

Assumption 5.2. U’ is Lipschitz continuous, i.e there exists Ly such that for all x € R we
have [U" (x)| < Ly. This implies

Vo,y € R, [U'(z) —=U'(y)| < Ly |z —yl,
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and
3JA >0, Yz e R, |U'(x)| < Lylz| + A.

This first set of conditions will be used when establishing existence and uniqueness of solutions
of (5.1.1) as well as non uniform in time propagation of chaos. For further results, for simplicity,
the study will either be restricted to the convex case, namely:

Assumption 5.3. U satisfies Assumption and we have U'(0) = 0. Furthermore, there is
A > 0 such that
Va,y €R, (U'(x) = U'(y)(z —y) = Mz —y)*.

...or to the quadratic case :

Assumption 5.4. There is A > 0 such that U is explicitly given by

Ve eR, U(z) = %x?

We choose to use the same notation A in both Assumption and Assumption [5.4] as it
serves the same purpose.

Notice Assumption[5.4]is strictly stronger than Assumption[5.3] which itself is strictly stronger
than Assumption [5.2

We focus on the quadratic case as it is the main case of interest in the applications we
presented. But, since the main results in the case o = 1 hold true in the convex case with little
to no modification in the calculations, we distinguish this case. The assumption U convex should
also be sufficient in the case o > 1, but requires more involved computations. We describe later
in the proofs the key points that should be modified (see for instance Remark . Likewise,
assuming U’(0) = 0 in Assumption is purely technical.

We sum up the main results of the chapter in the following theorem.

Theorem 5.1.1. A| Under Assumption and fora=1and oy < % or for a > 1, there
exists a unique strong solution to (5.1.1)).

B| Under Assumptions and denoting by ptl’N and pf’N the probability densities on
On of the particle systems with respective initial conditions pé’N and pg’N, we have

Vi 20, W (ptl’Nmf’N) <e MW, (pé’N,pﬁ’N) :

C| Under Assumptions andfor a =1 or under Assumptions andfor a €]1,2],
let uly := %Zfil Oxi be the empirical measure at time t of the solution of . Assume
there exists po such that EW2(udY, po) — 0 as N — oo. With the additional assumption on < %
for a =1, there exist (pt)i=0 € C(RT, P2(R)), as well as universal constants C1,Cs > 0 and a
quantity CY > 0 that depends on the initial condition and such that C{ — 0 as N — oo, such
that for all N > 1 and allt > 0

Gy

N -\2 —2Xt YN
EWa(pe',m1)*) <e™Co' + mma7a

+ CQGNv

where (py); satisfies, for all functions f € C*(R) with bounded derivatives such that f, f', f'U’,
and " are Lipschitz continuous and that f'U’ is bounded, the following equation: ¥Vt > 0,

[ 1@pian) = [ swatan) - [ [ F@o @i
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1/ THORTIO) o .
" 2/0 //{m;éy} |z — y|o+! ps(dx)ps(dy)ds.

Remark that the statement BJ, as well as functional inequalities such as Poincaré or logarith-
mic Sobolev inequalities, has been obtained in [44] in the case o = 1. Furthermore, statement
C] extends the result of [16], in which similar systems are studied using the theory of gradient
flows and (non uniform in time) propagation of chaos is obtained for o < 2 without convergence
rate.

We split Theorem [5.1.1] above into the more precise Theorems [5.2.1] [5.2.2] [5.3.1] and [5.4.1

below. The organization of the chapter is as follows :

e In Section [5.2] we prove various results concerning particle system ([5.1.1)). In Section

we show that, for @ > 1 with any diffusion coefficient oy or @ = 1 with oy < %, there
exists a unique strong solution to under Assumptions and Furthermore,
the particles stay in the same order at all time. See Theorem In Section [5.2.2] we
show the long time convergence of the particle system under Assumptions [5.1]and [5-3] See
Theorem [5.2.2] In Section [5.2.3] we prove bounds on the expectation of interaction that
will be useful later.

e Section [5.3] contains the main proofs of the chapter concerning the propagation of chaos
for in the case oy — 0. For clarity, we separate the case &« = 1 (in Section
and a €]1,2[ (in Section [5.3.2), as the former allows for a proof that contains all the ideas
with little technical difficulties, while the latter requires the more precise bounds obtained

in Section (.2.3] See Theorem [5.3.11

e In Section [5.4] we identify the equation satisfied by the limit p;. See Theorem [5.4.1] In
particular, we highlight an argument which intuitively suggests that a = 2 should be the
critical case for the well-posedness of the limit.

Finally, in Section [5.5] we show how one can turn a result of weak propagation of chaos, such
as the one obtained in [151} |43} 125], into a strong and uniform in time result by using the long
time convergence and some bounds on the moments of the particle system. See Theorem [5.5.1]
This yields in particular strong uniform in time propagation of chaos in the case of « = 1 and
constant diffusion coefficient oy = o # 0 that Theorem [5.3.1| cannot deal with, though without
a quantitative rate of convergence, using the result of [43]. This Section is independent of
the previous ones. The result of this section is summarized in the next corollary.

Corollary 5.1.1. Under Assumptions[5.1 and[5.3, for « =1, on = 0 € R, assume we have for

all N an initial condition (X§,..., X{) with bounded fourth moments (i.e E (% Zfil |X8\4) <

00) such that t — E (% Zfil |X{ — X¢|?) is continuous in t = 0 uniformly in N. Then we get

strong uniform in time propagation of chaos, i.e
Ve>0, IN >0, Vt >0, Vn > N, EWs (', pr)) < e.

We give in Appendix [D.3]some sufficient conditions for this assumption of continuity for the
initial conditions.

Notation

We try to keep coherent notation throughout the chapter, but as the various objects and what
they represent may become confusing, we list them here for reference :
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e P(X) is the set of probability measures on the set X, and P,(X) is the set of probability
measures on the set X’ with finite p-th moment,

o (X}, .., XN, or (th’N, ey XtN’N) when we need to insist on the total number of particles,
is the solution of the SDE defining our particle system. X; denotes the position in R of
the i-th particle,

o Oy = {X = (71,..,on) ERYN st —co<z; <...<aN < oo} is the set in which we
prove the solutions are,

o uly =% vazl 6x; € P(R) is the empirical measure at time ¢ of the N particle system.
Notice that it is a random variable on the set P(R),

o (N € P(P(R)) is the law of u,
o pl¥ € P(Op) is the joint law of (X}, ..., X}V),
e p; € P(R) is the limit towards which p will converge,

e all the notation above used with ¢ = oo refer to the stationary distribution (provided it
exists),

e C(RT,P5(R)) is the space of continuous functions taking values in the space of probability
measures P2(R) endowed with the L? Wasserstein distance,

hd :uN = (M%N)tZO S C(R+,P2(R)) and ﬁ = (ﬁt)t)o S C(R+7P2(R))7

e for a probability measure p and a measurable function f, we may denote both p(f) := [ fdu
and B*(£(X)) := [ fdp.

5.2 Existence, uniqueness and long time behavior of the
particles

We start by gathering some technical results on the particle system.

5.2.1 Existence, uniqueness and no collisions

The goal of this subsection is to prove the following result.

Theorem 5.2.1. Consider N > 2, and —0 < 1 < ... < xny < oo. Under Assump-

tions 2.1 and [5.9 :

o If a« > 1, for any on = 0, there exists a wunique strong solution

X (X1, ..., XN) to the stochastic differential equation (5.1.1)) with initial condition
Xt =1, ..., X{¥ =z, which furthermore satisfies Xy € Oy for all t > 0, P-a.s.

e The same result holds for « =1 and oy < %

Remark 5.2.1. In the case a« =1 and oy = o > 0, the existence of a unique strong solution
has been written in Theorem 2.5 of [45], ~where the authors allow collisions between particles and
show that the system still satisfies Xy € Opn i.€

—o0 < th <...< XtN < oo forallt>0,P-a.s.
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In the case o =1 and oy < %, the proof of existence, uniqueness and absence of collision has
been done in [151] or in the more recent [125]. For the sake of completeness, and because it uses
similar calculations, we also write the proof in this case here.

Denote the infinitesimal generator

N
‘CN’af(xlv "'7xN) = Z U/(xl)alf(xla axN)

i=1
—*ZV T — Ty af(.%‘l,...,l‘N)+O‘NAf(J}1,...,.’EN).
i#]

and consider, for X = (21, ...,xy) € RY

N
1 T
Hint,a(X) = 72]\7 E V(.’El — (Ej), HQ(X) = Hint,a(X) + E
i£] i=1

where H;,: o denotes the interaction potential. We prove the following Lyapunov conditions for
the particles system. Let us begin with the case a > 1.

Lemma 5.2.1. Let N > 1. Under Assumptions and for a > 1, there exist CN'* > 0
and DM@ > 0 such that for all X € On

LY*H (X) < DV + CNH,(X).

Under the additional Assumption [5.3, still for a > 1, there exist ¢N* > 0 and DN® > 0 such
that for all X € Opn

LY L (X) < DV — NoH L (X).

This lemma shows that, for a force U’ Lipschitz continuous, the energy does not explode
in finite time, which will provide us the existence of the solution of (5.1.1)), and the absence of
collision between particles. For a potential U convex, it even yields a uniform in time bound on
the second moment of the particles, and on the expectation of W (even though we do
not use this result to bound these moments, as DV'% and C™:® depend rather badly on N).

Proof. We compute

N
LY ( Z U'(z;) l Z V'(z; — x5) i + 1 Z V'(z
i=1 TN i#i N
+0N21+fZZV” T — ;)
i=1 j#i

N N

:—Z €X; xi—%ZZU’(zﬂvl(zi—x] —%ZZ;& 71:] Jr]V(TN
i=1 i=1 j#i i=1 j#i

N
>

2

NZV i —Tj) ZZV” T — xj).

1 JFi i=1 j#i

%
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We have, under Assumptions [5.2] and [5.1]

N N NA2
— ZU’(JLL)JZZ < ZLU‘JJ”Q + A|3}z| < (LU + ) Z| z|2 (521)
1=1

=1

N
_%ZZU'(%)V'(%— / :_*Z J))%

i=1 j#i j<i i = ]
Ly 1
<= Z _ (5.2.2)
a—1"7
N j<i i — @]
1
— xiV’ T; — 5.2.3
N Zl Z ( N Z |2 — x]‘ ( )
i=1 j#i Jj<i

o\ 1/2
Let us now consider |VH;p o (X)| = (vazl (% > V(@i — mJ)> > . We follow the proof
of Lemma 5.15 of [94]. Let j < ¢, which implies z; < z;, and denote

_ 1 if zp, < x;
e (X) = { —1 otherwise.

Then, considering n(X) = (1 (X), ...,nn (X)), we have

\/N|VHint,a( )‘>§( ) VHmta( )

Z ZV (g — 1)

k 1%k

- Z (M (X) — m(X)) Lﬂlﬂ
k<l

|2k — 2

Notice that, for k < I, nx(X) # m(X) if and only if zx < x; < xj, in which case we have
N (X) —mi(X) = 2 and (zx — ;) < 0. Therefore, the sum above only contains nonpositive terms.
In particular, choosing k = j and [ = i, we get

2 1
VH’L’IL ,Q T
S
This holds for any j < 4, thus

N(N -1) 2 .

N———— VHzn a AT T ao .
\4 5 ‘ t, N; i —x]| ie
4 1

‘VHint,a(XN Z

N2(N = 1)VN |z — x5]"

We therefore have

2
N

_Z NZV T — xj) ﬁi::; Ty —xj)

J#i
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_\oy_ 2 _( 4 )2 1
= N |z —xj\o‘H N2(N-1)VN/ |z —xj|2a.

j<i

For o > 1, thanks to Young’s inequality, there is a constant Cy such that

20N 1 < 4 )2 1
N |xi—.17j|a+1 N2(N71)\/N ‘mi—l‘j‘Qa

Therefore, using this result along with (5.2.1) and (5.2.2)), we prove the existence of two nonneg-
ative constants C' and D, possibly depending on NV, such that

< Cy.

LY *Ho(X) < D+ CH,(X).

Let us now modify the various estimates under the additional Assumption We may replace

the control (5.2.1]) by

N

=Y U (i < 20 = (5.2.4)

i=1 =1

Then, instead of (5.2.2) and (5.2.3]), we use the fact that there are Cy and Dy such that

| &,

(Ly +1) 1 20N 1 ( 4 )2 1
N o zi—a]*t N -yt \N2(N - DVN | — x>
D
<Cn— N

| — 0

Combining this inequality with (5.2.4]), we prove the existence of two nonnegative constants C'
and D, possibly depending on N, such that

LYNH,(X) < D — CH,(X).

Let us now consider the Coulomb case.

Lemma 5.2.2. Let N > 1. Under Assumptions and fora =1 and oy < %, there
exists CN* DN@ > 0 such that for all X € Oy

LY*H (X) < DV + CNH,(X).

Proof. We compute

N N
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Let us consider

N1

;= 1 i—x @ —
Z Nzxix]z :WZ x._szx' x:2

i=1 i lzi — x;

T; — Xy T; — Tk

T
N ‘
(]

) 20, 29
1,7,k distincts |xZ - x]' ‘xl — Tk

and using the fact that for X € Oy and ¢ < j we have x; < z;, we obtain

Z T — Xy T; — Tk
2

2
4,7,k distincts ‘xz - xj‘ |(E2 - l'kl

=l j<k xli%j' .’£17£C|
J ok #i
-9 < T Zj Ty Tk X, Z; Tj— X
B 2
i<j<k |z — 2" |z; — x| |25 — 24| 25 — 2,

Tk — Tj T — X4
s, — 5| [y —

9 ( 1 1 1 1 1 1 )
Tj— X T — Ty Tj—Ti Tk —Lj Tk — T T — T
i<j<k 7 i Lk % J i Lk 7 k i Lk J
1 1 1
=2 E: T — T e — T 1 x_(ﬂﬁk—ﬂﬁj—ﬂfk-i-ﬂﬁi-&-xj—xi)
i<j<k 7 i vk itk Ty

=0.

Furthermore, the estimates (5.2.1)), (5.2.2) and (5.2.3) still hold. We thus have

N

N
1 NA?

— 4 . < — ,2
E U'(z;)x; < (LU+ 2) izgl |z + 5

N
5 SO ) + )V - 23) <5 Lo+ DN - 1)

N | =

Therefore

N
N (Ly + 1)(N —1)  NA? 1 9
L HO&(X) < 9 + 2 + Noy + ( Ly + 5 z_;|l’l|

ON 1 1
+2 Y (% - 3) |

T
i<j z; — x|
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Noticing that there exist constants C, D such that Zfil |z;|> < CH,(X) + D, we obtain the
result if ‘TWN < # O

Proof of Theorem[5.2.1] For R > 0, define 7 := inf{t > 0 s.t Hy(X:) > R}, 7 :=limg_ o TR,
and Tpo, :=nf{t > 0 st X, € d0On}. We have {7 = 0o} C {190, = o0}. Equation
with initial condition Xy = x € Oy has a strong solution up to the stopping time 7. Let us
show that Py (7 = 0c0) = 1.

e «a>1: Ito’s formula for the function f(t,x) = =" tH, (x), using Lemma yields
forall R>0andt >0

DN,a

N, T
E, (e*C (tA R)Ha(XMTR)) < Ho(x) + N’

and thus, as H, > 0,

DN,a

_N,a
Re™C" 1Py (rn < 1) < Ha(x) + s

We obtain, for all t > 0

H,(x +¢’: o
P.(r <t)= lim P.(rp <t) < lim Meclv t—

0.
R—o0 R—o0 R

e «=1: There exists a constant Hy € R, possibly depending on N, such that for all x € Oy,
H,(x) > Hy. Considering Itd’s formula for the function f(¢,x) = e=CMt (Hq(x) 4+ Hp) , using
Lemma [5.2.2] yields for all R > 0 and ¢ > 0

DN,a

Ex (€70 (Hy (Xinra) + Ho) ) < Ha(X) + Ho+ oo

and thus, as H, + Hy > 0,

CN,at DN7O(

We obtain, for all t > 0

N,a
HQ(X) + Ho + % eCN,at —0

<t)= 1l <)< I
Pm(T = t) Rh—r>noo ]P)I(TR = t) = Rh—r>no<> R+ Hy

We thus have, in both cases, V¢ > 0,P,(7 > t) = 1. This implies the particle system almost
surely does not explode nor collide in finite time.

Uniqueness of the solution of (5.1.1) is a direct consequence of (5.2.5) in Theorem
O

below.

5.2.2 Long time behavior

In this section we study the long time behavior of the particle system. Parts of the result will
also allow us to conclude on the uniqueness of the particle system.
An important tool is the convexity of the interaction (see Remark [5.1.1)).
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Theorem 5.2.2. Consider two solutions X and Y of (5.1.1) driven by the same Brownian
motions.

e Under Assumptions[5.1] and[5-3, we have

N N
(XY <Y (X - Y (5.2.5)
i=1

i=1

This yields strong uniqueness of the solution of (5.1.1).

o Under Assumptions (md denoting by pi’N and pf’N the laws on Opn of the particle
systems with respective initial conditions pcl,’N and pg’N, we have

vz 0, Wy oV oY) < e (o oY) (5.2.6)

e Under Assumptions[5.1] and[5.3, we have

=0, Wa (ot oY) < e W (N o0 Y)). (5.2.7)

Proof. Let (X})1<i<n and (Y)i<i<n be two solutions of (5.1.1]) driven by the same set of
Brownian motions (i.e coupled using a synchronous coupling), such that X} < ... < X} and
Y < ... <Y/!N. Using Ito’s formula,

(35 0t -300") =23 e - ) (-

LS ) X (Vi - X - v v o
i=1 i

with, since x — V'(x) is odd and increasing for > 0 under Assumption
2 i i i j i j
S Y &) (Vi - XD - v -y

JAIEN

S ((xi-v) - (3 =) (Vi = X)) - v - v))

i <IN

2w zle 2

H
A
<.
A
N

((xi-x7) - (vi=77)) (v'xi = x1) - V() = 77))

H
A
<.
A
N
=2

=>0.

Under Assumption [5.2] we obtain

d Y vi)
ai 2= (X 2Ly

(X -v),

1=
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i.e
N
( Uy (X ) K, dt,
i=1
with K; < 0. We thus obtain

N
Z (th _Yti)Q < 62LUtZ (Xé —YOi)Q.

i=1 i=1

This yields the results (5.2.5) and (5.2.6]).
Under Assumption [5.3] similar calculations yield

N
Z <-2 ) (x -y
and thus . O

&‘Q‘

5.2.3 Some moment bounds

The aim of this section is to provide some explicit bounds on the second moment of the empirical
measure, as well as on the expectation of the interaction potential. These bounds will be useful
later when proving propagation of chaos. Let, for x € RV,

N 1
2
= E \xl\ —TN E |.’13i—:1?j. (528)
i=1

i#j
The idea of considering this function comes from [128§].

Lemma 5.2.3. Consider Assumptions[5.1] and[5.]} The function H satisfies
veeRY, H(x Z |2i|? — (5.2.9)
Given (Xi): = 0 a solution of , we have the uniform in time bound
EH(X;) < e MEH(X,) + % (NaN + C<O;N)) , (5.2.10)

as well as the following estimates

2)\5 Z*] a 62)\)&71 62)\t71
E < — | EH(Xy) + NN + 2Noy——— | + C(a, N
/ ; 2<H(o)+e +2Noy— )+(a,)2)\
(5.2.11)
t 1 s
E /—2 ) ds | < SEH(X) + N+ (2Noy + 2AN) 1) + Cla, N)t,  (5.2.12)
0 i>j ‘X;—Xﬁ 2

)
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where
% ifa=1,
=a if a €]1,2],
Cla,N)=9{ oNmN if o =2,

(1+25) vt a2

The proof relies on the computation of the time evolution of H(X;) using Itd’s formula. Using
parts of the calculations of [128], as well as some technical results, we obtain the various bounds.
We postpone the proof of this lemma to Appendix [D.2] for the sake of clarity.

5.3 Limit for large number of particles with vanishing noise

Consider for a given N > 1 a solution X; = (X}, ..., X}N) of (5.1.1). Our goal is to prove the
following theorem

Theorem 5.3.1. Consider a sequence of initial empirical measures (,uéV)N>1 such that there
exists po € P2(R) such that limy_,0 E (Wa(ud', po)?) = 0. Under Assumptions and for
a =1 or under Assumptions and for a €]1,2[ (with the additional assumption on < %
for a = 1), there exist a deterministic family of measures (p)i>0 € C(RT,P2(R)), as well as
universal constants C1,Cy > 0 and a quantity C{¥ > 0 that depends on the initial condition and
such that C(J)V — 0 as N — oo, such that for all N > 1 and allt >0

C
L)/a + Cyop.

E (Wa(py',pr)%) < e MOy + N a)/a

In particular, notice that we require the diffusion coefficient oy to go to 0 in order to obtain
the limit for the empirical measure.

Here, we do not identify the limit p;, we just prove its existence. The limit will be studied in
Section [5.4] later.

The proof of Theorem [5.3.1]is divided in two parts. First, we prove a property on any sequence
of independent empirical measures (1)x which is similar to a Cauchy property. Then, we use
the independence of the random variables (4" )y to conclude on the convergence towards a
deterministic limit.

We will start by proving the Cauchy estimate in the case o = 1, as this will allow us to
describe the method in an easier case, before extending the result to a €]1, 2] using much more
cumbersome computations.

5.3.1 The case o = 1.

In this section, we prove the following lemma, which states a Cauchy property for the sequence
of empirical measures :

Lemma 5.3.1. Consider Assumption and Assumption with « = 1 and oy < % Let
(1Y) nen be any sequence of independent empirical measures, such that ul is the empirical
measure of the N particle system at time t. We have for allt >0 and all N,M > 1

1

11
E (WQ (1f, ui”)Q) < e MR (W2 (uév,u%f) +5x (N +o7 20N+ aM)> . (5.3.1)
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There also are constants C1,Co,C3 > 0 independent of N and M such that

1 1
E ( sup Ws (uiv,ui‘/[f) <elrt (]E (WQ (,uév,,uéw)2> + Co(opy +on) +Cs <M + N>)
s€0,t]
(5.3.2)

Note that because of the expectation in (5.3.1]), we cannot say that (ul¥)nen is a Cauchy
sequence in the space of probability measures on R. It is however a Cauchy sequence in the space
of random probability measures, see Remark [5.3.2) below.

Proof. For N,M > 1, let (Bi)ie{lwa} and (B/j)je{ly__”N} be two independent families of
Brownian motions, and consider z1 < ... < xp and y; < ... < yn two sets of initial conditions.
Denote by (X*M);cq1. ay (vesp. (Y3N)jeqr, . ny) the unique strong solution of (5.1.1)) with
initial conditions z1 < ... < zp and Brownian motions (Bi)ie{l,‘.., My (resp. initial conditions
y1 < ... < yny and Brownian motions (B’J)je{l ’’’’’ N})-

In order to compare the two sets (Xi’M)ie{l _____ vy and (}N/j’N)je{l _____ wy despite the difference
in the number of particles, we consider N exact copies of the system (Xi’M)2-6{17___71\4}7 and M
exact copies of (Yj’N)je{l,__qN}. We denote (Xi)i€{17.._,NM} and (Yi)ie{l,__.7NM} the resulting
processes, numbered such that for all ¢ > 0

oo <Xt = = XN << xNMEDH o XNM
oo ¥ = m VM < MRy
Thus
| M | MM | Y
M _ o _ 1 -
I _M;(SXZM_NMZl(SXP e _N;(SYJN_NMZZI&W’
and
N | M\2 1 i 2
W (', )" = 537 D 1XE = Y|
i=1

By convention, and for the sake of clarity, consider V/(0) = 0. Then, for all ¢ € {1,..., NM}, we
have the following dynamics

dX; =—U'(X])dt — —ZV X} — X{)dt + \/201,dB;
Ay = - U'(Y))dt — —— Z V(Y] - Y{)dt + V2ondB},

where the Brownian motions (B}); and (resp. (B;1);) are such that for all k € {1, oy M}, we
have BN(k=1+1 — = BNk — BF(resp. for all I € {1,..., N}, BMU=D+1 —  — p/Ml _ gy,
Thus

4(X] = ¥{)" = =2(U'(X) = U'()) (X = ) dt + 200rdt + 20t
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. 1 ) ) , .
—2(x; = Y)) 7 > (VX = XD -V - YY) at
J
+2v200 (X} = Y}) dBi — 2v20x (X - Y}) dB},

and

o (s 32 010" == 3 0 000) (3 3+ 2 it

+ QJHZ X7 YZ) de QWZ X7 Y7)de
_ W ; (th — }/tz) ; (VI(XZ i Xg) . V/(Ytz . Y;J)) dt.

We first compute

> - Y (Vi = X)) v - YP))

=3 (vt ) v ) (-3 - ()
:Z (V’(Xf - X{) = V(Y - Ytj)) ((Xf _ Xﬁ) _ (Y*tz _ Ytj)) .

Remember that the function x — V'(x) is increasing for 2 > 0. Thus, all choices of indexes
i > j such that X; # X; (which therefore imply, by the choice of numbering, that X; > X7)
and Y} # Y/ yield nonnegative terms in the sum above. If X; = X/, by convention, we have
V(X - X])=0.

S - (VI -XDH-VeE-Y)) = Y Vi - X)) (xi - x7)
i J i>j st Yi=Y]

Y vy (YY)

i>j st Xi=X]

(5.3.3)
D
i>j st Yi=Y] i>j st Xi=X]
M(M -1 N(N -1
MO, NN,

Since — (U'(X}) = U'(Y{)) (X{ — V) < A (X} — Y;i)z, we thus obtain, for all t > 0

2
W (¥, 1) < (Y, ) 2A/ Wi (i, u1)? ds
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Considering the expectation of the inequality above, and using Gronwall’s lemma yields ((5.3.1]).
Let us now take the supremum

1 1
E ( sup Wh (Mévvliéw)Q) <E (W2 (M(J)V7M(J)w)2) + (M + N) t+2(op+on)t

s€[0,t]
2\/20’]\4 /S . . .
+E sup X, —Y,)dB,,
( NM M; o | )

2\/20’]\[ /S ; : 1
+E | XX — | (Xi-Y}dB}].
( NM si?o‘j’ﬂz; o ! ) )

We use Burkholder-Davis-Gundy inequality to show that there exists a constant C'gpg such that

2v20m /s i i i)
E X' —-Y')dB
(NM Jup 2 [, (Xu-Yi)dB,

\2\/20’M ZE(SUP / Xz Yz)de>

s€[0,]
([ 7))
S (e ([t 4) +2%)

1 i N2
=CppcE (/0 W; (XS - Ys) dS) + 200 Capa
t
2
=CppcE (/ Wo (/,&év,/,éé\/[) dS) + 200 Capg-
0

Using the same control on the second local martingale, we get

11
E ( sup Wy (uiv,uy)z) <E (Wz (uév,ué”f) + (N + M)t+2(aM +on)t

s€[0,t]
t 2
+2Cgpc(om +on) + 2CBDG/ E (Wz (AN ) ds,
0

and thus, denoting

Crvnt = = 1+1+2( +on)
N,M—2C,BDG M N OM TON) |,

we get

E < Sl[lp]WQ (AN ) +Cn,u <E (WQ (Mévﬁléw)Q) +2CBpa(om +on) +Cnur
s€[0,t
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+2CBpa /Ot (E (Wz (#iy’ﬂyf) + C'N,M) ds.

Gronwall’s lemma yields (5.3.2)). O

Remark 5.3.1. For A\ = 0, the proof above still yields a quantitative result of propagation of
chaos, though no longer uniform in time : considering (5.3.4), we get for allt > 0

2 2 1 1
EW, (i 1i")” <EW: (g, 16")” + <N+M+2(UN+UM)) t.

Likewise, under Assumption instead of Assumption we get a similar (non uniform in
time) result

1 1 1

N M\2 2L N  M\2
EW; (i )" < vt (EWz(%wU +2LU(N+M+2(”N+UM)>>'

5.3.2 The case «a €]1,2].

Let us now show the proof of Lemma [5.3.1] can be extended to other values of . Notice that
we use the assumption o = 1 to deal with (5.3.3). To account for this quantity for o« > 1, we
now use the bound (5.2.11)) and obtain, using the definition of H given in ((5.2.8)), the following
lemma.

Lemma 5.3.2. Consider Assumptions and with o €]1,2[. Let (u™) yen be any sequence
of independent empirical measures, such that ul’ is the empirical measure of the N particle
system at time t. We have for allt >0 and all N, M > 1

E (W2 (u ")) (5.3.5)

—2x N | M\2 3a—1) ou Sla—1) by
e~ (E (Wz (1, 1d") )+ N B (IXP) + 3re=m7a B (V)
1 1 [ 3a—2 1 1
+ 5 (om +on) + 5 <a(2—a) +3Ma — 1)> (N(za)/a * M<2a>/a>
3(04 — 1) ON oM
T (M@—a)/a * N<2—a>/a>

Proof. Consider a similar set up as the proof of Lemma and define ()N(f’M)i,(f/tj’N)j, (X1,
(Y/); in the same manner. We compute, like previously

d <e2’\tW2 (uiv, ui\/‘[)2) =2Xe?* W, (uiv, ui\/I)Z dt 4+ e*MdW, (uiv7 ui”)2

:egAtAtdt + 62Atht
where M, is a local martingale, and
2 ) ) ) .
< _ Iyt ol iy
A < (NM)Q - Zii j \%4 (Xt Xt) (Xt Xt)
i>7 s.t Y=Y
2 ; ) ; )
T (NM)2 Y. VY -Y)) (Yt —Yt’) +2(opm +oN).

i>j st Xi=X]
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Using Young’s inequality, we have, for all v > 0 and 7 > j

1 wa—1[5]+1 1
Tpla—1 yeot «@ i a—1"
S « BT e (F )
Hence
(NM)* XX S —~ ., Xi-x]e
i>7 8.t Xt: ~ th i>j s.t th 4 )ét]
1 1 1
TSI N S
NM 2 G—q a—1
( ) ar® i>j st Yi=Y/ (LTJJ +1)
We calculate, since L%J +1> %
1 No—!
Z i—7 1 a—1 < Z (’L— -)(x—l and
i>j st Yi= YJ (LTJ+ ) i>j st Yi= Y] J
NM -1 1 NM 1= |5 M 1
Z (Z — j Z Z (@ — j)a—l - . _ j(x—l
i>j st Yi= YJ i=1 Jj=1
which implies using Lemma [D.1.7]
NM . 2—«a _
1 1 -1 NeMM?*=©
S e B () e
i>j st Yi= YJ (L%J_Fl) i=1 - -«
Hence
1 1 1 1 1 1
< :
(NM)* o ZYY (IFH+0)° Ve Meta@—a)ye
t Y=
We consider ya-1 = ﬁ for some yet unspecified § > 0. Thus
11 > 1 - 1 MFo) (=D Mo
2 « i a—1 _ 22—« a—1 = _ 2—a”
(VA2 ey (R + ) @ N8 M G —a)N
Furthermore
i—j M-1i-1 N N . . _
1 Z [ +1 < 1 ZZZ li—j+ 55 +1
i o i INH | o
(NM)2 S X=Xl (N i e N - X
1>7 s.t X} ;éXg
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and thus
o« a—1 1 |54 +1 a—1 1 1—J
a—1 : — <3 — =
Y a (NM)? ;Yj |th,XtJ|oc\ « M1+5MZZ|XZ X7 |
i>j s.t Xt,’;_é);f

Using the same calculations to deal with

1 1
W 2 iy
xi=xi 't t
i>7 s.t YE;éY7

we obtain by taking the expectation in It6’s formula that for all £ > 0
2
NE (W ("))

t
<E WQ ,LLO,,LLO ) )JrQ(O'MwLJN)/ 223 ds
0

62)\5 1
RIS Tl
i>j st Yi=yd 708 5
62)\5 1
i X |Y_YJ|1) ds
i>jst Xi=x] 7S s

¢ t 5(a—1)
2M
E (Wz (uév,ug/[)Q) +2(op + aN)/ e s +/ — s
0
t NO(a—1) o
- sd
+/0 a2 —aMr—a’ “

a—1 1 t e2As 1—J
+6 o M1+6/0E MQZL)?Z;M_XéM'a ds

i>7

a—1 1 ¢ e2rs 1—J
+6 = / E 2 z]V— dS,
o NI+ 0 N = Y. Y;L |
and we use (5.2.11) to get
t
B (oW (1 ")) < (W (s d")7) 4 200 + o) [ s
0

t 2M5(a—1) o t QNS(Q—l)
54 2)\sd
+/0 a(2—a)N2*0‘€ s+/0 a(2—a)M2*0‘e y

3(a—1 o e2At—1
+ % (E (H((XoyM)i)) + MM 4+ 2Moyy, 7 )

3(a—1)
N1+6

~ N e2>\f 1
(E (’H((Yoj’ )j)) + Ne?* + 2Noy N )
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6(a—1) M1 /1 1
oo T ).
aZ—a) 2x \2r T

We now choose the coefficients § and 6. Consider

This way, we have both
M=) dla-l)imm  E=elle=Dig N . No(a—1) o
N2—«o = N2—«a = N2—«a - @ and, M2 =M=,
and
M0 = M358 = ¢~ 550N = N=%5% and, likewise, N~% = M~ 5",
And thus

E (e”‘th (AN ) <E (W2 (' 1o )2>
1

#3001 (B () + i () )
et -1 2 1 1
(2 oM+ oN) a2—a) (N(Q—a)/a + M(2—a)/a>

ON OM
6(0[ B 1) (M(2 a)/a N(2—a)/a)

6(a — 1) 1 1
+a(2 _ Oé) N2-a)/a + M(2—a)/a

1 1
2t
+3(a—1)e (N(Q—a)/a + M(Z—a)/a) :

This yields the result. O

Lemma 5.3.3. Consider Assumptions and|5.4, with o €]1,2[. Let (™) nen be any sequence
of independent empirical measures, such that ul¥ is the empirical measure of the N particle

system at time t. There exist positive constants C1,Cs and Cs such that for all t > 0 and all
N,M>1

e ) <0 (m(ma ) 00 (S5 S0

s€[0,1] N@-a)/a M@—a)/a

N(2fo¢)/a M(27a)/a
(5.3.6)

+C2(O'N+UM)+C3,< ! + ! ))

Proof. Consider a similar set up as the proof of Lemma and define (X/™);, (ﬁj’N)j, (X9,
(Y/); in the same manner. With similar calculations, It6’s formula yields

2 1 1
W N’ M2<W N, M2+<20M+UN i ( S a)>t
AN 2 (1o +1o") ( ) a@ ) \y== T ==
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6(a—1) [* 1—7
+aMN2*T“/o MQZ | XoM - vaM\adS

i>7

6(a—1) / 1—7
——————ds
aNM = NQZ |Y’LN YjN|

1>]

2VQGMZ/ (X! —Y)dB! — 2v20 Z/ (Xt —Y)dB".

Similarly as Lemma [5.3.1] we use Burkholder-Davis-Gundy inequality to show that there exists
a constant C'gpg such that

2v/2 S N k
E ( oM sup Z/ (X; — YJ) dB;) < 2Cgpgom + CepcE (/ Wo (,uév,,uiw)Q ds) ,
sefo,4] <~ Jo 0

NM
and
24/2 s . . ) t
E ON sup Z—/ (X;—YJ)dBZ < 2Cgpagon + CepcE </ Wy (ui\f’ui\/[)st).
NM  seio, % 0 0

We now use (5.2.12)) to obtain

E ( sup W (uf,uyf)

s€0,t]

<E (W2 (Név»”%z) + (2(“1\4 +on)+ a(22_ ) <N(2loz)/a + M<21a>/a>> t
6(a—1)

aM N@—a)/a
6(a—1)

aNM@2-a)/a

t
+2Cppa(on +oum) +2CepcE </ Wo (Hiv,/liw)zd5> ;
0

(% (EH(Xo) + M + (2Mors + M) t) + Cla, M)t)

(% (EH(Yo) + N + (2Noy + N)t) + C(a, N)t)

and thus

E ( sup W (uiv,uﬁ”)2>

s€[0,t]
N M2 3(a—1) 1 3(a—1) 1
<E (W2 (105 10" ) +t ye—ara B\ 3 Xe) | + yrema/a B |y H(Yo)

1 1
+2Cppclon +om) +3(a—1) (N(g_a)/a + M(z_a)/a>

OM ON
N(27a)/a + M(Zfa)/oz>

6 — 4 1 1
+O((2 _ Oé) N(Zfa)/oz + M(27o¢)/o¢

1 1

+ (2(JM +on)+6(a—1) (
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t
+2CppcE </ sup W, (,uuN7uﬁ4)2d3> .
0

u€[0,s]
Denote
6 — 4 1 1
Cprop(N, M, @) := (04(2—04) + 3 a - 1)) (N<2a>/a + M(2a)/a>
+6(—1

60 =) (5omy7m + Tr7e) + 20 +on),
E (371(X0)) E(}{/H(YO))>

2
Dprop(N, M, ) :E(Wz(uév,u%)%(al)( e e

1 1
+2CBpa(on +on) +3(a—1) (N(ga)/a + M(?a)/a) )

such that, for the sake of conciseness, we have

E ( sup Wy (/Livmi”f)

s€[0,t]

t
C Iro N7 M7
< Dprop(N, M, at) +2CppcE </ ( sup Ws (MuNaMﬁjf R s L A At A A ;é a)) ds) .
0 \ueo,s] BDG

Chrop (N, M,cx)
2Cppac

Using Gronwall lemma on ¢t — E (supse[()’t] Wy (uiV’ Hﬁw)2> + , we get forallt >0

Cprop(N, M, Covon(N, M,
E ( sup W (4, M) i ComsplL ML) < 2Cmnct Dy (V.0 0) + gl
s€[0,1] BDG BDG

O

5.3.3 Conclusion

We now wish to prove that the Cauchy-like estimates (5.3.1]) and (5.3.5)) are sufficient to conclude
on the convergence, at any given ¢t > 0, of the empirical measures.

Lemma 5.3.4. For any sequence (u")nen of independent random measures in Po (R), if
Ve >0, AN >0, Vn,m > N, EW, (u", u™) < ¢, (5.3.7)
then there exists a deterministic measure p € P2 (R) such that
EWs (1", p) -0 as n — oco.

Proof. Let us start by mentioning the result of [19], which states that if (X,d) is a complete
metric space, then so is (P(X), W), where W, is the Wasserstein distance associated to d.
Denote, for £ and ¢ two probability measures on the space Py(R) and T' the set of couplings of
¢ and (, the Wasserstein distance

W(EQ) = inf EWa(u,). (5.3.8)

(pv)~
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The metric space (P1(P2(R)), W) is complete.
Let €™ be the law of p™. The assumption (5.3.7) implies, since W(£", &™) < EW, (u™, ™),
that there exists a measure ¢ € P(P2(R)) such that
W(E™, () -0 as n— oo.

Denote by ™ the optimal coupling between £" and ( for the Wasserstein distance above. Consid-
ering 7! ® 72 ® ..., there exists a sequence (p"),,, of independent measures identically distributed
according to (, such that

EWs (u™,p") =0 as n— 0.

We now wish to prove that all p™ are almost surely equal. To do so, we will make use of the
assumption of independence of the sequence u™. We have

Ve >0, IN
Ve >0, IN

0, v N7 vp >0, EW, (,U/n? /J/n+p) <€

P n =
>0, Vn>= N, EW, (", p") < e

Direct triangle inequalities using the two assertions above yield

Ve >0, dN , Vn> N, Vp >0, EW, (,u",p”“’) €,
=

=0 <
VYe>0, AN >0, Vn> N, Vp > 0, EW;, (pn’anrp) <

€.

The fact that EWy (u™, p") — 0 implies EW; (u", p") — 0. The dual formulation of the L?
Wasserstein distance yields

E sup [u"(¥)—p"(¥)| — 0.
Iz ip<t

Let f be a bounded Lipschitz continuous function. We have

Elp™(f) = p" ()] = 0. (5.3.9)
In particular we get Eu™(f) — Ep(f), with p ~ (. Likewise
E|p"(f) — o (£)] 0. (5.3.10)

On the one hand, using the independence of the sequence,

E (1" (H)p" () =E @' (f)E (1" () = E(p(f))*.
On the other hand
E (u"(f)u" T (f) =E ((,O”(f>)2 + 0" () (" (f) = p" () + 1™ (f) (W) = o)
+1™(f) (") = () -
Let us consider each term individually
E (0" (1)) =E ((o(1)?).

E(p"(f) (W™ (f) = 2" () < floE 1™ (f) — p"(f)] — 0 using (5.3.9),
E (1™(f) (") = ")) SIFIoE |1 TH(f) = p"H(f)| = 0 using (5.3.9),
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E (u"(f) (0" () = (1)) <IfllocE " (f) = p"(f)] = 0 using (5.3.10).
Thus

E (4" (Nt () = E (o)) -
We have obtained

E (o))’ =E ((o(1)*).

which implies that for any bounded and Lipschitz continuous function f, p(f) is almost surely
constant. Let p; and py be two random variables with law (, considering two random variables
X ~ prand Y ~ pa, we get for all Lipschitz continuous bounded function h that Eh(X) = Eh(Y).
Let a < b be two real numbers. Consider

1 ifzefatL,b— ]
0 frx<aorz>b
ifa,<m<a+%
mb—z) fb—Lt<z<b

By construction, (gm)men is an increasing sequence of bounded Lipschitz continuous functions
such that for all m, g, < 1j,; and for all € R, gn(x) — Ljg(z) as m — oco. We thus
have for all m € N the equality Eg,,(X) = Eg,,(Y) and, by the monotone convergence theorem,
Elyqp((X) = Eljq((Y). Then, again by the monotone convergence theorem and by considering
an increasing sequence of simple functions, the equality Eh(X) = EA(Y) holds true for all
bounded measurable function h. The variables X and Y are thus equal in law, and p is therefore
a deterministic probability measure.

O

Lemma [5.3.4] allows us to conclude on the convergence, at any given ¢t > 0, of the sequence of
empirical measures (u¥)y towards p; where, at least formally, 5 is a solution of the non linear
limit equation (we refer to the next Section for a more rigorous identification of the equation
satisfied by the limit p). However, a priori, if the limit equation admits several solutions, nothing
guarantees that the sequence converges towards the same solution at two different times ¢; and
to. To show this, we now use the estimates and which, even though on their own
do not ensure uniform in time convergence because of the exponential term, show that on any
time interval [0, T there is uniform convergence towards a unique solution of the limit equation.
This result, combined with the uniform in time pointwise convergence given by Lemma [5.3.4]
will yield the desired result. Denote C([0,T],P2(R)) the space of continuous functions taking
values in the space of probability measures P2(R) endowed with the L? Wasserstein distance.

Lemma 5.3.5. Let T > 0. For any sequence (u")nen of independent random wvariables in

([0, T}, P2(R)) , if

Ve >0, IN >0, Vn,m > N, E sup Ws (uy, uy") <, (5.3.11)
t€[0,T)

then there exists a deterministic measure (pt)iepo, 1) € C([0,T], P2(R)) such that

E sup Wa (', pr) >0  as n— oo,
t€[0,T]
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Proof. Let, for £ and ¢ two probability measures on the space C([0,7T],P2(R)) and T" the set of
couplings of £ and (, the Wasserstein distance be defined by

Ws(€,¢) = inf E( sup Wg(uhz/t)). (5.3.12)

(p,v)~T te[0,T]

Let £ be the law of y™. By completeness, Assumption (5.3.11]) implies that there exists a
probability measure ¢ on C([0,T], P2(R)) such that

Ws(",¢() =0 as n— oo
Thus, there exists a sequence (p™),, identically distributed according to ¢, such that

E sup Wo (i, pf') =0 as n — oo.
te[0,T]

By the same proof as Lemma we get that for all ¢ > 0, all p}' are almost surely equal,
hence the result. O

Remark 5.3.2. Addendum : In this section we thus have shown that the sequence of the laws
(N)n of the empirical measures (ulN )n is a Cauchy sequence in the space of probability measures
on the space of probability measures endowed with its Wasserstein distance. This is the way the
result has been proved and published, and the way the authors find the most simple.

However, as it was suggested to us, given the space (2,P) on which the random wvariable
(uM)n are realised, p¥ can be seen as an element in L*(Q, P2(R)), a space which is complete

when endowed by the distance d(u,v) = E ()/\/22(14,1/))1/2 (which is the L? distance associated
to the Wasserstein distance). Therefore there exists a random measure p; defined on the same
probability space such that EWy(ulN, ps) — 0, and since p; is independent of each of the ul¥, it
is deterministic.

5.4 Identification of the limit

The goal of this subsection is to identify, in a more rigorous way than the formal calculations of
the introduction, the limit p;, and more precisely the PDE it satisfies. We prove the following
theorem

Theorem 5.4.1. For a €]1,2[ under Assumptions and or for « = 1 under Assump-

tions and [5.3, both with o — 0, the limit (p¢)i>0, obtained in Theorem of the se-
quence of empirical measures ((ul )i=0)n>2 satisfies, for all functions f € C*(R) with bounded

derivatives such that f, f', f'U’, and f" are Lipschitz continuous and that f'U’ is bounded, the
following equation, for allt > 0,

/R F(@)pu(dz) = / £ ()po(dz) — / t / 7@V ()5, (d)ds
.2 / / /{#y} @) = e =9) o

|z —ylo+t

The proof of the theorem above consists in rigorously applying the dominated convergence
theorem in the PDE satisfied by the empirical measure.
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To do so, let us first mention the following lemma, which is a consequence of previous calcu-
lations.

Lemma 5.4.1. For o €]1,2[ and under Assumptions and[5.4), for all t > 0, there exists a
constant Cipy such that for all N > 2, we have the followmg estimates

(/ //{#y} |x—y|<“ e 3 (o) (dy)ds ) Cint- (5.4.1)

Proof. Let (X}, ..., X}¥); be the unique strong solution of (5.1.1)), and xY the associated empirical
measure. By definition

(/ //{z;éy} o — y‘ [CESIEE)) T @D Ms (dl‘)ﬂs (dy)d ) =2E / Z X (0 IEES) ds

i>7

Young’s inequality yields, for ¢ > j, for § > 0, v > 0, and p > 1 and ¢ > 1 such that % + % =1

. . p
! L G ) O N N
Xf - X T\ - x| e =)

We choose

which yields

1 ca-l 1 i—j N No—t 1
IXi— X7 T a0 N |xi-X] % a  (i—j)et

From Lemma [D.1.1] we have

R
(=gt " 2-a

i>7

Thus

afll ]
/NQZ|X2 = 1)<a+2)d = /NZZXl X]|L+2d$

i>j 1>]

N2 a 2—«

This yields the result using (5.2.12)), as 42 €]1, 2[, and noticing that 3-EH(X,) is bounded from
above by the initial second moment, and is thus bounded uniformly in N. O

Proof of Theorem|5.4.1. As EW;(ul, pr) — 0, we get by the dual formulation of the Wasserstein
distance that for all function g Lipshitz continuous

B [ sl (de) = [ gapldo).
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Likewise, since

Wi (1 @ i e @ pr) V(Y @ iy s e @ i) + Wa(pe @ iy s pr @ pr)
= inf E(X'"=Y'+|X*-Y?)
(X1, X2) ~ Y @ pf
YLY?) ~ o @ py
+ inf E(X'-Y'+|X*-Y?)
(X1, X3%) ~ pr @ py)
(YLY?) ~ o @ py

< if  E(X'-Y'Y)+  oinf  E(X?-Y?))
Xtop Yinp, X2 Y2 py
:2W1(Mt 7/71‘,),

we get that for all function g Lipshitz continuous

E /R /R 9(@,y)pg (dx)py (dy) — /IR /IR 9@, y)pe(d) py (dy).-

Let us now consider a function f € C?(R) with bounded derivatives such that f, f’, f/U’ and f”
are Lipschitz continuous and f'U’ is bounded. By Itd’s formula, we have

[ s an) = [ s a) - //f i (d)ds

—|-/ /JNf”(:E)uéV(d:r)ds—i-/o \/?if’(Xz)dBi

/ //{ 4o} Iz _/;TQJ)r(lx_y)uiv(dl“)uiv(dy)ds
=lo(N N) + I(N) + I3(N) + I4(N).

Let us deal with each terms.

e I4(N) : Since we assume f to be Lipschitz continuous
BI(V) = [ fa)ud(dn) — [ f@)po(da).

e I1(N) : f'U’ being Lipschitz continuous, we have

/f usdx—>/f 2)7s(dz).

(@)U (2)pl (dz)| < ||f'U'||sc and we have by

Furthermore, since f'U’ i
dominated convergence

EI, (N //f W' ()N dxds—/ /f N (da)ds
—>/ /f ) ps(dx)ds
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e I5(N) : Since we assume f” to be Lipschitz continous

EL(N) = E / t / o f" (@) (dar)ds = / oNE ( / 7 (@) <dx>) ds

— 0 (by dominated convergence).

o I3(N) : As f’ is bounded, I3(V) is a true martingale, and thus EI3(N) = 0.

e I,(N) : Let, for R > 0, ¢r be a Lipshitz continous function such that

1 ife <R
pr(z) = 2B if R<x <2R

0 if > 2R.
We have
/ //{ 44} |x _fl(|(34)r(1 y)ﬂiv(dx)uﬁv(dy)ds
/ //{ # } /(yﬁ(f =9 (o — g (dwd (dy)ds

/ // ngx “9 (1~ gl — yl)u (da)pcd (dy)ds. (5.4.2)

Let us now find the limit as R goes to 0 of the limit as N goes to infinity of the expectation
of the first term of (5.4.2). By Holder’s inequality

R e e P
<o E </ //{msy} \z—y‘(“ e s N (dz)uN (‘fy)d )ffz
. </° //d)R(‘x - yD;ii“f(dx)uéV(dy)ds) -

and since 0 < ¢ < 1

(/ //¢R & — y) 52 Y (d) <dy>d)”3

|1+2
<& ([ [ [onte—susanaas)
We now use (5.4.1)) to get

/ // DT Z) (0 gy () (dy)s
{oy} |z~ ]
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20 t i:rz
IS ([ [ [ ontle - s @ aas)
(5.4.3)

We then use

/ t [ [ entia st @yas < | t / /{ e s

+f t / /{  onle i e )i

/Ot//{gﬁ_y} w3 (dx)pd (dy)ds = %

(a=1)(a+2)
2a

First

Then ¢r(|2]) < 1pjcon < (H

||

E (/Ot//{#y} or(lz - yl)uiv(dw)uiv(dy)d8>

t
(a=1)(a+2) 1
< (2R) 2o E (/ // CEDICES) uév(dm)uév(dy)d8>
0 {a#y} o —y| ™ 2=

(=) (at2)
2

< (2R) « Cint-

, which implies

Thus,

(a—1)(a+2)

B[ [ [ ontle—shud ol (dn)ds <+ (21)“TH (5.4.4)

Thus, for the first term of (5.4.2)), using (5.4.3)) and (5.4.4)), taking the limit as N — oo

and then as R — 0 yields

o @) = PO =9),
lim Jim E / / /{#y} onle -yl (dw)u (dy)ds = 0. (5.4.5)

R0 N—o00 |z — ylott

Let us find the limit as R goes to 0 of the limit as IV goes to infinity of the expectation of
the second term of (5.4.2)). Since F@)=F G-y (1—¢r(Jr—y])) is bounded and Lipschitz

[z —y|>+T
continous, we have

t f/ T *f/ o
E/o // - )m - ;]ya)l(l 9 (1~ pa(lz -y (dw)d (dy)ds
7 /0 / / ! (x); f ;ya)l(lx = (1 = or(|z — y[)ps(dz)ps(dy)ds.
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We now want to use dominated convergence to consider the limit as R goes to 0. We have

’ (f'(z) = f'(y)) (= — y) (1—

|z — ylott

onlla = )| < "l 22

Let us show that fg I [ &%ﬁs (dz)ps(dy)ds < co. Using (5.4.1]), and Young’s inequality

asa—lé%,weget
1-— T x
/ // |jf ||a : Dus (do)pt) (dy)d / //|x ﬁ’; -l (d)pd (dy)ds

\ mvta

where Cjy; is a constant independent of N (depending on Cj,;). The righthand side being
independent of N and R, and since 1=¢r(z—yl)

lo—ylo—1
have taking the limit as N — oo

///1—¢R Ta_ly) (de)pu(dy)ds < G,

and by monotone convergence theorem

///|z xﬁi 1p3 dm)ﬁs(dy)dsgémt.

is bounded and Lipschtiz continous, we

This implies

o JJE%JE/ / / |x - y|ai(f D1~ gl — gl (dr)p (dy)ds
/// | _f/(TQ-)i-(lzy) s(dz)ps(dy)ds. (5.4.6)
{z#y} x

From and (| , we obtain

EL(N) — ~ / / /{#y} - _f/(y(zl(lxw +(d2)ps (dy)ds.

Hence the result.

O
Remark 5.4.1. Notice how above we rely on the fact that Ww]lx#y is integrable

lz—y[>+T
with respect to py @ py for a Lipschitz continuous function f’. This amounts to being able to prove

1
//{ # }Wﬁt(dx)ﬁt(dy) <0
@ty

For the sake of the argument, let us assume that py = 1yg 1) is the uniform distribution on [0, 1].

Then
1
[0,1] x[0,1] |z —yl
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if and only if a < 2. Although this is no proof, this small estimate seems to indicate that o = 2
is indeed a critical value.

5.5 From weak propagation of chaos to strong uniform in
time propagation of chaos

In this section, which is somewhat independent of the previous ones, we wish to show how one
could improve a result of weak propagation of chaos, as for instance obtained in [151], [43] or
[125], into a result of strong and uniform in time propagation of chaos. We consider for
any potentials U and V and any diffusion oy, and assume there is a strong solution (X7}): of
. In this general framework, we assume one has been able to prove the following assertions

Assumption 5.5. [Weak prop. of chaos| For an initial distribution pg converging in L? Wasser-
stein distance to a measure pg, and for all t > 0, the empirical measure Y = %Zil 5XZ
converges weakly to a probability density py.

Assumption 5.6. [Bounded moments| Assume there is Cy = 0 such that for all N and allt > 0
1o o
=(y D) <c

Assumption 5.7. [Long time convergence] Denoting by p%’N and pf’N the probability densities

of the N particle systems in Oy with respective initial conditions pé’N and pg’N, there exists
A > 0 such that we have

vt >0, W, (pi’N, pf’N) <e MW, (pé’N, pg’N>

Assumption 5.8. [Continuity in 0] The function t — E (% Zfil | X} — X8|2) is continuous in
t =0, uniformly in N, in the sense that

N
1 i i
Ye>0, 36 >0, YOt <d, VN >0, E(N §1|XtX0|2> <e

Remark 5.5.1. These assumptions are satisfied in the case a = 1. We have shown in The-
orem the long time convergence of the particle system. In Appendiz [D.3 we prove conti-
nuity in 0 for a well chosen initial condition. To prove the bounded 4-th moments, considering
¢ (21, ..2n) — & Zf\;l |z;|*, we have

T =— Ti) | 77 ~ g L
i=1 N i=1 Nj;éi Ti = L N Ni:1N

1y ISh L) A, o, 4 a3

i#]
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We get
=Y I DI PR
N2 T —T; - N2 T — T, - N2 Ti +Tiwj + T
i£] v 7<i v j<i
< ETateelya
7<i
This way
| X
N, = 2 4
L ¢<6<20N+1)<N21 ) Zm\
920y +1)*  2A , ) Az 3(1+20n)
<7 i ; < .
Z|x since  x; 50+ 20w) + B\
920y +1)°

o — 2)\¢.

We thus obtain the uniform in time bound on the 4-th moment provided we have an initial bound.
Our goal is to show

Theorem 5.5.1. Under Assumptions [5.5, [5.6, [5-7 and [5.8, we get strong uniform in time
propagation of chaos, i.e

Ve >0, AN >0, V£ >0, Vn > N, E (W (1], p1)) <
The outline of the proof is the following

e Using the weak propagation of chaos and the bounded moments, we get a strong conver-
gence in Wasserstein distance.

e Using the long time convergence of the particle system and the strong propagation of chaos,
we get the long time convergence for the limiting process, as well as strong propagation of
chaos for the stationnary measures.

e Thanks to the long time convergence of both the particle system and the limiting process,
and using the continuity in 0 of the particle system for the Wasserstein distance, we get
uniform continuity in time for the Wasserstein distance between the empirical measure and
the limiting process, this continuity being uniform in N.

e Finally, thanks to all the previous results, we get uniform in time propagation of chaos.

The following result is the characterization of the Wh-convergence, as given in Theorem 6.9
of [171].

Lemma 5.5.1. [Strong propagation of chaos| Under Assumptz’ons and we also have the
following convergence

Vi >0, lim E (Wz (nt', /jt)2) =0 (5.5.1)
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Remark 5.5.2. We use here the assumption on the bounded 4-th moment of the empirical
measure, to have by Cauchy-Schwarz inequality for R > 0

N N 1/2 N 1/2
]1]21 X s g < (11[21 ’Xi|4> <Jb;ﬂ|xi|>§>
]E(lg:|Xi|2]l ‘ ) <E <1§:\X1’y4>1/2E<1§:1 , R>1/2
N X123 ) SN N 2 x4

ol

i=1 =1
N 1/2
1/2 1
<G E (N Z]lxw>5‘> :
i=1
We have, by weak convergence since x — ]lm>§ s a bounded upper semi continuous function
limsup/]lle%dMiN < /]l‘ﬂ}gdﬁt.
N—o0

Then, since fﬂ|x|>§d#£\[ is a sequence of positive functions such that f ]l|m‘>§dugv < 1, we have
by Fatou’s lemma

limsupE (/]l|$|>3dﬂiv> <E (limsup/]llmpfadui\])
N—o00 -2 N—o0 2
and by dominated convergence

lim [ 1,5 ndp =0,

R—o0

Therefore

wlm

R—o0 N0 N—o0

S E (/“lrl>§dﬁt>

N N
N 1 . . 1
lim limsupE (N _il Lixi> ) gngx;OIE <hmsupN EI]IXI-|>12?.>

=0.

This yields the necessary property to use Theorem 6.9 of [171]. In reality, any assumption on a
bounded p-th moment with p > 2 would have been sufficient, using Hélder’s inequality instead of

Cauchy-Schwarz’s.

Lemma 5.5.2 (Long time behavior of the limiting equation). Under Assumptions and
consider pl¥ (resp. v}¥) the empirical distribution of the solution (X}); (with (X}); € On)
weakly converging as N goes to infinity to fiz (resp. ). We have

Wa (fig, 7)) < e NMWa (fio, 7o) -

Proof. Denoting p; N (resp. p? V) the law in Oy the law of the N particle system which yields
pl¥ (resp. v}). We have, under 7 the optimal coupling between pi’N and pf’N for the L?
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Wasserstein distance.
W (i, 72) BT (Wa (fie, i) + Wa (v ) + Wa (v, 7))

Since

=|

1/2
1/2 N _ _
B 00 o) < ) =2 (43 v
=1

_ b
VN

and by Assumption (recall that we assume pi 'is the law in Oy of the particle system)

Wo (pi’Nv p?’N)v

N 1/2
Wz(PtI’N,,O?’N) < e_MWQ(p(l)’N,p(Q)’N) < e~ ME (Z(Xé _ Yoi)2> — \/]Ve_)‘tE (W2 (ué\/, Vév)) ,

i=1
(where this last expectation is taken for any coupling of pé’N and pg’N) we get, for all N > 0
Wa (fie, ) <E (W, (ﬂnufv) +e M (W, (Mév7ﬂ0) + Wa (fio, 7o) + Wa (50,V(J)V)) +Ws (VtN7 ).

Recall from Lemma E (Wa (fi¢, 1)) — 0 as N tends to infinity, thus using Assumptions
.5 and [5.6] By taking the limit as N tends to infinity in the righthand side of the inequality
above , we obtain

Wa (fie, o) < e Ws (fio, 7o) -
O

Recall from [19] that the space of probability measures endowed with the Wasserstein distance
is a complete metric space. Thus, thanks to the Banach fixed point theorem, the contraction of
the Wasserstein distance for the non linear limit yields the existence of a stationary distribution.

Lemma 5.5.3 (Propagation of chaos for the stationary distribution). Under Assumptions
5.0 and denote by pso (resp. pl ) the stationary measure for the non linear process (resp.
for the particle system), and let uY be an empirical measure associated to pY,. We have

E (W2 (uévo,ﬁoo)z) —0 as N — .
Proof. We have

Wa (Pry Poo) < € MWa (P, oo »
Wa (o', %) < e W (o), %) -

Let 1Y be an empirical measure associated to pY. We have, for all ¢ > 0, under 7; the optimal
coupling between p¥ and p%

B (Wa (6, ) ") <3E™ (W (i, 1i')?) + 3E™ (W (1 51) ") + 3B (W2 (51, 7)) -

We consider an initial condition gy = poo (and thus for all ¢ > 0, p; = poo) and X, ..., XV i.i.d
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initial condition (reordered) distributed according to ps, (this way EOWa (1, pss)) — 0). We
get

E™ (Wa (u o)) < 3E™ (Wa (X, )" ) +3E™ (Wa (', 22)°)

On one hand, since the optimal transport map for the W, distance between two sets of points
in dimension one is the map that transports the first point to the first point, the second to the
the second, etc, when the two sets are ordered,

- N N\2 - 1 & i N2 1 N N2 e M N N\2
E ’(Wz(uoowt)):E’ N;(X V) = W (0 p)” < W (oo s o)

(5.5.2)

Then, there exists a constant Cj, depending on the uniform bounds on the second moments of
the non linear process and the empirical measure of the particle system such that

E™ (W (1, 1)) < Coe™
On the other hand, as p; is a deterministic measure, we have
E™ (W2 (uév7ﬁt)2> =FE <W2 (uiv,ﬁtf) —0 as N — 0.
This yields
E (W2 (,uévo,ﬁoof) < Coe M 4+ 3E (Wg (M;N,ﬁt)Q) .

Consider € > 0. There is t. such that for all t > t. we have Cpe 2 < 5 and, given t., there is a
N, such that for all N > N, we have 3E (Wg (ug,ﬁte)Q) < 5. This way

Ve >0, IN. >0, VN > N, E(Wz(uii,ﬁmf)g@
ie
E (Wg (uévo,ﬁoo)2) -0 as N — 0.

O

Lemma 5.5.4 (Uniform continuity in ¢, uniformly in N). Under Assumptions and
the function t — E (W2 (,uiv, ﬁt)) s uniformly continuous in t, uniformly in N.

Proof. Let us begin by showing the function ¢ — W (p¢, po) is continuous in ¢ = 0. We have, for
all N >0

W (b, po) < E (Wa (5, 1) +Wa (17", 1) +Wa (1'+ o)) -

Let € > 0. First, we have

N
e (s (") = 3 3 - i),

i=1
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and thus, by Assumption [5.8] there exists 6 > 0 such that for all ¢t < d and N >0

E (W, (1, 1)) <

Wl m

Then, let t < §. Using the strong propagation of chaos, there exists Ny > 0 and Ny > 0 such
that for N = max (N, Np)

EWs (pri)) <z and  E(Ws (i, o)) <

[CN NG
Wl o

Hence
Ve >0, 36 >0, Vi <8, Wy (pt, po) < e,

and the continuity of the function ¢ — W (p¢, po) in t = 0.
Now, let ¢ > 0 and (¢, )nen @ sequence converging to t. We have

B (W (4 ) — B (W (4, 50))|
< ‘]E”‘IY“” (W, (,uivn,lliv)) + B (Ws (ﬁt»ﬁtn))‘

_ 1 _ _
<e AltAtn) (\/NWQ (P\I,\g[_tnpﬂév) + Ws (P|tt”|,ﬂo)) >

where the expectation is taken under 77, the optimal coupling between p}’ and p{ and the last
inequality comes from the fact that

1/2
1/2 1 N ) )
B (W o)) < B (W (i a)7) T =B <N 2= YZ)Z)
i=1

-

We have
1 N N2 1 ; i2
NWQ (P\t_tnppo ) <E N ;:1 | X e, — Xol™ |-

The continuity in 0 of ¢ — Wh (P, po), and the continuity in 0 (uniform in N) of
t—E (% ZZV:I | X} — X8|2) are therefore sufficient to yield the result. O

Lemma 5.5.5. Under Assumptions[5.5, [5.6, [5.7 and[5-8, there exists a non-decreasing sequence
(tn)n>o0 that goes to infinity such that for all N >0

sup E (W (,ui,v,,és)) =0 as N — oo (5.5.3)
s€[0,tn]

Proof. By strong propagation of chaos,
Ve>0, V>0, AN >0, Vn>= N, EW, (ul,p:)) < e (5.5.4)

Denote g(t,N) = E (W2 (,uiv , ﬁt)). By Lemma m g is uniformly continuous in ¢, uniformly
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in N. Let € > 0 and ¢ > 0. There exists N; > 0 such that for all n € N and all z,y € [0, ]

DN ™

We also have

AN >0, Vn>= N, Yie{0,..Ni}, g <t]\zfln> < %
This way
AN 20, Yn>= N, Vse[0,t], g(s,n)<e.
Denoting f(t, N) = sup,cp 4 E (Wa (1Y, ps)), we thus obtain
Ve>0, Vt>0, AN >0, Yn> N, f(t,n)<e (5.5.5)

There exists a non-decreasing function ¢ : R — N such that for all ¢ > 0 and all n > ¢(t) we
have f(t,n) < 7 and lim;_,o ¢(t) = +00. By convention ¢(0) = 0.
Consider tg = 0 and

ty =sup{t >ty_1st. t€o '({0,1,..,N}}.

The sequence (tn)n>o thus defined is non-decreasing by construction. Because lim;_, o, ¢(t) =
+00, the set ¢~ 1({0,1,..,N}) is non-empty and its supremum goes to infinity as N goes to
infinity. Therefore limy_, ty = +00 and ty # 0 eventually.

We have N > ¢(ty—_1), and therefore by definition of ¢, we eventually get for N sufficiently
large )

tno1

f(tN—17N) <

This concludes the proof. O
We may now conclude.

Proof of Theorem [5.5.1, We have, for u% an empirical measure associated to pX, and 7V the
optimal coupling between p¥ and p¥

E™ (Wa (i, 1)) SE™ (Wa (i i) + B (Wa (4, e)) +E™ (Ws (oo, 1))

1
<e N (\/NW2 (oY) + W (pec po)) +E (W2 (1 pe0)) -

Since

N 1/2
1 1 i i 1/2
ﬁ’% (p3 o) <E (N ; | X6 — Xoo|2> <26,?,

we obtain

E (Ws (1", p1)) < C(1) + f(N), (5.5.6)

where C is decreasing and goes to 0, and f tends to 0.
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Let t > 0. If t < t where ty is given in Lemma we have using (5.5.3))

E(W2 (u,{v,ﬁt)) < sup E(W2 (uév,ﬁs)) -0 as N — o0,

s€[0,tn]

and if ¢t > ty, using
EW; (1, 51)) < C(t)+ fF(N) < C(ty) + f(N) =0 as N — oc.

Those two bounds being independent of ¢, we obtain uniform in time propagation of chaos. [

5.6 Addendum : More general version of Section |5.5

As suggested to us by Prof. Martin Hairer, Section [5.5 could be written in a more general way,
which extends the result beyond dimension one and its linear order. We detail here the new
proof.
Let us start by explaining why the Assumptions that we make on the joint law (now seen as
a symmetric joint law on the whole space) can be extended to the law of the empirical measure.
Let (X, d) be a Polish space, and consider the map associating to N points the corresponding
empirical distribution

N
1
. N
HN.(X17...7XN)€X 0—>fN ‘2515)(1. E'P(X)

Denote XqN the space X endowed with the distance
1
di(X.Y) = + > (X, Y5),
i=1
and write Py (X) the space of probability measures on X endowed with the ¢g-Wasserstein distance.

Lemma 5.6.1. The map Iy : XqN — Py(X) is a contraction.

This lemma is a direct consequence of the definitions, as

Wi (IIy (X), IIn(Y)) < dI(X,Y).
Lemma 5.6.2. The pushforward map IIy : Pp(XY) = Py(Py(X)), which associates the law of
the empirical distribution to the joint law of the points in XqN, is a contraction.
Proof. Denote uY and vV two probability measure in Pp(/'\,’qN yand let X ~ p and Y ~ vV, In
particular, Iy (X) ~ IT4 (1Y) and Ty (Y) ~ % (V). Thus
Wy (I (™), Iy (™)) <E (W) (v (X), Iy (Y)))
<E (dg(X7 Y)) .

This being true for all coupling of (X,Y) where X ~ p¥ and Y ~ vV, we may consider the
optimal coupling between ¥ and "V, and obtain

Wy (Uy (n™), Iy (™) < inf R (dI(X,Y)) = WP (™, v™)

X~opNY ~uN
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O

Remark 5.6.1. Staying coherent with our notations so far, we thus have iy (X;) = ud and
0% (pN) = &N, with X, the solution of the N-particle system, ul¥ the associated empirical law,
pN the joint law of the particle system, and & the law of uN.

Remark 5.6.2. In fact, the pushforward map 11} is an isometry from the space of symmetric
(i.e. exchangeable) probability measures on XN to P(P(X)) (see Proposition 2.14 of [91] for
case in Wasserstein-1 and Lemma 11 of [37] for the proof in the case of Wasserstein-2).

We consider Assumption [5.515.§ written in the more general case of processes in a Polish space
X. In particular, Assumption now concerns the long time convergence of the symmetric
probability measures pY¥ on XV or, equivalently by Remark above, of the probability
measure &Y on the space Pa(X).

Proposition 5. Let (X,d) be a complete metric space, and let YN be a collection of elements
i Y with the following properties:

1. For every fized t > 0, there exists Yy € Y such that limy o YtN =Y,

2. The map t — YN is uniformly continuous, uniformly in N,

8. There exist constants C and X\ > 0 such that d(YN,YN) < Ce AN,
Then one has imy_ o0 sup;so d(Y;N,Y;) = 0.
Proof of Theorem[5.5.1 We use Proposition [5] with J = P2(P3(R)) endowed with the Wasser-
stein distance, V;¥ = ¢ and V; = §;,.

In the spirit of Lemma the first point of Proposition [5] is a consequence of Assump-
tions [5.5] and [5.6] Likewise, similarly as Lemma [5.5.4] the second point is a consequence of

The third point of Proposition [5|is obtain from Assumption from
d(YSN7 Y;N> < e—>\(s/\t)d(}/ol\/'7 YN )’

|t—s]

and d(Yg, Yliv—sl) < d(YY, ds,) + d(égo,Y‘iV_S‘) < C thanks to Assumption O

Proof of Proposition[5 Let us start by showing that for all 0 < s < t we have d(Y;,Y;) < Ce .
For all N > 0, we have

d(Ys,Y3) < d(Ye, YV) +dVN, Y +d(VY, V) <d(Y,, YY) + Ce™™ + d(YN, YY),

where C' and A are independent of N, s and ¢. Taking the limit N — oo above yields d(Ys, Y;) <
Ce=**. From the first and third points, we then have for all 0 < s < t

AN, Y) < dYN YY) + (YN, V) +d(Y, V) <A Y) + 20

Let € > 0. There exists s, > 0 such that 2Ce~*** < e. Furthermore, by the second point, let
6 > 0 be such that

VYN >0, Yu,0 >0 st Ju—o| <3, dY,Y, V) <e
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Finally, let N be large enough so that d(Y,NV,Y,) < € for all u < s, such that u = kd with k € N
(note that there are thus only a finite number of possible values for u). We have

sup d(YN,V;) <d(YN,Y,,) + 2Ce s

t>5.
N N N — s
<d(Yy] ’YLST*J‘S) + d(YLST*J57YLST*J§) +2Ce
L3,
and
YN V) <d(YN, YN YN Y.
tsilid( . Yy) <d(Yy, LEJ5)+d( |£]s ngé)
<L2e.
Hence we obtain the result. O

In particular, notice that there is no need to use the linear order of the 1D case and the result
is fairly general.

We however choose to keep the previous proof of Theorem [5.5.1] since we proved the long time
convergence of the limit and the property of propagation of chaos for the stationary distribution
(whereas this new proof uses a given reference time s) which are in themselves interesting results.
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Chapter 6

A note on uniform in time
mean-field limit in graphs

Attention, car les ressemblances sont
grandes. Ce sont des ressemblances
identiques. Ecoutez, suivez bien...

Eugene Ionesco, La le¢on (1950).
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Abstract: In this chapter we show, in a concise manner, a result of uniform in time propagation
of chaos for non exchangeable systems of particles interacting according to a random graph.
Provided the interaction is Lipschitz continuous, the restoring force satisfies a general one-sided
Lipschitz condition (thus allowing for non-convex confining potential) and the graph is dense
enough, we use a coupling method suggested by Eberle [67] known as reflection coupling to ob-
tain uniform in time mean-field limit with bounds that depend explicitly on the graph structure.
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6.1 Introduction

6.1.1 Model and motivation

Let N € N and consider an adjacency matrix ¢(V) = (ff?)
’ i,j€{L,....N}

{0,1}. Denote by GV) = (VM) E(V)) the graph associated to this adjacency matrix, in the sense
V) = {1,..,N} and EW™) .= {(z §) e VIV x V(IN) g ¢, f(N) } We assume by convention
that €3 =0 for all i € {1,.., N}.

We will consider in this note a system of particles interacting according to this graph, more
precisely the system of N SDEs in R¢

with coeflicients EZ-(’]J\-]) €

dXZ:F(XZ’wZ) dt+ Zé—(N)]_—‘ (Xl u)intjaWj) dt"‘\/iUdev 1€ {L,N}a (IPS)
J 1
where (BY),_,

a sequence of elements in R? (with the convention d’ = 0 if T’ does not depend on w) which
represents some environmental disorder, (an)ny>1 is a positive scaling, F : R? x R* — RY is

is a sequence of independent standard Brownian motions, {wi}ie{lv_” N} is

A2
an outside force, T' : (Rd X Rd) — R? is an interaction kernel and o is a positive diffusion

coefficient. We will assume that (w;);=1,... N is a sequence of IID random variables, and that the
Brownian motions are independent from the initial condition (X§,w;)i=1.. n. We will denote by
E the expectation with respect to the Brownian motions, the initial condition and the disorder.

One of the main difficulties arising in the study of this model comes from the fact that the
particles are not exchangeables as, a priori, some may interact with more particles than others.
This motivates us to consider the empirical distribution, defined for (X},..., XV) a solution of
(IPS) with disorder (w,...,wx), by

N
§ X7 wl

Notice that pl¥ is a random variable.
We are interested in the limit, as the number N of particles goes to infinity, of (IPS)). Intu-
itively one expects the empirical measure to converge towards a measure p which would represent
the law of one typical particle and its disorder within a cloud of interacting disordered particles.
Assumin% that < Zjvzl fi(g) converges in some sense (given later) to a parameter p, this typical
particle X“ with disorder w would then in the limit evolve according to the non-linear diffusion
({Xw =F (g(f,w) dt +p Jparpa T (XP,w, y,@) pr(dy, do)dt + V20dB;,, 7 (NL)

pt = Law(X{, w)

where B is a standard Brownian motion. This limit was proven rigorously on finite time horizon
[0,T], where T does not depend on N, under some hypotheses on the graph structure, which are
in particular satisfied by sufficiently dense Erdés-Reényi graphs [58) [55]. Our aim in the present
paper is to obtain uniform in time estimates of the distance between the empirical measure u¥
and the limit distribution p;, with estimates that depend explicitly on the graph.

Note that proofs of convergence of particle systems interacting via random graphs possessing
a spatial structure (for example converging to a graphon) were recently obtained 144} 129} 11|
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12|. In particular uniform in time estimates in the context of graphons were obtained in [12],
where the empirical measure is shown to be close to the limit distribution with high probability
with respect to the distribution of the random graph. In this note we aim at obtaining quenched
results, i.e. obtaining estimates that hold for almost every realization of the graph.

These recent results generalize the classical case of complete graph of interaction (ay = 1 and
¢ = 1) and without any dependence on the environment w, for which it is well known that under
some weak conditions on F and T' the empirical measure p¥ converges towards the non-linear
limit p; [137, |162]. This phenomenon has been named propagation of chaos, an idea motivated
by Kac |106] : it is equivalent, in the case of exchangeable particles, to the convergence of all
k marginals of the law of (X}, ..., X}) to 5% (the non linear limit tensorized k times). Thus,
as N goes to infinity, two particles become "more and more" independent, converging to a
tensorized law, hence chaos. The term propagation emphasizes the fact that it is sufficient to
show independence at the limit at time 0 for it to also hold true at the limit at later time ¢ > 0.
We refer to the recent [45, 46|, and references therein, for a thorough reviews on propagation of
chaos.

To quantify the convergence of the empirical measure towards the non-linear limit, we will
use the L'-Wasserstein distance defined as follows.

Definition 6.1.1. For u and v two probability measures on R?, denote by I (u,v) the set of
couplings of u and v, i.e. the set of probability measures © on R? x R? with m(A x R?) = u(A)
and 7(R? x A) = v(A) for all Borel set A of RY. The L'-Wasserstein distance is given by

Wi (u,v) = inf /|x—5:|7r(da:dfc). (6.1.1)

€M (p,v)
Equivalently, we may write in probabilistic terms

Wi (p,v) = XNLI}%CVN,,]E('X =Y,

where X ~ p is a random variable distributed according to p. This distance is a usual distance in
optimal transport and in the study of measures in general, as the space of probability measures on
R?, equipped with the L!-Wasserstein distance, is a complete and separable metric space (see for
instance [19]). To prove the convergence in Wasserstein distance, we use a coupling method. The
idea is, instead of considering the minimum over all couplings of the law of the particle system
and the non-linear limit as should be done according to , we construct simultaneously
two solutions of and such that the expectation of the L! distance between these
solutions tends to decrease. We would thus construct a specific coupling, that controls the L'-
Wasserstein distance, providing a quantitative bound. To construct this coupling, we may act
on the Brownian motions and on the random variables w.

The approach we consider was motivated by the work of Eberle [67]. Let us describe the
idea of the coupling method. Assume, for the sake of the explanation, that ' = —VU where
U is therefore a confinement potential. Constructing a solution of and N independent
solutions of simultaneously by choosing the same Brownian motions yields the so-called
synchronous coupling, for which the Brownian noise cancels out in the infinitesimal evolution of
the difference Z{ = X} — X;”*. In that case the contraction of a distance between the processes
can only be induced by the deterministic drift. Such a deterministic contraction only holds
under very restrictive conditions, in particular U should be strongly convex. In the case of a
non-convex confinement potential U, it is necessary to make use of the noise to obtain contraction.
Constructing the solutions choosing the two Brownian motions to be antithetic (or opposite) in
the direction of space given by the difference of the processes maximises the variance of the noise
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in the desired direction. However, a priori, nothing ensures the noise will bring the processes
closer rather than further. We thus modify the Euclidean distance by some concave function f,
in order for a random decrease of the difference to have more effect than a random increase of
the same amount.

This method was originally designed to deal with the long time behavior of general diffusion
processes, as in |67} [70], and later extended to show uniform in time propagation of chaos in a
mean-field system in [64]. The main difference of this work when compared to [64] comes from the
non-exchangeability of the particles, as we thus need careful estimates with respect to the graph.
For instance, since the particles do not share a common law, we cannot restrict our analysis to
the study of E[Z}] and then conclude using the fact that all Z} have the same expectation ; the
proof requires a more global approach to the system, by considering the empirical measure, and
thus other tools.

The framework of this article was inspired by [58], and we improve their result, obtaining a
uniform in time estimate, while removing some of the boundedness assumptions on the various
functions.

Uniform in time propagation of chaos has recently attracted a lot of attention. The ideas
behind this coupling method were used to prove such estimates in a kinetic setting (i.e a particle
is represented by both its position and velocity, and the Brownian motion only acts on the latter)
in [83], [156]. In |133] [132], uniform in time propagation of chaos was proved using synchronous
coupling assuming a convexity condition on the interaction. Likewise, a similar result was ob-
tained in [40], using functional inequalities, under some assumptions of convexity at infinity. Also
using functional inequalities for mean field models developed in [87], uniform in time propagation
of chaos was proved in a kinetic setting in [86, [89} [142] combining the hypocoercivity approach
with uniform in the number of particles logarithmic Sobolev inequalities. Let us also mention
the optimal coupling approach of [153] using a WJ inequality, which is also used in |56], which
enables to recover the results in [64]. Thanks to an analysis of the relative entropy through
the BBGKY hierarchy, building upon the work [111], a result of uniform in time propagation of
chaos was obtained, with a sharp rate in N, in [113]. Finally, in the recent work [57], uniform in
time weak propagation of chaos (i.e observable by observable) was shown on the torus via Lions
derivative. Notably, this result may extend to the case the McKean-Vlasov limit has several
invariant measures, as in the Kuramoto model for instance.

All the works mentioned above assume the interaction to be "sufficiently nice" (either gradient
of a convex potential, smooth, bounded, etc), and we will also consider an Lipschitz continuous
interaction, but not according to a random graph. Let us also quickly mention the case of singular
interactions which is, because of the various applications in biology, physics and others, also of
great interest. Though some recent works have obtained quantitative mean-field convergence
for some singular potential (for instance using entropy dissipation in [99], modulated energy in
[159], a mix of both in [32], or BBGKY hierarchies in [30]), few still have obtained uniform in
time estimates. We mention the results dealing with singular repulsive interactions of the type
—log|z| or |z|7%, 0 < s < d — 2, in [152| using the modulated energy, dealing with the specific
case of the 2D vortex model in [85] (building upon the work [99]), or dealing with repulsive
singular interactions in dimension one in [84] using another type of coupling method.

There again, the particles are not interacting according to a graph.

6.1.2 Assumptions and main result

Denote by dEN) = Zjvzl f§g) and JEN) = Z;V=1 EJ(.,IZY) the degrees of vertex i. The family ¢XV)

may be deterministic or random, in this second case we assume that it is independent from the
Brownian motions and from (X{¢,w;);=1,... n and that the following assumption is verified almost
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surely. These assumptions are similar to the ones made in [58].

Assumption 6.1 (On the graph). The adjacency matriz W) satisfies the following assertions
forall N > 1.

[6.3+1 There exists a positive constant Cy such that

limsup Dy,4 < Cy,

N—oo
where
g
Do _ie{?.l.),zv} aN( EV * }V )
[6.3}2 There exists p € [0,1] such that
di™ a.s
Ing = iE{??.I.),N} o }V P N—;OC 0

Example 6.1.1.
e Regular graphs: if €N defines a reqular graph of degree dy with dWN N—> p, then €N)
— 00
satisfies Assumption [6.1) with ay = 1.

o Erdds-Rényi graphs: Let El(fjv) be a sequence of IID Bernouilli variables of parameter qn .
There are two possible scalings. First, the positive edge-density, in which qn N—) p>0
bde el

and ay = 1. Second, the vanishing edge density, in which qn N—) 0. In this case, to
—00

obtain a non trivial limit, we assume - = o (1 NN) and consider o, = -~ (Note that by
anN og anN

rescaling oy we can assume p = 1 here). Then in both cases W) satisfies Assumption
(see Proposition 1.3 of (58] for a proof).

o Community models: more generally, suppose that the whole population is divided in r
sub-populations of size m (so that N = rm), the graph structure being then defined by
independent random variables ff]jkk ) fork, k' e{1,...,r} andi,j € {1,...,m}. Suppose

kR) are of Bernoulli distribu-

moreover that the intra-community interaction variables 51(1]\]
tion with parameter qn satisfying qiN =o0 (ﬁ), while the inter-community interaction
variables fz(j;/kk ) are of Bernoulli distribution with parameter qﬁ,’kl satisfying qﬁ;k' =o(qn).

Then, for r fized and m — oo, £N) satisfies Assumption with ay = qiN and p = %
For more details and the proof of this result see Appendiz[F.]]

Assumption 6.2 (On the restoring force). There exists a continuous function x : R* — R satis-
fying
liminf, o k(r) > 0 such that

v,y €RY, VweRT,  (Flz,w) = Fly,w) - (z—y) < —n(lz —y)|z -yl

In particular, this implies that there exist Mg > 0 and mg > 0 such that

vayERda vweRd/v (F(x,w)—F(y,w))(x—y) <]\4F_T',LI?"T_?AQ‘
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The added one-sided assumption on F' when compared to [58] is both classical (see [64]) and
necessary to ensure that the particles tend to come back to a compact set.

Example 6.1.2. Let us give some examples of functions F satisfying Assumption [6.4 Let
F(z,w) = =V'(z) in dimension 1 with :

o V(x)= % : then F satisfies Assumptz'on with Kk = 1.

4 2

o V(z) =% — % : then
(F(z) = F(y)(z —y) =~ (2° —y*) (& —y) + (x — y)?
=—(z-y)?(@® +ay+y* - 1)

<Gy (a0 - 1)

Hence, F satisfies Assumption with k(x) = 9”7‘2 - 1.

Likewise, we may consider disordered restoring forces such as F(x,w) = —x3 + wz, provided w
belongs to a bounded subset of R, or F(x,w) = —wz® provided w is positive bounded from below.

Assumption 6.3 (On the interaction). T' satisfies 1 below, and either,? or Q-bis.
631 T: (z,w,y,w') = I'(z,w,y,w’) is Lipschitz-continuous in (x,y) uniformly in w and W':

3Lr >0, Va,y,t, s € RY, Vw, o' € RY,
Tz, w,t,0") = T(y,w,s,w)| < Lr (f(lz = y[) + f(|t = s])),

where f is a function given below in (6.1.3) such that x — f(|z|) is equivalent to the usual
L' distance in R.

Furthermore, for simplicity, we have I'(0,0,0,0) = 0.

[6.3-2 T is Lipschitz-continuous in w and w' at (z,y) = (0,0):

dLr > 0, Vwi,w],wa, wh € RY
|F(O7w1’07w1) - F(O’w%ovwé)l < Lr (lwl _w2| + |wi - wl2|)

[6.312-bis T is bounded
Lo >0, Yo,y € RY, Vu,w’ € RY | [T'(z,w,y,w")| < Loo.

These are usual assumptions when proving mean-field limits using coupling methods. In
particular, Assumptions and imply strong existence and uniqueness for the solutions of
both (PS) and (NI).

Assumption 6.4 (On the initial distributions).

[6.4F1 The sequence of disorder (w;)i=1,....n is IID of distribution v, satisfying

/Rd/ (|w|2 + |F(0,w)|2) v(dw) < Cyis.
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[6.4}2 The random variables (Xé)ile,N are exchangeable, independent from the disorder (w;)i=1,...
and satisfy

E (IXgl) < oo

[6.4+-3 The initial distribution po is a product measure with second marginal equal to v, i.e.
po(dx, dw) = p}(dz)v(dw). Moreover there exists a positive constant C such that

[ laPaban) < c.

We may now state the main theorem.

Theorem 6.1.1. Consider Assumptions[6.1]6.3, [6.3 and [6.]. There exist explicit positive con-
stants cr,C, ¢ that do not depend on N and the graph such that for allt > 0 and all N > 1,
provided Lt < cr/Dy,g (recall that limsupy_, . Dn,g < Cy),

- ~ anD
EWi (uy . pr) < C (e—cwal (1, po) + Lry/ % + Lrlng + h(N)) , (6.1.2)

where h : N+ RT is an explicit decreasing function such that h(N) N—> 0 that only depends
—00

on the dimensions d and d' and the second moment of p and py.

Remark 6.1.1. The smaliness assumption on the Lipschitz coefficient of I is natural to obtain
uniform in time propagation of chaos, as for large interactions the non linear limit may have
several stationary measures (see (93] for instance). Non uniqueness of the stationary measures
of prevents time-uniform estimate for the mean field limit, since on the other hand there
s uniqueness of the stationary distribution of .

Remark 6.1.2. We may write the order of magnitude of the rate function h depending on the
dimension

1 1
h(N) SN_é]lder/gg + N~ a+d’ ]ld+d/>3~

In reality, this term is a consequence of the approzimation of the measure p; by the empirical
measure given by N independent random variables distributed according to py, as it is given by
[75]. We notice that it could be improved, however at a cost, as there is a tradeoff between the
speed of convergence and the moments we impose on the initial condition. If we assumed that pgy
admits a g-th moment with ¢ > 2, we could show the following bound:

h(N) SN~ 1giq—1 + N2 log(1 + N)Lgsar—o + N~ 57 Ly, 3.

Remark 6.1.3. Let us give an example of the rate of convergence in the case of Erdds-Rényi
graphs as in Example|6.1.1. Assume that for some o €]0, 1] we have gy = N™% and ay = 1/qn.

In this case the rate \/@—&- In,g can be bounded by ,/lf\)lgqg =4/ ]lf;lgf\i (the bound on Iy g4

is given by the proof of Proposition 1.3 of [58]). The rate EW, (,uév,ﬁo) + h(N) depends on the
moments of po and the dimensions as explained in Remark [6.1.4 above

Remark 6.1.4. If Assumption [6.32-bis holds instead of Assumption[6.32, the coefficients Ly
within the parentheses in (6.1.2]) are to be replaced by L.
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Remark 6.1.5. Although we do not write the calculations for the sake of conciseness, a similar
theorem can be proved if p = 0 for weaker assumptions on I'. In this case, the limit is a linear
Ornstein- Uhlenbeck process, and we do not rely on a form of Law of Large Number to get the
limit as N goes to infinity, we only have to show that the interaction term vanishes sufficiently
fast. Thus we need the expectation of I' to be bounded uniformly in time, which can be done under
weaker assumptions and in particular doesn’t require a Lipschitz assumption, as the convergence

to 0 of ¢ Zjvzl fz(]JV) then yields the result of propagation of chaos.

6.1.3 Semimetric and preliminary results

As mentioned previously, we use a concave function to modify the Euclidean distance in order
to use the reflection coupling. Define

and the functions

Ry P N
D(s)o(s) ds) . Finally, define

where k_ = max(0, —x) and ¢ = ( 0

@) = /O " g(Do(t)dt. (6.1.3)

Note that ¢ and g are positive non-increasing on R* and that ¢(r) = ¢(Ro) < 1 for r > Ry, and
g(r) = % for r > Ry. In particular, for 7 > R; we simply have f(r) = f(R1) + M. The
function f satisfies moreover some useful properties gathered in the following Lemma, the proof
of which can be found in [64].

Lemma 6.1.1 (Some properties of the semimetric). The function f satisfies the following prop-
erties :

o f:RT — R* is non-negative and increasing. Furthermore 0 < f'(z) <1 for all x > 0.
e There exist ¢y, Cy > 0 such that for all z € R, we have cflz| < f(|z]) < Crlxl.
o We have 1
Vre RO\ (R, [~ 1)) < — 1) (6.1.4)

We now give a uniform in time moment bound for the non linear process (NLj), relying in
particular on Assumption [6.2}
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Lemma 6.1.2 (Uniform in time bound on the second moment). Consider Assumption[6.5, and[6.4)
and let (){jf)t be the unique strong solution of (NL). Assuming 2pCrLr < mp, there exists a
constant Co > 0 such that for allt >0

E(X¢P) <G
Proof. Using Ito’s formula on the function H(x) = %2, we obtain
dH (Xy) = Audt + dM,, (6.1.5)

where (M,); is a continuous local martingale and

A = X F (X2,0) +p/ XE T (X209, @) pi(dy, do) + o2d.
Rdx R4’

First, using Assumption [6.2]
X F(XP,w) < Mp —mp | X2+ X F(0,0).
Then, using Assumption [6.3]

X¢T (XY w,y,@) =X - (T (X, w,y,@) =T (0,w,0,0)) + X¢’ - (' (0,w,0,w) —T'(0,0,0,0))
<CpLr | X¢| (|X¢] + [yl) + Lr | X2 (] + |@]) -

Note that if Assumption [6.3}2-bis holds rather than Assumption [6.3}2, the term above can
directly be bounded by L |X;’|. Then

p / XET (X2, w,,0) po(dy, d)
Ré xR

<pCyLr |X¢|" +pCrLr | X¢|E|XP| + pLr [X¢| lo] + pLrCyl | X7

)

where for this last term we used Assumption Finally

EA, < My + 0%d — (mp — 2pC; L) E (|X;’|2) +E (|ng| (|F (0,w)| + pLr|w| +prle{3)) .

2

2
Assuming 2pCyLr < mp, using the inequality Vr,y € R, Ya > 0, zy < 5~ + -, we can ensure
there exist two non negative constant B; and By such that

EA; < By — B.EH(XY).

Taking the expectation in (6.1.5), remarking that M; is a martingale, and using Gronwall’s
lemma yields the desired result. O

6.2 Mean-field limit

Let ¢, ¢, : RT — R be two Lipschitz continuous functions satisfying, for some parameter § > 0,
the following conditions

Ve e RY, ¢u(x)? + o (2)> =1, ¢p(x)=

i >
{1 ifa>o, (6.2.1)

0 ifz<d/2
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These functions describe the regions of space in which we either use a synchronous coupling
(¢s =1 and ¢, = 0) and a reflection coupling (¢s = 0 and ¢, = 1). Ideally, we would like to use
¢r(x) = 1,50, but the indicator function is not continuous, hence the reason we use a Lipschitz
approximation.

Consider the initial conditions (X§,w;)ieq1,..,n3 for ([PS)), and consider N independent
random variables (X¢);—1  n identically distributed according to pj (recall Assumption .
We know (see for instance Proposition 2.1 of [147]) that there exists a least one permutation
7:{1,..,N} = {1,..., N} such that

Wy <1ZN:5X1,1ZN:5X{,> zlzNj‘Xg—Xg“) .
N 20X N 2.0% ) T N
i=1 =1

i=1

(6.2.2)

If there exists more that one such permutation we choose one of them uniformly. Up to renum-
bering, we assume 7(i) = ¢ for all ¢ € {1,..., N}. The random variables (X{¢,w;) are then IID
with distribution pg. Using these initial conditions, we now consider the following coupling

aX; = F(Xjw)dt+ % D00 0T (Xiwi X, w; ) dt + V300, (1X] — Xi)dB;
B +v20¢,(1X] — X{[)dB], S
dX{ = F(X{,w)dt+p[T(X{ w2 w)p(de,do)dt +V20¢s(|X] — X{|)dBj
+V20(1d = 2¢j(e;) ") (IX] — X{|)dB,
(6.2.3)
where o
X, —X; . i i
el =14 IXi=X]| if th, B )gt 70, ;
if X; —X;=0.
and (B’) ., yand (BZ) v are sequences of independent Brownian motions, and p; is the
i=1,..., i=1,...,

distribution of the non linear diffusion . In particular, Levy’s characterization of Brownian
motion ensures that (X,i,wi)i are N independent copies of the same diffusion process and thus
pr = Law(X},wy) = ... = Law(XY, wn).

Let us denote Z; = X} — X}. The following lemma concerning the dynamics of |Z¢|, which
can be found in [64], relies on dominated convergence and the fact that ¢,(x) is zero around
x =0.

Lemma 6.2.1 (Lemma 7 of [64]). For allt >0 and alli € {1,...,N},
d|Zj| = (F (X],wi) — F (X{,wi)) - ejdt + Aldt +2v206¢,(| Z{|)e} - dB],

where (A%); is an adapted stochastic process such that
. 1% N . . .
Al € WNZQ(,]JY)P (Xg7wi,th,wj> —p/F()_(Z,wi,x,w)ﬁt(dx,dw) .
j=1

Applying It6-Tanaka’s formula, as the function f is C! and piecewise C? and concave, and
relying on Lemma [6.2.1| we obtain

df (|z:]) = £ (|22]) ((F (Xi,wi) = F (Xi,wi) - €; + A dt + 4f" (| 2;]) o*07(| 27 )t + dy,
(6.2.4)
where, with a slight abuse of notation, f’ denotes the left derivative of f and f” its almost
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everywhere defined second derivative, and (M} ); is a continuous martingale (recall f’ is bounded).
Let us define w : R — R by

w(r) = sup sk_(s).
s€[0,r]

Relying on Assumption (6.1.4) and (6.2.1) we then get the following inequality:

(F (Xi.w) — F (Xj.w) i (1Zi]) + 41" (1 Zi]) 63| Zi])
<12l x(12i]) £ (|Zi]) + 45" (|Zi]) *63( Z2))
<—200%f (1Z]]) 02| Z])) — |Zi| = (|1 Z1)) £ (| Z]]) ¢2(|ZE))
< =2c0’f (|Z]]) 02(|Zi]) + w(5)
< =2c0’ f (| Z{]) + w(8) + 2co® f(6).

We deduce that there exists an adapted process K* satisfying
K} <w(d) +20°¢f(9),
and such that for all & € [0, 202(]

d(e(2ca2—k)tf (|th|) _ (QCUZ—R)tdf (|Zz|) (2602 . %6(2002—@:‘.](' (|Zz|) dt
—e(2ec” =R}t (_ if (|1Zi]) + K| + AD)dt + e R gL (6.2.5)

with A? given in Lemma The next step is to deal with AZ. We have

an N

N N i j i _
~ Zfi(’j)l" (Xt,wi,Xg,wj) —p/I‘(X“wi,x,w)pt(d%dw)
j=1
]71
an i

+ WNZQUJV) <I‘ (Xg,w“Xt,wj> — /I‘(Xt’,wim,w)ﬁt(dx,dw))

N
| Z{Z(Z]V) —-p /F(Xf,wi,x,w)ﬁt(d:r,dw)

=TI+ Iz + I3,

We deal with each of these three terms individually.

Dealing with I, ; : Lipschitz continuity of I'.  Using Assumption [6.3]

N
Il,i: OX]V g(N) (F (Xgawianawj) 7F<X§awi7)zngj))
Jj=1
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<LF()éj\f
N

e (ruxi = Xi + £(x¢ - X0)

Jj=1

L
=L f(1Z) %Y Zf(N’+ i Zf(N)f 1Z])).

We then deduce, relying on Assumption
N N N N
1 Ly ) QN ) Lr an s~y _ LrDy ;
<) hi< — Z{|)=-d, = (1) d,» < — Z).
EOSURES S WL N; 1D A < RS 52

Dealing with I, : some law of large numbers. Let us denote
[(z,w,y,w) =T (z,w,y,w) — /F(x,w,z,(b)ﬁt(dz,dd)).

After expansion, we obtain (recall that we have made the hypothesis 5571;[) =0)

2

N
N i
T (K 5

Lok ) ¢ W)
=3 € F(X’ wi,Xg,wj)
Jj=1,j#i
2 N
o i = (i &
+5 > eyer (Xt,wZ,Xt,wJI‘(Xt,wi,th,wk.).
Jok=1,5 ki, £k

2
I2,i =

The expectation of the last term conditioned to (X},w?) is equal to 0, and thus, relying in
particular on Assumption [6.3}2 and Lemma [6.1.1

E(I2z taw’t>
. 1/2
( t7wi)
1/2
2 .
( Z g( (X27w1a ngj) ‘XZawi
J=1,j#1
1/2
(BaN Z f( ‘I‘ (Xti,wi,Xg,wj)—F(O wi, 0,w;) ‘ ‘Xt,wl
Jj=1,g#i
1/2
3a2 o /
T 2o ’/ (0,01,0,5) = T(0, w3, 0,)) pe(dr, )| | X
Jj= 17375@
1/2
3 2
+E X;JQ\’ g(N) ‘/ (0, w;,0 (X}, wi, z, w)) pt(dz, dw) ‘Xt,wl

Jj=1,j#1
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6L2C% _
SR 4 (150 + [ etan, )

1/2

1/2
12L2
<2 + [ FOéNd(N /|w\ pe(dzx, dw) } .

We deduce, recalling Lemma

5 D
B (1) < VA oy + iy [

Remark that if T' satisfies Assumption [6.3}2-bis, then we simply have

anD
E(I;) < ZLW\/%.

Dealing with I3; : convergence of the graph. We immediately get

)

and thus, if Assumption 2—bis holds, this directly implies E (I3;) < Looln,g. Otherwise, if
Assumption [6.3}2 holds, we obtain

E(I3;) <IngE (‘/NXZMM%W)Pt(d%dW)

E (‘/F(Xf,wi,x,w)pt(dx,dw)

) <E (/ IT(X}, wi, z,w) — (0, w;, 0,w)] pt(dx,dw))
+E (/ ID(0, w1, 0,) — T(0,0,0,0)| pt(dx,dw))

So, using Lemma [6.1.2] we get

E(Is) < 2Lr (C/CY + €32 Iy,

Conclusion Recalling (6.2.5)) and choosing & = LrDy 4 we obtain
d (e(QUzc_LFDN,g)thZﬂ)) _ e(ggzc_LFDN,g)tf{gdt + 6(202C_LFDN,g)thti’

where there exists a constant Cj, depending on the parameters as well as possibly on pgy, but
that do not depend on N and on the graph, such that

N
1 i Oé]\/'l)]\/'7
N i:E 1 ]EKt < ColLr (\/ Tg + IN79> + w(5) + QUZCf((S).
Then

E(e(% ¢ LeDn )t Zf Z ) (}Véf(%b)

(20’2(}—L1‘DN,Q)t -1 D

[ aNLUN

< CoL \/7’9 +1 +w(8) + 202¢f (6
20%¢c— LrDy 4 ( ot < N g w(0) +207¢f(0) |
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1.e.

1 &N
E(N;{XZ—XH) <

C’ 7(20’267LFDN79)t
re E

1N,
e ()

1 aNDNAq 2
L ——2 4] 2
t e (20% — LiDny) (CO 2 (V N Nﬂ) +w(9) +207cf ()

Thus, denoting i the empirical measure associated with the system of independent non-linear
particles ((X},w1), ..., (X{¥,wn)), we obtain, for cp = o?c and Lr < cr/Dy.q,

cf i=1

1 aNDNg 2
L —= 4T 2 .
+ cjo% (CO r (\/ N + N,g> +w(d) + 20 cf(5)>

N -N Cfeiggct 1 < i i
EwW, (Nt ) Mt ) S———KE NZ ’XO *X0|

Notice that
1 & 1
N N
Wh (1o 1) =W (N Z‘S(Xéawm N Zé(Xéxwi)>
i=1 =1

N
i ! i ()
- T pegr%\llItlation {N Z ‘XO - XO | + |UJ¢ o w"@)'}

i=1
N
i=1
as both terms to minimize are minimal for 7 the identity. By having § — 0, we thus have

C e—o2ct B
fTEwl (H([)Vnutj)v)

1 N
cro’e (COLF (\/ N +IN’9>> '

Since ((th,wl), e (XN wN)) are N independent random variables with law p; by construction,
and since p; admits a second moment, Theorem 1 of |75] yields the existence of a constant C,
depending only on the dimensions d and d’, such that

EWr (), By) <

+

N-3 4+ N—3 ifd+d =1,
EWy (i, pt) <C (Cais + C2)/*{ N=3log(14+ N)+ N~% ifd+d =2,
N=3 + N~ &7 ifd+d >3.

The convergence rates could be improved (with respective rates N *%, N—2 log(l1 + N) and

N . . . . — .
N7 a+a") provided we can prove uniform in time bounds on a moment of order ¢ > 2 for p;. This
can be done, but requires a similar great moment assumption on the initial distribution py.
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Abstract: In this chapter, we focus on two toy models : the Curie- Weiss model and the system
of N particles in linear interactions in a double well confining potential. Both models, which
have been extensively studied, describe a large system of particles with a mean-field limit that
admits a phase transition. We are concerned with the numerical simulation of these particle
systems. To deal with the quadratic complexity of the numerical scheme, corresponding to the
computation of the O(NN?) interactions per time step, the Random Batch Method (RBM) has
been suggested. It consists in randomly (and uniformly) dividing the particles into batches of
size p > 1, and computing the interactions only within each batch, thus reducing the numerical
complexity to O(Np) per time step. The convergence of this numerical method has been proved
in other works.

This work is motivated by the observation that the RBM, via the random constructions of
batches, artificially adds noise to the particle system. The goal of this chapter is to study the
effect of this added noise on the phase transition of the nonlinear limit, and more precisely we
study the effective dynamics of the models to show how the critical temperature decreases with
the RBM.

Acknowledgements: This work has been (partially) supported by the Project EFI ANR-17-
CE40-0030 of the French National Research Agency.

7.1 Introduction

7.1.1 Motivation

Consider a system of N particles (Xi)ie{l,...,N} in interaction

dX}! = —VU(X})dt — ﬁ > VW(X] - X{)dt + V20dB}, (IPS)
J#i
where for all i € {1,..., N} and t > 0 we have X} € RY. U and W are two twice continuously
differentiable functions, respectively called confining potential and interaction potential, ¢ > 0
is a diffusion coefficient or temperature, and (B*); are independent d-dimensional Brownian
motions. The name ([PS) refers to Interacting Particle System.

It is well known (see |45| |46] and references therein) that, under suitable assumptions on U
and W, the particle system (IPS]) converges as N — oo towards its nonlinear mean-field limit, a
stochastic differential equation (SDE) of McKean-Viasov type

dXt = —VU(Xt)dt — VW % ﬁt(Xt)dt + Vv 20'dBt,
~ e (NL)
pt = Law(Xy).

Here, the name (NL) refers to Nonlinear Limit, and this equation arises in the modelling of
granular media [40].

The quantitative link between of and can be exploited in various ways. On one
hand, as it was historically motivated, the study of (way too) large systems of particles cannot be
feasible, and boiling it down to the study of the nonlinear limit yields exploitable results. On the
other hand, one can see as an approximation of , and in particular an approximation
that can be numerically simulated. Consider the FEuler-Maruyama scheme associated to
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with a timestep 6 > 0
X[ = X7 = 0VU(X)?) — 75 X, V(X = X1°) + V208G, (D-IPS)
G; iid ~WN(0,1), teN.

Its name (D-IPS|) comes from Discrete - Interacting Particle System. The convergence of
towards (NL|) has been extensively studied : with bounded Lipschitz coefficients [26], with Holder
continuous coefficients |7], non-Lipschitz coeflicients [59]. The quantitative convergence of the
implicit Euler-Maruyama scheme can also be found in |132].

Notice that this numerical scheme requires O(N?) operations per time step, corresponding
to the total number of interactions of pairs (i,j); jeq1,...n}. To cope with this possibly limit-
ing complexity, several works have suggested using the Random Batch Method (RBM) (see for
instance [102]), motivated by the Stochastic Gradient Langevin Dynamics [174].

Consider, for a time step t € N, a partition P, = (Ptl, iy tN/p> of {1,..., N} into N/p subsets
of size p > 1, assuming for the sake of simplicity that NV is a multiple of p, and define

Ci={je{l,.,N}st. 3 e{l,..,N/p}ijeP}. (7.1.1)

In other words, C} is the set of indexes that are in the same subset as i at time step ¢, with the
convention i € C;. We now consider the following numerical scheme
{ YT = Y0 = SVUY) = 525 Yjeen iy VW = Y07) + V2006,
G: iid ~N(0,1), ie{l,..,N}, teN,
(D-RB-IPS)
where for each time step ¢ the partition P; is random and each partition has the same probability

of occurring. The name (D-RB-IPS)) refers to Discrete - Random Batch - Interacting Particle
System. The convergence of (D-RB-IPS|) towards (NL|) can be found in [101} 104} [177].

The idea of using random batches has been shown to be efficient for computing the evolution
of large interacting system of quantum particles [81], of particles with Coulomb interactions in
molecular dynamics [103], but also for Markov Chain Monte Carlo [124], or for solving PDEs
[39, [123]. See also references therein.

The starting point of this work is the following observation : the RBM, via the random
construction of a partition of {1, ..., N}, artificially adds noise (or temperature) to a system. We
thus ask the following question :

Does the critical temperature of (the mean-field limit of ) a system of interacting particles
admitting a phase transition decreases when considering a version with random batches ? If so,
can we quantify it ?

To partially answer this question, we focus on two specific types of particle systems for which
the mean-field limit admits a phase transition : the first one is the Curie- Weiss model and the
second one is the system with attractive and quadratic interaction potential W and the
double well confining potential U.

The nonlinear mean-field limits of both models admit, as we will discuss, a phase transition
occurring at a certain critical parameter. We consider a version with random batches of size p of
each system, consider the limit as N — oo (with fixed p) towards a nonlinear model, and then
study the phase transition of said limit.
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7.1.2 The Curie-Weiss model

The classical system. The Curie-Weiss model is, and it is the reason we start by studying
it, one of the most simple system admitting a phase transition. Consider N spins, given by a
configuration ¢ = (01, ...,on), and Qy = {—1,1}" the set of possible configurations for the
system. On this system we consider the following Hamiltonian

1
Vo € Qn, Hy(o)= “oN ZUin~ (7.1.2)
1,7

Intuitively, each spin will tend to align with the others. It is a mean field model as Hy only
. . . . 1 N
depends in reality on the mean magnetization my (o) := « > ;21 04, by

Hy(o) = fgmN(o)Q.

The evolution for (o(n)),>0 in QO is the following : at each discrete time step, a spin is chosen
uniformly among the N possible spins. Let us denote ¢ this spin, and ¢’ = (o1, ...,0)) the
configuration such that for all j # i, 0 = o(n);, and 0; = —o(n);. We accept o’ as the next
step of o(n) with probability exp (—S(Hn(c’) — Hy(c))+) (i.e if the Hamiltonian decreases then
with probability 1, otherwise with a positive probability depending on a parameter ), otherwise
the system remains at o(n). This parameter 8 is known as the inverse temperature. This yields
the following transition probabilities for the Markov chain (o(n))n>0:

~ exp (—=B(Hn(0") = Hn(0))+) if [|o —o'|[y =2
plo,0’) =4 0 if [lo —o'[|y > 2
1—=>, ., p(o.n) ifo' =0

This dynamics (0(n))n>0, which is an irreducible and aperiodic Markov chain on a finite state
space (), is reversible with respect to the Gibbs measure

po.x(0) = o exp(~BH (o)), (7.13)

where Zg y is a normalizing constant. Instead of studying the dynamics of o, we look at the
mean magnetization my(n) = my(o(n)), which is still a Markov chain. This quantity, at each
time step, can only increase or decrease by %, and the transition probabilities are given by

15 exp —ﬁTN(mQ—mQ) ifm' =m+ %
N .
r(m,m’) = H5m exp (— 23 (m® —m")4 if m' =m— % (7.1.4)
1—T(m,m+% —r(m,m—%) ifm' =m
0 otherwise.

Likewise, this dynamics is reversible with respect to the Gibbs measure

1 N BNm?
vg,n(m) = % Lim pr exXp B .
) 2

Many works (see for instance [53} (72} [119], the classical reference that is Chapter 4 of |71] or
more recently Chapter 2 of [77]) have studied Large Deviation Principles for this system, and
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have shown that there exists a critical inverse temperature 5. = 1. For the sake of completeness,
and because the method will be similar in the case with random batches, we give a proof in
Section of the phase transition happening in the following sense : the process Mt(N) =

~(|Nt]) weakly converges to the solution of an ordinary differential equation (ODE). For
B > 1, the limit ODE admits three equilibrium states, and for 5 < 1 only one. In both cases, 0
is an equilibrium state, and is stable in the case § < 1 and unstable in the case g > 1.

The Curie-Weiss model with random batches. We then consider the same system, but
using the Random Batch Method. At each time step, the chosen spin no longer evolves according
to the entire system, but according to a subset of p spins containing the chosen spin.
We thus consider a new evolution for (67 (n)),>o in Qy, where o? denotes the new sequence
of spin configurations. At each discrete time step, a spin is chosen uniformly among the N
possible spins. Let us denote it ¢, and ¢’ = (07, ..., 0'y) the configuration such that for all j # i,
!

o’ = oP(n);, and o] = —oP(n);. We then sample a subset of {1,..., N} of size p containing i,

denoted C*P, uniformly over such subsets, and accept o’ as the next step of o?(n) with probability
exp (=B(Hy,p(0",C"?) — Hy p(0?(n),C"P))), where

Hy ,(0,C"P) Z 00 (7.1.5)
]kEC‘P

Likewise, we may study this system in terms of its magnetization, denoted (mny ,(n))n, for which
we can explicitly write the transition probabilities (see Lemma [7.2.1]).

This system resembles to some extent the dilute Curie- Weiss model [29], in Which the spins
interact according to an Erdds-Rényi random graph with edge probability p = & €]0,1][, the
main difference being that the "graph", in our case, is modified at each time step and there are
exactly p — 1 spins interacting with a given one.

Studying the Curie-Weiss model with random batches, which is done in Section yields
the following results.

Theorem 7.1.1. Let p € N\ {0,1} and 8 > 0.

e Define

1m = 5 uIt Qm)k (* zm>“kew<%w>+

s = () () () e
Fo(B,m) = (82 (m) = 557 (m)) —m (77 (m) + 57 (m))

The process Mt(N’p) =mn p([Nt]), i.e the magnetization rescaled in time, weakly converges
as N — oo to the solution of the ODE

Sm(t) = f,(8,m(1)) (7.1.6)

For all B >0, 0 is an equilibrium state for the solution of (7.1.6).

e For p € {2,3}, 0 is the unique equilibrium state, and it is stable.
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o For p > 4, there exists ., such that for all B > B.,, the equilibrium state 0 is unstable,
and for all B < . it is stable. Furthermore, we have the estimate

Bep =1+ \/ZTJr 0 (\;ﬁ) : (7.1.7)

This theorem thus gives a first answer to the main question of the chapter : the RBM does
increase the critical inverse temperature of the system (i.e decreases the critical temperature).

7.1.3 Numerical scheme and double-well potential

We then go back to the initial motivation concerning numerical scheme for interacting particle
systems.

The effective dynamics. Just like we may consider the nonlinear limit of (IPS)), we may also
consider the limit as N — oo of (1.3.9). Define
VR = Y0P — VU (YP) — S ST VW (V)P — YI) + V206
t+1 VU( ) Z VW( 5 )+ g Gt? (D'RB'NL)
Gy iid ~N(0,1), (yg)] 1.1.d ~ Law(Y;”'P).

The name (D-RB-NT)) stands for Discrete - Random Batch - Nonlinear Limit. The convergence
of (1.3.9) towards (D-RB-NL|) can be found in [100]. The proof relies on a coupling method,
noticing that, as N — oo, the probability of constructing batches of fixed size p in with
independent and identically distributed particles goes to 1, thus giving a convergence in total
variation distance.

We then, in the spirit of |157], construct a continuous process, parameterized by the timestep
and the batch size, which is closer to the numerical scheme than the target . In the

dynamics of (D-RB-NLJ), notice that

E pi va( V- T) [V ) = aW g (),
and
L ZVW (77 =) |7 :pé_zlvmpk (v —|v7)
=L (TW) AP — (VW s (T
-1 Pr 1y :

Denoting X(z, p) = (VW)% % p(z) — (VW * p(x))?, we thus have

p% Z W (Y‘”’ YJ) = VW % 3P (YP) 46

E(Yép —5,17)
fle, (7.1.8)
where G, converges in law as p — oo, via the Central Limit Theorem, to a random variable
G ~ N(0,1). This added random variable G,, close to a normal distribution, suggests we should
consider for given § > 0 and p € N, the following non-linear SDE, that we call the effective
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dynamaics:

ve,0,p ve,o —e,0 ve,0 F) ve,o0 —e,0 1/2
dXt’ = —VU(Xt7 )p)dt — VW % pt’ 7p(Xt’ ’p)dt + (20 + EE(Xt7 ’papt’ 717)) ch
Py = Law (X[ 7).
(EAf)

Remark 7.1.1. Let us quickly insist on the fact that the formal justification for given
above using the Central Limit Theorem is far from correct ! In this work we indeed consider fixed
values of p, and we do not assume that the error Gy, is Gaussian. In reality, the Gaussian random
variable appears when summing the interactions over several time steps, and as a consequence
(Efl) should not be understood as an approximation when p — oo but when § — 0.

Such dynamics are also known as modified equations in various works considering the back-
ward error analysis of SDEs [161], |178|, improving upon a technique that had already provided a
better understanding of the numerical methods for ODEs.

Our goal now is to study this dynamics. A better justification of this effective dynamics is
one of the remaining questions of this work, as explained in Section [7.4]

The double well confining potential. We now choose in (NL|) the dimension to be d = 1
and the potentials

.1'4 1,2 2

Uw)=7 -5, W)= LW% with Ly > 0. (7.1.9)
Recall the following result adapted from [168§].

Theorem 7.1.2 (Theorem 2.1 of [168]). For U and W given by (7.1.9), there exists o. > 0 such
that

o For all 0 > o, there exists a unique stationary distribution pso for (NL). Furthermore,
Moo 1S symmetric.

o For all 0 < 0., there exist three stationary distributions for (NL|). One is symmetric, also
denoted (.0, and the other two, denoted py 4 and p, —, satisfy £ [ xdpq 1 (dz) > 0.

By convention, in the case o > 0., we may denote iy = llo,.+ = [bo,0-

Our goal is now to study the stationary distribution(s) for the effective dynamics in
the specific case of the double-well potential . We wish to understand if, similarly as
Theorem [7.1.2] there exists a phase transition, and if so compare the critical parameters. We
thus prove in Section [7.3] the following theorem.

Theorem 7.1.3. Let 0g €]0,0.[ where o. is defined in Theorem . For U and W given by
(7.1.9), there exists co > 0 such that for all (6,p) satisfying p%l < ¢p, denoting

oL
eff — 1_ w_ 7.1.10

7 GC( 2(p—1)>’ (r1.10)
we have the following phase transition for the dynamics

o For all o > o¢f/, there evists a unique stationary distribution ug’f) for . Furthermore,

&p .
Igo U8 symmetric.
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e For all o € [0g,0¢7[, there exists evactly three stationary distributions for . One

is symmetric, also denoted ug’fé, and the other two, denoted ug’f; and ,ug’f’_, have nonzero

means :l:fxdugﬁ(x) > 0.

Remark 7.1.2. Let us quickly discuss the form of . In the specific case of , as
discussed in Section one has S(XEOP, po°P) = L2, Var(p?®"). To insist on the dependence
on o rather than (9,p), let us denote, only in this remark, X, := E(Xf’é’p,ﬁi’é’p).

We will show, but this can be intuitively understood at this stage, that any stationary distri-
bution for 1s also a stationary distribution for , but for a smaller value of o. We thus
have to study the stationary distribution at the critical value o..

As proved in Lemma the variance of the stationary distribution for at the critical
value is Var(piy,0) = f‘:v . By considering the diffusion term in , and constdering the added

noise LEUC, we intuitively obtain 20, = 2017 + pf—lEgc and thus ([7.1.10]).

p—1

Let us sum up the organization of the chapter.

e The Curie-Weiss model is studied in Section [7.2] We start by showing the phase transition
of the classical Curie-Weiss model in Section [[.2.1] since the same ideas will be used in
what follows. The study of the Curie-Weiss model with random batches and the proof of
Theorem are then done in Section [7.2.2]

e In Section [7.3] we study the Random Batch Method for interacting particle systems. More
specifically we prove Theorem [7.1.3]in the specific case of the double-well potential,

e Finally, we end by stating the remaining questions of this work, mainly concerning the
effective dynamics, in Section [7.4]

Notation

For the Curie-Weiss model, with and without random batches:
e Oy ={—1,....,1}" : the set of possible configurations,
e o(n) = (o1(n),...,on(n)) : the spin configuration at time step n,
e 3 : the inverse temperature,
e [3. : the critical inverse temperature,

e Hy: the Hamiltonian of the Curie-Weiss model given in ((7.1.2)),

e my(n) =+ Zf\il o;(n) : the magnetization at time step n,

e r(0,0’) : transition probability for the Markov chain (my(n)),, given in (7.1.4).

e oP(n) = (6} (n),...,o%(n)) : the spin configuration of the system with random batches of

size p at time step n,
e Hyp : the Hamiltonian for the system with random batches of size p, given in (7.1.5),

e myp(n) =+ Zf\il o?(n) : the magnetization at time step n for the system with random
batches of size p,

e 7,(m,m’) : transition probability for the Markov chain (my (1)), given in Lemma|7.2.1

Be,p ¢ the critical inverse temperature for the system with random batches of size p.
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For the Random Batch Method for interacting particle system :

e U W : two twice continuously differentiable functions, respectively the confining potential
and the interacting potential (see (IPS)),

e 0 > 0: a diffusion coefficient (see (IPS)),

° (Xti)ie{l,...,N} : the solution at time ¢t € RT of the interacting particle system ,
e X,, p; : the solution at time ¢ € R* of the nonlinear limit and its law,

e 6 > 0: a timestep used in the various numerical schemes,

° (Xz’é)l-e{l’___yN} : the solution at time step ¢ € N of the Euler-Maruyama numerical scheme
(ID-IPS)),

e p e N\ {0,1} : the batch size,

e P, : the partition of {1,..., N} at time step ¢ into subsets of size p,

e C! : the cluster containing index i at time step ¢ (see (7.1.1))),

° (Yf"s’p)ie 1,..n} © the solution at time step ¢t € N of the numerical scheme with random
batches (D-RB-IPS)),

° }_/té’p : the solution at time step ¢t € N of (D-RB-NLJ), the nonlinear limit of (D-RB-IPS) as

N — oo,
vedp -edp . ; ; a : + ;
o X,)UP py™" : the effective dynamics at time t € R™ and its law,

® Ly for x € {0,£}, 0. : stationary distributions and critical parameter of (NL) given in
Theorem [7.1.2]

o 1P for « € {0,+}, 0¢/7 : stationary distributions and critical parameter of given in
Theorem [7.1.3

7.2 Understanding the problem on the Curie-Weiss model

In order to get a better grasp on the phenomenon we focus on, we begin by studying one of the
simplest model admitting a phase transition : the Curie-Weiss model. In Section we show
how we obtain the value of the critical parameter in the classical case. Then, in Section [7.2.2] we
follow the same steps to compute the new critical inverse temperature in the case with random
batches.

7.2.1 ...without the Random Batch Method

In order to study this critical inverse temperature, we choose to look at the limit of the dynamics
with time step 3 as N goes to infinity. (my(n)), is a discrete-time Markov chain with transition
operator UY) given by U™ = (Ui(]f)) where Ui(]jy) =r (—1 + %, -1+ QW]) We denote
’ 0<i,j<N ’

Ay =N (U (N) — 1 ) We have, for all continuously differentiable functions f,

Axf(m) =N1= mﬁN(_()> <f (m ; fv) - f(m)>

2
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+ NW”eﬁN<";W>+ (f (m - ﬁ,) - f(m)) |

2
We thus get
A fm) =N IR (1 (s 3 ) < som)
Ltm —2p(m+3), ER N
+N 5 € <f (m N) f(m))

N LSE D (2 0 (15))

4 N”Tme—w(m*ﬂ (—;f’(m) +0 (2))

—(1—m)e” PR ) — (14 m)e PR m) 40 (z1v>

—— f'(m) ((1 —m)e 2PEm+ (14 m)e—QBer) 7

N—oc0

which finally yields

Anf(m) ~= 2f"(m)e= 1" (sinh(mfB) — m cosh(mp3)).

By Theorem 17.28 of [107], the process Mt(N) = my(|Nt]) weakly converges to the solution of

%m(t) = 27 AImOI (sinh(Bm(t)) — m(t) cosh(Bm(t))).

Denote f(8,m) = 2¢~?I" (sinh(Bm) — m cosh(Bm)). We have
f(B,m)=0 <= tanh(fm)=m.

For 8 > 1, the equation f(8,m) = 0 admits three solutions, and for f < 1 only one. Notice
that for all 8 > 0, f(8,0) = 0 : 0 is thus always an equilibrium state for the magnetization.
Furthermore
VB > 0,Ym # 0,0, f(8,m) =— 2Bsign(m)e_'8|m‘ (sinh(8m) — m cosh(pm))
+2e7AIml (8 — 1) cosh(Bm) — Bmsinh(Bm)),

and, extending by continuity, we have 9, f(3,0) = 2(8 — 1). Therefore, for 5 > 1, 0 is unstable
as O f(B,0) > 0, and for 5 < 1 it is stable.

Hence a critical inverse temperature 3. = 1, above which there are two stable equilibrium
states, and under which there is only one.

7.2.2 ...with the Random Batch Method

To follow the same steps in the case with random batches, we need to compute the transition
operator before finding its limit.
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Transition probabilities

Let us start by giving explicit values for the transitions probabilities for the magnetization using
the Random Batch Method. The proof, which relies on combinatorics arguments, is double-
checked via numerical simulations in Figure

Lemma 7.2.1. In a system of size N, the transition probabilities for the magnetization with
random batches of size p are given by

w“
3

(327 i (30 (RN

E
. ! 2
ifm' =m+ 5

L (V-1 g ()N (SN oy -2s(et)
rp(m,m’): +2 (p—l) Zk:O( k 2)( p—1—k ) (721)

ifm' =m— %
1—-r, (m,m—i—%) —Tp (m,m—%)
ifm' =m
0 otherwise.

Proof. Notice that, for a given m, the number of positive spins is given by HTmN and the number
of negative spins by :L_TmN .

Going right. Let us calculate the probability of going from m to m + % To do so, the
chosen spin, denoted 4, must be of value —1, and this will happen with probability 1_Tm Then,
depending on the cluster C to which spin 7 belongs, switching the spin from —1 to +1 happens
with probability

1 1
P(o?(n+1) =1]o?(n) = —1,C) =exp | =B [ == Y oo + % > ot (n)ot (n) ,
j,leC

2p J,lec n
where ¢’ denotes the configuration such that for all j # i, o} = o7(n), and o] = —0}(n). We
have
’t 1 v p
D DR LA AL
JleC jlec
1
S e T stz X e
JleC,j#i,l#i JAeC,j#i,l#i JeC,j#i

=2 ) oyl (n) + (07)* — (oF (n))?

JeC,jF#i

2t S o) —20P) D ot()

JEC,j#i JEC,j#i

JeC,j#i

We classify the possible clusters containing i based on the number of negative spins. The number
MN—I 1+m N
: k )(pflfk

of clusters containing ¢ and k other negative spins is ( ) (choosing k spins among
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the 1_T’”N — 1 negative spins that are not i, then the p — 1 — k spins that remain to construct
cluster C among the positive spins). For k negative spins in cluster C (without counting i), we
have

> of(n) = >oooo1- > l=p—1-k—k

JeC i jeCi#iot(n)=1  jEC.j#iol(n)=—1
and thus, since o (n) = —1
1 1 %+1—p
~% Z oio) + % Z ol (n)aj (n) :QT
jlec jlec

The total number of possible choices for C is (1;/:11 ) (choosing the (p — 1) spins that are not 7).
Hence

-1

. (m,m+2> _lom 1S ((T)Nl)((@")N)ezﬂ(mm+

N k p—1—k

Going left. Similar calculations yield the probability of going left : the probability of choosing

a spin of value +1 is H'Tm, then we classify the possible clusters containing this spin based on

the number of negative spins. O

Remark 7.2.1. The values given in ([7.2.1)) are coherent in the case p = N. Observe for instance
that the only nonzero term in the sum defining ry (m,m + %) s obtained for k = 1_TmN —1.
Thus

2 1—-m —op(-m-1 2
N <m7m+N) :Tme 26( ) =r<m,m—|—N>,

where the value of v is given in (7.1.4)).

Remark 7.2.2. We observe how the transition probabilities evolve with the parameter p in
Figure , Furthermore, the values given in allow us to define, on the state space
{-1,1+ Aol — %, 1}, a transition matriz for the magnetization. The latter is an irreducible
and aperiodic Markov chain on a finite state space, and thus admits a unique invariant measure.
We can numerically obtain it by iterating the transition matriz (see F igure

Study of the critical parameter

We now wish to show how adding random batches artificially increases the temperature of the
system, thus decreasing the critical temperature (or, equivalently, increasing the critical inverse
temperature).

Limit ODE. Let us, like previously, find the limit as N goes to infinity of the dynamics of
(mnp(n)), with time step % This discrete-time Markov chain admits a transition operator
UWN:P) given by

UWNp) _ (Ui(71]y7p) ) 0<i

2i 2j
h g — (142 14 22,
cigen e Vi p AR
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Proba to go right. empirical b
—— Proba to go left. theoretical !
oo —— Proba to go right, theoretical

-100 -0.75 -0.50 =025 000 025 0.50 07s 100 -1.00 =-0.75 =-050 =025 000 0.25 050 07s 100
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Probability

02

01
~— Proba to go left, empirical

Proba to go right, empirical
—— Proba to go left. theoretical

00 —— Proba to go right, theoretical
-1.00 -0.75 -0.50 -0.25 000 0325 050 075 100 -1.00 -0.75 -0.50 -0.25 0.00 025 050 075 100
Magnetisation Magnetisation

Figure 7.1: Comparison of theoretical and empirical transition probabilities, for N = 100. The
theoretical values are those given in Lemma [7.2.1] To numerically compute the empirical transi-
tion probabilities, for each initial magnetization in {—1,—1 + %, eyl — %, 1}, 10 processes are
simulated during 1000 timesteps, and we consider the proportion of times the processes go left
or right. Top : without random batches. Bottom : with random batches of size p = 10.
Left : for g = 0.5. Right : for g = 2.
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-1.00 -0.75 -050 -0.25 000 025 050 075 100 -1.00 -075 -050 -025 000 025 050 075 100
Magnetisation

Figure 7.2: Comparison of transition probabilities depending on batch size, for N = 100. The
values given are from Lemma [7.2.1] Top : probability of going left. Bottom : probability of
going right. Left : for 5 = 0.5. Right : for § = 2.

We denote Agf;) =N({U Np) _ 1 ) and have, for all continuously differentiable functions f,
AD fm) =N, (mym -+ =) ( fm+ =) = fm)
N PN N
Y ~2) (fm—2) = fm)
rp | Mm,m I m I m

oo ) () 2) oronso(3))

We have, by standard computations

o)) BT (e

p—1 k=0

p—1 k p—1—k _
e n (O () e
—00

and likewise

2 L+mi (p—=1) (1=m\" (1+m\P7h op(emizany
P\TTTN) v T2 &k 2 2 ‘ '

Hence

where



7.2. Understanding the problem on the Curie-Weiss model 183

0.0200
= [=0.9, 21514 steps. = [=0.9 and p=50, 15548 steps.
0.0175 4 — [=1, 43727 steps. i —— PB=1and p=50, 25033 steps.
) — B=1.1, 38177 steps. — B=1.1and p=50, 62051 steps.
| = [=1.2, 25834 steps. | = [=1.2 and p=50, 52445 steps.
0.0150 — [=14, 17854 steps. —— B=1.4 and p=50, 23958 steps.
— f=15, 16164 steps. — B=15and p=50, 20214 steps.
0.0125 4 )
2 0.0100 1 £
i) ]
g 3
& 0.0075 ~ &1
0.0050 4 E
0.0025 1
0.0000 4 E
0.0200
— B=0.9 and p=25, 13074 steps. = [=0.9 and p=10, 10359 steps.
0.0175 - = B=1and p=25, 17963 steps. i —— [=1and p=10, 12418 steps.
= f=1.1and p=25, 29159 steps. = [=1.1and p=10, 15317 steps.
0.0150 = @=1.2 and p=25, 79137 steps. = [=1.2 and p=10, 19755 steps.
' 1 — f=14and p=25, 36594 steps. 1 — f=14and p=10, 46217 steps.
— [=15 and p=25, 27433 steps. —— [=15and p=10, 115196 steps.
0.0125 8
3 0.0100 1 31
o] o]
3 3
& 0.0075 + &1
0.0050 4 E
0.0025 4 1
0.0000 4 b

T T T T T T T T T T T T
-1.00 -0.75 -050 -0.25 0.00 025 050 075 100-1.00 -0.75 =050 -0.25 000 025 050 075 100
Magnetisation Magnetisation

Figure 7.3: Numerical observation of the invariant distribution for the Curie-Weiss model with
N spins. Starting from the uniform distribution for the magnetization, we iterate the transition
matrix (given in Lemma until the L' distance between two consecutive iterations is less
than a threshold Ne, with N = 1000, ¢ = 10~ and various values for 3. We indicate the number
of iterations (or steps) needed before convergence. Top left : with no random batches. Top
right : with p = 50. Bottom left : with p = 25. Bottom right : with p = 10.
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z< Y5y () e,
7)) () e

o
M L

SPB _

Remark 7.2.3. Notice that
2Xm . p+1—p p—1—-2Xm
st = (Y g o (),

where X, p 15 a random variable following a binomial distribution of parameters p—1 and I*Tm
Intuitively, for an infinite number of spins, the dynamics of the system relies on the construction
of a cluster of size p (containing the chosen spin that may change), which is done by independently
taking the remaining p — 1 spins from an infinite pool containing a proportion of “Tm negative
spins.

Denoting f,(8,m) = (Sf’ﬁ(m) — Sg’ﬁ(m)) -m (Sf’ﬁ(m) + Sg’ﬁ(m)>, by Theorem 17.28 of
|107], the process Mt(N’p) =mpy (| Nt]) weakly converges to the solution of

d
Sm(t) = 1,(8,m(1))

The cases p =2 and p=3. We may directly compute

1+m+1fm i
e

2 2 ’

1

SPP(m) = <+2)2+2(1+2m) (1_2”1)+<1‘2m>2@—43’*,
o= (552 02 (152) (52) + (52)'

S7P (m) = Sy (m) = e

which yield

f2(8,m) =m(1 — e P) —m(1 +eP) = —2me™",

pom=((52) - (452 ) )
<1J;m>2 + (1 —2m>2> (1 +e*%ﬁ> +(1+m)1 _m)>
1

:m(1—e*%) —m((EmQ) (1+e*%) +1—m2)
. _an
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— B=3
_ — p=35
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~1.00-0.75-0.50-0.25 0.00 025 050 0.75 1.00
Magnetisation
Figure 7.4: Numerical observation of the invariant distribution for the Curie-Weiss model with
N spins in the cases p = 2 (Top right), p = 3 (Top left) and p = 4 (Bottom left). Starting
from the uniform distribution for the magnetization, we iterate the transition matrix (given in
Lemma until the L' distance between two consecutive iterations is less than a threshold
Ne, with N = 1000, € = 10~° and various values for 8.

For p = 2 we thus have, f3(8,m) =0 <= m =0, and furthermore notice that 9,, f2(3,0) < 0,
which means that 0 is the unique equilibrium state, and it is stable. For p = 3,

15

143e =

f3(B,m)=0 <= m=0 or m=+=4 1—1—%.
V — e

_4p _48
However, for all 8 > 0 we have y/13¢2 > 1 and furthermore 9y, f3(8,0) = —13¢= < 0.
l—e™ 3
The point 0 is thus the unique equilibrium state, and it is stable.
We may observe this phenomenon in Figure [7.4] in which we compare the case p = 2 and

p =3 with p = 4.

Existence of a phase transition for p > 4. First notice that

oS0 Q) e S ) @) e

k=0 k=0
=0 by change of variables k' =p—1—k.
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Thus m = 0 is for all 8 > 0 an equilibrium state. The remaining questions, in order to prove
Theorem [7.1.1] are

e is there 8., > 0 such that for all § < f., we have 0,,f(8,0) < 0 (in which case m =0
is stable) and such that for all g > 3., we have 9, f(3,0) > 0 (in which case m = 0 is
unstable) ?

e do we have 3., > 1 (in which case the critical temperature has indeed decreased when
compared to the case without random batches) ?

e can we give an estimate of ., 7

To answer the first question, we may calculate

g/pB :_p_lﬁ p—1\ /1-m\"' f14+m\P 'k —2p(2kti=p)
1 (m) 2\ k 2 2 c

k=0

1

k —2—k
+p p—1—k(p—1\[(1-m L+m\” 2B(2=e)
— 2 k 2 2

and

which yields

O fo(B,m) = (ST (m) = S22 (m) ) = (877 (m) + 57 (m) ) = m (S (m) + S5 (m) ).

We thus have

-1p-1 2k+1—p
Onf(8,0) = 2577(0) — 2577(0) = 2 @p Y p—2-2k) (p K 1) e 2P,

k=0

First, notice

—1
%(amfp(ﬂ,o»zx(l) S -2 2%) (2’”173) <p1>ew<"‘tip>+>0_
2 k=0 p +\ K

The function S — 0., fp(5,0) is therefore an increasing function, which furthermore satisfies
Om fp(0,0) < 0 and limg_,o0 O fp(8,0) > 0, hence a unique critical parameter j., > 0.

Remark 7.2.4. We use the assumption p > 4 in order to prove limg_, o O fp(8,0) > 0. Indeed

1\ p—1
i 0nf5.0=2(3) S o-2-2m (") i,

k=0
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If p is even, all the terms in the sum are nonnegative, and if p > 4, at least one term is positive.
If p is odd, one term is negative, and if p = 5 it can easily be shown that it is compensated by
the positive terms.

Estimation of the critical parameter. Denoting X, a random variable following a binomial
distribution of parameters p — 1 and %, we have

O, (8,0) = 28 <<p g 2Xp)e‘2’3<2xp:”)+) = 6(8).

We are thus looking for the unique S., > 0 such that g,(8.,) = 0.
Let Y, = 2% — pp%l. We have

9(8) = E (2(=pY, — 1)e 2700+ ) (7.2.2)

Since X, and p—1— X, have the same law, Y}, has the same law as 2
—Y),. Thus

gp(B) =—E (pype—zmypn) _E (p(_me—szvpn) _E (efzmym) _E (672/3(7Yp>+>
—_E (pyp (6—2B(Yp)+ _ 6—25(—Yp)+)) _E (e—zﬁ(yp>+ n 6—25(—Yp)+)

=E <2pre*6‘YP‘ sinh(ﬂYp)) —-E (Qe*ﬁlyp‘ cosh(@’Yp))

p—1-Xp, p-1 p=l_oXp
P P P P

—9E (cosh(ﬁyp)e*ﬁml (pY, tanh(8Y,) — 1)) .

As this is an increasing function in 3, in order to prove that 3., > 1, it is sufficient to prove
that ¢g,(1) < 0. The Law of Large Number and the Central Limit Theorem yield

a.s p law
Yp p—)—oo> 0 and \/ﬁYp zH—oo> N(O, ].)

We have

2y2 2y2
90(5) 2E<<l+ﬂ 2 +o<Y§>> (15|Yp|+5 -z +o<Y,3>>
3y 3
X (pr (ﬁyp _# ;p —|—0(Yp3)> — 1))
—9K ((p_lgpzyj - 1) — BIY,| (p;lﬁpszpZ - 1> +O(Y2) + O(pr4)>

p p-1 1
o ap=1 PP, (p—132{( , p ° p
”(ME(p—lYp)‘“pz(” ] ) (e

+%IE (O(pYZ?) + O(szp4)))

)

9 (5?;115 (22) —1- % (52 (IE\Z|3+0(1)) fﬂ(E(lZl)ﬂLO(l))) +0 <;)>
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2 2 1
=2(8 1)~ =\ (26>~ +o(),
where for this last equality, we use Lemma [F.1.1{and the fact that, for Z ~ N(0,1), E|Z| = \/g

and B(|Z]%) = 2,/2.

In the end, we obtain, again, the fact that g,(1) —— 0 (hence the right critical parameter at
p—o0

the limit) and the fact that, at least for p sufficiently large, g,(1) < 0. For smaller values of p, we
rely on numerical simulations to verify g, (1) < 0 (See Figure . Let us find an approximation
of Bc,p by using the fact that g,(5.,) = 0. We have

2 2 1
20 =B —(14+,/ =) Bep+1 — ) =o,
pwﬁc’p (+ p7r>ﬂ’p+ Jr0<\/13) 0

i.e
2 1/2
1 /pm 2 2 2 1
=~ =1+ /=) (1+4/=]) —8/—= (1 —
Perct =3\ 2 (+ pﬂ) (( i pﬂ) ° pﬂ( +0<\/13>)>
1/2
1
:,/m<1+,/2i<1+2—6,/2+o(1>> )
4V 2 pT pT pT p
1
:,/m(1+ 2i(1+1—3,/2—9+o<1)>>,
4V 2 pT pT pT P P
thus
1 /pm 2 2 8 1
=== (1 — —(1-3/=—-— -
Per =1\ 2 ( TV opr ( NVor o O(?)))
1 [pm 2 8 1
= 4=+ = -
4V 2 < p +p7r+0<p>)

We have thus proved Theorem [7.1.1]

7.3 Random Batch Method for interacting particle systems
and stationary distribution(s)

We now turn our attention to the study of for a given batch size p € N\ {0,1}. In the
specific case of U and W given in , we study the phase transition for and prove
Theorem The stationary distributions of , provided there exists one, are defined by
the solutions of

exp (— (U(z)+ W x ,ua(x)))

= Texp (L (U)W = poe)) dg™ (7.3.1)
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Figure 7.5: Numerical values for g,(1) and g, (BC), with B, = 1+ ,/ p%. The value of g, given
in (7.2.2) is computed via Monte-Carlo approximation using M = 10® samples for Y,,.

We consider the case of linear interactions in a double well potential in dimension one, i.e U and
W given in (7.1.9), which in particular implies

2
m%m=wwfumwwvamW=L%(/fmm—(/wmw)>=mwm@>
Denote, for a measure p,

i) = [ontde) and o) = [ (o= ()P(d).

The stationary distributions of , provided there exist one, are thus similarly defined by the
solutions of

- (‘W (V@) + 25 fo = (17) f)>

T o (u57)
2)) ”

d,
Jow <_2 ) (U(y) 4 fy = (37)
g p K2 o

p—1

po? (dx) =

The pair (k1 (uSP), ke (uP)) is therefore a solution of

Jp Texp (—2£2m (U(x) + LTW|x — &1|2)> dz

o+ =T k2

(7.3.3)

K1 =

Jzexp (—2;2 (U(z) + L |z — I€1|2)> dz
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o= o (- 00+ e ) ) o

W
20+ =1 F2

Ro =

xp| ——2_ (U Lw |y — ]2 T
j]\Re p ( 20+Lp112“1/*f€2 ( (x) 2 | KJ1| )> I

Thanks to (7.3.2)), solving for (k1,k2) the system of equations (7.3.3)-(7.3.4) is equivalent to
finding a stationary distribution of . Define

o(z,0, 1) = exp (-i (U(x) + L7W|x _ n|2)) 7 (7.3.5)

fR xg(x, o, k)dx

fl(aa ’%) = ng .0, n)d:c ; (736)
ook fR r —k)?g(x,0,Kk)dx
fa(o,K) = [ imond (7.3.7)

such that, for the symbol * € {0,+} and p,,« defined in Theorem k1(fo,+) is a solution of
K1(ttox) = f1(0, K1(lo,+)) and ka(pte«) = f2(0, K1(e,+)) is the corresponding variance.

Our goal is to compare the stationary distribution(s) for to the stationary distribution(s)
for , in particular in regards to this critical parameter o.. To do so, we begin by showing
that any stationary distribution of is a stationary distribution of , and conversely.

Lemma 7.3.1. Let p be a probability measure on R.

o If u is a solution of - for a dzﬁuswn coefficient o', then p is a solution of - for
a diffusion coefficient o = o’ + (zf Ik Kao(),

o If u is a solution of - for a diffusion coefficient o and —51 < s ?:2(;1)’ then p is a
w
solution of ([7.3.2] - ) for a diffusion coefficient o’ = o — 2(; Ik ko).

Proof Let us prove the two points.
A stationary distribution of (Eff . is a stationary distribution of (NL| - Assume y satisfies
(7:32) for a given (4, p, o), which in particular is equivalent to the pair (rk1(u), k2(p)) satisfying

Jz wexp <22 (U(z)+ LTW\:U - nl(u)|2)> dx

SL
20"+ ko (p)

K1(p) =
Jg exp <_M-£M (U(x) + LTW|x - m(,u)|2)> dz
fi 2 = 1) s ( i )+ e - m<u>|2>) da
IO — .
fuexp (— 2 (UG + Bl m(u)|2)> da
20+ =1 Ko ()

2
Denoting o = o’ + 2‘(5;7_""1)/@2(#), we thus have

1 (1) _Jezexp (=3 (U(@) + Bz — m(p)?)) da
Jeexp (=5 (U(z) + e — k() ?)) do
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2
Ji (@ — k()" exp (=5 (U(2) + o — w1 (p)*)) do
Jeexp (L (UG) + e — m () do
Thus, if u is a stationary distribution for with diffusion coefficient ¢’ and parameters § and
2
p, it is also a stationary distribution for (NL|) with diffusion coefficient o = o’ + %mg(u).

Ko (p) =

A stationary distribution of (NL) is a stationary distribution of . Assume p satisfies
(7.3.2) for a given o, which in particular is equivalent to the pair (k1 (u), k2(1)) satisfying

:fR:cexp (-1 (U@ + LTW|95 — k1(p)[?)) dx

k1 (p) Jeexp (=2 (U(z) + 22|z — k1 (p)|?)) da
r2(p) ZfR (z — k1 () exp (=1 (U(z) + L |z — k1 (p)[?)) da
f]R exp (*% (U(I) + LTW\:U — ”1(H)|2)) da

2
Consider parameters ¢ and p, and denote ¢’ = o — %Kzg (). Notice ko(u) is independent of

)

=) is small enough, we may ensure ¢’ > 0 and have

6 and p thus, provided C

Jp xexp <_<>L22 (U(z) + L7W|;v — m(u)2)> dx

20"+ k2 (p)

k1(p) =

Jrexp (‘MJQW() (Ul®) + 4l - m(u)lz)> dz

o'+ 5=t r2(p
fR (z— "61(#))2 €xXp (M“Q%v() (U(I) + LTW|93 - “1(N)|Z)> dx
o =1 2 (1
ra(p) =
Jo exp (‘M (U@) + -l — m(mﬂ)) dz
o p—1 Ra(p

Thus, given two parameters 6 and p, if p is a stationary distribution for (NL|) with diffusion
coeflicient o, it is also a stationary distribution for with diffusion coefficient ¢/ = o —

SLE
2(T—W1)’€2 (1) O

Unfortunately, this lemma does not directly imply the existence of a phase transition for

. Several issues arise :

o the existence of a symmetric stationary distribution p, o for with diffusion coefficient
o > 0 only yields the existence of a symmetric stationary distribution for for a specific
diffusion coeflicient o/ = o — %/{2 (). We need to show that, for any o > 0, there exists
a symmetric stationary distribution for .

e likewise, the existence of non symmetric stationary distribution for is only ensured
for specific diffusion coefficients.

e we cannot infer the uniqueness of the symmetric stationary distribution for from the
uniqueness of the symmetric stationary distribution for . Given ¢’ > 0, there may a
priori be two stationary distributions for , denoted pq and peo, with different variance
ko(u1) # ko (pz2), which thus correspond to two different symmetric stationary distributions

for (NL) with diffusion coefficients o1 = o’ + 2‘(5572)/12 (p1) # o' + %52 (p2) = 2.
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Figure 7.6: Left : The means of p, + as a function of o for different values of Ly, as given in
Theorem Right : The variances of 1, 1+ as a function of o for different values of Ly . In
dotted line the variance of 1,0, and in solid line the variance of yy .

We therefore dedicate the remainder of this document to the proof of Theorem [7.1.3]

7.3.1 Some results on the stationary distribution(s) of (NLJ

The study of the critical parameter of relies, by Lemma on the study of the one of
(INL). We gather here some results concerning the latter. They are numerically illustrated in

Figure and the proofs are postponed to Appendix

Lemma 7.3.2. We have the following results concerning the stationary distribution(s) of (NLJ).

o Symmetry. We have k1(pio,+) = —K1(to,—) and K2(tie+) = Ko(to,—)-

o Moment bound. Let the symbol x € {0,£}. Consider uq . given in Theorem and

K1 (o) (Tesp. Ka(fio+)) the corresponding mean (resp. variance). There exists Cy, , Cy, >
0 such that for o € [0,0.] we have

k1 ()| < Crrs and |a(jia,)| < Ch. (7.3.8)

e Critical variance. We have the equality

Oc
Ly’

K2 (fo,) (7.3.9)

Furthermore, for o < o. we have k3 (e 1) < ﬁ and kg (fho,0) > ﬁ, and for o > o, we

have kg (He0) < ﬁ

o Continuity. The function 0 — K1(le +), with the convention Ly = fieo for o = o,

is continuous on ]0,00[. In particular, this also yields the continuity of 0 — Ko(lo+) =
fa(o, k1 (pto,+))-

o Lipschitz continuity. Let o9 > 0. The functions 0 — k2(lie0) and 0 — ko(le+) are

Lipschitz continuous, respectively on [og,00[ and on [og,0.]. More precisely, there exists
C > 0 such that for respectively o > o¢ and o €log, o.[ we have ‘%Iig(ug’*” <C.
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Remark 7.3.1. The bound , combined with the knowledge of the fact that for o > o,
there only exists a symmetric stationary distribution for as well as Lemma shows
that we can restrict our study of the stationary distribution for both and to a compact
set of means m € [—C\,, Ch,].

Remark 7.3.2. The main technical difficulty lies in the proof of the Lipschitz continuity of
o — ka(fte0) and o — Ka(fie,x), since it turns out that the mean o — ka(uy +) is not Lips-
chitz continuous near the critical parameter o. (See Figure IE) It therefore requires a careful
estimation of the mean and variance around o., and the proof is a section of its own (See Ap-

pendix .

7.3.2 Phase transition for the effective dynamics

2
Let 0p > 0 and define, for * € {0, %}, the function gess 0 — o — %KQ(HO—7*).

From Lemma if po,. is a stationary distribution for (NL), then it is a stationary
distribution for th diffusion coefficient ¢’ = gesy.+(0).

By Lemmal7.3.2] 0 — k2(ps,0) is a Lipschitz continuous function on [o¢, co[ and o — ka2 (e, +)
is a Lipschitz continuous function on [0, o], and, more precisely, in both cases we obtain that
|%/@2(u07*)| is bounded by some constant C' > 0.

In this case, the function 0 = geffx(0) is such that ggpp (o) = 1 — t(Sprl) d‘i/{g(ug*) and

thus g .(0) € [1 ~ 5 1)C’ 1+ 2«(5Lw C} In particular, for % sufficiently small, gess.«(0)
is both an increasing continuous function and positive.

Thus, gerf,o and gesr.+ are two injective functions. In particular, gess + is a bijection from
[00,0c] t0 [gers.+(00): Gerr.+(0c)]-

Finally, notice that gesr +(0c) = geyy, 0(0’0) =0, (1 — ‘(Sp 1)) that geyr..(00) < 09, and that,

2(0c— ‘70)
o.Lw > p—1

up to the additional assumption - 1,

we may assume gefs«(0c) > 0.
We may now state the following facts concerning the stationary distribution(s) for .

e There exists at least one symmetric stationary distribution. Since g;ff’o >1-

2(;: N C, gesro is an increasing function such that gerso(x) m oo. Thus, gesro is a
bijection from [0, 00[ to [gesr,0(00), 00[. Therefore, for all o € [gefs,0(00), o0[, there exists

& such that g.r0(6) = 0. In other words, us o is also a symmetric stationary distribution
for with diffusion coefficient o.

e There exists at most one symmetric stationary distribution. Let ¢ > o¢ and
k1 = 0, and assume there are two symmetric stationary distributions of with diffusion
coefficient 0. This yields two coefficients o, " > o > 0 such that

5L
prp— W Ko (Mip)
2(p—1) !
oL
"_ w 5,17)
U+2(p 1)/<;2(u02 s

where ug’ﬁ and ug’g denote the two stationary distributions. We consider u, (= ug’ﬁ)

and pr (= ug’g) the corresponding (unique) symmetric stationary distributions of (NLJ).
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Because ¢’ and ¢” are greater than g, there exists a constant K, possibly depending on
og and Ly, such that by Lemma

k2 (Hor) = K2 (Hor)| = f2(0”,0) = fo(0",0)| < K" — o

KoL?
ie. ") — , giw’ op ) _ o.p ‘ 0.
e e (o) — 2 (uon)| <50~ [ma (1) = (422) (7.3.10)

Because the stationary distributions of are uniquely defined by their mean and vari-
ance,

5 é.
R )

and we obtain from ([7.3.10) that, for p%l sufficiently small, ko (,ui’ﬁ) = Ko (,ugg) and
thus that ,ua 1= uo_ 5

For 0 € [gess+(00),gers.+(0c)[, there exists at least two stationary distribu-
tions with nonzero mean. Because geff,i is a bijection, consider ge_flfi( ) € [00,0c]-

There are three stationary distribution for with diffusion coefficient 9es f (J). By

Lemma o=t (o)t and o=l (o),~ aT€ also stationary distributions for with

diffusion coefficient o, and they have nonzero mean.

For o € [gesr.+(00), gesrx(0c)[, there exists at most two stationary distributions
with nonzero mean. By symmetry, it is sufficient to prove that there is at most one
stationary distribution with positive mean. Assume there are two such solutions ,ug 1

and 107, .

Let, for i € {1,2}, 0, =0+ (p 1),%2(#0 t.i)- Then, ,ua ", i 1s a stationary distribution with
a positive mean for with diffusion coefficient o;, i.e /J’Uﬁ-,i = flo; +-

SL2 SL3 . .
Thus ¢ = o; — 2(pwl)n2(ug+l) = og; — 2(T_W1)/<;2(ugh ) = gcff +(0;). Since gegs 4 is

an injective function, we obtain that o; = o9. In partlcular ,qur ; and ﬂa+ 5 are two
stationary distribution with a positive mean for with diffusion coefficient o1 = o9,
thus by uniqueness uo 1= Mi’f;—z-

For o > gcs.+(0:), there does not exists stationary distribution with nonzero
mean. The result is direct if 0 > o, because if u is a stationary measure for
with diffusion coefficient o, it is is a stationary measure for (NL| with diffusion coefficient

o+ 2(p Wska(p) 2 0 > oc, hence it cannot have a nonzero mean.

Assume 0. > 0 > gers.4+(0c) > 0o and that there exists such a solution u . Consider
6L2
"= — Vo (P 7.3.11
9 o + 2( _ 1) (:U’U,+)7 ( )

such that ugﬂ_ = Uo’ + 18 a stationary distribution with positive mean for (NL|). We thus
necessarily have o’ < o.. Let

, L2

= _ A ). 3.12
Gefs(0') =0 2(p71)ff2(ua,+) (7.3.12)
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We obtain ui’ﬂ = lor 4+ = ,ug’z_. Since geyy,+ is increasing we have gers 4 (0c) > gepf+(0') =

0, we obtain from ([7.3.12))

5L%/V / 5L%/V g
Geffr(oc) >0 — — Koo 4) = 0" — ———=rKa(po)),
4,p 2(])* 1)

Le  Ra(uph) >—cg— (0' = gerst(00)).
Y >

Plugging that back into (|7.3.11]), we obtain
o' >c+0" —geppi(oe), e o <gersil(oe),

which contradicts the initial assumption.

This concludes the proof of Theorem [7.1.3]

7.4 Some remaining questions before submission

We list here the main questions we would like to tackle before submitting the work presented in
this chapter for publication.

A better link to the effective dynamics : The main goal of this work is the study of
the nonlinear effective dynamics linked to the numerical scheme 7 and this is
justified by the fact that this numerical scheme is closer to the effective dynamics than it is to
the McKean-Vlasov SDE (NL). However this last affirmation is not quantified in the present
work. This is due to several issues.

e The usual way of quantifying the distance between a numerical scheme and its effective dy-
namics, or at least the one we are aware of, is done in terms of weak error, i.e show that there

is 8 > 0 such that for any given smooth function f we have ’]Ef (X'f"s’p> —-Ef (Yf"s’p)

O(6”) (see for instance |157]), and often in linear models. On the other hand, works quanti-
fying the propagation of chaos or the convergence of the numerical scheme to the nonlinear
limit, for instance 100} [177], focus on a stronger error in Wasserstein distance via coupling
methods. We are thus trying to show the convergence of (D-RB-NL) towards by
using a coupling method and comparing the random variable G, in ([7.1.8]) with a Gaussian
variable that can then be compared to the Brownian motion in (Efff). The construction
of the closest Brownian motion to G, can be done thanks to a Central Limit Theorem in
L2-Wasserstein distance (see [24]). But we also keep in mind that weak errors and strong
errors might be of different orders.

e We could try and go the other way : first consider the effective dynamics of the linear
numerical scheme and then, via usual propagation of chaos results that allow
for the diffusion coefficient to depend on the empirical measure, show that is the limit
as N — oo of said (linear) effective dynamics. However, doing so, we lose the independence
of the particles that facilitates the construction of the Gaussian random variable appearing
when § — 0.

e The convergence as N — oo of (D-RB-IP§]), either towards (NL) or (D-RB-NLJ), is obtained

under (one-sided) Lipschitz assumptions [100} [177], and uniformly in time in models where
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such mean field limits are known for . Here, we cannot expect to obtain a uniform in
time result, as this is precisely prevented by the non uniqueness of the stationary distribu-
tion for (NLJ). Some results of uniform in time propagation of chaos for models without a
unique invariant measure have been obtained [57], but to our knowledge in specific cases.
The lack of uniformity in time of the convergence in N prevents us from quantifying the
distance between the invariant measures that we study.

e Giving a quantitative link between the various processes ([PS), (D-IPS|), (D-RB-IPS)),
(D-RB-NL)), , and (NL) would thus require an entire separate analysis, even though

some results are already known, and we believe that it would dilute the main message of
this work concerning the phase transition of the effective dynamics.

Improving some proofs : The proof of Lemma[F~1.2] below relies on a numerical simulation,
and we would like to rid of this. Similarly, the proof that the variance is Lipschitz continuous in
Lemma feels a bit too technical, and we seek to simplify it.
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Appendix A

Appendix of the introduction

A.1 Proof of Lemma|1.1.2

1. implies 2. : Let k£ > 1 and ¢ : R¢ — R be bounded continuous. Since convergence in
probability implies convergence in distribution, and since ¢ is assumed to be bounded, we deduce

from 1. that
Fn
o[5Sy p—

N
Ef~ <]1Vz;¢(Xi)> —— /cb )df (x

and by symmetry of Fy we have EfV (% 25\7:1 qu(Xi)) = EFfx #(X), and thus F}; converges in

distribution towards f.

For k = 1, this yields

For k =2, let ¢,% : R? — R be two bounded continuous functions. By Cauchy-Schwarz,

N N
EF ((;;Wi) - / ¢>(x)df(ar)> (}V;w%) - / w(mdf(w)))
2) 1/2

v o\ 1/2 N
<EF (‘fv ; B(X;) — / o(x)df () ) E™ ( ¥ D (X - / V(@)df (x)
We have

EF<< x) - [ owyirts )( iw x)- [ w<x>df<a:>>>

N—o0
199
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3 000 ) ) (f o) (f o)

N
1 N
- / o(x)df (2)E™ (N Zwom) - / V() df (x)E" (N;MXZ»))-

Since

where we used the symmetry of Fjy for this last equality, we have

%EFK’MM—NN ]EFN¢®1/)+</¢ )df ( )(/w )df (x )
/¢> )df () EFN ) — /w (2)EFN  —— 0,

N—o00

i.e

e fons) o)
/ o()df (z </ @) (a EFw>+ [ v@irta) (/ ¢<x>df<x>wfv¢)

N—)oo

This implies EFx ¢ ® ¢ = ([ ¢(x)df (x)) ([ ¢(x)df(x)) and thus, by Remark [1.1.2) F%

converges towards f®? for the weak convergence of measures.
The extension to values of k larger than 2 is done in the same manner.

2. implies 1. : Let € > 0. By Bienaymé-Chebyshev,

Py ( > e> < l1EFN (
62

Furthermore,

1 N
¥ o) - [ ola)dr@
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so that, since by using the convergence of the k-marginals for £ = 1,2 we have EFx Np —

N—o0
[ oz ) and EF~ ¢®2 ( [ oz ) , we obtain the desired result.

A.2 Proof of Lemma |1.2.1

In this section, we shall detail the calculations leading up to the lemma starting from (1.2.3)).
The first term is controlled using the regularity of K.

N _ _ XN N _ N o
S KO- X) - DK - ) <5 D 1K — KX} - X))
j=1 j=1 j=1

=2~

<LIXP - X+ = Z\X] X7|.

Then, the second term is controlled by

N N

i 1 i 1 i vJ
EIKX X9 — K % p(X0)| < EIKX — X)) _IE#}K(Xt—Xg)
J= J= JFT

1

1 i i _ 5
+ ﬁZK(Xt_XtJ)_K*pt(Xt)
J#i
1 1 e —
i j
<L<N—1N>;|XtXt|
YED)

1 I .
+ m;K(Xt_Xg)_K*pt(Xt)
j#i

1 1 _ .

J

<L (Nl - N) (N = 1)|X}|+ %ﬁ |X7|
Ve

1 P o
+ ﬁZK(XZ = X}) — K p(X3)
J#i
Let us focus on the last term. Notice that the random variables X} are independent identically

distributed, with law p;, such that for all j # i, we have K * py(X}) = E (K(X'Z - Xg)|X';) We

thus deal with this last term through some form of law of large number.

1 o o
jZK(XZ_XtJ)_K*Pt(XD
J#i
o\ 1/2
1 . .
<E mZK(XtZ_Xg)_K*ﬁt(XZ)
J#i
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9 1/2
1 i i 5 i
SE(]E mZK(Xt_XtJ)_K*pt(Xt) X
J#i
1/2
1 i _ iy | i
_ (Var mZK(Xt—Xg)‘Xt
J#i
=E ! Var( ) v
AN -1
L E (Va (\XZ XJ\‘XZD
< r
VN -1
2L
< E(|X:[) 1/2 /
N-1
where we used Assumption ([1.2.2). Thus
1 X . 4 _
B |y 3K - )~ K (KD
N 1/2
S L i oi . 2LC C
% i J J 0 0
<LIE|Xt—Xt\+NZE|Xt—Xt|+ N P2 w1

j=1

By exchangeability Vj, E| X7 — X7| = E|X? — X}|, which concludes the proof.

A.3 Proof of Lemma |1.2.2

We present here the formal proof of Lemma We have

dylog P? = 8}% —V-b b VPIZQ +o API;E
vyl Vplzz Y Ap};tz . vp?z
Hence
0, (P} log P}) =P/} 0, 1log P? + (0, P} ) log P?
= -V -0?P} —b'. VPEIIZ—; + APE% — (b —=b')-VP? ]IZ;

—V-b'Pllog P} — b* - VP!log P? + o AP} log P}.
We may now calculate
d 1 2 11 32 2 » P/ 1 2 2 pl
T PlogPf = | P, (b —b)VlogPt +0o APtﬁ+AP log P; Vb Py

—/bl-VlongPtl —/V~b1Pt1 log P? —/b1~VPt1 log P2



A.3. Proof of Lemma [1.2.2 203

By integration by part, the last line yields a term equal to 0. Furthermore
0i(P} log P}) = 0, P} (log P! + 1),

hence

d d
7 / Pllog P! = / d;P}log P! + 7 / Pl

Since we are dealing with probability measures, of total mass one, the last term is 0.

% Pllog P} = — / V-b'Pog P} — / bt -VP'og P+ o / AP} log P}.

We may now calculate
d d d
fﬁ’H(Ptl,Pf) = /Ptl log P? — %/Ptl log P}

Pl
= / P (b" —b*)Vieg P} + o / (APfPtQ + AP} log PP — AP} log Ptl)
t

—/V~b2Pt1 +/V~b1Pt1 log P} +/b1-VPg log P!
Integrating by parts, we get

/v b'P!og P} = — /b1 -VP!log P! — /b1 VPl
thus
/v-blp,} logPt1+/b1~VPt1 log P} = /V-blPtl.
Finally
—%H(P},Pﬁ) :/Ptl (b —b%) - Vieg P} — /Ptl (V-2 —V-b')
+o / <APE§ + AP} log PP — AP} log Ptl) .
t
Direct calculations, involving various integration by parts, yield

112

P} P,
/ (APEPg + AP} log P? — AP} log Pt1> = / P! |Vlog P—g
t i

Hence (1.2.6). To obtain (1.2.7)), it is sufficient to observe

—/Ptl (Vb =V b?) :/Pt1V10gPt1 (' —1%).
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Appendix B

Appendix of Chapter

B.1 Various results

B.1.1 Proof of lemma

The property only depends on the distance to the the origin, not the direction. We therefore
only need to prove it in dimension 1, making sure the constant A is independent of the direction.
There is zo > 0 such that 322 = 24. Therefore, for z > 0, using (2-1.4):

A A
U' (o + ) (xo + ) = 2)\U (w0 + ) + 5 (zo + 2)° — 24 = 2\U (o + ) + §x2+)\xazo.

Then, for x > 0:

1 1
U (20 +7) — U (0) :/ U (20 + to) wdt :/ U (20 + t2) (w0 + t2) dt
0 0 xg +tx
T ! Ao o
> 22U t —t Mzxodt
l‘oJr:E,/O (zo + x)+2 x* + Mz
A A
> xoi . (6.772 + 2xx0> since U > 0
B é x3 é 2z
T 6xo+ax 2zt
We thus have for all x > xq:
A(x — o) Az — )" g
—_ 2 — —
U () = U (o) 6 T + 2 T
A, A A, Aad A 5  ATP
= gl’ §$$0 =+ §$0 67 + 5{1/'370 )\./L'O + 5;
A, A, Az
T Tty
However, —%x% + %I—f > —%x% = —2A for x > xy5. We therefore have the desired result for

x > xg. The same reasoning gives us the result for x < —xy.

205
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Hence, if |z| > |zo| = /%2, U (z) — U (20) > %xz — 2A. We then use the fact that U (z)

is continuous on the sphere of center 0 and radius 1/%, hence bounded on this set, to give a

lower bound on U (z¢) independent of the direction. Finally, for |x| € [0, zo], the function
z + U (z) — 222 is continuous, therefore bounded.

B.1.2 Proof of lemma

We have
VW s p(x) = VW v (Z) = VW p(x) = VW s p(Z) + VW s (2) — VW x v (2)
Let (X, X) be a coupling of x and v. Then

VW sk pe () — VW x iy (2)

_ ‘IE (VW(x ~X) - VW (i - X))‘
<LwE (|x —X i+ X|)

<LwE <|x —E 4 X - X’|)

This being true for all coupling, we obtain the desired result.

B.1.3 Proof of Lemma

Remark B.1.1. With ~ given by (2.2.1)), we have v < 1.
We have

L, H (z,v) =v-V,H (z,v) —v-V,H (z,v) = VU (z) - V, H (z,v)
— VW s p(z) - VoH (z,v) + Ay H (z,v)
=v-(24VU (2) +12(1 —v) x + 2Xz + 12v) — v - (122 + 24v)
— VU (z) - (122 + 240) — VW * p(x) - (122 + 24v) + 24d
=24d — 12VU () -2 + 2 v (12 (1 — 7) + 2\ — 12)
— VW  p(z) - (122 + 24v) — 12|v)?,

with

— 24U (x) = 67 (1 =) |2> = yA[2|* = 1272 - v — 129|v[?

—H (z,v) =
cx < — 240U (x) — 6)|z|? + 244,

VW  p(z) - (122 + 24v)
(Lwlz| + LwEy (| - [)) (12]2] + 24[v])
12Ly || + 24 Ly |z||v|

|z
az By (] -1)

<
<
o[

+6a,E, (|- ]) + 12— 0
g ayBy (| -1)

+ LwE, (|-]) (6 +120E, (1))
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where this last inequality holds for any a, a, > 0. Therefore

L,H (x,v) <24A+24d+6LwE, (|- N (az + 2ay) — vH (z,0) + 249U () + 67 (1 — ) |z|?

+YA|z|? 4+ 12y2 - v + 129[v]? — 240U (2) — 6)|z|> + 120w |z|* 4 24 Ly |z||v]
12Ly

6L
+ Y |zf? +
Qg ay

o> + 2 - v (12 (1 — ) + 2X\ — 12) — 12|v|?,
and then
L, H (2,0) <244 + 24d + 6Ly E,, (| - |)* (ax + 2a,) — vH (2,0) + 24U (z) (v — )
+ |z||v] (J12y + 12 (1 —v) +2X — 12| + 24Lw)
+ |z? (67(1 — ) 49X — 6A + 12Ly + GLW)

Qg
12Lyy )

v

+ Jv|? (127 — 12+

We now use |z][o] < 3|z[* + 2 [v[?, and [129A 4 12 (1 — 7A) 4 24 — 12| = 2.

We have (7 — A) < 0. Hence 24U (z) (7 — A) < 4X (v — A) [2]2—24 (v — \) A using Lemmam
Then

L H (2,0) < 244 —24(y = \) A+ 24d + 6 LwE,, (| - |)* (ax + 2a,) — vH (z,v)

6L 2X2 24Ly A
+|:c2(4)\(7>\)+67(17)+7>\6)\+ aW+12LW+?+ 3W >

12L 3 3

We now consider each term individually.

Coefficient of |z|?. We have, using 0 <y < 1 and Ly < %

2\ 2Ly A
AN(y = X) 67 (1= 7) +7A = 6A+ -+ ul

+12Ly

2\ A
<Y (BA+6) — (4A2+6A—3—A2—?’2>.

Therefore, it is sufficient that

7 9
,)\_f_ 2
< )\3 2
TS50+ 6
We check this holds for v = ﬁ Then
202 24Lw A 6L
AN (Y = A) 467 (1 —7) + A — 6A + 4+ V2 1oLy + — X

3
7

AT+ 5 3\
5A+6

x

<Gr+0) (7~

day,
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We therefore choose

3\
4a,

§A+3A) 7 9. 5N\ 46\

< —(5A+6) <7— 1o =242

3 2 220+2

It is, for that, sufficient to take

ﬂ—é ie ap,=1
da, 477 T
Furthermore

222 24Lyw A 6L
6A (7 = X) +67 (1 =) + 72— 6A+ == + 3W +12Ly + aW
xr
SN246\ 7., 9. 3 5A2 46N T, 15
P QLA L Y S W A |
S g2 3N M T 3 T

We then observe

6L 222 24Lw A 3
W22 L2 W2 120y < —A2— S
Ay 3 3 4

6A (7 —A) 467 (1 —7) +9A — 61+

And finally, for all A > 0 and for all

6L 207 48Lw A
wo 2AT Ashw

2
— 1— —
|| (6/\(7 A)+67(1—7)+yA—6A+ o 3 3

+ 12LW>
3
< =Naf? = Solaf?

Coefficient of |v|?. We have, using 0 < v < £ and Ly < \/8

1
2

3 3 3 18 A 3 9 9
— — _— < — — —_— = = — — _ = ——.
12y 12+2+4)\24LW\ 6+2+)\ 3 6+2+4 1
We then choose
12X 9 .
8av = 17 1.e Qqy = g)\

Therefore

12L
YA>0, Vo, |of? (127 —12+ g + %24LW + W) <0.
ay

We thus obtain
L, H (z,v)

- 4 3
<24 (A —(y=ANA+ d) +6LwE, (|- ? <1 + 3)\> — Nz - 1/\|:c\2 —~vH (z,v),
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i.e

L, H(z,v) <24 (A —(v=NA+ d) +E, (- ? (i/\ + /\2) — Mz]? - %)\mz —~H (z,v).
(B.1.1)

B.1.4 Proof of Lemma
Using 1 —v > 3, we get
H (z,0) > 24U(x) + 3+ \) |22 + 12 ‘v + g(z — 3|z2,
which is ‘ We then have
H (z,v) > min (§>"6> (|v]* + |z + v[?).

Thus

(1+a)|z—i4+v—70+afv—71])°

2(14a)’ |z — 7 +v — 0>+ 2a%jv — 3|2

4((1+ ) + ) (o + o + o2 + |7 + 5 + |31

Therefore we obtain the final point.

B.1.5 Proof of control of L1 and L2 Wasserstein distances

We prove Lemma, m Using the definition of R; and (2.2.1), and since B > d > 1 and v < %,
we have Ry > 1.

e First for the L1-Wasserstein distance
2
|z — 2|+ o= <|v—2v +2—2|+ 2|z — 2| <max (,1) r((z,v), (2',0v).
«

If r ((z,v),(2',v) <1< Ry

e SO pl), @)
PE ) ) S TR S TR g ()

If r ((x,v), (2',v")) > 1, we have shown (2.2.7))

(14a)*+a2

— (%/\,6) (H (z,v) + H (2',0)).

r((z,v), (2", 0") <r*((z,v), (2", 0") < 4

Thus

4(14a) +a?

¢ min (21,6) (eH (z,v) + eH (2',v"))

r((z,v), (@', v")) <
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4 (1+a)’ +a?p((x,v), (@)

S € min (%)\,6) f(r)
é(l+a)2+a2p((m,v),(x’,v’))
~ € min(2),6) f() '
Therefore
v — o] + o — |
) 1((1+0) +a) ) o
< max (a’1> max cmin (27,6) 7 (1) & (B g (Ry) p((z,v), (@ 0)).

e Then for the L2-Wasserstein distance
v—v]P=v—v+r—2 —(x—2)? <2 —v +2 -2+ 2z -2
Hence
lz— 2P+ —vP<3(lv—v +z -2 +]z—2?).
But

2 ((z,v), (@',0) = (alz — 2| + |z — 2/ + v —'|)
>z 2P+ |z —a' +v—0)?
> (1402 (Jz—2' P+ |z —2" +v =07
1+a?
3

WV

(Jz — 2>+ v —2']%).
Itr ((x,v) ’ (x/avl)) g 1 g Rl

fr)  _ p0), (@)
fL(R) © ¢ (Ri)g(Ri)

r? ((z,0), (2,0)) <7 ((@,v), (@,0) <

If r ((x,v), (2’,v")) > 1, we have shown (2.2.7))

(1+a)®+a2

r? ((z,0), (¢, 0")) < 4W (H (z,v) + H («/,0")).

Thus

Lo A4 a)? +a? -
r((x,v),(x,v))SEW(eH(a:,U)—FGH(x,U))
(1 +0) +0? p((2,0), (@',0")
T min(%)\,6) f(r)
4(1+a)2+a2p((x,v),(x’,v’))

S min (2, 6) f()
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Therefore

|£L’*f£l‘2 + |'U*’Ul‘2

4((1+a)® +a?
< 1-5@2 max( ( ) ! ) p((x7v)’('rlvvl))'

€min (%)\, 6) f(1) ¢(R1)g(Ry)

B.1.6 Proof of Lemma

‘We have

H(xz,v) — H(Z,0)
=24 (U(z) —U(@)) + (6(1 =) + A) (Jz|* = |2]*) + 12(z-v — & - D) + 12 (|v]* — [5]?)

.z
v+

)

=24 (U(z) = U(&)) + (6(1 —7) + A = 3) (|2|* — |2]*) + 12 (’” T %\2 YT 3

We first have

af? = || < Jo = 3] ol + 1al) < 2220 (VA0 + VAG))
Then
2 i|? x i x i
gl g | “z‘f"z‘ <’”+2’+ “z‘)
<\/%|v —i+ %(x 9| (VA@ ) + VEG D))
<2%/§ max (1, 2;) r(z,v,Z,0) (\/H(gc,v) + \/H(i',ﬁ)) .
And finally
1
U(z) - U@F)| = /O VU(5:+t(x:%))~(z:f)dt‘

< sup VU (2 +t(x — 7)) ||z — 7|
t€(0,1]

<(VU(0) + Lu(lz] + [2))) |z — &|

< (VU(O) + % <\/H(as,v) + \/H(j';,fz)>) w

These three inequalities yield the desired result.

B.2 Proof of Lemma [2.2.4

We first rewrite the various conditions on the parameters.

e Since for all u > 0, 0 < ¢ (u) < 1, we have 0 < ®(s) = [J ¢ (u)du < s, ie s/P(s) > 1.
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Therefore

<

inf ¢ (r) > inf ](b(r):(b(Rl).

relo,Ry] @ (r) ~ relo,R

It is thus sufficient for (2.2.11)) that

¢t 2B < % (1—i(LU+LW)>¢(R1).

e We have
Ly +Lw ,
< - .
o (r) <exp ( e r )
So
© LU —|—LW 2) 2T
i) < _—— ds = | ————.
() /0 eXp( sa )Y VNIp+Lw
Then
Ry
/ <I>(7’)d < 2w Ry 1 .
o ¢(r) Ly +Lw ¢ (R1)

It is thus sufficient for (2.2.12)) that

¢+ 2B < 21/M¢(R1).
2ro R,

At this point, we have now proven that under Assumption Assumption [2.2] and Assump-
tion [2:4] for the parameters to satisfy Lemma [2.:2:4] it is sufficient for them to satisfy

a > Ly + Ly, (B21)
Rl
e<I1-—1 ), (B.2.2)
6" 2B+3y
1 1
c+2B < g (1 -~ (Lu+ LW)> 6 (R), (B.2.3)

Ly +Lw ¢ (1)
2B < 2y LW , B.2.4
et 2o Ry ( )
with, again
B=2u(A+ (A -y Atd), Ri=y/0+a)7+a __# B
5y min (3, %)\)

Let us show that there are positive parameters ¢, o, Ly and c¢ satisfying those conditions.
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For inequality (B.2.1)) it is sufficient, as Ly < %, to consider

A

Oé:LU+4,

while inequality (B.2.2)) first invites us to consider 2eB of a comparable order to ¢
2eB = dc.

We have thus switched parameter € for §. First we translate (B.2.2)) into our new parameter:

5
2 )
ng 176775 <:>C<Z C5
6 2¢B + g 6oc+ gy
Yy 0 .
— 1<650+%7 (since ¢ > 0)
y6—5
e S - .
“S%75

The appearance of ¢ (R;) in (B.2.3) and (B.2.4]) suggests we should try to minimize it. Let
us assume, for simplicity, that € < 1, which is equivalent to having ¢ < %. We then have

¢ (r) =exp <; (; (Ly + Lw) + o + 96e max (2104, 1>) r2)

1 (Ly+L 1
> exp <—8 (UZW + a + 96 max <2a 1)) 7‘2) on [0, Ry). (B.2.5)

Now, using (B.2.5)), we have for (B.2.3) and (B.2.4) that it is sufficient that

1 1 1 /Ly +Lw 1 )
g (1 i) o (5 (P s oomas (1)) )

2 Ly + Lw 1 /(Ly+ Lw 1 2
< \/ — | —— —,1 .
c 51 . exp( 8( a +a+96max(2a ))Rl

We could now optimize parameter §, but for the sake of conciseness, we choose § = 6.

Recall 0 < Ly < %. This way, both in (2.2.8) and (2.3.14)), ¢ and C; can be bounded
independently of Ly,. Hence why Ly, in (2.3.14) and (2.4.17), can be chosen last, and every
other quantities can be chosen independently of Ly .

and
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Appendix C

Appendix of Chapter

C.1 Proof of Theorem 4.2.1

The proof is based on an iterative procedure, and relies heavily on the work of Ben-Artzi [13].
Let (=Y := 0, and then for k € N solve

8™ = — (u<’H> : v) ) £ Ap®) | in RY x T (C.1.1)
u® =K x p*) (C.1.2)
59(0.) =po (C.13)

Let us recall the following lemma concerning the regularity of the second order parabolic equation.
We refer to Chapter 7 of [74] for a proof on a bounded domain that can be extended to the torus.

Lemma C.1.1. Let a(t,x) be a C* function on RT x T and vg € C>°(T?). Then the problem

Ot = —a - Vi) + Ag, in R x T¢
w(oa ) = ¢0a

has a unique solution, which is C*.

Lemma C.1.2. Suppose ug € C°(T%). Then the system (C.1.1)-(C.1.3)) defines successively a

sequence of C* solutions {p*), u®)}yen.
Furthermore, for all t > 0 and all k € N, [|p¥)(t, )|z < |uollze and |[u®(t, )= <

[ K[| [| o]l oo
Finally, given a final time T > 0, p¥) (resp. u(’“)) and all its derivatives, both in time and in

space, are bounded on [0,T] x T¢ uniformly in k

Proof. We use induction on k. The assertion is clear for 5(°) as the explicit solution to the heat
equation. Suppose {ﬁ(j), u(j_l)}jzoy,“,k have be shown to be C* solutions bounded uniformly in
time.

Regularity. By definition

uM(t,z)=K*p®(t,2)= | K@-y)pP(tydy=— [ Kyp*(tz-y)dy.

d d

215
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Then
WM (t,z) = —/ divV (y)p¥)(t, = — y)dy = —/ V() V™ (t,z — y)dy.
Ta Td

Since we are in the compact set T¢, that V' € L°°(T?), and that 5} € C>°(R* x T¢) by induction
hypothesis, we can easily show that u(*), as well as all its derivatives, are Lipschitz continuous.
Hence u*) is C*°. Using Lemma in (C.1.1)) with k replaced by k + 1 yields the desired
result for pF+1).

Boundedness of 5**1) and u(*). Let us show that for all T > 0, 5**Y and u(*) are both
bounded on [0,7] x T¢, with a bound independent of 7. We have, using Young’s convolution
inequality and the induction hypothesis

lu® (&, Moo < K| 1p™ (e < K|z |soll o
Now p(5*t1) is the unique solution of
9,1 = _ (uw) . v) pRFD 4 ApRHD)
P, 2) =po(z).
For t > 0, consider Z §’““) the strong solution of the following stochastic differential equation for

s €[0,1]
Az = V2dB, —u®) (t - s, Z,)ds,

which exists, is unique and non-explosive since u*) is smooth, bounded and Lipschitz continuous.

Then -
P (1, 2) = By (no(Z51)).

We thus get

k-i—l)”LOO

[ < ol p=-

Notice that this is simply a probabilistic way of presenting the use of the maximum principle.

Boundedness of the derivatives of 5**1) and u(*). The boundedness of the derivatives
of u® is a direct consequence of the boundedness of the derivatives of 5*) thanks to Young’s
convolution inequality. Then, the proof for 5**1) similar to the proof of Lemma using the
boundedness of the derivatives of u(*). To show that the bounds are in fact independent of k,
we follow the proof of Lemma i.e by induction on the order of the derivative, and within
each induction step we prove that both the integrated and uniform bounds are independent of
k. This comes from the fact that the proof initially only relies on the bounds on ||[)§k+1) ||Le and

||u§k) |l o= -which, as we have shown, only depend on ||pg|| - and then for each induction step on
the initial condition and on the bounds constructed at the previous step (therefore independent
of k). The bounds concerning the derivatives involving time are then obtained thanks to the
bounds on the space derivatives using .

O

Proof of Theorem[{.2.1] It is sufficient to prove existence and uniqueness of the solution in
[0,T] x T for all T > 0, since then the solutions on [0, 73] x T¢ and [0, T5] x T¢, with Ty < Tb,
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must coincide in [0,7}] x T¢, leading to the existence and uniqueness of the global solution in
Rt x T?. Let us consider T > 0

Existence in [0, 7] x T¢ for T small enough: Let us show the existence of the limit solution.
We consider here T' to be small enough (an explicit bound will be given later) Let G(t,z) =

1 |z+k|?
d a €xXp(—
Tpen g oxpl

) be the heat kernel on the d dimensional torus. We have

t
pP(t,x) = G(t,-) * po() — / [ Clt=so- y)u* D (s,) -V, p™ (s, y)dyds.
0
Let us denote Ny (t) = supgc.; 0%V (s, ) — p™(s,-)||L~. We have, using V, - ul®) =0
t
P (@) = o P (k) = / VGt =2 =) (65 (s,9) = 5N (s.9) ) uM) (s, y)dyds
o Jr
t
- / V,G(t = 5,2 =)o (s,9) (4 (5, ) — w1 (s,1) ) dyds.
o Jrd
Remark (using the first moment of the chi distribution) that, for some constant 8 > 0
/ IV.G(t,z)|dx < Bt 2.
d
We thus get
t
_ _ EET _
1P* D) = M (8, e <BIK et ol o /0 (t— )72 |p" V) (s,) = p™ (s, )|~ ds
t
+Bliolle [ (6= 9)H 5, = w0 (s, e,
0

and
||U(k) (87 ) - U(k_l) (‘97 ')HLOC < ”‘KVHL1 ||ﬁ(k) (Sa ) - ﬁ(k_l) (87 ')HLOO'

Therefore
t 1 t 1
Nult) < BIK sl [ (6= 9) ENu(o)ds + 1K s ol [ (¢ 5)"FNioa(s)ds.
0 0
Denoting € = S| K1z ol we gt
t
Ne(®) < c/ (t—8)" % (Nu(s) + No_1(s)) ds. (C.1.4)
0

Since Ny is continuous, there exists R > 0 such that for all ¢ € [0,7] we have Nj(t) < R. We
thus have, using this bound in (C.1.4) and assuming 20vT < 1

Ni(t) gRC/Ot(t —8)"2ds+ C/Ot(t — 8)"2Ny_y1(s)ds

R ‘ .
<§ + C/ (t —s)72 Ng_1(s)ds.
0
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We use this bound in (C.1.4])

RC/t(t —8)"2ds+ C/Ot(t — 8)"2Ny_1(s)ds

-

+C’2// (t—s) Es—u)_%Z\7k_1(u)duds.

We deal with this last term

02/ / 12 )7%Nk_1(u)duds

=02/0 Nk1<u>Lt<t—s>—%<s—u>—%d8du

t
20277/ Ni—1(u)du
0

Let o = v/ T7C and choose T such that o < % (which in turns also yields the previous condition
20T < %) We have

alC /Ot(t — 5)7%Nk_1(5)d5 - C?r /Ot Ni_1(s)du = C’/Ot Ni—1(s) (a(t - s)*% — TI'C) ds,

andsincea:ﬁwC}\/t—Sﬂ'C’forOgsgth,weget

t
aC’/(tfs) 2Nk1 /Nkl
0

Ni(t) <5+C(1+a)/0 (t — 5)"2 Ny_1(s)ds.

and thus

4

Iterating this method, we obtain for all n € N
t 1
Ni(t) <2T"R+C(l+a+---+ a"_l)/ (t —s)"2Ng_1(s)ds,
0
and thus
t 1
Ni(t) < 2C/ (t —s)72Ng_1(s)ds.
0

We now show that this implies that

Ny (t) < No(T) (2cr (;))k t*/21 (k‘;2> B : (C.1.5)
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where we denote I' () = [, t*~'e~'dt. We have that for k = 0, (C.LF) is satisfied and, by
induction, we have

¢ 1 k kE+1 1 1 k k+1 P (l)
/ (t—s)"2s2ds=t 2 / (1—u) 2urdu=1t2 —2 -2 72
0 0
Using the fact that I'(k + 1) = k! and T'(k + 2) = kIT'(3), we get that Y.~ Ni(t) converges
uniformly for ¢ € [0, 7] and the limits

p(t,z) = lim p™(t,z) and u(t,z) = lim u™ (¢, )

k—o0 k—o0

exist in C([0,7] x T4). Now, since for all I,n € N and all ay, ..., [|00a,....a, P || L~ and
0!8, .., u® || Lo are bounded uniformly in k, using Arzela-Ascoli theorem, we have uniform
convergence, up to an extraction, of the derivatives. Hence the validity of the limits in C*([0, T x
T?), i.e there is convergence of the functions along with their derivatives of all order in [0, T] x T<.
This gives us the fact that the limit p satisfies .

Uniqueness in [0,7] x T9. Suppose p! and p? are two bounded solutions of (#.2.1)) on [0, 7] x
T?. Then

O (pt =p?) = A (' =p*) = = (Kxp') - V(7' = p*) = V- ((K*p' = Kxp%) %),
so that
5 (t,z) - / Advc: sz =) (K %y 7 (5,9) (7 (5,9) — 2(5,)) dyds
_/0 a vyG( y7t—s) ’ (K *y ﬁl(s,y) _K*y ﬁz(svy)) ﬁz(svy)dyds

Let N(t) = supge,e, |5 (s,-) — p2(s, )| Recall

1K # p* (s, ) = K x p2(s, )|z <K |pallp'(s,7) = 22 (s, )|z,

which implies, like previously, the existence of a constant C' such that

N(t) < C/Ot(t — 5) V2N (s)ds.

We choose L > 0 such that CfOT s~ieLsds < 1, and let Q(t) = e L*N(t), which satisfies for
all ¢

C/ 1/2Q ) 7L(tfs)ds.

Let R > 0 be such that Q(t) < R
Then

t
Q) < RC’/ (t —s) 2 L9 ds < g
0
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By induction, we get N(t) = 0 for ¢ € [0,T]. This concludes the proof of uniqueness.

Existence in RT x T¢. For T small enough, there exists a solution in [0, 7] x T¢. Notice that
T only depends on constants independent of time (it depends on the L° bound of the initial
condition, which we have shown propagates). It is therefore possible to construct the (unique)
smooth solution on all intervals [to, T + to] x T?¢. Uniqueness allows us to iteratively construct
the (unique) smooth solution on R x T9. This concludes the proof.

O
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Appendix of Chapter

D.1 Technical results

Lemma D.1.1. We have the following inequality

N A-N2"*  facl,2],
1 2—«
VN>1, Y —5<q 2N ifao=2 (and N >2),
im1 1—|—ﬁ if a > 2.

Proof. Let fo : x — wa—l_l For a > 1, f, is a non increasing function on )0, 4+oc[, and for all
2 € [ivi+ 1), fali+1) < fa(2) < fu(i). This implies

i+1
fali+1) </ fal@)dz < fu(i),

and thus
v o (£ itaen
. ——dx if o €[1,2] N .
o(i) <g 0wt =0 141 fa=2,
2 ) {fa<1>+ffvx£1dw ita>2 tladk e
1+[ﬂ;7a} if o> 2.
1
Hence
N L if o € [1,2],
> —<{ 1+hN if =2,
im1 1+ - —1__ ifa>2

a—2  (a—2)No—2

Lemma D.1.2. Let, for €= (vi)icq1,...,N}

J#i 1<i<N
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There is a constant C' such that for all N > 0 and for the set of points © = (2;);c1
we have |A(x)] < CN3/2,

,,,,,

_ 1
xi_ﬁ7

Proof. Throughout this proof, we denote by C' the various universal constants appearing for the
sake of conciseness. We have, for all i

1 1 1 1 1 1
= N e N - — _ - ,
Z ‘T — ZZ*] Z_ i — j| _Z i — jl Z_ j =3
J#i J#i Jj=1 Jj=i+1 Jj=1 J=1
and thus

i—1
P R N ion—in 7 it NEL |
We obtain
1/2
(552 Nig 2 N e 2
aoi= vy (S ey (%!
i=1 = i=14 [ ML | \J=N—i+1 J
The change of variable 7 = N 4+ 1 — ¢ in this last sum yields
1/2
L5 [N ) 2
A= (2w Y (X2
i=1 =i/
There exists a universal constant C such that for all n > 0
"1
1 - C< - <1 C.
n(n) Zzzl ; n(n) +
This yields, for i > 2
2
N—iy
S| <V —-i)—In@i—1)+20)?,
=i 7
and for i =1
2
N—i
1 . 2
~ | <(n(N-%)+0O)
— j
Jj=t
This way
|2 Y2

|A(x)| < [ 2N? (In(N — i)+ C)* + 2N Y (2(In(N — i) — In(i — 1))* 4 8C?)

1=2



D.2. Proof of Lemma [5.2.3] 223

Then

(In(V — ) — In(i — 1)) = In <1i_1fv>2 <2In (1 - ;V)2+21n (i]_\[1>2,

N

and there is a universal constant, which we also denote by C, such that

155+

1 i\’ 1/2 )
AT 1-— < - < )
N 22 ln( N) C+/O In(l —z)*de < C

and
P iony? 1/2
N 1n<N) <C+/ In(z)*de < C
1=2 0
And thus
)| < (CN%)'2,
hence the result. O

D.2 Proof of Lemma [5.2.3

Recall we work under Assumptions and

Proving (5.2.9). For x € R, we have
, 1 , 1 1 ,
'H(X):Z|xi| *ﬁZ\%*%\ZZMH T o 2o 2+§|:17,-ij| ,
? i#£j i i£]
and thus

N(N=1) 1
H(x) >Z E - N SWZ i) + |5
7 iz

>Xi:|xi|2 (1_ <N4J—V1>) ~ N(ij— 1)

%Z |z — N.

i

Hence the result.

Time evolution of H(X;). We consider (X;); > 0 a solution of (5.1.1)) such that for allt > 0
we have X} < ... < X}N. We apply Itd’s formula to get, as almost surely V¢ > 0, X; € Oy.

dH(Xy) == 2U' (X]) Xjdt —2) % > VI(X] - X])dt + 2Noydt
i i i
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i Z XZ _th
+2V20n ZX dB; +Z Z dt
J#i XZ X]
1 / i J
+Z NZ ‘ NZV(Xt—Xt) dt
J#i J#i
1 X - X -
~ V208 Y v t_t | dBl.
i i | X — Xt]’
We have
i j i No g j 1
ZXiZV/(Xt*XtJ):ZV/(Xt*th)(Xt*Xg):* ] o—1
i j#i i>j i>j ‘Xg' - Xj
3 U’ (Xi) 3 Xi-x] _1 3 (U/ (xi) - U/(X*j)) (Xti 7 th)
N A Xf—Xf’ N ‘XZ—X,?‘
A i J A i J
-3 ‘Xt -Xi| =53 ’Xt ~xil. (D.2.1)
>3 J
Hence
dH(X,) = — 2VH(X,)d NZ‘ §’+ > gt
> ’X’ x7|”
1 XZ _ th 1 10y J
A VED) t t VED)
+2VI7 3 XidB] — VI 3 z Xi=Xi ) g
N XJ
J#i
We now use the calculations of Lemma 4.2 of [128] and write
1 i v
S(as i) (v
i J#i J#i
D] £ g i f () R
i N i |th _th| Hgl |)(2 th|a+1
-y B X KX
i j i a+1
N? i gl |Xt _Xg| |Xt 7th| i
X} - Xl
= N2ZZ|XZ X]‘oé NQZ Z |X7, XJ| X Ol+1?
i jF#L i i } t

7yl
J#l
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and

>3 M X

J lla+1
T Al \XZ XIIX’ Xl

- ¥ X{ - Xj Xj-x! Xxj-X]

T |Xz le\Xz*Xf\"‘“ X7 = Xi| X} — X] [+
j<l

X)) (Xi - X1 ( 1 1
— IR S
-y v ! XX

i oGl #d |XVZ X]HXZ XH |Xti_Xg|a
j<l
|y (KX = XD L
S 1X = XTI - X\ X - X e X - X

aﬂxmﬁ—ﬁ% Lo, )
X7 — xil1xi - X))\ X7 - Xjlo[X] — X}

L (X = X)X - X L S
Xt = 71t = X \1XE = X X - X

:Z -1'+¢1 _,1 _ L

k3 re% _ llo ilo - ”
e 1 X = X | X7 — X | X7 — X} X7 — X}
+ 1 + 1
X XX

=2 Z Xl|a

z<j<l

Z —1—1

= ‘XZ XJ'a

We therefore have
Xi— X , _
> —§ T %E V(X - X)) | = N2§: i)

i 71X = i S 1Xi - X7

‘We now compute

d (62/\t7_l(Xt)) =2A2MH (X, )dt + M dH(Xy)

2 1 _
—e2Mt Z Wi = Z 11—

z>j Xt]|a71 i>g |XZ X]|0‘

A ; j
oy |- X
i#]

+2Noy | dt

)



226 APPENDIX D. Appendix of Chapter [j]

2t i 1 XZ — Xj i
+V20neM Y | 2X] - — ﬁ dB!. (D.2.2)
% ];ﬁz

Proving (5.2.10) and (5.2.11) for a =1. Let a = 1. We get from (D.2.2)

/ 2e2ks i—j
IXl

This first yields ((5.2.10]), and then (5.2.11)) using (5.2.9)), for o = 1.

EMEH(X,) < EH(Xo) + (N — 1+ 2Noy) ¢

Proving (5.2.11) for a > 1. Let a > 1. Using Young’s inequality, we have, for all v > 0 and
t>]
1 aax—11—7 1

et ST T e e — )t

Hence

«a—11 1—7 1 1 1
P e e T e S
X - Xﬂ|a1 a NZ<|xj—xjjo  aye N4 (i—j)-

i>7 i>j i>j
We consider y3-1 = Aieq® = gis
a—11 11— No—2 1
N < 2 ——+ . (D.2.3)
> X - XJI" boe MEIX-Xl o« Z (i =)=

z>j

Let us now assume « €]1,2[, using Lemma

N i—1 N i—1 N—j
Z(Z_J ZZ Z—j Z ]a 122]»&71
> = 1] 1 =1 j=1 Jj=1

N2—o¢
NZ = 1\ﬁ~

Hence
a—11 11— N
72 7 Jla—1 < F 7 ja+ 2 ’
i>j [ Xi = XYl @ i>j | Xi — X{|e a(2-a)
and thus
1 — 2 1 i — 2N
) et A T :
|Xz lea 1 N ‘Xz XJ|a |Xz X7 | a2 —a)

>3 >3 ’L>]
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Using (D-2:2), we get

MEH(Xy) <EH(Xo) g e > I g + / t 2 (aNgy + 2N 4
< —_ — - g .
' Vet M & xi - xde 0 Nt e —a)

(D.2.4)
This yields

/ 2)\5 Z 'L - ] < ]EH(XO) _ 62)\tEH(Xt) i /t 62)\5 <2N0.N + 2]\7) dS
N2 | Xi — XJ|a = 0 2 )

= al2-a

2N e 1
< EH(X N2 2N
H(Xop) + Ne +( 0N+a(2—a))( By ),

where we used (5.2.9) for this last inequality. This yields the desired result for « €]1, 2].
Let o = 2. Instead of the control (D.2.3]), we have, by Lemma

1
Y et <2V,
= (=7

which then yields

2t

2)\5 _ _
9E / Z LT g <a<E’H(X0)+N@2M+2NUNe

1 22t -1
o >+4NmNe
i>7 s Xj

Finally, let @ > 2. By Lemma [D.1.1]
1 1
< (1+— )N,
S < (1ta)
which then yields

e[ “z

62At -1
—2 —ds | <« (E’H(XO) + Ne?M 4 2N0N)
i>7

2

1 62/\t -1
2 Nt )
* ( o — 2) 2\

Proving (5.2.10) for o > 1. Using (D.2.4) for o > 1

MEH(X,) < EH(Xo) + (2Na1v + 2C(O"N)) !

2X 7
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i.e
1 N
EH(X:) < e MEH(Xo) + 1 (NaN + C(C;)> :

We thus obtain the uniform in time bound.

Proving (5.2.12). Using the previous calculations, we have

| .
AH(X) < — 2VH(Xy)dt + 23 ————dt + 2Nowdt - N2 P A —
= |xi - X < |xi-xi

+2y20y Y X,dBj - \/FZ NZ S e

J#i ‘

20(a,N) ,, 2 i—j
alN?2 |Xz XJla

as well as

dH(X,) < — 2AH(X,)dt + 2Nondt +

+2V208 > XidBi — 20y Z NZ t_ dB:. (D.2.5)

J#i t

Hence, from (D.2.5)), we get

t
i—J
— < — —
2 NQ/le J|a <EH(Xo) — EH(X,) /OQAEH(XS)ds

1>7
+ <2NO’N + W) t
o

<EH(Xo) + N

+ (2>\N +2Noy + 20(aN)> ¢,
Q

where we used ([5.2.9)) for this last inequality.

This concludes the proof.

Remark D.2.1. One of the reasons we choose to focus on a quadratic potential U can be found

in (D.2.1) : convexity is not sufficient to deal with this term and one should instead use the
Lipschitz condition to bound

ZU’&X})ZX - X/ Z‘XZ Xj‘

i i | X —

This is not surprising as a convex potential U would tend to bring the particles closer together,
thus increasing the interactions we are trying to bound.
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If one wishes to work in the general convex case, the calculations should then be adapted. First
notice that assuming Ly < 2X, where \ would be the convezity coefficient, would be sufficient

as we would keep a nonpositive coefficient in front of the sum 3, ’Xt’ - Xg‘ in (D.2.2). If

Ly > 2\, the function H should be however modified to take into account this constant Ly. We
do not address this question.

D.3 Establishing the continuity in time

In this section, we show the continuity in 0, uniform in N, of t — E (% sz\; | X} — X8|2) (where

we denote X; = (X}, ..., X}V) the solution of (5.1.1)) with initial condition Xy = (X3, ..., X{V) €
On), under some assumptions on Xg.

Lemma D.3.1. Under Assumptions and let Xt = (X}, ..., X}N) be the solution of
(5.1.1) with (deterministic) initial condition xy = (x§,...,2d) € On. For a € [1,2[, there exists
a constant Ceont (depending only on o and X) such that for allt >0 and N € N

N
1 i g |A(eo) [ H (o) | (1+on)|A(zo)| | H(zo)
E<N21|Xt_x0| > gccont( N5/2 + N3/2 + N +1+UN ta

where

=Y V(@ - ) : (D.3.1)

J# 1<i<N

Proof. 1t6’s formula yields

Z|X1—x0|2 —2/ ZU (XH(X!—2i)d N/Z ZV (XT— XY | (XD = z})ds
+ 2Nont + 220y Z/ (X! — z{)dB:. (D.3.2)

We have, using the convexity of A,

DV - XD | (X = ah) = AXL) - (X — x0) < A(x0)] [Xs — o],

i i
and thus
24(x0)l . [ [* v
i i i X0 i iN2
——/Z S VIXL- X)) | (XL —ah)ds <SS E /O<Z(Xs—x0)> ds
% VE %
Then

1/2
(Z(X:; - xa>2> < éj b )

)
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VN 1 i i
5 + ﬁ <Z(Xs)2 + ;(xoﬁ) )

and thus, using (5.2.9)
1/2
<§3X;_%f> < VF
This way
¢ i 9 2 2 [t
E X —zt)? ds | < =VNt+ —H(x t+—/]E7—th ds.
A(g}( (»> SVNEE o+ — [ Emx)

We now use (5.2.10]) to get that there exists a universal constant C', depending only on «, such

that
: 1/2
E (/0 (Z(X;’ - xf))2> ds) < (gx/ﬁ+ %H(xo) + NTUN + 20;/N> t,

i

which finally yields

:(2)T

(v x) st

i
0 A(x0)] | 8lAGo)|H(x0) | 4AGxo)|ow . 2C|A(xo)]
g(»@* I W, W) )~

We then have, using again (5.2.9)
—2/ > UN(XH(XL —xg)dSZ—z/ ZU’(X;)X;ds+2/ > U(XDahds
0 0 0
t ) t ) )
<—2)\/ Z(X;)2ds+2LU/ > X |xglds
0 0
! i\ 2 L%] ‘ L2
<—A X:)“ds + —/ xyl“ds
|| Eexwras+ 5[5

L2
gTU(H(xo) + N)t.

and thus

t _ _ _ L?
E (2/0 ZU’(X;)(X; xg)ds> < TU(H(XO) + N)t
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Going back to (D.3.2)), we obtain

1 i P2 2L2U H(xo)
E(Nzi:p(t—xd)gA( N T1)t+2ont

9[A(x0)| , 8|A(x0)|H(x0) | 4[A(x0)lon , 2C[A(xo)|
+( N3/2 + N5/2 + AN3/2 + AN3/2 t,

hence

1 i i
E (N 21: | Xt — x0|2>

|A(X0)| 40’]\7 2C 2L%] H(Xo) 8‘A(X0)|H(X0) 2L%]
<(N3/2 O+ )t N5 + =t )t

This yields the result.

O
Remark D.3.1. We thus have to assume the initial condition Xo = (X)), is such that |A(Xo)| <

N3/2 and H(Xo) < N, and still satisfies Wa(pud, po) — 0 as N — oo. As shown in Lemma
for a=1 and po = 1g,1), such a choice is possible.
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Appendix E

Appendix of Chapter [6

E.1 Graph estimates

Lemma E.1.1. Let us fix an integer r, consider an integer m, define the total size of the
population N = mr, and define independent random variables f(Nk k) for kK € {1,...,r}

and i,j € {1,...,m} such that f (V)
satisfying qiN =o0 (%), while for k # k' E (NEHKD e of Bernoulli distribution with param-
eter q?v’k/ satisfying qjk\’;k/ = o(qn). Then, defining dZ(-NLc S ey ZJ 15 (VKD ond JEN’k) =
Shey ZJ 1 ng k") , there exists a constant C' such that

L[ gV g
limsup sup sup — | =+ - < C,
m—oo ke{l,..,r}ie{l,..m} 4N N N

are of Bernoulli distribution with parameter q]k\',’k' =qn

and moreover

AR | BT,

N—o00

sup sup

ke{l,..ryie{l,.m}| Nan T

Proof. We only prove the second estimate, the first one being a consequence of the second
claim and the fact that dl(-N’k) and dEN’k) have the same distribution. Remarking that the

independent random variables Zi(,ljy’k’k/) = NqN (S(N L qf\,’k/) satisfy ‘Zi(f;f’k’kl) < +— and

= Ngn

(N, k,k") a5 . .
‘Z ’ < N2 NG Benrstein inequality leads to

1 Ngnt?
P ZZZNkk < 2exp -5 aN
B=1j=1 Y= 1m135N +3

Taking t = 4 /C}\‘;Tgljv for some positive constant ¢ and remarking that qjli;k < gy and % C}G’f Aiv <

233
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1 for N large enough and we get

log N 1 log N c
113D SP I PRYILE RS o <2N"i,
I— NQN 2 T mQ?\;k 1 clog N
k'=1j=1 Zk’:l Ngn + 3 Ngn
So
JOVR) r kK loo N )
P sup sup L - TN | [ < 2N171%,
ke{l,...,r}ie{l,....m} NqN k=1 NqN NqN

and we conclude by applying Borel-Cantelli Lemma, taking ¢ large enough and noting that
kK

Yoy mNj;’ converges to % as N goes to infinity (recall that qf\,’k =gqn). O
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Appendix of Chapter

F.1 Technical lemmas

We start with this slight extension of the central limit theorem:

Lemma F.1.1. Let (X;);>1 be a sequence of i.i.d random variables in R such that EX; =0 and
E(|X1|?) = 1. Assume also that E(|X1|*) < co. Denote Z, = % P X
Then, we have for Z ~ N(0,1)

E(2P) =E(2P), wd E(Z")-E(21)+0(3).

. - . . 3 3
This in particular also yields E (|Z]) IH—QQ) E(|Z]) and E (|1Z,|?) ]H—OO> E (12

Proof. Direct computations give E (]Z,]?) = E(]Z|?). Likewise, we may explicitly compute
E|Z,|*. Keeping only the terms with nonzero expectation, we have

1 <& 6
E| Z,|* =7 S EIX + 5 > EIXPE|X,[

i=1 1>7
_EXT . 6 p(p—1)
p p 2

Noticing that E[Z|* = 3 yields the convergence E (|Z,|*) = E (|Z]*) + O (%) Thus, we have
both

e Z, converges in law to Z ~ N (0, 1),

e and the convergence of the fourth moment E|Z,|* —— E|Z|*.
p—00

By Theorem 6.9 of [171], we have the convergence in L* Wasserstein distance of the law of Z,, to
a law A/(0,1). This implies the convergence in both L' Wasserstein distance and L3 Wasserstein
distance, thus the convergence of the first and third moments of Z,,. 0

Lemma F.1.2. The function o €]0, o[ 92 f1(0,0) (with fi given by (7.3.6)) ) is continuous and
satisfies
Vo >0, 02fi(0,0)<0.

235
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Proof. We have

I 3 4 2\ 2
62f1(a,0>=<w) fR”—?»(fR”) ,
o Je9 Jr 9
with g given by (7.3.5). We wish to prove

Ao, L) = fff%f;f
R xr

Remark that A(o, Ly ) is by definition the kurtosis of a random variable with probability density
ﬁ. Let us rewrite, for a > 0

< 3.

LW 2 .134 Lw—l 2

U ==

(x) + 5 4—|— 2 T
_x4+LW717042 Lw—1—a 2+a2 Ly —1—a\?
! 2 2 27 2
1, ., s (Lw—1—a\’
:1(55 +Lw—1—0a) + = —( 5 ,

such that

1, ., 2 1 (Ly—1—a\?\ _..-
g(z,0,0) = exp <—40 (x —|—LW—1—a) >exp <U (2> e 207,

This way we can write

E (exp (—ﬁ (Y2 + Ly —1— a)Q)) E (Y4 exp (—ﬁ (Y2 + Ly —1-— a)Z))

Al bwr) = E <Y2 exp (-ﬁ (Y24 Ly —1— 04)2))2 7
with ¥ ~ A (0,2),
E(exp (-~ 2 (X2 + Lw = 1-0)") ) E (X exp (- (X2 + Lw — 1-a)”))
) B (X2exp (~ & (2X2 4+ Ly —1-a)?))’ |
with X ~ N (0,1).
We have

4o 40 \a o

L (%X2+Lw—1—a)2: L (5)2 (X2+O‘(LW_1_O‘)>2.

We thus choose a = 1 (LW —1++/(Lw —1)2+ 40) > 0 in order to ensure AW =1=0) — _ 7

o
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3.0 A

2.8 A

2.6

2.4 A

2.2 A

Albeta)

2.0 A

1.8

1.6

1.4 -

T T T T T T T T
0.00 0.25 0.50 0.75 1.00 1.25 1.50 175
beta

Figure F.1: Numerical simulation of the quantity given in (F.1.1)).

Finally, denoting

-2

2
B(o, L) = Lw 1, (Lw_l) +4) >0,

N N
we have

(o, L) :]E (exp (—5(0, L) (X? - 1)2)> E (X4 exp (—6(0, L) (X2 — 1)2)) X

E <X2 exp (-5(0, L) (X2 — 1)2))2
:=A(B(c, Lw)). (F.1.1)

The quantity A given above can be expressed as a function of 5(o, Ly ) €]0, oo[, that we denote
A(B). We may then numerically check that A(5) < 3 for all 8 > 0. (see Figure [F.1]).

Notice that the function (o, Ly ), which is in reality a function of the quantity Lw=1

g

,is a
bijection from ij\/g—l € R t0]0, oo[, which satisfies 5(o, L) — 0. And, for 8(o, Lw) = 0,
Lw-t o
NG
direct calculations knowing the moments of the Gaussian law yield A(0) = 3 and A’(0) = —24 <
0 O

Lemma F.1.3. Consider the function Fy : 0 — 0, f1(0,0). It is continuously differentiable and,
for o > 0, satisfies F{(co) < 0.
Proof. We have

L [ x? exp (—% + 71_;,‘” a:2> dx

Fi(o) pu fexp (_% + I-Lw mz) dr

20
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Consider the change of variable y = % We have

4
L [ oy exp (—02;7{—6 + Stw 0y2) dy

Filo) ==~ 2y* | 1-L 2
[ exp (fa 5oy ) dy
g, e (v ey dy
Jexp (=Gt + 1=52y2) dy
which then yields
Fi(o) :LTW (-E(Y®)+E(Y?)E(Y?)),

where Y is a random variable with probability density (up to renormalization)
exp (—%y4 + %gﬂ) dy. By Jensen inequality (in a strictly convex case with a non almost
surely constant random variable), we have F{ (o) < 0. O

F.2 Proofs of Lemma |7.3.2

In this section we prove the various results of Lemma[7.3.2]

F.2.1 Moment bounds, critical variance and continuity

To prove the first properties stated in Lemma[7.3.2] we recall the following result, extracted from
Theorem 2.1 of [168] and its proof.

Lemma F.2.1. The equation (with unknown o)

/]R+ (xQ - QI%W> exp ((1 - Lw)a® = Ux4> dr =0, (F.2.1)

admits a unique solution, that is the critical value o..
Finally, consider the function

&(o, k) = /R(x — K)exp <i <U(:c) + LTWZEZ - Lme)> dz. (F.2.2)

We have the following properties on & :

e The function o — 0.&(0,0) is decreasing : for o < o, we have 0,£(0,0) > 0, for o > o,
we have 0:£(0,0) < 0, and finally 0,,¢(0.,0) = 0.

e for o > 0. and Kk > 0, the function k — £(o,k) is decreasing (which, in fact, ensures
uniqueness of the stationary solution for (NLJ)).

e foro <o, and k 2 0, the function k — &(0, k) is increasing and then decreasing (which,in
fact, ensures the thirdness of the stationary solution for (NLJ)).
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Moment bound : Consider (X;), the solution of (NL). It6’s formula yields
dU(X;) = Audt + dMy,
where M; is a continuous local martingale and
Ay =—U" (X)) = Lw (X —E (X)) U (X)) +oU" (Xy).
There exists A > 0 and C > 0, both independent of ¢ € [0, 0], such that for all z € R

U’(x)2
2

oU" (z) + 2\U (z) < +C, and 203 2% < \U(x) + C.

zt _ 2?
1

Consider for instance A = 1 and C' = max (20 + (20)%/2 - 1, %) for U(z) = %4 — %

Thus
Ay <C—MU (X)) + (L%V (Xf +E (Xt)z) - \U (Xt)) ,

and, using Fatou’s lemma to deal with the local martingale, finally we obtain thanks to Gronwall’s
lemma

EU (X.) < e MEU (Xo) + .

Since E (Xt)Q <E (X',?) < =L ()\EU (X't) + C’), and considering X, distributed according to a

2L2
w
stationary distribution, we may conclude.

Value of kg (ts,) : We rewrite Equation (F.2.1) defining o, first by using the symmetry in z
to obtain

1
/]R (xQ - 2LW> exp (1 - Lw)z® — oz*) dz =0,

and then, by a change of variable x = i%, this is equivalent to

which, since k1 (e, ) = 0, yields the value of k3 (pts,)-

Consider then the function & given (F.2.2). We have £(o, k) = (fi(0, k) — k) [ g(z, 0, K)dz,
and thus

ang(aa KJ) = (anfl(av "{) - 1) /g(x,a, I{)d{E + (fl(gv "i) - KJ) /aﬁg($7 g, K:)dil,’
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Considering the equation above for kK = k1 (fi¢ «), we obtain

ang(aw‘ﬁ(//’a,*)) = (aﬁfl(a—v’%l(ﬂa,*)) - 1) /g(x707 KI(NU,*))dZ"

We may compute the derivatives of fy (see (F.2.5) below), and obtain

L
0,801 (110.)) = (S ka(to) ~ 1) [ 962,01 ().
The values of 9,{(0, k) for kK = 0 and k = k1 (ts,+) depending on o, as given in Lemma [F.2.1]
yields the result.

Continuity of the moments : Notice that f; given in is continuous on (o, k) €
RT* x R*. We start by proving the continuity of o — 1 (pto +), with the convention iy + = pis 0
for o > 0. In this latter case, the function o — k1 (e 4 ) is trivially continuous as k1 (e +) = 0.

Let us show the continuity at the point o.. Let (0, )nen be a sequence of positive real numbers

such that 0,, —— 0., and consider the (bounded) sequence (k1(ts,,+)),- Up to extraction,
n—oo

we can assume Ki(fy, +) — k1 > 0. We have, by definition, k1 (s, +) = fi1(on, £1(te, +))
n—oo

n*

and, by considering the limit n — oo, thanks to the continuity of f1, we obtain k1 = f1(o¢, k1).
Uniqueness of the fixed point for o, then ensures k1 = 0 = K1(o,,+). Hence we obtain the
desired continuity.

We now consider ¢ < o.. Assume there exists ¢ > 0 and a sequence (0y,)nen such that

on — 0 and |K1(fe, +) — K1(Ho,+)| > €. Again, up to extraction, we have k1 (fy, +) ——
n—0o0 n—0o0

k1 > 0 and, since k1 is a fixed point that cannot be k1 (fs,+), we have k1 = 0. Consider the

(at least) twice continuously differentiable function & given in (F.2.2). On one hand, we have

by continuity 0,.&(on, k1(tte, +)) — 0x&(0,0) > 0. On the other hand, by the properties
n—oo

of ¢ given in Theorem , we have 0.&(opn, k1(tbs, +)) < 0. Hence a contradiction, and

k1(fo, .+) — K1(lo,+) for any sequence o,, — 0. We thus obtain the continuity.
n—oo n—0o0

F.2.2 On the variance of the stationary distribution(s) of (NL)

Let 09 > 0, and let us show that the functions o — ka(fts,0) and o — ka(fs,+) are Lipschitz
continuous. This is useful, as can be seen in Section [7.3.2] in proving that there exists a phase
transition for the effective dynamics .

Throughout this section, the constant C' holds no importance and may change from one line
to the next.

We start by showing that o — x2(s,0) is Lipschitz continuous.

Lemma F.2.2. Let 09 > 0 and k1 € [-Cy,,Cy,| (where Cy, is given in (7.3.8)). The function
o fo(o, k1) is Lipschitz continuous on [og, 00| uniformly in k1 € [—Cl,, Ck,].

Applying this lemma for k1 = 0 yields the desired Lipschitz continuity for xo(pe.0).

Proof of Lemma[F.2.3 Recall g defined in (7.3.5). and consider C' = %, a constant such
that, for U given by (7.1.9), we ensure U(z) + £%22 — Ly zr; + C > 0. We have

Jp(@ — k1)?g(x, 0, /ﬁ)e_%dx

Jr9(z, 0, m)e’%daﬁ

f2(0-7’i1) =
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and thus
— k1) (U Lwa2_ L C) g(z,0, k1)d ,0,K1)d
00 falo )| == fo K1) ( (z) + 2 wxkl + ) g(z,0, k1) fog(:vanl) i
o (fR T,0,K1 dx)
Jo(@ — k1)%g(z, 0, k1)da [ (U(x) + %22 — Lyak, + O) g(z, 0, k1)dx
(fR x,0, /fl)da:)
1l (0 + 8 Ly )l .
Jp9(x,0,K1)dx
1 Jolz —k1)?g(z,0,k1)dz [ (U(z) + 222% — Ly ok, + C) g(z,0,Kk1)dz
o2 Je9(@,0,k1)dx Jr9(@, 0,K1)d '
(F.2.4)
First

(/Rg(a:,mm)dx>1 < (/Rexp (—010 (U( )+ LTWxQ — Lk + C)) dm)l_

Then, for all z € R and all @ > 0, we have

L 422 1 Ly
U(a:)+7wz2fLW:rm+C’:%f%+1+7|1’751|2 az? — Ba,
with
2a+1)2 1
Ba:%_zzaﬁ_'_a'

Thus, for all integers k > 0, we have

1 L a2 ta 2
/ 22 exp (— (U(m) + W2 Lwaky + C)) dr <™+ / 2% exp (_aa;) dx
R g 2 R o

:eﬁm(%)! (i)“é.

f

Choosing a = %5~, we obtain

L L L 2)!
/xzkexp (_ (U( )+ ;VxQ—Lmel—i—C))dx <6‘11+2\15\/27r( ) o-g"'%_
R o ]

Hence there exists C, independent of o, such that for k < 3, % f 2?*g(o,x)dxr < C (which
allows us to deal with - and for £ < 2, 5/4 fRJ} g(o,z)der < C and for k < 1,
031/4 Jg 2% g(0,z)dz < C (both allow us to deal with (F.2.4)). Thus, for o > 0, |0, f2(0, £1)| is
bounded uniformly in k3, which yields the result. O

We now show that o — k2(us+) is Lipschitz continuous. Let 0. > o9 > 0. We have
already proved, in Lemma that o — fo(0, k1) is Lipschitz continuous uniformly in x; €
[—Ck,,Cy,]. However, the difficulty lies in the fact that, for xo(us ) given by ka(to+) =
fo(o, k1(to,+)), the mean o — K1(ue +) is not Lipschitz continuous around o.. We will work



242 APPENDIX F. Appendix of Chapter [7]

our way around this fact (and, doing so, also prove it) in the rest of the subsection, but in the
meantime this can be numerically observed in Figure

Let us compute the various derivatives of f; and fy given in (7.3.6) and (7.3.7)).

€T le—ﬁ2
(U(x) + 22| |)g<x’a’li)7

80’9('r50'7’(‘:) =
g

Oxg(z,0,K) = Lw (m— k)g(z, 0, k),

=g ([ [ [ [ o)

(fm Lw—ni) fR(U(x)+L;VIx—f<I2)9wa9>

f]Rg ng
Oxf1(o, k) = fg)2 </ /fcang / ng/ﬂcg>

A o o
Lw (f ’g wa9)2>
o Je9 ng 7

Do f2(0, k) )2 (/Q/R(w—%)2309—/]1{809/]1%(33—@%)

:<fo—n>2<U<x>+LWx g fo (U Lw 2)ng<x—n>2g>

Je Jro

:(leg)2<( /(“_x)“/x_ﬁ g)/ /”g/x_“ )

ZQfR(m—xg+LVV(fo—/g)fig_fo—m ngx—li)g>.
Jr9 g Jz9 Jrg Jrg

In particular, notice that

anf? (07 K’)

— K T,k 3
anf1<o,ﬁl<ua,*>>:LTW@(%,*) and 3nf2(0751(ua,*)):L7WfR(x fl(g“ N (g
R
‘We have
d d
%m(ug,*) =0y f1(0, k1(lox)) + Ox f1 (0, m(ua,*))%mwo,*)a
d d
%Hz(ug,*) =0y f2(0, k1(lox)) + Ok f2(0, m(ua,*))%mwo,*)-
Thus
A e me) (o ss)
a0 o) = TG G maGien)) 1= Bl (F-26)

By the results on the critical variance in Lemma [7.3.2] k1 (ft0,«) is continuously differentiable on
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oo, o¢]. Likewise

d L
fealie) (1= 2ol )

= (1 — Lo‘_/vlﬁg(,um*)> a,,fg((f, Hl(ﬂg,*)) + anf2(07 Hl(,ufo,*))aafl(av Hl(.um*))'
(F.2.7)

The fact that 1 — L?an(pg7*) goes to 0 as 0 — o, is what prevents us from giving an upper

bound on %nl(um*). By the result on the critical variance in Lemma and by continuity,
there may be a problem in the limit ¢ — o, but we wan already say that o — k(s ) is
Lipschitz continuous on any interval of the form [o1, 03] with 0 < 01 < 09 < .. The following
lemma gives a more precise speed of convergence of the mean to 0 around the critical parameter.

Lemma F.2.3. There exists C > 0 such that

H/I(IJ’U#’F) C

VOc — 0 o007

Proof. We restrict the study to o € |09, o[ for some arbitrary og > 0. We compute

_Lw fo2g_ fog ’
Otrloym) == ( Jug (fRsJ) )

e =5 (B -2 (5) )

ce=(t2) (-l () (50 (52)

In particular
f1 (O’, O) :O7
L 2
B,.f1(0,0) _Lw 79

I ,
aifl (07 O) :07

and, by Lemma [F.1.2]

3 1'4 1'2 2 oo
;. f1(0,0) = <L0W> (fﬂ} gg -3 <f“} gg> ) < 92 f1(0,0) < 0. (F.2.8)
R R

Let us start by proving that there exists C' > 0 such that, in the limit 0 — o, (or equivalently
k1(tho,+) — 0), we have

Oc —

el <O o). (F.2.9)
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We compute

2
0uf1(0.7) = 0uf1(0,0) + KO f1(0,0) + -0 f1(0,0) + ().
By Lemma [F.1.3] there exists C' > 0 such that
Oxf1(0,0) = 0k f1(0.,0) + C(o. —0) =14+ C(0o. — o).

Since O, f1(0¢,0) = O f1(0¢, k1 (pho,)) = B ko (p10,) = 1 by (7-3:9)

0 11(0.8) > 1+ Cloe = @) + 5 (02 11(00.0) + 0. (1) + 0l

where the o(x?) is uniform in o € [0¢,0.]. Considering £ = k1 (i, +), which goes to 0 as ¢ — o,
in the equation above yields

Ly k1 (o4 )?

Y afio,s) 2 1+ C(oe — ) + "2 (03 11(00,0) + 010, (1)) + (1 (1, 4)?):

By the results of Lemma concerning the critical variance, L7W/-12(,ua,+) < 1, which gives

C(Uc - 0) 32f1 (Uca O)
0> +
G

+ Oo—mc(l)-

This gives (F.2.9) and this in turns allows us to state that o, — o = O(k1(to.+)?)-

We then have
K> K3
f1(0,8) =f1(0,0) + KOs f1(0,0) + -0 f1(0,0) + 502 f1(2,0) + o(x”)
K s 3
:Haﬁfl(a, O) + Haﬁfl(d, O) + O(K} )
Furthermore, defining F as in Lemma we obtain

Oxf1(0,0) = Fi(0) =Fi(0¢) = (00 — 0)Fi(0¢) + o(oc = 0)
=1~ (0. — 0)F{(0c) + 0o(0c — 0),

which then yields

filo,k) =k (1 — (0. — 0)F{(0.) + 0(0. — 7)) + % (82]“1(06, 0) + 0(1)) + o(k?).

Since K1(po,+) = f1(o, k1(tto,+)), we thus get in the limit 0 — o

0=—k1(lo+)(0c — 0)Fi(0c) + %ﬁm)z&agﬁ(ac, 0) (F.2.10)
T okt (1 )%) + Ko )0l — )
K1 o 2 3
0= — (00 — o) Fl(02) + 221 33 1, (5 0) + o1 (101 )P). (F2.11)

6
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Thus, thanks to (F.2.8) and Lemma there exists C' > 0 such that

Oc — O o—o,

K1(Ma,+)2

c,

which yields the final result. O
Lemma F.2.4. Let 0y €]0,0.[. Then o — ka(fto,+) is Lispchitz continuous on [0g, oc).

Proof. Let us write for all (o, k) € [09, 0] X [-Ck,, Cy,]

2
On f1(0,K) =00 f1(0,0) + KOZF1(2,0) + 502 f1(0,0) + o(k?)
2
= (Fi(02) = (0. = 0)F{(02) + 0{0. = 0)) + = (92£1(0,0) + Ol = 0)) + o(x?),

where we used the notation F} from Lemma F.1.3L the fact that 92fi(c,0) = 0, and where

all notation o(-) and O(:) are uniform in (o,k) € [0g,0.] X [-Cl,,Cx,] by continuity. Since
Fy(o.) = 1, we obtain

2
1—=0kf1(0, k) = (0. — o) F|(0.) — %82]‘1(00, 0) + o(o. — o) + o(k*) + kK*O(0. — 7).
Applying this for k£ = k1(ts,+), and using (F.2.11)) and Lemma we obtain

2 2
L= B il 0. )) =209 1 0 0) — 1205 1 5, 0) 4 o 1)

2
= Pl 1 50,0) 4 o100 )?).
Hence, using (F.2.6), for all o € o9, 0]
d |05 f1(0, K1 (po,+))| Cri(po+) 1
K o = ; S : 5 +olk o ’
) = A S e T S ey i)

where we used that 9, f1(c,0) = 0 and that 0,0, f1 is bounded over [og,0.] X [-Cj,, Cyx,] to
bound the numerator, and Lemma for the denominator.

Besides, since 9, f2(0,0) = 0 (by (F.2.5) and symmetry),
|0x f2(0, K1 (pto,+ )| =10k f2(0, K1 (fo,+)) — Onf2(0,0) S |K1(Ho,+)| + 0(K1(tig,+))

and thus we bound for all o € [o¢, o[

d d
'dg'@(#n—&) <05 f2(0, 51 (po,+))| + ‘do_’il(:u’m-‘r) |0 f2(0, 51 (po4)) | 4 0(F1 (1o +))
51 + |8Rf2(0-7’€1(:u07+)| +0(1)
k1 (Ko, +)
S1+o(1).
By continuity (recall that 1 — 9, f1(0, k1 (fo,4)) = 1 — Z2 ky(po,4) > 0 for o < o) , this proves

that o — ka(o,+) is Lipschitz on [og, o¢]. O
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-Hey, Napoleon, that sounds like the end.
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It’s the end.

The Aristocats (1970) directed by
Wolfgang Reitherman.






SYSTEMS OF PARTICLES IN (SINGULAR) INTERACTION : LONG-TIME BEHAVIOR AND PROP-
AGATION OF CHAOS

Abstract

This thesis is devoted to the study of certain systems of N particles in mean-field interaction, and of
a specific phenomenon : in such systems, when N — oo, two given particles become "more and more"
independent. This property is named propagation of chaos, and our aim is to prove it in several settings.
We focus on three main cases: the kinetic one (i.e. with degenerate noise), the one with singular
interactions, and the one with incomplete interactions. In each case, we seek to obtain quantitative and
uniform in time results. We start by setting up a coupling method to prove the long time convergence
of the Vlasov-Fokker-Planck equation describing the limit of particles in Lipschitz interactions and
confined by a non-convex potential. The coupling method is then adapted to prove the propagation of
chaos property for this system, as well as for the FitzHugh-Nagumo model describing neurons in the
brain interacting in a mean field way. We then focus on a few particle systems in Riesz interactions.
The first one is the 2D vortex model, for which we prove uniform in time propagation of chaos using
entropic methods. We then study a one-dimensional singular system, motivated by the Dyson Brownian
motion derived from the study of random matrices, for which we prove this same phenomenon by a new
coupling. Finally, we show the uniform in time mean field limit for a system of particles interacting
according to a graph, random or not, before turning our attention to a method of numerical simulation
of interacting particles. In particular, we study the Random Batch Method, and its effect on the phase
transition that may exist for the nonlinear limit of the particle system. To this end, we look successively
at the Curie- Weiss model and the double-well model for the overdamped Langevin equation.

Keywords: probability theory, stochastic calculus, coupling methods, propagation of chaos, logarithmic
sobolev inequality.

Résumé

Cette thése est consacrée a I’étude de certains systémes de N particules en interaction en champ moyen, et
d’un phénoméne particulier : dans de tels systémes, lorsque N — 0o, deux particules données deviennent
"de plus en plus" indépendantes. Cette propriété est appelée propagation du chaos, et notre objectif
est de la prouver dans plusieurs contextes. Nous nous concentrons sur trois cas principaux : le cas
cinétique (c’est-a-dire avec un bruit dégénéré), celui des interactions singuliéres et celui des interactions
incomplétes. A chaque fois, nous cherchons & obtenir des résultats quantitatifs et uniformes en temps.
Nous commencgons ainsi par mettre en place une méthode de couplage afin de prouver la convergence
en temps long de I’équation de Viasov-Fokker-Planck décrivant la limite de particules en interaction
lipschitzienne et confinées via un potentiel non convexe. Cette méthode est ensuite adaptée pour prouver
la propriété de propagation du chaos pour ce systéme, ainsi que pour le modéle de FitzHugh-Nagumo
décrivant des neurones dans le cerveau interagissant en champ moyen. Nous nous intéressons ensuite a
quelques systémes de particules en interaction de type Riesz. Le premier est le modéle de vortex 2D, pour
lequel nous prouvons la propagation du chaos uniforme en temps en utilisant des méthodes entropiques.
Nous étudions ensuite un systéme singulier en dimension 1, motivé par le mouvement brownien de Dyson
provenant de 1’étude de matrices aléatoires, pour lequel nous prouvons ce méme phénoméne par un
nouveau couplage. Enfin, nous montrons la limite de champ moyen uniforme en temps pour un systéme
de particules interagissant selon un graphe, aléatoire ou non, avant de nous intéresser & une méthode
de simulation numérique de particules en interaction. En particulier, nous étudions la Random Batch
Method, et son effet sur la transition de phase qui peut exister pour la limite non linéaire du systéme de
particules. Pour cela, nous regardons successivement le modéle de Curie- Weiss et le modéle double-puits
pour ’équation de Langevin sur-amortie.

Mots clés : probabilités, calcul stochastique, méthodes de couplage, propagation du chaos, inégalité de
sobolev logarithmique.

Laboratoire Jacques-Louis Lions
Sorbonne Université — Campus Pierre et Marie Curie — 4 place Jussieu — 75005 Paris — France
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