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Introduction

Nous présentons les notions et outils nécessaires pour comprendre ’ensemble du manuscrit.

Diffusion

Les diffusions sont des fonctions aléatoires, qui sont tres utilisées en physique, chimie, biologie,
statistique et en finance. Leur nature méme en fait un outil de modélisation formidable : elle
permet de capter des dynamiques instantanées entachées d’incertitude. Au-dela de leur intérét
descriptif, elles se prétent aux utilisations quantitatives. D’un point de vue probabiliste, ce
sont des processus solutions d’équations différentielles stochastiques d’un certain type. Hormis
les processus gaussiens, il n’est pas possible de les décrire en spécifiant les marginales fini-
dimensionnelles. Les diffusions connues peuvent étre décrites selon leur dynamique, par exemple
I’équation de Langevin:
dY (t) = o dB(t) — bY () dt.

ol o et b sont des parametres réels de I’équation tandis que B est un mouvement Brownien.
Pour simplifier nos propos dans cette introduction, on considére que le processus est a valeurs
dans R%. 1l est connu que le mouvement Brownien tout comme les diffusions sont des processus
de Markov. Un processus de Markov Y est caractérisé par son opérateur de semi-groupe P. En
le laissant agir sur une classe suffisamment riche de fonctions f : R — R boréliennes bornées :

(B f)(x) :==E[f(Y ()Y (0) = x].

En général, on considere un espace de Banach séparable, muni de la norme || - ||, de fonctions
continues tendant vers 0 & l'infini sur lesquelles le semi-groupe agit, dénoté Cy = Co(R%,R).
Nous rappelons le théoreme suivant.

Theorem 0.0.1 (P, t > 0) est un semi-groupe conjointement continu de contractions sur
Co, t.e.,

1B flloo < N1 flloos Y, f

2. Pys = P oPs

3. Py=1d,

4. (t, f)— P f est continu de Ry x Cy — Cp.

Ainsi, on définit le domaine du générateur comme le sous-espace vectoriel

.1 .
Dom L :={f€C(Cy: }1\21[1) E(Ptf — f) existe},



et pour f € Dom L, on définit L f par la valeur de cette limite. L’opérateur linéaire L est appelé
générateurinfinitésimal. Le théoréme suivant résulte du théoreme de Hille-Yosida (théoréme 2.6
dans [Ethier and Kurtz (1986))).

Theorem 0.0.2 1. Dom L est dense dans (Co, || - |loo);
2. P, laisse stable Dom L : P,(Dom L) C Dom L;
3. VfeDomL, P f=PLf=LPf.

Puisque P; est solution de I’équation différentielle %Pt f = LP,f, on écrit formellement:
P, = exp(tL).

Par I'inégalité de Jensen, pour toute fonction convexe ¢ : R — R, et tout ¢ > 0, et toute fonction
f € CO7

P(o(f)) = o(P: ). (0.0.1)

Par différentiation, en passant a la limite pour ¢ — 0, on a que:

Lo(f) > &' (f)Lf. (0.0.2)

Pour de nombreuses applications sur les processus de Markov, il est commode que (0.0.2) soit
une égalité pour des fonctions ¢ suffisamment réguliéres, c’est-a-dire que:

Lo(f) = ¢'(f)Lf + erreur. (0.0.3)

Pour écrire cette erreur dans le cadre d’une diffusion, on se réfere a la formule de transport
suivante :

(0.0.4)

{Var £(C) = Var(C) f2(C)
biais f(C) = (biais C)f'(C) + 3 Var(C)f"(C).

ou C est une quantité aléatoire. L’intuition de Bouleau consiste a identifier le biais et I’erreur
quadratique dans cette formule avec les opérateurs L et I défini ci-dessous, qui forment une
structure de Dirichlet. L’opérateur carré du champ est défini par

I'(f,9) == 5 (L(fg9) —gLf — fLg)

N |

pour f,g € A une algebre dans Dom L telle que le produit de fonctions fg est dans le domaine
de L. Un générateur est dit diffusif si:

Lo(f) = &' (f)Lf +¢"(NT(f, ). (0.0.5)

Le monographe Bakry et al. (2013]) est dédié a ’étude des semi-groupes associés parmi lesquels
le semi-groupe d’Ornstein-Uhlenbeck, le semi-groupe de Laguerre et le semi-groupe de Jacobi.
D’importantes conséquences en découlent comme ’existence d’une inégalité de Poincaré et des
théoremes limites. En particulier pour ces derniers, les résultats sont obtenus en considérant
la structure en chaos de ’espace de probabilité d’intérét. L’approche rejoint celle du calcul de
Malliavin.



Liens avec le calcul de Malliavin

Le calcul de Malliavin est un outil puissant qui permet d’étudier les propriétés des processus
stochastiques, tels que les processus de Markov, les processus de Lévy et les processus de Wiener
(voir Nualart| (2006)). Il est basé sur la notion de dérivée stochastique, qui est une généralisation
de la dérivée ordinaire aux processus stochastiques. Une structure de Malliavin est propre a
I’espace de probabilité dans lequel est défini lesdits processus stochastiques. Nous nous référons
au chapitre 1 de Nourdin and Peccati (2012) pour un exemple de structure de Malliavin dans
le cas unidimensionnel. De maniere générale, la construction d’une telle structure passe par la
définition d’un gradient D, d’une divergence ¢ et de I'opérateur de nombre L = §D sur leurs
domaines respectifs. Les opérateurs D et 0 sont liés par la relation de dualité:

E[(DF,n)q] = E[FéUJ;

Par I'approche de semi-groupe,

Grace a la décomposition en chaos, on peut définir la notion d’intégrale stochastique. Sur
I’espace de Wiener, sa définition selon le calcul de Malliavin ne nécessite pas d’hypothese sur
I’adaptabilité contrairement au calcul d’It6. Pour notre type d’application, une conséquence
importante de la décomposition en chaos est la formule de multiplication qui se formule dans le
cas gaussien sous cette forme.

A partir de ce résultat, grace a la méthode de Malliavin-Stein (voir la monographie Nourdin
and Peccati (2012])), on obtient un théoreme limite quantitatif en terme de distance de totale

variation:
dry(F,N(0,1)) < C\/E[F‘l] — 3.

Structures sans propriété de diffusion

Pourtant, les structures sans propriété de diffusion sont 1égions. Sans cette propriété de diffusion,
de nombreux résultats connus dans le chaos de Wiener comme le théoréeme de quatrieme moment
(Azmoodeh et al.l 2014) ne peuvent pas étre étendus. Le point critique dans les preuves est
l'utilisation d’une regle de dérivation (en chaine).

Récemment, il a été question de quand méme étendre des résultats a d’autres chaos, qui ne
bénéficie pas de la diffusion du générateur.

C’est la qu’intervient Malliavin.

I Faire un parallele Brownien, Poisson. I

Plus que la nature discrete, ¢’est I’absence de propriété de diffusion sur ’espace qui est un frein
pour dérouler le calcul de Malliavin-Dirichlet.

Les fonctionelles de processus de Poisson rentrent dans ce cadre étant donné que un processus
de Poisson (respectivement une mesure de Poisson) peut étre vu comme un élément de ’espace
des configurations sur R (respectivement R? avec d > 1).

Cette these se compose de deux parties distinctes.

Calcul de Malliavin pour les variables aléatoires conditionnelle-

ment indépendantes

La premiere partie de ce travail porte sur 'implémentation de la méthode Malliavin-Stein pour
des variables aléatoires conditionnellement indépendantes avec en vue une application a la

Introduire
I’espace

de
Malliavin

R

Multiplicati
formulae



quantification de théoremes limites concernant les hypergraphes aléatoires.

Nous nous intéressons aux fonctionnelles F' de séquence de variables aléatoires X = (X;)aca
indépendantes conditionnellement & une variables aléatoire Z. Le gradient discret dans notre
structure de Malliavin est défini pour a € A par:

DyF := F —E [F|(Xt)pea\{a} Z] -

Il constitue avec l'opérateur de divergence § et 'opérateur d’Ornstein-Uhlenbeck L la boite a
outils fournie par la structure de Malliavin. Comme dans les travaux de |Decreusefond and
Halconruy| (2019)), celle-ci découle de la dynamique de Glauber associée a 'opérateur Laplacien
de la structure de Malliavin discréte se rapporte a un échantillonnage de Gibbs étalé dans le
temps.

Nous pouvons effectivement décrire la loi jointe d’une séquence de variables aléatoires indépendantes,
comme la loi liée a la mesure invariante d’un tel processus. Le semi-groupe associé a la dy-
namique permet de déduire une formule de covariance pour montrer des inégalités de concen-
tration. La modification de la dynamique comme présentée dans la premiere partie du manuscrit
permet d’avoir une version des résultats obtenus pour les séquences de variables aléatoires con-
ditionnellement indépendantes.

Du fait de cette caractérisation supplémentaire de la loi jointe, on obtient des outils supplémentaires
qui completent la boite a outils, venant de la structure de Dirichlet sous-jacente, a savoir
l'opérateur carré du champ et les formes de Dirichlet. Etant donné la relation entre I'un et
lautre, les résultats seront formulés en terme de I'opérateur carré du champ:

I(F,G) = % (L(FG) - FLG — GLF)

La formule d’intégration par parties qui en découle est primordiale pour dérouler la méthode
de Stein :
E[I'(F,G)] = —E[FLG]. (0.0.6)

Nous obtenons des théoremes limites quantitatifs pour des U-statistics de variables condition-
nellement indépendantes. Des théoremes de quatrieme moment qui prennent appui sur des
articles fondateurs de calcul de Malliavin dans une structure de Dirichlet (Azmoodeh et al.,
2014)) peuvent étre déduits permettant de fournir des vitesses de convergence d’approximation
normale des statistiques d’hypergraphes aléatoires. Nous ’appliquons pour la preuve de la nor-
malité asymptotique du comptage de motifs dans un hypergraphe aléatoire T,, ou les triangles
sont tirés indépendamment avec une certaine probabilité conditionnellement a la présence des
arétes dans un graphe Erdos-Rényi G(n, p,,) avec p,, < 1. C’est un résultat nouveau dans le sens
ou la structure conditionnellement indépendantes était un frein pour la déduction de vitesse de
convergence. Un théoreme central limite conditionnel pouvait étre déduit avec les méthodes
usuelles mais pas plus. Avec l'application au comptage de motifs pour un hypergraphe, la
structure avec une couche d’arétes indépendantes, et de une couche de triangles conditionnelle-
ment indépendantes permet de déduire un vrai théoreme central limite pour ’estimateur, qui
est nouveau, car '’hypergraphe aléatoire donné est bien différent de 1'hypergraphe aléatoire
Erdos-Rényi H,, = G(?’)(n, pl,) (Lovész, 2012, section 23.3). Si on tire les triangles, avec prob-
abilité 1, et que p, = 1/2 et p}, = 1/8, les deux modeles ont la méme densité d’arétes 1/8,
mais H,, est quasi-aléatoire alors que T,, ne I’est pas. Il a une petite intersection avec chaque 3-
uniforme hypergraphe quasi-aléatoire par la proposition 23.10 (Lovasz, 2012). Les deux modeles
se ressemblent néanmoins par leur homogénéité, car finalement issu du méme modele de graphe
Erdos-Rényi étendu différemment. Rien qu’avec une famille de graphe aléatoire, on peut créer



plusieurs sous-familles d’hypergraphes aléatoires, ce qui donne une latitude de modélisation et
de résultats de convergence en loi pour des estimateurs sur ces modeles.

Inversibilité dans le contexte de fonctionnelles de mesure de Pois-
son

La seconde partie porte sur ’extension de la notion d’inversibilité au

Manuscrit

Le manuscrit est organisé comme suit.
Pour la suite du manuscrit, j’ai pris le parti de mettre en valeur les résultats nouveaux avec des
boites colorées, en espérant une lecture plus aisée.



Part 1

Stein-Malliavin-Dirichlet method
and applications to statistics in
hypergraph theory
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Chapter 1

Introduction

1.1 Background

The fundamental example of the type of result we address in the first part is the Berry-Esseen
bound for the central limit theorem. Let X1, ..., X, bei.i.d. random variables with E|X|? < oo,
E[X1] = 0 and Var(X;) = 1, if ® denotes the cumulative distribution function of a standard

normal distribution and W,, = > | f/%, then there exists C' > 0 such that:

_ CEX,?
= \/ﬁ .

That quantifies the error in the classical central limit theorem. More generally, a central theme of
probability theory is proving distributional limit theorems. For the purpose of approximation it
is of interest to estimate the rate of convergence in such results. The common methods employed
are method of moments, Fourier analysis and martingale theory, but in some important cases
they lead to sub-optimal bound on the rate.

[P(Wn < 2) — &(x)]

Stein’s method is a technique that can quantify the error in the approximation of one distribution
by another in a variety of metrics. The Stein’s method for normal approximation was invented
in the groundbreaking paper (Stein et al., |1972)) published in 1972 and extended for Poisson
convergence (Chen, 1975) a few years later. Stein’s method has proved powerful in particular
for deriving explicit sharp bounds on distributional distances even when the underlying random
element consists of structures with dependence (Arras et al., 2020). Moreover, it has been
developed by a growing community to tackle an enlarging collection of approximation problems
including beta, binomial, gamma, multinomial, variance-gamma, Wishart, and many more.
The common denominator of most of them is the existence of a generator whose invariant
measure is the target distribution. The generator approach was a novel approach to Stein’s
method introduced in Barbour| (1990)) (see also Barbour| (1988); |Gotze| (1991)). Since then, it
has been a common scheme for approximation. That is one of the first building blocks of the
Malliavin-Stein method in which the semigroup associated to the generator plays an important
role.

The powerful interactions of Malliavin calculus of variations and Stein’s method were highlighted
by Nourdin and Peccati. The seminal paper |Nourdin and Peccati| (2009) used the combination
of Malliavin calculus and Stein’s approach to obtain a rather simple proof of the striking fourth
moment theorem for normal approximation, established earlier in Nualart et al.| (2005). Hence,
that line of search has been popular as the fourth moment phenomenon emerges in many

11



12 1. INTRODUCTION

contexts including free probability, compressed sensing, time series analysis, stochastic geometry
and motif estimation in random graphs.

The latest developments in computational statistics are summarized in |Anastasiou et al.| (2023)).
We also point to a website that regroups the papers using Stein’s method over the years:

https://sites.google.com/site/steinsmethod/articles.

In this manuscript, we deal with a branch of Stein’s method combined with Malliavin calculus
enriched by the structure given by Dirichlet forms, honing on the application to fourth moment
limit theorems.

1.2 Probability distances

For the taxonomy of probability metrics and their history, the essential reference is the mono-
graph (Rachev, [1991)) that presents a unified and comprehensive approach to the theory of the
more than seventy known probability metrics and their applications. Many of them are variants,
particular cases or extensions of the Wasserstein and Lévy-Prokhorov metrics. We ponder on
the first type of probability distances. For two probability measures P and () on a measurable
space (X, A,P), the probability metrics we consider have the form:

d(P,Q) = sup ‘/h dP—/h dQ‘, (1.2.1)

heH

where H is a space of test functions f : X — R. In the following, we assume X = R? and

A = B(RY).

Example 1.2.1. For the Kolmogorov distance, the space is:
H={l_—wpw: *€R}

The Kolmogorov metric, denoted dg, is the maximum distance between cumulative distri-
bution functions, so a sequence of distributions converging to a fixed distribution in this
metric implies weak convergence, although the converse is not true since weak convergence
only implies pointwise convergence of cumulative distribution function (c.d.f. for short) at
continuity points of the target c.d.f..

Example 1.2.2. For the total variation metric denoted dpy, the space of test functions
iss H={14: A€ A}. We use it for approximation by discrete distributions, for example
the Poisson distribution.

Example 1.2.3. The Wasserstein distances is defined as the minimum cost of transporting
P to Q, where the cost is measured by the distance that each mass unit must be moved.
Mathematically, the Wasserstein distance is defined as follows:

dw (P,Q)= inf / c(x, dz, d
w, (P, Q) o MxM( y)( y)


https://sites.google.com/site/steinsmethod/articles
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where T'(P, Q) is the set of all couplings between P and @ and c is a cost function. In the
literature, the p-Wasserstein distances refers to the cases where the cost functions are power
of Euclidean distances, i.e. c(z,y) = [[x — y||’. By the Kantorovich-Rubinstein duality
formula, the first-order Wasserstein distance can be written in the form where
the underlying space of functions is a subspace of Lipschitz-continuous functions: H =
{f € Lip(X,R) : Lip(f) = 1}. It is a common metric, also called Kantorovich-Rubinstein
distance (or norm), occurring in many contexts as optimal transport, partial differential
equations and even surprising ones as quantification of some variants of the uncertainty
principle in quantum physics. In the following, we refer to it as the 1-Wasserstein distance
with the notation dyy .

Proposition 1.2.4 Let u s absolutely continuous with respect to the Lebesgue measure .
If the Radon-Nikodym derivative d—’;\ is bounded by C', then for any random variable W,

In the remainder, dy is the main distance for our distributional approximations. The following
theorem illustrates the interest in considering that distance between each element of a family
of probability measures (u,)nen and a target probability measure pu.

Theorem 1.2.5 Let n € N, the following two properties are equivalent:

1. dw(pp, ) — 0.

2. fX fdun — fX f du for all bounded and continuous functions from X to R.

In our case, u, is the law of functionals F;, of sequences of random variables, and p is the
Gaussian distribution.

1.3 Stein’s method principle

The Stein’s method relies on the characterization of the target distribution in the scheme of
approximation. It consists in the construction of so-called Stein identities or equivalently in our
case Stein operators which act on a space of functions H, not to confuse with the starting space
of test functions.

Definition 1.3.1. The Stein operator L is defined such that for a given random variable
Y,
E[Lf(Y)]=0 VfeH, <= Y has distribution Q. (1.3.1)

The key step in Stein’s method is to transform the expression of the quantity ‘ [hdP— [h dQ‘
of which we take the supremum over H in into a Stein identity of the form E[L ¢ (Y)]
for p € H,.

For the following, we fix H = {f € Lip(X,R) : Lip(f) = 1}. We will explain one way to obtain
a Stein operator via the generator approach, using the formalism of Decreusefond| (2015) which
uses the underlying Dirichlet structure to characterize both the initial space and the target
space.

The Stein operator turns out to be a piece of a Dirichlet structure.
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Initial space Target space

dw (FuP, Q) 7

Figure 1.1: Comparison between FxP and Q).

Let E a metric space equipped with its o-field A, we recall some definitions.

Definition 1.3.2. A Dirichlet structure on (E,A,pn) is a quadruple (X°, L°, (P2,t >
0),£°), where X° is a strong Feller process with values in E whose generator is L, and its
semigroup is (P;,t > 0) for f: F — R sufficiently regular.

In fact, we only need to define a Markov triple since the bilinear form £ is not used here.
Definition 1.3.3 (Semigroup). Let (P;);cgr+ the family of operators defined on some set
of real-valued measurable functions on (F,.A), and satisfying the following conditions:

1. For any t € RT, B is a linear operator sending bounded measurable functions on (E, .A)
to bounded measurable real functions.

2. Py = Id where Id is the identity operator (initial condition).
3. For every (s,t) € (RY)2, Py = P, o P,.

4. For any t € R™, P, conserves the mass and preserves positivity (Markov property), i.e.
P, 1 = 1. For any positive function f, P, f > 0.

(P;)scr+ is a semigroup associated to a generator L.

Definition 1.3.4 (Invariant measure). Let a family (P;);cp+ of operators defined on
(E, A) and satisfying all the properties above. A positive o-finite measure vy on (E,.A) is
said to be invariant for (P),cp+, if for every bounded function f: E — R, and ¢t € R™,

/EPtf dyO:/Ef dvp. (1.3.2)

In the following, we only consider semigroups that have invariant measure.
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Remark 1.3.5. It must be noted that the knowledge of one of L°, P° or X° is equivalent
to the knowledge of the other two.

I We can use Dirichlet structures on both sides. I

In the case of normal approximation, the associated Stein operator is for f € H,:

Lf = f(x) —af(x). (1.3.3)

There are several ways to obtain that elementary result. We recall an instructive one from
Decreusefond| (2015) which leverages the underlying Dirichlet structure associated to the normal
distribution.

Definition 1.3.6. Let X° the Markov process defined as:

o B X°(0,z) =x
X o) = {dXo(t,x) = —X°(t,z) + 2 dB(t), (1.3-4)

where B is a standard Brownian motion. The solution to this stochastic differential equa-
tion is the Ornstein-Uhlenbeck process.

By the It formula, we have for ¢t € R™:
t
XO(t,x) =ze t + 2 / e~ =9 dB(s).
0

X°(-,x) is then a Gaussian process with parameters:
m(t) =ze ! K(s,t)=e 75l — ¢~ (t+s), (1.3.5)

Hence, X°(t,z) ~ N(ze7t,1 — e~2!). We have that X°(t,x) = N(0,1) when t — co. The
invariant distribution is the pu = A(0, 1).

Let f € S the set of functions belonging to C*°(R,R) such that f and all its derivatives have
at most polynomial growth, and = € R. By the Mehler representation formula, the associated
semigroup is defined as:

P f(x) = /Rf (e_tac +V1-— e_Qty) p(dy). (1.3.6)

We want to compute %Pt\t:(), for the Gaussian distribution p as target. For any f € S,

d

2 pf(a) = —zet / e e+ V1= Py)duly)

di e~z + V1 — e 2y)y du(y)

o2t
R
V1—e 2
= —ge! / flle7tr + /1 —e2y) du(y) + e 2 / (et + /1 —e2ty) du(y) using lemma.
(1.3.7)
In particular, %Pt,f(x)ltzo = —zf'(z) + f"(x). We want to prove that Lf = %Pt,f(x)ltzo. We | Which
would denote first L, f(z) = 4P, f(z) lemma?
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Q

00 ~ TdtPt

P pi*p P

t
-We also write:

Pf(z) - Pof(a / P f(r) ds = Pf(r) - f(x). (1.3.8)
lim E[f(A (e 'z, 1 — e~2))] — f(2) = / " b i) ds. (1.3.9)
t—o0 ’ 0 ds s

Hence, for any measure of probability v,

/f du(z /f ) dv(a //+OO ) ds dv(z). (1.3.10)

One wants to derive under the integral. Thus,

d(u,v) = sup ‘/Ltcph (1.3.11)
©h:heH
The upper bound is achieved by functions solutions of Stein equations.
For f € Dom(L):
Lf(x) = xf(z) — f'(x). (1.3.12)
f1 all order derivatives (see Nourdin and Peccati (2012, chapter 3 p.63-69)).
Especially,
d(F,N(0,1)) < sup |E[LTfTF]|, (1.3.13)

fTeH,
o Hrv = {ff: |(F1) oo < V7/2, 11l < 2}
o Hior = {1 1F oo < V21/4, (1) ]l < 1}

Takeaway message:

Reminder of Malliavin-Stein-Dirichlet method. All roads lead to Rome. (Decreusefond} 2015)).
In the following section, we recall the principle of Malliavin-Stein’s method, which is a ram-
ification of Stein’s method with several breakthroughs concerning normal approximation (see
Nourdin and Peccati (2012)).

The first step of Stein’s method relies on the characterization of the target distribution. The
second step boils down to bound . There are various approaches to achieve that, using
the structures of the random variables.

1.4 Malliavin-Stein-Dirichlet

Malliavin calculus is also known as the stochastic calculus of variations. At the very core of it, it
considers a gradient on a measured space. The link between these, the differential geometry and
the measure is made through the so-called integration by parts formula. When the measured
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space is the Wiener space, i.e. the set of continuous functions with the Brownian measure, the
gradient generalizes the usual gradient on RY and the integration by parts yields an extension
of the It6 integral. The intersection with Stein’s method originates from the seminal paper by
Nourdin and Peccati, who were able to associate a quantitative bound to the remarkable fourth
moment theorem on the Wiener space established by Nualart and Peccati (Nualart et al., [2005)).

Fourth moment theorems are simplifications of results using the Method of Moments. The
Method of Moments in probability theory is one of the oldest versatile tool used by probabilists
to prove limit theorems in non-standard problems. The principle stems from the property that
the moments of a random variable are determined by the distribution. Although the converse is
not true, we have that the distribution of some random variable X is determined by its moments
if X has finite moments and every random variable with the same moments as X has the same
distribution. The standard version of the method of moments can be stated as follows (Chung,
1974, Theorem 4.5.5).

Theorem 1.4.1 Let Z be a random variable with a distribution that is determined by its
moments. If X1, Xo,... are random variables with finite moments such that E[X}'] —

E[Z*] as n — oo for every integer k > 1, then X, 4 7.

It has been used for results of asymptotic normality of statistics on random graphs (see |Jan-
son et al. (2000, chapter 6)), and Poisson convergence as well. Overall, it is well adapted to
combinatorial problems. The drawback is that it usually requires tedious calculations for the
estimations. In some cases, the proofs can be reduced to the control of some moments and not
all of them. This is the case of the fourth limit theorem.

Definition 1.4.2 (Cumulants). Let F' be a real-valued random variable such that E[|F|™] <
oo for some integer m > 1, and write pp(t) = E[e?f], t € R, for the characteristic function
of F. Then, for r =1,...,m, the r-th cumulant of F' denoted by «,(F'), is given by

T

i (F) = (=) 7 log o (t) (1.4.1)

Remark 1.4.3. When E[F]| = 0, then the first four cumulants of F' are the following:
k1(F) =E[F] =0, ko(F) = E[F?] = Var(F), k3(F) = E[F?], and:

k4(F) = E[FY] — 3E[F?2

The fourth moment theorem states a rate of convergence in terms of cumulants for a sequence
of multiple stochastic Wiener-Ito integrals of fixed order I,(f) for ¢ > 2.

Theorem 1.4.4 Let (Fy)n>1 = (I4(fn))n>1 be a sequence of random elements in a fized
Wiener chaos of order ¢ > 2 such that E[F?] = q||f.||> = 1. Then, as n tends to infinity,
the following assertions are equivalent.

1. F, = N(0,1) in distribution
2. H4<F) — 0= K4(N>

where N ~ N(0,1).
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A few years later, Nourdin and Peccati (Nourdin and Peccati, 2009) made a huge breakthrough
by providing an error bound in terms of the fourth moment. The fourth moment phenomenon
has since then emerged as a unifying principle governing the central limit theorems for various
non-linear functionals of random fields. It has paved the way for a fruitful line of search,
growing as far as obtaining the universality phenomenon according to which the asymptotic
behavior of large random systems does not depend on the distribution of its components (see the
comprehensive book Nourdin and Peccati (2012)). More precisely, one can use random variables
in Wiener chaos instead of independent random variables in order to prove asymptotic normality
of functionals of those provided some mild assumptions on the functionals. The intuition behind
also led to a connection of the Malliavin-Stein’s method and criterions of asymptotic normality
in the literature such as DeJong’s one (de Jong, [1989) which states a partial fourth moment
theorem concerning multilinear forms, a particular class of functionals of independent random
variables. The additional remainder in the convergence rate is expressed in terms of the maximal
influence of the variables, roughly speaking the maximum over ¢ € N contribution of a random
variable X; to the overall configuration of the multilinear forms. Due to the discrete nature,
the techniques used for the Wiener chaos do not apply in a straightforward way, although they
can be adapted. It is the object of the remainder and of my contribution detailed in the next
chapter.

1.5 The Markov triple approach

In this section, we introduce a general framework for studying the fourth moment phenomenon
with chaos. The forthcoming approach was first introduced in [Ledoux et al.| (2012), and then
further developed in |Azmoodeh et al.| (2014} 2016]).

The main assumption is the property of diffusion of the generator L on the initial space.

Definition 1.5.1. A Markov operator L is said to be a diffusive, if for every function
¢ : R — R, and for every smooth (enough) function ¢ : R — R, and for every function
feH,

Lo(f) = &' (FILf +¢"(HT (S, ). (1.5.1)

Equivalently, the associated carré du champ operator I' is a derivation in the sense that:
D(p(X), X) = @/ (X)D(X, X) for any o € C(R).

That is a consequence of the chain rule, which leads to:

L((£),0(9)) =" () (9)T(f, 9)- (1.5.2)

Definition 1.5.2. A fourth moment structure is a triple (E, u, L) such that:
1. (E,p) is a probability space;

2. L is a symmetric unbounded operator defined on some dense subset of L%(E, i) that
we denote Dom L, the domain of L°

3. The associated carré-du-champ operator I' is a symmetric bilinear operator defined by:

I(F,G) = % {(L(FG) — FLG — GLF}
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4. The Markov operator L is diffusive.

Definition 1.5.3 (Azmoodeh et al|(2014) p.6). An eigenfunction X of the generator —L
with eigenvalue A, is called a chaos eigenfunction of order p, if and only if:

2p
X? € Pker(L + ApId). (1.5.3)
k=0

That holds in the three most important diffusion structures, namely Wiener, Laguerre and
Jacobi and in discrete setting like the Poisson space (Azmoodeh et al., 2014).

1.6 Fourth moment on the Poisson space

We introduce to an emblematic example of non-diffusive structure for which we can state the
fourth moment using an analogous scheme of approximation. The Poisson space The following
reminds some results in [Dobler et al.| (2018).

We recall the definition of the discrete gradient on the configuration space.

Definition 1.6.1. Let N be a Poisson process with intensity o. Let F' : 9l — R be
a measurable function such that E[F(N)?] < co. We define Dom D as the set of square
integrable random variables such that

E UE |F(N @ x) — F(N)|? do(x)

This is a review of the existing fourth moment theorems that have been available in the
literature. They have been obtained for most of them in the same manner, leveraging a
chaos decomposition.

See [Privault et al.| (2008). The following chapter shows how using analogous techniques we can -

derive equivalent limit theorems as well as concentration results.

Now we define the tools from Nicolas Bouleau, Guillaume Poly that unify Malliavin calculus of
Nourdin, Peccati and Dirichlet computations. The definitions are from another insightful article
about a similar approach (Ledoux et al. 2012). We recall that a Malliavin structure revolves
around a gradient, its associated Ornstein-Uhlenbeck operator, and a formula of integration by
parts.

The integration by parts given by the Dirichlet structure supersedes the integration by
parts at the cornerstone of Malliavin structure. It is actually two ways of writing the
integration by parts, at least in our case. The procedure is:

e Find an Ornstein-Uhlenbeck operator,
e gradient, difference operators that are the crux of the matter in computations.

e Integration by parts.
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1.7 Contributions

The control by the fourth moment in a Wiener chaos and Poisson space to the quality of normal
approximation in that setting is now well understood . The next natural random
elements to deal with is the sequence of independent random variables. Lots of works about it
including [Decreusefond and Halconruy! (2019)) and Duerinckx| (2021) about Malliavin calculus
in that discrete setting.

There are limit theorems for subhypergraph counts in random hypergraphs .
However, most of them consider simply random hypergraphs as extended random graphs, hence
considering hyperedges as independent random variables. In (2008)), the taxonomy of
exchangeable random hypergraphs concern conditionally independent Bernoulli random vari-
ables. Hence, we have focused on the branch of Stein’s method leveraging a Malliavin-Dirichlet
structure for conditionally independent random variables. For an exhaustive overview of the
Malliavin-Stein method, we refer the reader to the website:

https://sites.google.com/site/malliavinstein/home.
In brief, our contributions are:

e A new Malliavin framework for conditionally independent random variables;

e An application to concentration inequalities;
e New bounds on the 1-Wasserstein bounds for U-statistics;

e An application to asymptotic normality of subhypergraph counts in random hypergraphs.


https://sites.google.com/site/malliavinstein/home

Chapter 2

Malliavin calculus for conditionally
independent random variables

On any denumerable product of probability spaces, we extend the discrete Malliavin structure
for conditionally independent random variables. As a consequence, we obtain the chaos decom-
position for functionals of conditionally independent random variables. We also show how to
derive some concentration results in that framework. The Malliavin-Stein method yields Berry-
Esseen bounds for U-Statistics of such random variables. It leads to quantitative statements of
conditional limit theorems: Lyapunov’s central limit theorem, De Jong’s limit theorem for mul-
tilinear forms. The latter is related to the fourth moment phenomenon. The final application
consists of obtaining the rates of normal approximation for subhypergraph counts in random
exchangeable hypergraphs including the Erdos-Rényi hypergraph model. The estimator of sub-
hypergraph counts is an example of homogeneous sums for which we derive a new decomposition
that extends the Hoeffding decomposition.

2.1 Motivation

It is only very recently that, concomitantly, the situation where the measured space is a product
space, i.e. if we deal with independent random variables, has been addressed (see Duerinckx
(2021); Decreusefond and Halconruy| (2019); Dung| (2018)). By order of complexity, the next
situation which can be analyzed is that of conditionally independent random variables. This
is a very common structure as de Finetti’s theorem says that an infinite sequence of random
variables is exchangeable if and only if these random variables are conditionally independent.
This is the key theorem to develop a theory on random hypergraphs as in |Austin| (2008).

The first definitions of gradient (denoted by D) and divergence we introduce below for condition-
ally independent random variables, bear strong formal similarities with those of [Decreusefond
and Halconruy| (2019). The difference lies into the computations which rely heavily on condi-
tional distributions given the latent variable, which is here called Z. We can then follow the
classical development of the Malliavin calculus apparatus: gradient, divergence, chaos, num-
ber operator and Ornstein-Uhlenbeck semi-group (denoted by P;). We can even describe the
dynamics of the Markov process whose infinitesimal generator is the number operator. At a
formal level, the computations are almost identical to those of Decreusefond and Halconruy
(2019) with expectations replaced by expectations given Z. That notion of gradient is itself the
extension of gradient in the particular discrete setting when X is a sequence of Rademacher
random variables Privault et al.| (2008, section 10 proposition 10.1.).

21
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Nevertheless, for more advanced applications, namely functionals identities like the covariance
representation formula, we need to introduce a difference operator (see Definition which
appears more often that the gradient itself. It is in some sense a finer tool that the original
gradient which is useful to define the Dirichlet structure (the Glauber process, the infinitesimal
generator denoted by L, etc.) but no more. This is due to the fact that D,D, = D,, which
entails that L commutes with D and thus we have DP, = P;D in place of the usual formula
DP, = e 'P,D which is the core formula to derive all functional inequalities in the Gaussian
and Poisson cases. The difference operator A allows to recover the crucial e™! factor (see
Proposition .

The prevailing application of Malliavin calculus is nowadays, the evaluations of convergence
rates via the Stein’s method (Nourdin and Peccati| (2012); Decreusefond| (2022) and references
therein). The question is to assess a bound of the distance between a target distribution (more
often the Gaussian distribution) and the law of a deterministic transformation of a probability
measure, called the initial distribution.

One of the key difference between the Gaussian case and so-called discrete situations (Poisson,
Rademacher, independent random variables) is the chain rule formula: it is only in the former
framework that Dy(F) = ¢/(F) DF. For the other contexts, we need to resort to an approxi-
mate chain rule |[Reinert et al.| (2010). This is the role here of Lemma and Lemma
Motivated by the applications to random graphs statistics, we focus here on normal approxima-
tions of U-statistics as in [Barbour et al.| (1989); Rollin| (2022)); [Krokowski et al.| (2017)); [Privault
and Serafin| (2018). In passing, we extend the notion of U-statistics by allowing the coefficients
to depend on the latent variable instead of being only deterministic. Following the strategy of
Azmoodeh et al. (2014), we establish a fourth moment theorem for such functionals.

The rest of the chapter is organized as follows. The section lays the foundations of the
Malliavin framework. We define the Malliavin operators and especially the gradient that is re-
lated to the so-called Glauber dynamics. Our focus respectively lies on the independent setting
and the conditional independent setting (i.e. X is a sequence of independent random variables,
respectively conditionally independent random variables). We follow the original approach of
completing it with a Dirichlet structure (see for example Dobler et al.| (2018] 2019)) that nat-
urally arises without further assumption that gives us another formula of integration by parts
with the carré du champ operator. We derive some functional identities in section specif-
ically conditional versions of Poincaré inequality and McDiarmid’s inequality. The section
presents results of normal approximation. We will see that using the carré-du-champ operators
instead of the norms of Malliavin gradient will allow us to bypass at once all combinatorial
difficulties, leading to a partial fourth moment theorem for U-statistics under mild assumptions
(see subsection in the same vein of /Azmoodeh et al| (2014) that shows the fourth moment
theorem on the Wiener space.

2.2 Discrete Malliavin-Dirichlet structure

Let A be an at most denumerable set equipped with the counting measure, and define:

2(A) = { : A— R, Z lug)? < oo} and (u,v)g2(a) : Z%’Ua

acA a€A
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Let (Q,7,P) be a probability space, Ey be a Polish space and ((E,, T,), a € A) be a family of
Polish spaces such that
Es= ][] Ea

acA (2.2.1)
Q= E() x B A

The product probability space E4 is endowed with its Borel o-algebra denoted T C 7. Let Z a
Ep-valued random variable. By Theorem 10.2.2 (Dudley| 2002)), all the subsequent conditional
distributions in the chapter admit regular versions. For any subset B of A, we denote the set
Ep :=[lycp Ep and for v € Ey4, 2 := (24,0 € B) € Ep so that for a € B, 2, € E,. We denote
2B = (24,0 € A\ B). Let X := (X,)qeca be a sequence defined on (2,7, P) of conditionally
independent random variables given Z such that for all @ € A, X, is an E,-valued random
variable, i.e.:

Xu L(Xp,be 4\ {a}),

or, equivalently:
P(Xo € -|0((Xp, 0 # a), Z)) =P(X, € -|0(2)).

We denote by P the law of X and PZ the law £(X|Z). See chapter 5 of Kallenberg (1997)
for a thorough review of conditional independence, and |[Rao (2009) for some limit theorems
for conditionally independent random variables. We use the notation E for the expectation
of a random variable. By the disintegration theorem, for a € A, the conditional probability
distribution of X, given o(X1%}) v ¢(Z) admits a regular version P,. For p > 1, let us denote
LP(E4 — R,P) the set of p-th-integrable functions on E4 with respect to the measure P.
It is equipped with the norm || - |z»(g, g p) defined for f a measurable function on E4 by
| fllr(paorpy == [ |f(x)[PP(dz). For the sake of notations, LP(E,) stands for the space of
p-integrable functionals

LP(Ey) = {w = F(X(w)) weQFelP(Ey— R,P)}.

In this respect, L>°(FE4) is the space of bounded functionals. We shall write F in place of F'(X)
for the sake of conciseness. We closely follow the usual construction of Malliavin calculus on
that space.

Definition 2.2.1. A functional F is said to be cylindrical if there exists a finite subset
I C A and a functional F; in L?(E}) such that E[|Fy|?] < +o0o and F = Fj o ry, where 71
is the restriction operator:

rr o EA —>E]
(xq,a € A) —> (xq,a € I).

It is clear that the set of those functionals S is dense in L?(E4). We set L?(A x E4) the Hilbert
space of processes which are square-integrable with respect to the measure ) 4 Al @ P, ie.

L*(Ax Eg) ={U: ) E[Us(X)?] < +o0},
acA
equipped with the norm and inner product:

1U | 2(axEs) = ZE [UZ] and (U, V)12(axm,) = ZE[UaVa]-
acA a€A
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Definition 2.2.2. The set of simple processes, denoted Sy(I2(4)) is the set of random
variables defined on A x E, of the form

U= U,

acA

for U, € S.

2.2.1 Malliavin operators

Definition 2.2.3 (Discrete gradient). For F' € S, DF is the simple process of L?(A x E )
defined for all a € A by:

D,F:=F—E [F|X{“},Z] .
In particular, S € Dom D. Define the o-field o(X{%) v ¢(Z) by G2, so that
D,F =F —-E[F|G]. (2.2.2)

Recall that for K C A, X = (X4,a € K) and XX = (X,,a € A\ K). We shall write
GK = o(XK)Vvo(Z) and G = 0(Xk) V o(Z) for K a subset of A.

Lemma 2.2.4 Let (a,b) € A% a # b, for F € Dom D,
1. DuDoF = D,F;
2. DaDyF = DyDoF;
3. D,E [F|G’] = DyE [F|G.
Proof of lemma[2.2.7). For (a,b) € A2, with b # a,
D,DyF = DyF — E[D,F|G"]
—F-E [F\gb} _E[F|GY] +E [E [Fygb] yga}
DyDoF = DoF —E [DaF|gb} YE [E [F|G% |gb}

—F_E[F|G"] —E [F|gb} +E [E[F|ga]ygb] .

We note that:
E[E[F(X)|67|6"]
= //F(XA\{a,b}axaaxb)Pa((XA\{a,b}aZ)vxm dza)Po((X a\{ap}, Z), dap)
— [ [ Py P2, 2 (2, d)
—E [E [F(X) |gb] |g“} .

Hence, the equality follows. O
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The key to the definition of the Malliavin framework is the so-called integration by parts.

Theorem 2.2.5 — Integration by parts |. Let F' € S, for every simple process U,

(DF,U)r2(myxa) =E |F > DalU, (2.2.3)
acA
Proof of theorem[2.2.5. We get:
(DF,U)r2(p,a) =E | Y DaFU,
acA
=E|Y (F-E[F|G])U.,
acA
=Y E[F(Us - E[Ua|G])]
acA
=Y E[FD,U.],
acA
by self-adjointness of the conditional expectation. O

Corollary 2.2.6 — Closability of the discrete gradient. The operator D is closable from
L?(E,) into L?>(A x Ey).

Proof. The proof is analogous to the proof of closability of the gradient in (Decreusefond and
Halconruyl, 2019, corollary 2.5) O

The domain of D in L?(E,) is the closure of cylindrical functionals with respect to the norm:

| F|1,2 : \/||FH 2ga) T HDF”AxL? (Ea)"

The following lemma gives a way to define square-integrable functionals in Dom D that are not
inS.

Lemma 2.2.7 If there exists a sequence (Fy,)nen of elements of Dom D such that
1. the sequence converges to F in L?(E4),
2. supyen 1D EFyl 22, x4y < +00,

then F' belongs to Dom D and DF = limy,_y 00 DF,,.

Proof. Let (Fy,)nen a sequence in L?(E4) with P-a.s. limit F, then for a € A,
E[|DoF — DaFl?] S E[|F = Fo"] + E [|[E[F,|G°] — E[F|G] ]
<E[F-F,)’|+E [E[|F - Fn\2|g“}] by Jensen’s inequality
= 2E[|F — F,|?] 22 0.

Let (Am)men a family of subsets of A such that UJ,,>qAm = A and [A,| = m, then for
all m € N, (3 ,ca,. DaFp)nen converges in L?(Eq) to Y ,c4 DoF. We denote by D™ the
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operator on L?(E4 x A) such that for a € A,,, D™ = D, and otherwise D™ is the null operator.
For m € N, (D™F),),en converges to D™F in L?(Es x A). Because of (2), by the uniform
boundedness principle, DF is in L?(E4 x A), and the result follows. ]

Definition 2.2.8 (Divergence operator). The domain of the divergence operator Dom §
in L2(E,) is the set of processes U in L?(E4 x A) such that there exists 6U satisfying the
duality relation

(DF,U) (g, x.a) = E[FSU], for all F € Dom D. (2.2.4)

Moreover, for any process U belonging to Dom d, 6U is the unique element of L%(E,)
characterized by that identity. The integration by parts formula entails that for every
process U € Dom 4,

§=> DaU,. (2.2.5)

acA

Definition 2.2.9 (Ornstein-Uhlenbeck operator). The Ornstein-Uhlenbeck operator, de-
noted by L is defined on its domain

2
Doml =( FeL*Ea): E ||} D.F| | <4003 28
a€A
by
LF := —6DF = — Y D,F. (2.2.6)
acA

2.3 Chaos decomposition

The lemma entails a chaos decomposition of L?(E4) similar to the one in|Duerinckx (2021).

Theorem 2.3.1 — Chaos decomposition. For any F € L*(E,),
+oo
F=E[F|Z]+ ) m(F), (2.3.1)
n=1
where (T, )nen 15 a sequence of orthogonal projectors on L?(E4).
Proof. One can notice that:

E[D,F(X)|G%] = Du(E[F|G*])F(X) =0, for all a € A. (2.3.2)

Let (Am)men a family of finite subsets of A such that |A,,| = m and |J,,cy Am = A. Let m € N,
Idr2p, )y = [lica,, (Do + E[G%]). Indeed, for all a € Ay, Idpomp = Do + E[1|G?]. Hence,
by distributivity and by using lemma the identity also reads off: Id;2(p, )= > L™,
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where
= Z (H Db> H E[|G9] Vn < m. (2.3.3)
JCAm, |[J|=n \beJ c€Am\J
Let n < m,
o=y 3 (o) (T =) (o) | TT st
IC Ay JCA, \bel c€Am\I deJ e€Am\J

[I|l=n |J|=n

- > > (Mo T eded) | T1 Ere T o

ICAm, |Il=n JCAm, |J|=n \bEl  ecA,\J €A\ deJ (2.3.4)
= > {TIDs T ELIGT II ELGI]]Da| by lemmaZZA
I|IC|Am bel ec A\I c€Am\I del
=N

_ oy (HHD,,D,,) I1 =Hosiia] ) ==

ICAm, |I|=n \beI bel c€AR\T

By convention 7' (F) = 0 for n > m. Analogously, for n' # n, mj;'n} = 0 The operator "
is continuous on L?(E4). Hence, (7™)nen is a well-defined family of projectors on L%(E,).
Moreover, for all n € N and F € L*(E4), we have sup,,ey |77 (F)|| 12(g,) < | Fll12(5,)- Then,
by the uniform boundedness principle,

sup |7 (F) | 2(5,) < +o00.
meN
||F||L2(EA)

The pointwise limits of (77*(F))men for F € L?(E4) define a bounded linear operator 7, on
L?*(E4) for n € N. Thus:

+o00
=@ m m,. (2.3.5)
n=0
Given ([2.3.3)), for a functional F' € Dom L, we have my(F') = E [F'|Z]. O

Lemma 2.3.2 — Spectral decomposition. Let F' € L%(E4) of chaos decomposition

E[F|Z] + an

1. We say that F belongs to Dom L whenever

anwn M 222, < +00-
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2. The operator has a unit spectral gap, i.e. the spectrum of L coincides with Ny.

+o0o
L*(Ea) = @ ker(L + kId). (2.3.6)
k=0

3. It is invertible from L3(Ex) = {F € L*(E4), E[F|Z] = 0} into itself.

Proof of lemma[2.3.3 Let us show that 7, is in the domain of L for all n € N. By summability,

2

Soee-leo v (1) (11 20

acA acA ICA, [I|=n \bel ceA\T
2
Tuw s (o) T = .
a€A ICA, |I|=n \bel c€A\I o
2
= n? Z (H Db> H E[-|G] since |I| =n
ICA, [I|=n \beIl ceA\T
— nZ‘ﬂ_n‘Q’

so for F € L?(E,), m,(F) € Dom L. Hence, because of the orthogonality of (Im m,)nen, F €
Dom L += >/ 12|70 (F)| p2(5,) < +00. With the same calculations, we get L, = —nm,.

n—

The spectrum of —L coincides with N. Then, we deduce that:

—+00
L=> —nm, (2.3.8)
n=0

and Imm, C ker(L+ nld). Because of the orthogonality of the kernels, we get Imm, =
ker(L + nId). Now let us prove the third item. The pseudoinverse L~! is defined on its do-
main {F € L?*(E,) : E[F|Z] = 0} and reads /> =™ Then for F € {G € DomlL :

n=1 n

E[G|Z] = 0},L-}(LF) = F. O

Corollary 2.3.3 For k > 0 and J a subset of A of cardinal k, let us denote by €y, the space
of functionals ¢ = EJCA7|J|:k Wy such that:

e for every J C A, 1y is Fj-measurable;
o for every K C A, E[¢;|Gk] =0 unless K C J;

then € = ker(L + kId).

Proof of corollary[2.5.3. From (2.3.3), for J = (ai,...,a,) C A, the component 1y is F,-

measurable. Let us compute the expression of the iterated gradient for F' a Fj-measurable
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function:
[J]
[[D.F = Z )" Y E[FIGN]
a€J KCJ
|K|=k
— Z |J\ |L\E [F|GL],
LCJ

where GX = o(X®) Vv 0(Z) and G = o(X1) V o(Z). In this view, we have the inclusion
ker(L 4+ nld) = Imn, C €, for n € N.
Conversely, let ¢ for which the properties above hold.

Lo==> Du > Wy

acA JCA,|J|=n

==> Y (@ —E[¥s16%)
a€A JCA,|J|=n

= —Z Z 17 because E [¢J|IA\{G}] =0for J ¢ A\ {a}

k€A JCA,|J|=n
aeJ

Therefore, €,, = ker(L + nld) for n > 1. O

Remark 2.3.4. It is known that there is no Hoeffding decomposition for functionals of
exchangeable random variables unless we assume weak independence (Peccati, |2004). The
decomposition at hand is not a Hoeffding decomposition since the kernels of the U-statistics
also depend on Z. The first term in the decomposition is not E[F] as expected.

2.4 Dirichlet structure

The map L can be viewed as the generator of a Glauber dynamics where the index set is a finite
set of random variables indexed by A,,, for m > 1. For practical term, we introduce a new index
0 and Xy = Z P-a.s.

Definition 2.4.1 (Modified Glauber process). Consider (N(t)):>0 a Poisson process on
the half-line [0, +00) of rate |A;,| + 1. Let (X°4m(t));>0 = (XA (t),t > 0,a € A) the
process valued in F4 starting with X°47(0) = X which evolves according to the following
rule. At jump time 7 of the process,

e Choose randomly an index a in A,, U {0} with equal probability.

e If a # 0, replace X24m () with a conditionally independent random variable X} dis-

tributed according to Pa((Xj{?{ }( T),Z),), otherwise do nothing.
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Gibbs sampling: PX3/((Xnn#9.2) (x0 0, (7),.) = PY17(Z,.).

X°(t1) X°(ta)
% X} Xy
X4
X} Xy
X3
Lzg o X; Xy
X Xy
X4
to=2, T Al T [T [ Time

Figure 2.1: Modified Glauber dynamics

That Markov process has for infinitesimal generator L4m:

LA = — Z D,F.
a€Am

That is referred as Glauber dynamics because one can identify a coordinate, and change the
random variable at this coordinate in function of the other ones. Here it does not simulate the
Ising model, but a more general model. It is mostly known for its application to spin system as
a particular case that involves a probability measure on a product space (Sambale and Sinulis),
2020). These finite spin systems can have a rich dependence structure among the sites. The
algorithm gives us the construction of the Markov process. Our description is similar to the
Glauber dynamics described in/Adamczak et al.| (2022, section 4.3.). Our aim is to show that the
operator L is an infinitesimal generator, letting m — +o00. We recall the Hille-Yosida theorem

(Yosidal [1995).

Proposition 2.4.2 — Hille-Yosida. A linear operator L on L*(EA) is the generator of a
strongly continuous contraction semigroup on L*(E.) if and only if

1. Dom L is dense in L*(E4);

2. L is dissipative, i.e. for any A >0, F € Dom L,

IAE = LE||2(g,) = M EF 25,

3. Im(A\d — L) is dense in L*(Ex).
Theorem 2.4.3 L is an infinitesimal generator on E4 of a strongly continuous contraction
semigroup on L*(E4).

Proof of theorem[2.7.3 We know that S is dense in L?(E,). As DomL D S, it is also dense
in L?(E4). Let A, an increasing sequence (with respect to C) of subsets of A such that
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U,>1Am = AU and |A,| = m. Then (Fa,, )men is a filtration. For F € L*(Ey), let
Fy, = E[F|Fa,]. Since (Fy,)men is a square-integrable F4-martingale, (F,)men converges
both almost surely and in L?(E4) to F. For any m € N, F,, depends only on X4, . Because of
the conditional independence of the random variables X, given Xy, for all a € A, we get that
D,F,, =E[DyF|Fa,]. Using that Lg,, is dissipative for all m € N, we have:

2
N NEnlfags) < N =LA Fn o,y = B (AFT" t 2 DaFm)
(ZEATL

2
=E <)\Fm + Z DaFm> because D, F,, =0, if a ¢ A,,.
a€A

2
=E |E )\F+ZDQF‘}"Am]

a€A

It means that the operator L is dissipative. Thus, by the Hille-Yosida theorem, L is the in-
finitesimal generator of a strongly continuous contraction semigroup on L?(FE4) denoted P. [

Lemma 2.4.4 Let F € L?(E,), then
E [F(X°4m)|X, 7] = P/'nF 2222 pFp

and
xoAm 4 xo

Proof of lemmal[2.4.4] The theorem 17.25 of (Kallenberg), 1997, Trotter, Sova, Kurtz, Mack-
evitius) gives the convergence in distribution of X°4m towards X° the Markov process associated
to L, and the almost sure convergence of the semigroup. O

These are pieces of the Dirichlet structure with invariant measure P that we complete with the
carré du champ operator. Here, we note that S is an algebra which is a core of Dom L.

By an argument of density, there exists an algebra A O S maximal in the sense of inclusion
such that the carré du champ operator acts on it.

Definition 2.4.5 (Dirichlet structure). The associated Dirichlet structure defined on
(E4,Y,P) is given by the quadruple (X°, L, (P;)i>0,E) where X° is a Markov process
with values in £4 whose infinitesimal generator is L and its semigroup is P, i.e. for any
F e L*(E4):
d
dt
Furthermore, P is the invariant (or stationary) distribution of X° given Z and the Dirich-
let form is defined by

P,F = (LP)F.

£(F,G) = E[[(F,G)].

It comes with the classical properties entailed by the spectral decomposition of L, including the
Mehler’s formula.
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Lemma 2.4.6 — Mehler’s formula. For any F € L*(E,),

1.

o0
BF=E[F|Z]+) e "m,(F)
n=1

=E[F(X°()|X],

(2.4.1)

In particular P,F € DomL N DomL~!.
ltlim PF(X)=E[F(X)|Z]
—00

3. The pseudoinverse of L can be written:

“+o00
L=l = —/ P.F dt.
0

Proof of lemma[2.7.6 Since formally P, = e~*L, we get the first line of (2:4.1)) from the spectral
decomposition of L. The second line is deduced from the definition of the Glauber dynamics
and by passing to the limit. Then,

E[F|Z] - F = lim PF — PyF

t—4o00

+oo d
= / — P, F dt
o dt

+o0
—L(/ Ptht>.
0

Taking E [F'| Z] = 0, we get the expression of the pseudoinverse. O

Remark 2.4.7. By the chaos expansion, P,F can be defined as the limit in L?(E,) of
elements (P.F),)nen for F, in S. Hence, it is sufficient to define the semigroup acting on a
functional of some finite vector of random variables X g, using the definition of the Glauber
dynamics entailed by it.

The infinitesimal generator satisfies another integration by parts formula due to the Dirichlet
structure which is the key to investigating the so-called fourth moment phenomenon.

Lemma 2.4.8 — Integration by parts Il. For (F,G) € A?,
E(F,G) = —E[FLG]. (2.4.2)

We introduce to the difference operator which is associated to the Malliavin-Dirichlet structure
at hand. That difference operator serves the same purpose as in Lachieze-Rey et al.| (2017)) and
Dung| (2021)) for computations in the proofs of the limit theorems.

Definition 2.4.9 (Difference operator). Let F' : E4 — R, for a € A, we introduce the
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operator

AlYFE . EyxE, —R
(‘Tax;) — f(x) - f(${a}7$;>.

For the sake of conciseness, we shall write F1o' = p(x{a} X)),

Lemma 2.4.10 For F a functional in Dom D, the gradient also reads as:
D,F =E [A{“}F(X, X)X, Z] : (2.4.3)

where X! has the law of X, given Z and is conditionally independent of X1{at given Z.
Similarly,

I(F,G) = % S E [(A{G}F(X, X;)) (A{“}G(X, X;)) X, Z] . (2.4.4)

a€A

Proof. We have
E[F|G% = /F(X{ﬂ},xa)Pa(dxa).

Since o(X,) is independent of o(X{*) given o(Z), we obtain
E[F|G"] = /F(X{a},xa)IP’X“|Z(dxa).
Eqn.(2.4.4) is proved similarly. O

2.5 Functionals identities

This section is devoted to classical functional identities obtained in the Malliavin framework.
We follow the approach of Houdré et al. (2002) using a covariance identity based on difference
operators to deduce concentration inequalities.

Proposition 2.5.1 For F € L?(E4) and a € A, then:
Do(PF) = ¢~'E [A{“}F(Xo(t), X)X, Z] (2.5.1)
where X' has the law of X given Z.

Proof of proposition|2.5.1. We consider the Glauber dynamics with index set a finite subset A,
of A, as the construction of process (X°4m(t));cp+ is explicit in that case. Let a € A, we
denote by N, the Poisson process of intensity 1 which represents the life duration of the a-th
component in the dynamics of X°4m (t), so:

XA () = Lip oy Xa + Lir, <y Xos

where 7, = inf{t > 0, N4(t) # N,(0)} is the life duration of the a-the component of the original
sequence, exponentially distributed with parameter 1 (independent of everything else) and X,
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is conditionally independent of X given Z. Then:

D P F = P/ F B [P F|G,|
= P F —E[E[F(X°*(1)|X, Z]) Li<roy |Ga] — E [F(X°4™ (£)Ljyory ] X, Z]
=E [F(X°* ()<} | X, Z] —E [E [F(X ()| X, Z] 11270y | Gal
= ¢ 'E [A{G}F(XoAm (t), X))| X, Z}

because the law of X, given X is the same as the one of X/ given X.
On one hand,

D, PimF 225 D P F.
On the other hand, by the Skorohod’s representation theorem, there exist copies of X °Am and
X° on a common probability space (€, 7, P) such that the sequence (X°4m),, cn converges to X°

P-a.s. As the whole structure is invariant by copy, we can suppose the almost sure convergence
on (Q,T,P), and the relation passes to the limit. O

Remark 2.5.2. In the case, we have only one random variable (or one particle), then the
commutation relation simplifies to D, (P.F) = D,.

Corollary 2.5.3 — Conditional covariance identity. For any F,G € L*(E4), then:

Cov(F,G|Z) = /0 Tt Y E [(DQF)(A{“}G(X"(t),XéL)) yz] dt. (2.5.2)

acA

Proof of corollary[2.5.3. We use the following conditional covariance formula analogous to the
covariance formula:

Cov(F,G|Z)=E[FG|Z]=E[FLL 'G|Z] (2.5.3)

By the integration by parts I (2.2.3)) which also holds with conditional expectation given Z, we
get:

E[FLL'G|Z] ==Y E[(DJF)D., L' G)|Z]

acA
— _;E [(DQF)(Da /OOO PG dt)IZ]
=— anAE [(DQF) ( /0 h D, PG dt) yz]
—— [ >E (DF)E | A G(X°(1), X0)|X, 2] |2 dt,
using . U

As an immediate consequence of the spectral gap, we find another proof of the Efron-Stein
inequality which is of independent interest.



Functionals identities 35

Proposition 2.5.4 If F' € €, then
1 1
Var[F] = I;g(F) = 1;||DF||L2(EA).

Moreover, if there exist Fy,..., Fy, € L?(E4) such that F = Z;nzl F, with F, € €, for
p € [1,m], then:
Var[F] < ||DF|[2(g,)- (2.5.4)

Proof of proposition[2.5.4 Let us use the previous covariance identity, we have:

Var[F] = Cov(F, F) = E[['(F, —-L7'F)]

m m 1
—E T ZFP,Zqu

p=1 q=1

E I (Ep, Fy)]

I
NE
NE

1
q

=
Il
MR

Q
Il
—

M-

=

E I (Fp, Fp)] because E[I'(F), Fy)] =0 for ¢ # p

S
Il
—

It yields the inequality (2.5.4) noting that I'(F,, F},) > 0 for all p > 0. O

We now deduce the conditional first-order Poincaré inequality for functionals of condition-
ally independent random variables. The equivalent for functionals of independent random
variables is rather known as the Efron-Stein inequality in the literature (Efron and Stein,
1981)).

Theorem 2.5.5 — Conditional Efron-Stein inequality. For F € L?(E,) such that E[F|Z] =
0,
Var[F|Z] <E[I'(F,F)|Z]. (2.5.5)
Proof of theorem [2.5.5. The conditional covariance formula yields

Var|F|Z] = / _“ZE DF {a}F)(Xg,X(’l)|Z} du

a€A
/ STE((D.F)2Z) |3 EE (Al F)(Xg, X)X, 2] 7] du.
a€A acA

The invariance of PZ under the Glauber dynamics entails that
2
S8 [a0nacxix.2) 12| - T ao.riz
acA acA
Hence,
Var[F|Z] < E[['(F, F)|Z],
proving the theorem. O
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Remark 2.5.6 (The optimal constant in the Poincaré inequality). As mentioned in Bakry,
Gentil, and Ledoux]| (2013)), if a Poincaré inequality P(C) with constant C' holds for the
Dirichlet structure at hand, the spectrum of the symmetric positive operator —L is included
in {0} U[4,00]. The existence of P(C) does not tell whether the spectrum of L is discrete
or not. The consequence of P(C) is the fact that £(F) =0 = F is constant.

We find a version of the McDiarmid’s inequality for conditionally independent random vari-
ables.

Theorem 2.5.7 — Conditional McDiarmid’s inequality. Let F' be a square-integrable func-
tional such that for all a € A:

sup  |F(z{¥ 2)) — F(z)| < d,.
al®) €Bay(a)
z! €EE,

For any x > 0, we have the inequality:

P(F(X) — E[F(X)|Z] > 2|Z) < exp <_222Ad2> . (2.5.6)

Our strategy of proof is different from the original McDiarmid’s original proof in [McDiarmid
(1989).

Proof of theorem[2.5.7, We assume that F' = F(X) is a bounded random variable verifying
E[F|Z] = 0. Using the inequality:

t
et — | < 5]:10 —yl(e™ +e¥) Va,ycR. (2.5.7)
We have:

Al (X, X)| = [ — e

< |A{a}F(X, x| (etF _|_etF{a}/) .

N |

Applying the covariance identity, it yields:

E[Fetf| 7] = / e™ Y "E[Dye At F(Xy, X)) |Z] du
0 a€A
g/ e’“ZE{E [yA{a}efF(X,X;)HX, Z] A{a}F(X;;,X;)\Z} du
0 acA
< ;/ Y E [|A{“}F(X,X(’z)]etF|A{“}F(X3,X{1)\Z} du
0 a€A
* 3/ e Y E[IAl (X, X)) A (X, X)) 2] du
acA
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by using the Jensen’s inequality for conditional expectation in the second inequality. Since
IADF(X, X2 < dg, |ADF(X2, X!)| < dg for all u € RY and E[etF'™|Z] = E[e!F'|Z], this
shows that:

E[Fett| 7] < (Z d§> tE[e'F| 2] = tK?E[et!| 7],
acA

where K2 := " acA d?. Thus, in all generality for F' bounded:

t o s(F—E[F|Z])

0 E[es(F—E[F])]

t t2
§K2/ sds=—K2,
0 2
hence:

P(F —E[F|Z] > 2|2) < E[et(F*E[F|Z])|Z]

22
:etK/Q’ tZO,

and: )
P(F —E[F|Z] > 2|Z) < e2X°~1* >0,

The minimum of the right-hand side is obtained for t+ = x/K2. If F is not bounded, the
conclusion holds for F,, = max(—n,min(F,n)), n > 0, and (F),),en converges P-a.s. to F.
Hence:

$2 372

The proof is thus complete. O

Remark 2.5.8. The McDiarmid’s inequality for conditionally independent random vari-
ables can be recovered from Azuma’s inequality. Malliavin calculus offers an alternative
for proof of concentration results to classical inequalities that use either or the martingale.

Example 2.5.9. See Raginsky and Sason| (2014) for applications of such logarithm Sobolev
inequality:.

We do not have a second-order Poincaré inequalities (Nourdin et al.l 2009), because of the
absence of chain rule. However, we can still proceed with the Stein’s method in the next
section.

2.6 Applications to normal approximation
We deal with the problem of approximations in law for functionals of the form:

F(X) = F(X1, Xa,...). (2.6.1)
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When the functional only depends on a random vector (X1, ..., X,,) for a given n € N, the nor-
mal approximation of F(X, X», ..., X;,) has been studied by (Chatterjee et al. (2008); Lachieze-
Rey et al. (2017). More recently, those methods have been adapted to the infinite case when
n — oo (Privault and Serafin, 2018; Dung, 2018 2019; |Arras et al., [2019; Decreusefond and|
Halconruy}, [2019; [Duerinckx,, 2021} [Privault and Serafinl [2022), explicitly stating quantitative
limit theorems. They use Malliavin calculus for integration by parts in Stein’s method. Earlier,
|Chen et al. (2007) derived Berry-Esseen bound for nonlinear statistics such as U-statistics and
L-statistics with an order of magnitude for the bounds which corresponds to the normalizing
rate of central limit theorems. They used a concentration inequality approach by Stein’s method
as to control the non-linear part of the statistics. Still, the derived bounds were non-uniform
except for particular cases, and the sequence requires to be independent identically distributed.
The combination of Stein’s method and Malliavin calculus leads to finer-grained upper bounds
in probability distance for limit theorems of non-linear U-statistics, essentially relying on a
chaos expansion of square-integrable functionals.

2.6.1 Bounds in probability distance

The goal is to bound for instance the 1-Wasserstein distance

dw (L(F(X)), L(Y))] := sup [E[A(F(X))] = E[n(Y)]]
for H the set of 1-Lipschitz functions and Y the random variable following the target distri-
bution. We recall the lemma 4.2 of |Chatterjee et al. (2008)) which provides with a standard

implementation of the Stein’s method for this probabilistic distance with respect to the normal
distribution N(0,1).

Lemma 2.6.1 — Normal approximation. Let LTh(z) := h/(2) — zh(z). Then,

dw (L(F(X)),N(0,1)) < sup E[LYp(F(X))]], (2.6.2)

where Hy = {h € C2(R,R) : [[I||oo < 1/2,[|h"]|oo < 2}

In the following, we denote dw (L(F(X)),N(0,1)) by dw (F,N(0,1)). For sake of conciseness,
we denote by A F the quantity Al F(X, X).

2.6.2 Rates in Lyapunov’s conditional central limit

Lemma 2.6.2 For any F' € S such that E[F|Z] = 0. Then,

dw (F,N(0,1)) < sup
YEH «

E [Z B(P(X, X)) A FD,(~L7'F) — ()

acA

+ ) E[(AY F)2DLTIF]). (2.6.3)
a€A

Proof of lemmal2.6.4. We compute:
sup [E[F(fT)(F) - (fT) (F)]l.

freH.
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Since F' is centered,
E[F(f1)(F)] = E[L(L'F) fT(F)]
= Z IE[DaL_lFDafT(F)] by integration by parts

a€A

--YE [DaL_lFIE [(fT)’(F) — Yy x, Z”
a€A

==Y E[DL FAIY Fi(F)]
acA

Then, we use the Taylor expansion taking the reference point to be F1a’ instead of F, for all
a € A yielding:
AW fi(F) = f1(F) - fi(Fe)
= (fY(F)AY F 4+ R,

with |R,| < L)l (A{a} F)2 = (AfaY )2, Then,
E[FfI(F) = (f1) (F)]

<|E

> AW E(D(-L ) (Y (FY) - (7Y ()
a€A
+ ) E[(A )DL F).

acA

Because (f T)” has Lipschitz-constant equal to 2, we get the result. ]

We prove a quantitative Lyapunov’s conditional central limit theorem for random variables with
moments of order 3.

Corollary 2.6.3 — Lyapunov’s conditional central limit theorem. Let (X, )nen be a sequence
of thrice integrable, conditionally independent random wvariables given a latent random
variable Z. Let us observe that

n

- o1
0'32"2 = Var(X;|2), S?z,Z = ZUJ%Z and X, = - Z(Xj —E[X;|2]).
Jj=1 WL i
Then,
— 1 n
dw (X, N(0,1)) S2(V2+ DE | 51X —E[X:| 2] (2.6.4)

n,Z j—1

The proof of the corollary follows the same steps as the one of (Decreusefond and Halconruy,
2019, Corollary 5.11), using lemma m

A version of conditional central limit theorem was first stated in Rao| (2009) without proof and
then was proved in Grzenda and Zieba, (2008) for sequence of conditionally independent random
variables (see|Yuan et al.|(2014); [Bulinski| (2017) for more ”stringent” proofs). They also give a
Lindebergh central limit theorem. We rule out a Lyapunov’s conditional central limit theorem,
giving a quantitative limit theorem. Let us note that our approach differs from the use of Stein’s
method for conditional central limit in Dey and Terlov| (2023]).
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Example 2.6.4 (Conditional Bernoulli random variables). Let (U;);en independent uni-
form random variables, and X; = 1yy,<z}, with Z an arbitrary random variable lying
in [0,1], then (X;);en forms a sequence of conditionally independent random variables
given Z. The law of £(X;| X1}, Z) is a Bernoulli law of parameter Z. We compute the
right-hand side of the Lyapunov theorem in this case.

spz=nZ(l—Z)
E[|X; -EX;|Z]P|Z] = Z(1 - Z)(1 - 22).
Hence,

1—27 4222
Z(1-2)

dw (X, N(0,1)) <2(V2 + 1E _1/2

It is a classical quantitative theorem in the theoretical Stein’s method, but in some formulations,
one supposes the random variables to have unit variance or normalization (Reinert}|1998; |Chen
et al.l 2010, corollary 4.2.). There is quite a few papers investigating the lower constant before
the absolute third moments in the upper bound for the Kolmogorov distance (more difficult
to obtain usually because the solution of Stein’s equations has less bounded derivatives) and
various other probability distances (see for example Tyurin (2009) and the references therein).
One can consider the Ll-norm of the difference of cumulative function of X,, and N(0,1)
(Goldstein et al., 2010). Recently, with the same ambition to find general bounds for functional
of independent random variables, Privault and Serafin| (2018) derives a bound in Wasserstein-1
distance for sums of identically distributed independent random variables with a constant 2
which is lower than ours. We note that |Dung (2018) uses the same gradient, but the constant
here is better than 4 in his.

Actually the integration by parts with carré du champ operator has been proved powerful to
bypass combinatorial difficulties with Malliavin derivatives (Dobler et al., 2018) when deriving
fourth moment limit theorems. They are not equivalent in our discrete settings (see also Dobler
et al.| (2018))

2.6.3 Abstract bounds for U-statistics

The chaos decomposition has a natural interpretation as a decomposition in terms of degenerate
U-statistics.

Definition 2.6.5 (U-statistic (Hoeffding, |1948)). Let a family of measurable functions
hr : Er — R. A U-statistic of degree (or order) p is defined for any n > p by:

U= > h(X)= > W.

Ie(A,p) Ie(Ap)

Definition 2.6.6 (Degenerate U-statistic). A degenerate U-statistic of order p > 1 is a
U-statistic of order p such that E {hI(XI{a}, Zq) ]Z} =0, for all a € A and z, € E,.

The space of degenerate U-statistics is exactly €,. Since we consider functionals given Z here-
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after, hy may be o(Z)-measurable as well.

A convenient assumption in the proofs of quantitative limit theorems is the diffusiveness of the
Markov generator at hand L, i.e. the associated carré du champ I'y, satisfies for (F,G) in a

dense algebra of Dom L:

Due to the discreteness of the Malliavin structure, the operator L is not diffusive, but it is close

to. We devise the following pseudo chain rule.

Lemma 2.6.7 — First pseudo chain rule. Let v € CY(R,R). Let G € A and F € L*(Ex)

such that ¥(F) € A, then:
DA(F), G) = 5 3 W/(FIE (AW F)(A 6)|X, 2] + Ry(F, 0),
acA

where: "
1Bo(5,0) < W= S g [l g aty P2 x, 2].
acA

Proof of lemma[2.6.7, We write the Taylor expansion of 1, and:

E|(@(F) - p(F)(GY - 6)|X, 2] =B [/ (F) ALY F) (A 6) X, 7]

+E [(G{a}’ — G)ry(F,F1 — F)|X, Z] .

Then,

2(W(F),G) = v/(F) Y E[(AYF)AY6)|x, 2]
a€A
+Y E [(G{“}/ — G)ry(F, Fl9Y — F)| X, Z}
a€cA

where:

rol(e) = (e +y) — B(z) — P (@)y = /0 "y — (o + s)ds.

We note that r, satisfies:
19" ]| 0o .
2 b

[y (2, y)| <

and we obtain the bound on the remainder.

(2.6.5)

I Theorem 2.6.8 — Bounds in 1-Wasserstein distance. Assume that F' € L*(E4), such that
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E[F|Z] =0 and E[F?] = 1, then we get the bound:

dw (F,N(0,1)) < \/EEH“(F, —L7tR) — 1|

L1 > E[ALTIR(AE R (2.6.6)
2aeA

Moreover, if F € L*(E,), then one has the further bound:

dw (F,N(0,1)) < \/Z V/Var(D(F,L-1F))
+\f\/—E[FLF] > E[jAlY P (2.6.7)

acA
Proof of theorem[2.6.8 We have:
E[LTfTF] = B[F(f1)(F) = (f1)"(F)]
= E[LL"F(f1) (F)] - E[(f1)"(F)]
S i i~ (2.6.8)
=E[L™FL((f1)(F)] = E[(f)"(F)]
= E[C(LH (N (F), L7 F)] = EI(F1)" ()]

by integration by parts. We use lemma [2.6.7] and obtain that:
E[L(L((fY (F)), —L7 F)] < E[(f1)"(F)L(F, =L F)] + B[R sy (F, =L~ F)].
Thus,
E[LTfTF] < \/EIEF(F, —L7'F) — 1]+ % S E[jAY LT (Al Ry,
T

a€A

By Jensen’s inequality for the first term and Cauchy-Schwarz inequality (for expectation of sum
of random variables) for the second one, then by integration by parts, it yields:

E[LTfTF] < \/Z\/Var(F(F, L-1F))

+% S E[AY LR Y E[(AlaY R,

a€A acA

and the proof is complete. O

Corollary 2.6.9 If F =" . F, is four times integrable functional where F, € ker(L+pld),
p=1-"P D
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then:

dw (F,N(0,1)) \fz =/ Var [[(Fp, F,)]

pql
D)

1 , |4
+v2) = /E[F? 1/4< E|Al F > . (2.6.9)
p:1p\/ [F] pEle aEEA ‘ )

Proof of corollary[2.6.9 We use the decomposition of L™ as to develop the first and second
terms in (2.6.7). The final result is obtained after using Cauchy-Schwarz inequality. O

That is the starting point towards a partial fourth moment limit theorem.

Remark 2.6.10. With that approach, we cannot state a Berry-Esseen bound because of
the lack of smoothness of the solutions of the Stein’s equation for the Kolmogorov distance.

Now, we turn to bounds in Kolmogorov distance which are based on the same computations.
We recall the properties of the Stein’s equation for Kolmogorov bounds (Chen et al., 2010,
lemma 2.3.).

Lemma 2.6.11 — Inequalities for Kolmogorov test functions. Let z € R, the test functions
f= in the Stein equation for Kolmogorov distance is such that:

v 21
172l < S 1l < 1.

Moreover, for all u,v,w € R,

|(w+u) fr(w+u) — (w+v) fr(w+u)| < (|w| + \/f?) (Ju] + |v]), (2.6.10)

and the following local estimate holds for every x,h € R:

2 v
[fo(@+h) = fo(x) — hfi(z)| < = i (! |+ Vf) + P o+h))3 (2) = Liapna}(2))

2
hQ (! | + Vf) + 2 (L (z240)3 (2) + Lapn e (2))-
(2.6.11)

Proposition 2.6.12 — Kolmogorov bounds. Let F' € L*(Ey), then one has the bound:

dca(FN (0, 1)) < B, ~L1F) = 1]+ Y20 S [|ABY L1 Py - plol ]
acA
1 My — aV @ @
+7>E (A& LR FI(F - FlY)?] + fsupZE [ISRASIAINSEINSE P B

a€A ZER
(2.6.12)
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Proof. Using (2.6.11)) in the case z = F, and h = — Al F_ one sees that, for every a € A,

/ , _ {a}\2 o
() () - () - py ey < T <\F! ; “f)

+|F - F{“}/\(]l{[EF{a}/)}}(z) - ]l{F{a}’,F)}(Z))
— plaly2
< (B FCD <‘F, . f)

+ (F{a}/ — F)(]]-{F{a}l>z} - ]l{F>Z})’

Hence, plugging that into the Stein’s equation:

[ (
=E[Ff.(F) - f(F)].
= E[FLL™!(f.(F))] — E[f2(F)]
= E[[(-L'F, £.(F))] — E[f.(F)] using the carré du champ integration by parts.

The integration by parts allows us to express ]E[LJr fir | without worrying about integration by
E’, instead of writing L = —4D. Once more, it proves useful as to simplifying the bounds.

E[Ff.(F)] =E[) (L' P — L7R)[£.(F) — £.(F1Y)]] because of (?7)
a€A
<Y E(|LE - L FE R - B ()]
acA

(F Pl
+E ||V - L) \(FZ) (,F, N m)]

4

+ E |:“_—1F _ L—lF{a}"A{a}/F(]l{F>Z} — 1{F{a}'>z})]

+sup > E {]A{“}/L”F]A{“}/FA{“}']I q F>Z}] .
z€R acA

<2 [[(-L7'F,F)f{(F)] + E

One also have the further bounds:
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dicot(F, N'(0,1)) < E[N(F,L'F) — 1]

27\ /4 1/2

1 7T 1 aly — aV

+3 [(—E[FLF)])I/Q +5 E[FYE <Z(A{ YL 1F)2) (Z E[|Fled — F]4]>
a€A acA

1 ! ! !

+5sup Y E [yA{a} L-1p|alaY pafel n{F>Z}}
ZeRaGA
<E|T(F,L°'F) — 1|
97\ 1/4
21 ,
+ ?(—E[FLF)])W + ‘2[2 E[FYE (Z(A{“} LlF)2> (3E[F2T(F, F)] + E[F*LF))"/
acA

+sup Y E {\A{“}'L”F]A{“}'FA{“}']I ( F>Z}]
z€R acA

We use the following inequality to bound E[F?] given that E[F?] = 1.
E[F?] = E[F?)? + Var[F?]
=1+E[(F? -L71F?).

<1+ Y E[|D.F*P,
acA

using Poincaré’s inequality. Then, we use Jensen’s inequality to bound the other term.

2
E <Z(A{a}’L—1F)2> <E

acA

> (AL

a€A

O

Because of that, we focus exclusively on the Wasserstein-1 distance in the remainder of this
chapter.

Because our chaos decomposition coincides with the one of Dobler et al. (2017) in the case
where (X;);en is a collection of independent random variables, we can use the theorem 1.3. of
that paper, but we show it with slightly different constants. The use of Mehler’s formula as
in Zheng (2019) yields smaller constant, but cannot be generalized to functionals with finite
chaotic decomposition contrarily to ours (see also Ddobler| (2023)).

Using the decomposition of the carré du champ operator, we have the following theorem from
Dobler| (2023). In the following we assume that it exists p € N such that F € @F _/€,,.
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Theorem 2.6.13 — (Débler, 2023). If ' =Y_"" . where F, € &,, then:
p=1 p 14

m

2 1
dxr(F,N(0,1)) < \/j Var E —TI'(F)p, Fy)
m q
pg=1
2

m m 1/4
+v2) %‘ [E[F21S S p'/ (Z E|Fy(Xa) = Fp(Xa\ (), X;)|4>
p=1 p=

1 acA
(2.6.13)
or alternatively,

m

dW(F,N'(O,l))g\/g Var Zér(Fp,Fq)
p,g=1
2

"1 i 1
+ \/ip_ ];\/E[FE] ;pl“(BE[EFﬁF(Fp,Fp)l —1[*3[1’,?]])1/4

- (2.6.14)

Theorem 2.6.14 — (2023). Under the above assumptions, we have the following
general bounds:

22p— 1
1)) <4/ —
dw(FN(0.1) </ 27

2p—1
VI (BIFY < BB + myBIE )b + B (F o)

< (\/EJF Qﬁ) VE[F4] — 3E[F?] + (@Jr 4\/§> E[F?]\/Fppa,

(2.6.15)

(E[FY] — SE[F?? + r,E[F?] %) "

where kp 1s a constant that depends only on p.
Corollary 2.6.15 Let F € €, such that F € L*(E4) with E[F] =0 and E[F?] = 1.

drr(F,N(0,1)) < (\/g + 2\/5) E[FY] -3+ <\/g + 4\/§> Vppp  (2.6.16)

Theorem 2.6.16 — (Débler et al., 2017). Let F' € L*(E4) be a degenerate U-statistic of
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order p (i.e. F € €,) of independent random variables. Then, it holds that:

dKR<F,N<o,1>>sﬁ (ELFY) 3+ rpd) " + 222 (2(ELF] — 3) + )

g(\[ >\/F47—3+\/ﬁ<\/7+2\f>pm

(2.6.17)
where Ky, is a constant which only depends on p, and p, = MaxXi<i<n ) K Cln],|K|= pag( =
K>i
maxi<i<n ZKC[n],|K|=pE[WK]- Moreover, we have the following Kolmogorov bounds.

K>i

diot(F,N(0,1)) < (E[FY] = 3+ rpp2) % 4 2V2 (2(B[FY] — 3) + 3rpp2) 2

2.6.18
<\/E+§) yE[F4]—3y+\@<\/z+2\/§> pa. ( :

IN

To correct

2.7 Partial fourth moment theorems

We adapt the proof of |Azmoodeh et al. (2014), requiring a second pseudo chain rule that
expresses the carré du champ operator as an approximation of a derivation operator in its two
arguments.

Lemma 2.7.1 — Second pseudo chain rule. Let ¢, be twice differentiable functions such
that their second derivative is bounded Lipschitz-continuous. Assume that F a four times
integrable functional such that p(F') € A, F € A and E[F|Z] =0, then one has:

T(p(F), ¢(F)) = (") (F)T(F, F)
_i(sp//w/_i_w/w// ZE[A{CL}F 3 X, Z} ZR“’ (2.7.1)

a€A a€A

with:

Ro = (E [R(W( )X, Z] o(F)E [R%(FHX, Z} — Y(F)E [Rg%(FnX, ZD

1
2

and:

R(i)ﬁ < ||1/’ HOO [(A{a}/F)4\X, Z} for any 1 fourth times differentiable.

Proof of lemma[2.7.1. We have:
20 (p(F), ¢ (F))

= 2/ (FY/ (F)D(F, F) — 5 ("4 + 0/ (F) SO B [(A1V P X, 7]
acA
(2.7.2)
+ Y B [R),(F) = p(F)RL,(F) = w(F)RUL(F) X, 2.

a€A
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with:
1 Fla}
R = E / ¢W (@) (x - F)* de| X, Z|
K 6 F
for ¢ a four times differentiable function. O

We focus on functionals in the p-th chaos for p > 0, as to obtain such kind of bound:

Var[['(F, F)] < C(E[F*"] — 3E[F?]?) + remainder.

Lemma 2.7.2 Let G € ®}_,Cx. Then for any n > q,
E[G(L + nId)*G] < nE[G(L 4+ n1d)G] < cE[G(L + nId)*G], (2.7.3)

where

c=——A1
n—4q

Proof of lemma[2.7.4 Since G € &} _,C, we write
q q
G=> m(G)and LG = =) kmy(G). (2.7.4)
k=0 k=0
It follows that
E[G(L + nId)?G] = E[GL(L + nId)G] 4+ nE[G(L + nId)G]

=E[G ) k(k — n)mk(G)] + nE[G(L + nId)G].

k=0
By orthogonality of the chaos,
a q
E[GY " k(k - n)m(G)] = —E[>_ k(n— k)m(G)*] <0,
k=0 k=0

and the inequality holds in view on the assumption on 7. In the same vein,

E[G(L + nld)G zq: (G)Y]

70277 k)*E[m(G)?)
—0

cE[G(L + nld)?].

A

Thus, it yields the result. O
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Lemma 2.7.3 For F € ¢, N L*(E4) and Q a polynomial of degree two and a > 0,

Q(F)F
3QII(F)

where Rg is a remainder term that depends on Q. For Q = Hy = X? — 1 the second
Hermite polynomial, the remainder reads off:

BIQ(R)(L + apld)Q(F)] = 5E () - 2T —BlRg(F)] (2.75)

E[Rg] = E[Rs,] = %E [Z ALY piA| (2.7.6)

a€A

Proof of lemma[2.7.3. We first integrate by parts, then use the pseudo chain rule of lemma[2.7.1}

E[Q(FILQ(F)] = —E[[(Q(F), Q(F))]
*E[Q’(F)QF(F F)]

ZE { (AlaY F)3 | x, Z} (2.7.7)
acA
s el

a€A

Since Q®) = 0, we have:

E[Q(FLQ(F)] = —E

[Q'(F)*T(F, F)]

1 2 (3) {a}’
ft [ ;E[A |X’Z} (2.7.8)
1 ()
32 E[E [Ra7Q2(F)|X,ZH,
Moreover,
QFP*\' _3QUNQFP _ o
<3Q”(F)> BT AR (2.7.9)
Q)

Subsequently, we use the pseudo chain rule of lemma [2.7.1| taking ¢ = Id and ¢ = SQ,,' ok

E[Q'(F)*T(F,F)] =E [r <Q/(F)3F>]

3@//(F>
+E | (@ + o) () Y E (Al F)X, 7]
acA
- ZE[ [ F)|X, Z} o(F)E [Rffp(FnX,ZH
ach (2.7.10)

_E [FE [R(‘i)o(F) X, Z”

sl (G

Q') (F) Y (Al Ry

a€A
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Finally,
EQ(F)LQ(F [r( )]
B |(J@OMF) - @) TAWF)
acA
3 SR [BY(F) ~ RY(F) — FREL(F)]
aeA
o {r (Q,(F)3 F>] (2.7.11)
3Q"(F)’
1 1 ,
B | (@O - @) LA F)
acA
4o ZAE [Rff;w Rg}gy(m} .
ac
Because F' € €, we have: —E [I‘ (%,Fﬂ = E[ QS,Z);,) LF] = —pE [%F} For Q =
Hy = X? — 1 the second Hermite polynomial,
Q(F)? 4 g4
3Q(F) 3
SO (%-)(4) =32 and (Q*)® = 24. Thus,
32 ,
Y E [Rffw R%Q(F)} B2-24 ZE [|A{“} F| ] (2.7.12)
a€A a€A
Since (Q'(-)?)(F) = 8F, and (Q?)®)(F) = 24F, the result follows. O

The assumption under which a fourth moment theorem holds, is that ' € €, is a chaos eigen-
function with respect to the Markov generator L i.e.:

F? e & ¢ (EGF)

It is analog to the one in |Ledoux et al.| (2012); Azmoodeh et al. (2014). We show that it holds
for an important class of U-statistics, homogeneous sums. We shall use the notation (A, p) that
stands for the set of p-tuples of distinct elements of A.

Example 2.7.4 (Conditionally independent homogeneous sums). Let p > 0. If
there exists (ar);ca € RPM) such that

W= Z > a]]x (2.7.13)
k=1Ie(Ak) i€l
then

1. W is square-integrable homogeneous sum of order p if X; are 2p-integrable. In that
case, W € S.
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E[W|Z] = Z > a[[EXi|Z]

k=11c(Ak) i€l

is a homogeneous sum of random variables X; = E[X;|Z] for i € I with I € (A, k) for
k <p.

Remark that (ay);c4 may be a sequence of random variables, in which case there exists a
family of functions (gr);c 4 such that ay = g7(2).

Lemma 2.7.5 Let W a homogeneous sums of conditionally independent random variables
given Z. Then (EGF|) holds.

Proof of lemma[2.7.5, Let us denote by W; the component of F' in (2.7.13) proportional to
[Iocr Xo. We want to prove that there exist G, ..., G2, with G; € €;U{0} such that WiW; =

Z?ﬁl G;. Note that if INJ = 0, and a € I, then a is not in J and vice versa. Therefore,
WiW; € €14 In general,

AT IR IRE
ael peJ

= H Y, H Y62

~ye(I\J)U(J\I) delndg

= JI v [[ W-EN3Z]+E[Y72))
ye(I\JYU(J\I)  d€InJ

-y I wIoz-Ebaz) T EDAZ).

KcInJ ve(I\J)U(J\I) €K se(INJ)\K

For a € A:

El I vwIlloz-ep7iz) I EDZIZ]167

~E(I\JUNT)  6€K se(INI\K
Oifaec KU((I\J)U(J\I))

- H Y, H (Y5 - Yé |Z]) H ]E[Y(g2|Z] otherwise.

~ye(I\J)U(J\I) 0eK se(INJ)\K

Hence, we get

II »wIl[ow-ez) ] ENIZ] € Cronnuan
~yE(I\J)U(J\I) deK de(InJ)\K

with [KU((I\J)N(J\I))| <[IUJ| <2p. Thus, (EGF) holds. O
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Proposition 2.7.6 For F € €, N L*(E4) such that E[F?] =1 and (EGE)) holds, one has:

Z |A{a}/F|4

2
E((D(F, F) - p)*] < 2 (B[] - 3) + >

. (2.7.14)

Proof of proposition[2.7.6 By the very definition of I', one has:

[(F,F) —p=-L(F?*) — FLF —p= -L(F?) +pF? —pfor F € ¢,

1 1

2 2
1

= 5L+ 2pId)(F? — 1).

It follows that: )
E[(T(F, F) = )] = JEI((L+ 2pId) (F* ~ 1))].

Since L is a self-adjoint operator, this yields:

E[(T(F, F) ~ p)?] = {E[H>(F)(L+ 291d)° H(F)].
As holds, we are in position to apply lemma with ¢ = 2p and n = 2p:

E[(D(F, F) — p)?] < gE[Hg(F)(L + 2pld) Hy(F)). (2.7.15)
According to lemma [2.7.3] with a = 2,

gE[HQ(F)(L + 2pld)Hy(F)] = =E [2(F? —1)? — %F‘l + gE[RHQ(F)]

E [6(F% —1)2 — 4F%] + gE[RH2]

w|[oaF »F

E[F' — 6F? + 3] + JE[Rp,).
Thus, it yields

E[(T(F,F) —p)?] < p;E[F4 —6F? + 3] + SE[RHQ], (2.7.16)
and the proof is complete, using again lemma [2.7.3] O

The remainder is also a fourth moment term.
Many papers are devoted to find the optimal conditions for the asymptotic normality of U-
statistics. The criterion established in De Jong (1990) is related to the fourth moment phe-
nomenon. The extra assumption is a negligibility condition also known as the Lindeberg-Feller
condition. Fix A,, a finite subset of cardinal m such that F = F(X,,,) and E[F?] = 1, that
means:

pim = max Z E[W?] m2Ee 0. (2.7.17)

156, IC A, |I|=p

In some papers Dobler et al.| (2017), the term pg4, . is called maximal influence of the random
variables on the total variance of the degenerate U-statistics F. In the following, we shall denote
it by p. The condition is not necessary for asymptotic normality to hold, but there
exist counterexamples for which the sequence of fourth cumulants of functionals of independent
Rademacher random variables converges to 0 while does not hold (see Dobler et al.
(2019))).
We show that the quantity is related to the remainder above.
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Definition 2.7.7 (Connectedness of subsets). The r-tuple (Ii,...,I,) subsets of A is
connected if the intersection graph of {I,...,I,} is connected, i.e. the graph G with
vertex set {I,...,I,} and edge set E(G) = {{[;, I;}| i # j, I; N I; # (0} is connected.

In the case where r = 4, there are exactly six simple connected graphs with only four vertices
(up to isomorphisms). There are listed in the figure below. The edges mean that the intersection
between two vertices is non empty.

II IJ II :J II:IJ II IJ IEJ IEJ
K L K L K L K L K L K L

In that order, they are respectively: linear (4-path), 4-star, square, kite (tadpole), diag (dia-
mond), and 4-complete graph Kj.

Lemma 2.7.8 If F € €, N LY(E4), then:

> E[Al R[4 < 16p > IE[W; W Wi Wy]|. (2.7.18)
acA (I,J,K,L) connected

Moreover, assuming the hypercontractivity condition, i.e.

< 400, (HC)

there exists a constant ¢, that depends only on p such that:

> E[A ] < pp”. (2.7.19)
a€A

Proof of lemma[2.7.8 Because (a + b)* < 8(a* + b*), one has:

4 4
, 4 al’
SEAGF YRS W) > oW
acA acA Isa,|I|<p I3a,|I1<p
4
=16 E > oW
acA I3a,|I|1<p
<16 > [INJNKNLEW,W;WkWi
INJNKNL#D
<16p Y. [EWW;WrkWi]
INJNKNL#)
< 16p > E[W W Wi WL]|

1,J,K,L connected
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Then, we bound it by the maximal influence, using the generalized Holder inequality:

E[W W, WieWi)| < (E[WHAEWEWAEW) Y

 max EVI
X
= JeA|J|=p E[W3]?

1/4

(EWFPEWIPEWR]E[WE]?)

with 02 = E[W?]. Then the proposition 2.9 of Débler et al. (2017) can be extended for func-
tionals of conditionally independent random variables and implies that:

2
Z orojogor < Cpp”,
INJNKNLAD

where the finite constant C), only depends on p. It yields the existence of ¢, > 0 such that the

inequality (2.7.19) holds true. O

We are now in position to state a partial fourth moment limit theorem.

Theorem 2.7.9 — Quantitative De Jong’s limit theorem I. Let F' € LY(E4) a degenerate U-
statistics of order p of conditionally independent random variables such that E[F|Z] =0
and E[F?) = 1. If we suppose the hypercontractivity condition (HC)) and the assumption

(EGFE)), then one has the bound:

2 -
dw (FN(O,1) <\ o= VETFT =3+ Gpp, (2.7.20)
7r
with C~'p a positive constant that only depends on p.

Proof. By corollary
1/2

dw (F,N(0,1)) < \/Z;\/\m+ V2\/E[F?] (ZE UA{a}’F‘4D
a€A

The combination of (2.7.14)) and lemma yields the final upper bound. O

The upper bound of the remainder expressed in terms of maximal influence is not used in the
subsequent applications, so we drop the (HC|) condition.

A related result to the fourth moment phenomenon appears in|De Jong| (1996) in the particular
case that is the topic of the next chapter. We prove the associated quantitative statement
for functionals of conditionally independent random variables. We prepare the proof with the
following proposition.

Proposition 2.7.10 If F = 23121 F, where F, = ZII\=p Wi € &,, assuming there exists
C € RT such that for all I,J C A, and a € A, that
E[W;W;|G%]

< CP-a.s., (H1)
WniaWiniay
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then for p # q:

Var [['(Fp, Fy)] < > IE[W; W Wi W], (2.7.21)
(I,J,K,L) connected

for 1,J, K, L sets of size less than max(p, q).

Proof of proposition|2.7.10. The carré du champ reads for p # ¢:

D(Fp Fp) =T() _ Wr, > Wy)

[]=p [J|=q
= > T(W,W,)
[11171=p.q

Hence,

A (Fy Fy) = Y (LWIWy) + (p+ ) WiW))

[11,]|=p,q
= > ((p LAESY Da(WIWJ)>
|I|,‘J‘:p,q acA
= ) ((P+Q)WIWJ— > Da(WIWJ))
111,|7|=p.q a€lUJ
=(p+q Y, WiWs;+ > (I|+ | —|TuJ)WW,
111,lJ1=p,q 111,]|=p,q
InJ=0 INJ#0
+ > E[WW;|Gd].
acluJ

Because of the spectral decomposition, E [W|G,] = 0 for a € I. Let J such that a ¢ J, then
E [WiWy|Ga = WIE [W;|G,] = 0.

XA(Fyp Fy)=(p+aq) Y, WiWs+ D D (WiW;+E[WW,|G).

LT |=p.q [1],|J|=p,q a€InJ
INJ=0 INJ#D

Then for p # ¢, using the convexity of 2 — z2,

1
Var(D(Ey, Fy)) < 5 Var | (p +q) > owwy

[1],17|=p,q
InJ=0

1
+ 3 Var Z Z (WiW; +E[WiW;|Gal)

[1],|J|=p,q acINJ
INJ#0
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Var(I'(Fp, I)) < ;E (p+q) Z WiW,

[1],l7|=p\q
InJ=0

| =

1

111,17 |=p.q acInJ
INJ#0

2Var(T(Fp, F))) < > > EWW,WgW]

|1],|J|=p,q |K|,|L|=p,q
InJ=0  KNL=0

+E| > > D ww Wy

|11,17|=p.q | K|,|L|=p,q a€INJ beKNL
L InJ#0  KNL#Q

+EL Y Y D> Y WIWE[WKWL|G)

11],|J|=p,q | K|,|L|=p,q a€INJ be KNL
L InJ#0  KNL#D

+E Z Z Z Z E[WiWy|Ga| WkWT,

111,17 |=p,q | K|,|L|=p,q acINJ be KNL
L InJ#0  KNL#D

+E| Y YY) E[WiWs[Gl E[WKkWL|Gy)

[1],|71=p,q |K|,|L|=p,q a€INJ be KNL
L INnJ#D  KNL#D

We shall write
E [WiWy|Gal

|CI,J,a’ =
Wi Wi (a}

forall I,J,a

with the convention Wy = 1.
Let us deal with each term one by one:

e If INJ =0, KNL =0, and if there is more than 2 other pairs with null intersection, the
contribution of the term is 0, hence the first term is non-zero if (I, J, K, L) is connected,
then:

Z Z E[W]WJWKWL] < Z |E[W]WJWKWL”.
|1],]J|=p,q |K|,|L|=p,q 1,J,K,L connected
INnJ=p  KNL=0

e The second term consists of the sums of product of factors indexed by connected sets since
there are at least two pairs that have non-null intersection. Since p # ¢, E [W;W;|Z] =0 for
|I| = p and |J| = ¢, so if the terms are non-zero, W;W; and Wx W, are not conditionally
independent.
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e For the third term, using self-adjointness, the terms are non-zero if b € I N J, hence it is
equivalent to:

1CLuEIWn iy Wiy Wk WLl = [Cr 6l [EWn (in W (s Wk WL

If b is the unique element that lies in the intersection, the contribution is 0, otherwise
1,J, K, L are connected or the contribution is

E[WW;|ZI|EWgWL|Z] =0
because |I| # |J|.

e For the last term, it is the same argument.

Then, there exists a constant C' independent of others such that

Var(T(Fp, Fy)) < (1 4+m? +2Cm? + C*m?) > IE[W W Wi Wil
1,J,K,L connected

Remark 2.7.11. It si clear that the constant C), depends on the distributions of the
random variables, hence it is not a universal constant as found in |[Dobler et al.| (2017));
Daobler| (2023). It is a generalization of the main result for normal approximation in Bhat-
tacharya et al. (2022)) to homogeneous sums. In the case where the random variables are
identically distributed, the conditions for the result are convenient. However, in the case
of homogeneous sums, the condition additionally requires that the random variables
are square-integrable. Moreover, the constant depends on the order of the U-statistic
which can detrimental to the convergence rate for U-statistics with non-finite Hoeffding
decomposition.

O]

In |Privault and Serafin (2022)), Privault and Serafin proves a partial fourth moment theorem for
F' a functional of independent random variables sum of element in the first and second chaos of
their own Malliavin structure. To that end, we devise another strategy which is to reexpress the
remainder in the partial fourth moment theorem as a fourth order term.

Theorem 2.7.12 — Quantitative De Jong’s theorem Il. If ' =} " | F), where I, € €, and
let us assume:

e F, are chaos eigenfunctions (EGE));
e the condition (HI);

[ J
E[WZIE[W7]
K= Sup ———t 2 H2
rgca E[WEWF (H2)

1s independent of A.

Then:

dw (F,N(0,1)) < Gy, > |E[W W Wi Wi, (2.7.22)
(I,J,K,L) connected
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I where the constant C,, grows quadratically with m, independent of all others.

Proof of theorem [2.7.13 Let us prove the upper bound of Var [I'(F},, F},)] by bounding the fourth
cumulant:

EF)=3 Y  EWWIEWgW.]+ > EWW,WkW]

I1,J,K,Le(A,p) 1,J,K,Le(A,p)
(JUJ)N(KUL)=0 1,J,K,L connected
=3 Y EWEWI -3 Y EWAEW]
I,J€(Ap) INJ£)#
+ > E[W W Wi W]
1,J,K,Le(A,p)

I1,J,K,L connected
=3E[F2P+ Y EW,W,WxWi] -3 > E[WFEW}

1,J,K,LE(A,p) INJ#D
1,J,K,L connected 1#J
Then, one has:
[E[E3] — 3|E[F2)?] < (1 + 3k) > IE[W; W, WrW]|. (2.7.23)

1,J,K,L connected
O

The assumptions may seem cumbersome, but as shown in lemma concerning (EGF)), they
are valid for homogeneous sums.

2.8 Comments

The Malliavin structure at hand is the extension of the one for independent random variables.
As all the strategies for tackling the problem of approximation of independent random variables
share the same use of underlying properties of the random variables such as the existence of
exchangeable pairs, they complete each other in the range of applications across the literature. In
the next chapter, we consider one of the applications in motif estimation in random hypergraphs.



Chapter 3

Motif estimation

Graphs are used in a lot of areas such as social network analysis, bio informatics, and telecom-
munication networks. Networks are a versatile mathematical tool for representing the structure
of complex systems and have been the subjects of large volume of work Knoke and Yang| (2019);
Borgatti et al.| (2009); [Newman et al.|(2006)). Graphs that represent network can have directed
edges, weighted edges or vertices, have several kinds of vertices like in bipartite networks. Our
work focus on non-directed graph.

But some of those graphs are really huge in size, and learning about the structure of those
graphs leads to lots of challenging questions. Indeed, we cannot store the whole information of
some graphs in memory of a computer. For instance, in October 2012, Facebook reported to
have 1 billions users. Using 8 bytes for user ID, 100 friends per user, storing the raw edges will
take 1 Billions x100 x 8 bytes = 800 GB. Today, the size of the Facebook graph is not likely to
be processed offline. And that is only for the storage of basic information about users. Network
analysis also involves going through users’ media.

Some fields such as routing protocols require running simulation algorithms on those large
graphs. Unfortunately, in addition to the occupation of space, the run time of algorithms on
the whole set of nodes turns out to be too long as it scales in polynomial time with the number
of nodes.

Then, instead of studying the wholeness of a given graph, we consider subgraphs or sampling of
graph. In the latter case, the sampling process is often random. Even though some questions
arise about obtaining good samples of graphs, we do not pursue in that approach.

Most often in network analysis, the observed data is a sample from a much larger parent net-
work. The central statistical question in such studies is to estimate global features of the parent
network with a control of the approximation made by sampling. Counting motifs (patterns
of subgraphs) in a large network is a prominent statistical and computational problem. The
overarching goal of this effort is to find sharp bounds of normal approximation in various sub-
graph counting problems, and extend the results to hypergraphs. We resort to fourth moment
theorems.

3.1 Subhypergraph counting in random hypergraphs

Random graph models are various, but in the context of dense graphs, they all share a common
property.

99
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I Introduce the notion of exchangeability small paragraph I

The vertices of those random graphs are indistinguishable. That is to say, that they are infor-
mative of the structure of the random objects. It is related to the fact that the graph can be
considered unlabelled in non-combinatorics applications.

The random hypergraphs are natural extensions of random graphs. A vast majority of the liter-
ature deals with the Erdés-Rényi model and its generalization. It is an example of exchangeable
random hypergraphs.

Definition 3.1.1. A k-uniform exchangeable random hypergraph of vertex set [n| =
{1,...,n} is defined by the set of {0,1}-valued random variables (X,,a C ([Z])) One
associates each realization of the random variables a hypergraph ([n], E) with a € E if
and only if X, = 1.

We can formulate a recipe for exchangeable random hypergraphs as done in (Austin, 2008,
definition 2.8). Fix a sequence of ingredients

({*}), (V, P1),({0,1}, P»), ({0, 1}, Bs), ..., ({0, 1}, Pe—1), ({0, 1}, Fy)
where (Py)ren a family of probability kernels such that for all £ € N, Py is a probability kernel
from (k‘jl) to (‘;)
e Colour each vertex s € V by some z; € {0, 1} chosen independently according to Pj(zy, -);

e Colour each edge a = {s,t} € (‘2/) by some z, € {0,1} chosen independently according to

PQ(Zwa Zsy Rty )7

e Colour each (k—1)-hyperedge u € (k‘_/l) by some z,, € {0,1} chosen independently according
to Pk:fl(z(by (ZS)SE([Y])7 R (Z”U),Ue(k[ggy )7

e Colour each k-hyperedge e € (Z) by some colour z, € {0,1} chosen independently according
to Pr(zg, (Zs)se([;])’ R (Zu)ue(k[i]l)’ ).

It consists in sampling first edges, then 3-hyperedges, and so on up to the rank k.

Remark 3.1.2. We have relative independence, as the the choices of hyperedges are
independent relatively to the previous stages.

Example 3.1.3 (Erdds-Rényi random model). The randomness intervenes at the level of

edges. We colour each edge a = {s,t} € (‘2/) by some z, € Zs = {0,1} chosen indepen-

dently according to Pa(zgp, s, 2t, ) 4 B(p) for some p € [0, 1].

Example 3.1.4 (Stochastic block model). A stochastic block model corresponds to a
model where there are communities, and each edge has a probability of belonging to the
model according to the community of the vertices that the edge links. Likewise, the
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randomness intervenes at the level of the edges. Let a partition V = Cy U ... U Cy. Let
(Pij)ijeq,q> @ sequence of reals in [0, 1]. We can assign a community to each vertex s, let
call it ¢(s). Then:

o Pl(Z@’ C(S)) = ]l{secc(s)};

o Py(zp,c(s),c(t),-) £ B(pc(s),c(t))-

The natural extension of the Erdés-Rényi model denoted G®) (n,prn) consists of having

d
PS(Z(Z)y Zsty Ztuy Zus) = B(pn)7

i.e. we draw every triangle of the hypergraph with probability p,. We also consider another ran-
dom model based on the recipe. Let (T®)(n, ¢n, pn))nen the sequence of 3-uniform hypergraphs
such that for (s,t,u) € V3:

°
4

P2(Z(7)7287zt) B(qn);

L B(pn).

P3(Z@, Zstsy Rtus Zus)

It differs from G®)(n, p,,) in many ways as pointed out by (Lovész, 2012, Example 23.11), but we
note that G®) (n,pp) and TG (n,1,p,) have the same law. The case g, < 1 has not been much
studied in the literature. The functional identities in can be applied to random hypergraphs
in the same way as for random graphs (Janson et al., 2000, corollary 2.27).

One of the oldest problem of motif estimation is subgraph counting in random graphs or random
hypergraphs. Central limit theorems for U-statistics suffice to prove conditions for asymptotic
normality, but we can also derive convergence rates and a little more than convergence in law
in general.

We also recall some definitions for sets and hypergraphs.

Definition 3.1.5. Let E a set (a vertex set for example), and denote E, the set of all
|E]!
(1E[=r)!"

r-tuples with distinct indices. Thus, if F is finite, the cardinality of E, is

Definition 3.1.6. The set Aut(H) is the automorphism group of H a r-uniform hyper-
graph that is, the number of permutations o on the vertex set V' (H) such that (x1,x2,...,2,) €
E(H) if and only if (o(z1),0(x2),...,0(x,)) € E(H).

Small subgraph counts can be used as summary statistics for large random graphs.

3.2 Poisson approximation

The Poisson approximation of subgraph count has been extensively studied (see |[Janson et al.
(2000}, example 6.26 p.161)) using Stein-Chen method and the well-known theorem for Poisson
approximation that can be found for example in [Janson et al. (2000, theorem 6.22. p.159) (see
also the earlier reference Barbour et al.[ (1992)).
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Theorem 3.2.1 — (Arratia, Goldstein, Gordon, et al., 1989; Barbour, Holst, and Jansonl 1992).
Suppose that X = ., where 1, are the random indicator variables with po, = E[I,],
and X\ = E[X]| = ) pa. Suppose that there exists a family of random indicators Jgq,
B € A\{a}, such that:

Joa = Is|To = 1.

Then,

dry(L(X),Po(A)) = AAXT) [ D P2+ )0 paEllIs — Jasl] | - (3.2.1)

acA a€AN B#a

One way to apply that theorem without explicit construction of the variables Jg, is via a
dependency graph. In fact, if the family {I,} has a dependency graph G, then there exists
random variables Jg, with the right distribution such that Jg, = Ig when a8 ¢ E(G), so it
suffices to consider |Jgo — Ig| < Jga + Ig together with the general relation

ElJsa] = TE [I5] 10 = 1] = P(Io = I5 = 1) = E[I,14), (3.2.2)

which yields:
WQE’JBQ — Ig| < E[Iafg] + Tags- (323)

That leads to |Janson et al.| (2000}, theorem 6.23. p.160), and even Janson et al.| (2000, theorem
6.24. p.160).

Theorem 3.2.2 Suppose that X = ) .4 lo where the I, are positively related random
indicator variables. Then, with po = E[l,] and A = E[X] =) 4 Pa-

dry (X, Pois(\)) < 1A X! (Var( X]+2)° pa>
a€cA (324)
Var[X]

= "E[X]

— 142 .
TR P

Example 3.2.3 (Poisson approximation of the number of copies of a fixed pattern in
Erdés-Rényi model). Consider Ny the number of copies of a fixed r-uniform hypergraph
H in G(n,p,), and suppose H is strictly balanced (i.e. connected). Let us write the
estimator as:

where the random indicator variable is I¢ = L{gcg(n,p,)}- We note that: pg = pr¢. The
sums have (1 + o(1))n"# /|Aut(H)| terms, each having expectation p°#. Thus,

B[Ny = n"pit /| Aut(H)| = (npgn/ o)™ = (npdlD) ™ 22220,

Moreover, since H is strictly balanced, we have that for every proper subhypergraph H’
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n—-+o0o

of H: d(H') < d(H), then E[Ny/] —— +o0.

Var[NH] = Var Z IG

ce(y)
G~H

= Z COV(IGI,IG2)

G1,G2€([g])
G1,Go~H

= Z (Ellc,1c,] — E[le, |E[Ig,])
E(G1)NE(G2)#0

We use the computations in [Nowicki and Wierman, (1988, section 5). Let us denote for
d=2,...,em, fa=|{(A,B): |[E(A)NE(B)| =d,A,B ~ H}|i.e. fgisthe number of pairs
of subgraphs isomorphic to G with exactly d common edges. To compute f;, decompose
the set according to the number of common vertices, defining:

fa(i) = {(A, B) : [E(A)N E(B)| =d, [V(A)NV(B)| =i, A, B~ H}|,

fori =3,4,...,vy (since A and B share two or more common edges, they have at least 3
common vertices). Then,

fa=" fali).
=3

For each i = 3, ..., vy, we choose the ¢ common vertices and the vy — ¢ additional vertices

in each A and B, so:
. n .
i) = (et

where e4(i) denotes the number of pairs (A, B) which can be obtained on two fixed sets of
vertices V1 = V(A) and Vo = V(B) such that: |ViNVa| =i and |E(A) N E(B)| = d. Since
eq(i) =, 1=3,4,...,vp is a sequence of constants independent of n,

m:i( " }m

= 1, Vg — 1, Vg — 1

S S [ [y C
=0 ( > nZUH_”H’>

H'CH
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So, one deduces that, as n — oo:

Var[Ng| = Z 2V ~Vnt p2CH ORI (] e

H'CH
eH/>0
e QU —v 2€H—8H/ Cp/
S —p) Y nPuap, (1 —pa™)
H'CH
epr>1

= (1 — pSH)E[Ny] + o(1).

Remark 3.2.4. It is mentioned in Rucinski| (1988, theorem 1) that the Poisson approx-
imation is easier to derive than normal approximation as for a long time, asymptotic
normality of that type of U-statistics has been proven using method of moments.

In Coulson et al.| (2016)), it is more or less the same theorem as previously but applied
astutely.

More recently, using the Cramér-Wold device, |Coulson et al. (2016) derived Poisson approxi-
mation of subgraph counts for model with conditional independence.

3.3 Normal approximation

The asymptotic normality of subgraph count in Erdos-Rényi model is well-known, as well as the
convergence rate |[Janson and Nowicki| (1991). The asymptotic normality of subgraph counting
of random graphs is, in fact, a mere application of normal approximation of U-Statistics and ho-
mogeneous sums (Janson and Nowicki, [1991; |De Jong, [1990). It is one of the main applications
of discrete Stein-Malliavin method, but surprisingly the proofs for that problem of estimation
has not been tackled until recently (Krokowski et al., [2017; Privault and Serafin) 2018; |Pri-
vault et al., |2020; |[Privault and Serafin, 2022). In the light of those papers, it seems one can
find such results of convergence rates for various statistics on random graphs. More involved
applications are extensively described in |[Janson and Nowicki| (1991). Interestingly enough, re-
cently, |[Dobler, Kasprzak, and Peccati (2022) expresses the condition for asymptotic normality
in terms of contractions which are of better use than moments in that particular application of
normal approximations of U-Statistics. Surprisingly, the works for subgraph counting in ran-
dom hypergraphs are even scarcer (De Jong, [1996), whereas the results are slightly different in
that general case. There are many extensions that revolve around the definition of a random
graph as a sequence of independent random variables, for example a clique complex of Bernoulli
random graphs. That section also aims at putting forward new examples of applications of
approximation theorems for U-Statistics.

Historically, normal approximation for subgraph counting had been dealt with method of mo-
ments (Rucinski, 1988), which requires tedious computations, but is quite adapted to this
application. Later, Barbour et al.|(1989) used Stein’s method to derive convergence rates of the
number of subgraph counting in random graphs, only in the Wasserstein-1 distance as pointed
out by |Rollin| (2022)). The latter derived Kolmogorov bounds for the normal approximation
of the number of triangles in the Erdos-Rényi model. It is also an application of |[Krokowski
et al.| (2017). We present here a different approach using our partial fourth moment theo-
rem for normal approximation in the Wasserstein-1 distance. We note that [Privault and Serafin
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(2018)); Privault et al.| (2020) manages to obtain Kolmogorov bounds in full generality leveraging

integration by parts given by Malliavin calculus.

The overarching goal is to determine threshold functions for normal approximation of subghy-
perraph counts. We follow DeJong’s approach to the problem, that leverages the Hoeffding

decomposition. That would prove useful for more general hypergraph statistics.
We take the special case of r-uniform random hypergraphs for a given r > 2.

Example 3.3.1 (Subgraph counting in Erdés-Rényi model (De Jong, 1996)). The number
of subhypergraphs of G (n,p,,) isomorphic to H is

> I X (3.3.1)

IE([ ]) ael
I~H

where ~ stands for hypergraph isomorphism. We denote by Aut(H) the automorphism
group of H, that is the set of permutation on vertices. For o € Aut(H), (z,y,z) € E(H)
if and only if (o(x),0(y),0(z)) € E(H). The random variable My has a finite Hoeffding
decomposition (De Jong, 1996, p.11(115)). Since X, = pp + (Xo — pn), My admits the

decomposition:
S OB VD | (RS 332
1e(tly JCI ael
I~H

where the summation extends over all subsets J of I. By interchanging the sums, we find
the chaotic decomposition of My — E[Mp] that is:

My — EMH Z me |J|H _pn

Ifﬁ:f]) ﬁé acJ
Z Z p\E(H)I J Z H
I%H) |§|C_Ij aed
_Zp\E(H)IJZH Z 1
|J|=j a€d IG([EL])
I~H,IDJ
|E(H)|
= > m(Na),
j=1

where:

me(Ng) =plPEIET S N 1 [ Ya (3.3.3)
j acJ
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with Y, is the centered version of X, for all a hyperedges of K,. We note that the
decomposition above corresponds to the Hoeffding decomposition of the U-statistics with

Wy | Yo 1 [] e (3.3.4)
Ie([g]) aceJ
I~H,IDJ

We proceed in the same manner in T() (n, Gn, pn). Let Ny the number of pattern isomor-
phic to H

> T Xes (3.3.5)

I~H

Here, (Xa)a c(Iny 18 a sequence of conditionally independent Bernoulli random variables

given Z = G(n, g,). The chaos decomposition yields:

ST N T EXsIG, 0] [ (Xa — E[XalG(n, .)])

1e(in) JSI pel\J sy
= 1]—|J| (3.3.6)
= > > ol e coma [T (e = E[XalG(n, )
IE([ ]) JCI aEJ

I~H

Hence, Ny — E [Ny |G(n, ¢,)] reads off:

S P ecemany [ Ka = EIXalG(n, ga))). (3.3.7)

( 731]) PAJCI acJ
I~H

The corresponding degenerate U-statistics in the decomposition are given for J C ([g]) by

Wyoe | > 1| [] Yo (3.3.8)

I~H,1DJ

where Y, is the centered version of X, given G(n, ¢y,).

Various quantitative limit theorems exist in the literature. Ours leverage the fourth moment
phenomenon.

The ancestor of fourth moment theorem was introduced by De Jong| (1990), and was applied
to problem of subgraph counting (De Jong}, 1996]). More recently, Bhattacharya et al.| (2022)
derived bounds in Wasserstein distance for the analogous problem of motif estimation. The
fourth moment phenomenon that arise in there is the convergence of the fourth cumulant of the
normalized (reduced) graph statistics to the fourth cumulant of the standard reduced normal
distribution, which is 3. However, in the case of the subgraph counting, it seems that the appro-
priate bound is an ersatz of the fourth cumulant as it has been shown that the convergence of
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the fourth cumulant is not enough to prove asymptotic normality for functionals of Rademacher
random variables (Dobler et al., [2019).

I Repeat maximal influence I

The index set of the random variables is here, the discrete set of (hyperedges).
We look for an upper bound of |E[W;W;WrWi]| for I,J K,L € ([Z]). That will give us the

convergence rate.

Theorem 3.3.2 — Central Limit theorem De Jong (1996). Let X = (X1, Xo,...) a sequence
of independent random wvariables. Suppose Z is F|,) measurable, with finite Hoeffding
decomposition such that Var[Z] =1 (Z is a degenerate U-statistics of order d):

Z= > W, (3.3.9)
Ic[n],|1|<d

satisfies the two conditions:
1. maxeq o) Yoy E[WE] = 0, for n — +oo;

2. ZLJ,K,L connected BIWIW W WL]| = 0 for n — +o0.

De Jong applied that theorem to subgraph counting in random hypergraphs, with edges defined
as random subsets of a vertex set.

Remark 3.3.3. If p, is bounded away from 0, the condition is not sharp.

The first condition is not very severe. It is Lindeberg-Feller type condition as for d = 1 it is the
crucial assumption in the Lindeberg-Feller central limit theorem (see for example theorem 5.12
in Kallenberg| (2002)). In the homogeneous case where |I| = d, the fourth moment condition is
sufficient, but otherwise it is not.

3.4 Application of Malliavin-Stein’s method

We generalize the main theorem of |[Bhattacharya et al.| (2022)) for random multilinear forms in
Bernoulli variables by using Proposition [2.7.10

Theorem 3.4.1 Let H a hypergraph without isolated vertices. Then, we have

—-1/2
dw (Mg, N(0,1)) < [ (1 —pn)® min {n®pfi} (3.4.1)
]
and
-1/2
~ (2)
dW(NHﬂN(()? 1)) S (1 - pn)eH ér,lér}{{anp%quH } ) (3'4'2)
epr>1

where eg) 1s the number of edges included in the hyperedges of H.

Proof of theorem|[3.4.1. We proceed as in the previous proof given the decomposition of My
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and borrow the previous notations. The (EGF)) assumption holds. By conditional independence
of (Xa)a, we have:
EWAEWS B [[oes EV2IZ) [Loe, EV2IZ]
EWiw3l Il EXZI T B T ) EYE]
— (2) @) -1 yg@)
= (pa(1 _pn))\IIHJ\ [UJ| g IO HI DI

Let us note that for all a, Wp (4} is non-zero with the definition of My — E[Mpy|Z]. Let
Wi = wr [[;c; Xi, then for a € I'NJ:

EWW; |G =wiw; [[ i J[ YE[YZIZ)
ieN\{a} jes\{a}

Wwrw,y
= ————E[YZ|Z] WniayWinia)

W1\ {a}W.\{a}
= Cr2,aWn{aWi(a}:

with
wWrw,y

—— & [Yf]Z] < 400 P-almost surely.
Wi\{a}WJ\{a}

Crya=
We are then left to upper bound the quantity:

> IR[W; W Wi W)
(I,J,K,L) connected

= IR IR IR IR A

acl acJ aceK acLl

The terms are non-zero if only if « lies in at least two elements of the quadruple, i.e. if a does
not liein I\ (JU K U L), etc. Then, the number of non-zero terms is I UJ U K U L. We recall
that:

(I,J,K,L) connected

E[Y,]Z] =0

3
E[YO?’Z] = pn(l - pn)]l{a(l)ez} H ]l{a(i)ez}
=1

3 3
E[Yo?|Z] = pn(l - pn)(l - 2pn) H]l{a(i)eZ} N pn(l —pn)2 H ]l{a(i>ez}

=1 i=1
3 3
E[Y;l’Z] = pn(l - pn)(l — 3pn(1 - pn)) H ]l{a(i).gz} S pn(l — pn) H ]l{oc(")eZ}-
=1 i=1
Thus,
> [E[W; W Wi WL]|
(I,J,K,L) connected
5 Z (pn(l — pn>)|IUJUKUL‘ qll[(Q)UJ(Q)UK@)UL(Q)I

(I,J,K,L) connected
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Now, we remark I, J, K, L are respectively isomorphic to A, B, C, D subhypergraphs of H. We
say that I ~pg A, etc. Hence, we can sum first over (A, B,C,D). and then over all the
quadruples (I, J, K, L) whose components are respectively isomorphic to the ones of the fixed
quadruple (A, B,C, D). We shall write:

*A,B,C,D
1K,  ABCD I~gAJ~uB A,B,C,D I,J,K,L

K~pC,LreoygD

v(A) denotes the number of vertices in A. We have that [{I,J, K, L € ([Z]) I ~A J~B K~
C,L ~ D}| is bounded by the number of collection of vertices of cardinal v(AU B U C U D).
By a counting argument, we see that is of order n?(AYBUCUD)  Because (I, J, K, L) is connected
and copies of subhypergraphs of H, we also have that [ UJUK UL| =|AUBUC U D| and
TR UJAUK®ULP| =43 UuB® uUc® uD®|. Hence,

> IE[W; W, W W
(I,J,K,L) connected
xA,B,C,D

_ p|AuBuCuD|q\A@)uB@)uC(?)UD(Q)|
= § E n n
B,C,D (I,J,K,L) connected

A’
v(AUBUCUD), |AuBUCUD| |A@uB®@uc®@yup®)
< > o bl a, |

A,B,C,D

Let us bound the variance of Ny — E [Ny |G(n, ¢,)]:
2

VarQ[NH —E [NH ’G(n, Qn)“ = Z E[WIWJ] = Z (E[WIQ] + E[Wg])2
INJ#0 INJ#0
. *A «B 2
- 3 (Z E[W?] + ZE[W3]> .
ABCH \ I J

For a fixed connected quadruple (A, B,C, D),

Var’ [Ny — E [Ny |G(n, q,)]]
L (A «B «C «D 2
> (Z EWF]+ ) EWi+ ) EWi]+ ZE[W%])
I J K L

LA «B «C «D 1/2
> o (s s« e« 5w
I J K L

(2)
applying repeatedly the inequality a?+b? > 2ab. Then we use that E[W?] = qlll |(1—pn)|I | p‘nI =

A®) A
A1 = p) A, so

* A

* A

@) ; )

STEWE = (1 - pu)ApAglt = nt@ (1 — p,)IAplAl LA
I 1
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In particular, one has:

Var’ [Ny — E [Ny |G(n, q,)]] >

% (nv*(A,B,C,D) (pn<1 _ pn))e*(A,B,C,D)qz@)*(A,B,C,D))1/2 (3.4.3)

where v*(A, B,C,D) = v(A) + v(B) + v(C) +v(D) and e*(A, B,C, D) = |A| + |B| + |C| + | D|
and e®*(A,B,C, D) = |A®)| 4+ |B®| 4+ |C?)| + |DP)|. It yields the result. Using the lemma 9
of De Jong (1996)), (3.4.2)) follows. The first result for My is obtained with ¢, = 1. O

We now explore general U-Statistics on random hypergraphs and their applications in the scope
of the taxonomy of random hypergraphs presented in the first chapters. There is already study
of asymptotic normality in the subgraph count in Stochastic Block Model in|Janson and Nowicki
(1991) which is a random graph with conditionally independent edges, without the associated
threshold functions. We propose to extend that, and consider random hypergraphs generated
by hypergraphons.

Example 3.4.2. Subgraph counting in Erdos-Rényi egdes + Rips

Conditionally on drawing the edges, select every triangle with probability p,. We want to
count the number of hypergraph motifs (or triangles for example). The random variables
are independent conditionally given the graph G(n, ¢,) following Ber(g,). The estimator
reads off:

1 .
N(H,G = 1 X, 3.4.4
(H,G(n,qn,pn)) | Aut(H)] Z[n] {e1,} L €as ( )
ec('y)) acE(H)
where X, ~ B(p,) conditionally i.i.d. given (Xewos Xeyws Xew.) for a = (u,v,w), having

Xp ~ B(gn), with e a function that sends the hyperedges of H into ([n], ([g])) We can
also write like Privault and Serafin| (2018]):

Ni i Y Wy, enmmy Yo +1) - (Y, +1) (3.4.5)

b1yeensbe g

where Y, is a Rademacher random variable with parameter p,. (Ye)een is a conditionally
independent Rademacher sequence given G(n, g,). We first compute the expectation and
variance of Ng. If p, = 1, we know from Elek and Szegedy| (2012, p.12 example 2.) that
the almost sure limit of the homomorphism density of H in the random hypergraph is
q‘nE<2)(H)‘ where E(2) (H) is the set of edges in the simplicial complex associated to H. As
a consequence, because of concentration results,

E[Ny] = nlVEIgE@E)],

More generally, we have:
E[Ny] o plPDlglE? D]

Let us compute the variance of the estimator. To see this, recall that if: |el Ne?| = K,
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and |(e* N e?)?)| = J (the number of edges in the intersection of hyperedges) then:

Cov( [] X H X,z H XaXe| —E[ [ XaE[ ] Xl
a€E(H) a€E(H Lla€E(H) ] a€E(H) a€E(H)

—E H X1 Xz | — p2lPUDI@IEC D)
|la€E(H)
(2)
=E|E| [] XaXealGnqg)||—paElg2E®
a€cE(H)
(2) _ _ (2)
= RIEO D= 2B =K _ 2E@ ()| 2 B(H)|

So, using that for each H' C H, there are ©(nUan(VH—u)) = @(n2vH ") pairs (H', H?)
copies of H in the complete graph K,, with H* N H? isomorphic to H’ (here the hyperedge
sets).

Var[Ng| o Z Cov H Xe, H Xez

617626([7211) a€E(H) a€E(H
= >  Cov| [I X JI Xe
61’626([721]) a€FE(H) acE(H)
etne?#£0D

&) - - 2
= 3 (quE (E)|=J 2| B(H)|-K _ j2IB <H>|p%|E<H)|>
K=1 J=1 61,626([3])
letne?|=K
\(elﬂez)(2)|:J
vy 2) _IE@(H _ / (2)
= 37 2o REO EDI B RAEE B _ 215 )] 21

VR — Vs (2) _m(2) ’ _ ’ (2) ’ ’
= 37 v B UDIES BB (1 gfE @ HIp|ECH)

H'CH
epr>1

We consider the case where p, — 0 and/or g, — 0 for n — +o00. So asymptotically
(extension of Lemma 3.5. in|Janson et al. (2000) to random hypergraphs), we have:

Var[Nu] =g (1 — pugn) max 208~ 2ES D-[EQ ) 2B -EH) (3.4.6)

H'CH
egr>1

In the view of this expression, p, and ¢, share the same role for the convergence.

We need a modified Hoeffding decomposition for such statistics.
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3.5 A modified Hoeffding decomposition

We shall write the sequence of conditionally independent random variables X = (Xa, oo X8, )aBeA-
Since o(Z) = J(Xa, a € A), we adopt a sightly different approach by leveraging the Malliavin-
Dirichlet structure in Decreusefond and Halconruy| (2019)), whose underlying Markov process is

the classical Glauber dynamics starting from X. The structure is similar to ours if the expecta-

tion are taken conditionally with respect to Z for the operators and conditional distributions in
section [2.2] The following lemma shows the commutation relation on Dom D in that Malliavin
framework.

Lemma 3.5.1 For F € L*(E4) and o, 8 € A,

" E [E [F|X{5},X] \X{O‘},X} —E [IE [F|X{°‘},X} |X,X{ﬁ}} ; (3.5.1)

2. fora#p
E [IE [F\f({a}} \X{ﬁ}} —E [E [F;X{ﬂ}} yf({a}} . (3.5.2)

1 .
Proof. Since Xg = %Xg, we have:

E [mec{ﬁ},x} _E [XBIX{fB},X} = X;,

where Up is a uniform random variable independent of the rest for 3 € A. Thus, we get that
E [F|X{5}, X} = F, hence the relations using lemma [3.5.1 O

Those commutation relations of lemma [3.5.1] and lemma [2.2.4] entail a modified Hoeffding de-
composition of Ny similar to (3.3.6) that this time the conditional mean has the chaotic de-
composition:

|[E(H)|
E[My|Z] = (pgy) PN T Ve | D) 1
Jj=1 |J|=j aed IE([Z])
I~H,IDJ

T

where Y, = X, — E[X,] with X, = E[X,|Z]. Thus,

w V) =dF S | | [T %
=3 | re(t) act
I~H,I2J

+(pag2) PN T Ve | YD 1] (35.3)
|J|=j a€J 1e()
I~H,IDJ

All the previous bounds are still valid in that context by taking out Z of the conditioning and
can be applied given that chaotic decomposition.
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n—-+0o0o

Theorem 3.5.2 Let H a hypergraph without isolated vertices. Then, let p, ———— 0 and
qn UimasNy) P
-1/2
_ (2)
dw (Ng,N(0,1)) < | (1 —pp)¥® I_I[IliIIll,{TLUprLHqZH } . (3.5.4)
'c

egr>1

Proof of theorem[3.5.9. We follow the same lines as the previous proof, with the difference that
mo(Ng) = E[F], leading to the quantitative central limit theorem. O

While in |[Kaur and Rollin| (2021)); Teméinas et al.| (2022), the probability of keeping a hyperedge
does not depend on the number of vertices, we let p, tend to 0. As a consequence, we can
state thresholds for subhypergraph containment that complement the ones in (Janson et al.,
2000, p.61). As done in [Zhang| (2022)); Kaur and Réllin| (2021)) for random graphs, it should be
possible to derive with our method the convergence rates considering an arbitrary exchangeable
random hypergraph generated by a hypergraphon, the analog of graphon in graph limit theory.

3.6 Limit theorems for homomorphism densities of random hy-
pergraphs

See Delmas et al.| (2021)).

A result for bivariate homomorphism densities (for simple patterns) by [Fang and Rollin| (2015)).
We want to derive bounds in probability distances for smooth functions (ideally Kolmogorov
bounds) as to get a test for confidence interval.

We still use the derived limit theorem found earlier.




Part 11

Invertibility of functionals of marked
point processes
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The starting point for our second work is the existence of a new construction of Hawkes processes
as a functional of an underlying Poisson process.

Based on the extension of the invertibility framework introduced by [Ustiinel (2009) and recently
in the Poisson space by |Coutin and Decreusefond| (2023), we find an entropic criterion under
which a random change of mark of marked Poisson point process is invertible using the Girsanov
theorem.



Chapter 4

Invertibility of functionals of Poisson
measures

The Skorokhod theorem on invariance of measures Skorokhod (1957) gives the density with
respect to Poisson measures of deterministic shifts of configuration. This theorem has an exten-
sion to random transformation of marks of a marked Poisson process N. In that case, the key
property is quasi-invariance with respect to anticipative transformation [Albeverio and Smoro-|
dina; (2006); Privault| (1996) which is given by a classical application of the Girsanov theorem.
The specificity of the Poisson setting is the identification of 9 the space of random measures
and the configuration space (see the detailed definition below). Namely, let ' the transforma-
tion applied on a Poisson measure N under a probability measure m on 9. As N can also
be considered a marked point process, I' transposes to a random transformation of an element
w € N, namely the marks Z,, of w = (T, Z,)nen are changed to v(T),, Z,) for n € N. Under
some assumptions on I' detailed in the following, there exists a probability measure 7’ under
which both marked point processes I'(/NV) and N share the same law. The Girsanov theorem
also gives the proof of the existence of weak solution of stochastic differential equation driven
by Brownian motion or Poisson measures or both under weak assumptions. The stochastic
differential equation (SDE for short) that we consider in this chapter, is of the form:

{Y(O) =0 (0.1
Ay (t) = [b(Y(t-),x) AN(t, ). o

where N is a Poisson measure with control measure v(dz) ® d¢t. Denote by 9t the space of
random counting processes on R™ x R. By identification of random measures and random
counting processes, N is an element of M. Let m a probability on the space 9t such that N
is the canonical counting process on it, namely Idgy. Let DD the space of cadlag functionals.
Consider the map

V:om—D

N —> (t — /Ot/a: dN(s,ac)) . (4.02)

Let Y a perturbation of the sample path and by identification of w € 91 such that:

Y(W)(t2) = (Tub( Y Zu(w),2)),

neN:T, <t
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A solution of the SDE (4.0.1)) is
Y =V oX(N).

It induces a map Y on D such that Yo V(N) =Y. Let Z a map on D of the form VoI for T
some random transformation, we have:

YoZ=I1dp <~ TOF(N):Idgm.

Solving revolves to invert the map Y. That formulation of the problem puts the focus
on the map YT on 9 instead of Y € D. To the best of our knowledge, this approach has been
seldom addressed in the literature.

The framework for invertibility of Poisson functionals was introduced in |Coutin and Decreuse-
fond| (2023). The key is the quasi-invariance property from the Girsanov theorem. On the real
line, the consequences of the quasi-invariance property have been studied with respect to ” antic-
ipative” (predictable) transformations in Privault| (1996]) and in the general case of metric spaces
in Albeverio and Smorodina| (2006). In the Wiener case, random non-adapted transformations
of Brownian motion have been considered by several authors in the context of Malliavin cal-
culus, cf. [Ustiinel and Zakai (2000) and references therein. The study of invertibility concerns
perturbations of the sample path.

4.1 Preliminaries

In the following, let M a metric space and B(M) its Borel o-algebra. We recall the construction
of marked point processes which is a sequence of points drawn at random in R™ x M in the
configuration space 91 endowed with the vague convergence, its Borel o-algebra B(91) and a
probability measure .

Definition 4.1.1 (Marked point process). A marked point process (MPP for short) is a

sequence
w = (Ty(w), Zn(w))nen of RT x M defined on (N, B(N), )

such that for each n > 1, T),(w) < Tp41(w), Th(w) tends to infinity u-a.s. as n tends to
infinity. The random variable T;, represents the n-th jump time and Z, is the location
associated to the n-th jump. It can be completely identified with a random counting
measure &, viz.

§= Z €(Th,Zn) (4.1.1)

neN:T, (w)<oo

where €7, 7,)(W) = €T, (w), 2, (w)) 18 the Dirac mass on the product space ((0, +o00) x M) at
the point (7, (w), Z,(w)). We denote 9 the space of counting random measures that can
be written in such form. We endow this Lusin space with the vague convergence as a family
of positive integer-valued Radon measures (§(w, ) : w € M) on (RT x M, B(RT x M)). The
random measure can be identified to a random counting process X. For A € B(M), we
shall write the process

X(w,t,A) = &(w, (0,t] x A)

that counts the number of events on [0, ¢] matching a mark belonging to the set A. We

define the ground process.
Xg(w,t) = X(w, t,M).
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Note that w can be retrieved as:

Tn(w) =inf{t > 0: Xy(w,t) =n}

(Zn(w) € A) =
Uunu (Xg(w, (k—1)/2" = n— 1, Xy(w, k/25, A) — X, (w, (k —1)/25, A) = 1)) .
K'=1 K=K’ k=1

That means that we can identify a sample-path X of 9 with an element w of 91, and more
generally elements of B(9) and B(M). We redefine p as a probability on (9%, B(9N)).
Moreover, dX (s, z) = d{(s, 2).

Let (F:)icr+ be an increasing and right-continuous family of sub-algebras of B(9t) such that
each T), is a stopping time, and each Z,, is Fr,-measurable such that B(9) = V>0 Fr. We
denote the following subsets of P(F) by:

e PT(F) the set of predictable non-negative real-valued processes
(Y(ta Z))(t,z)ER+ 1 defined on (mv Foos /‘);

e PTT(F) the set of predictable positive real-valued processes
(Y(ta Z))(t,z)€R+ «M defined on (f)ﬁ, Foos M)'

We recall the version of Theorem 2.1 of Jacod| (1975) for counting processes.

Theorem 4.1.2 Let y be a probability measure on (M, Foo). Let a random measure & on
RT x M such that t +— £([0,t],-) is adapted. Then there exists a unique predictable random
measure denoted EP such that

(5([0,75], A) — £p([0,t],A)>t>0 is a (F, p)-local martingale.

The random measure EP is called the dual predictable projection of € along F. Equivalently,
it means that for each A € B(M), the process t — £P([0,t], A) is the so-called compensator
of t — £([0,t], A). We denote by £ the random measure £ — EP.

Definition 4.1.3. Let ¢ a random measure. We introduce F!(P(F), &) the space of all
functions f in P(F) such that for each t € R,

B[ [ 1tseas )| < .

The Bochner integral fg Jur f(rs,2)€(ds, dz) is a Lebesgue integral with respect to the
measure &(w, ) for every w € 9 and is equal to the convergent sum

/O /Mf(-,s,z)g(ds, dz) = $ (5, AX(8)).

s€(0,TIN{s:AX (s)#0}
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The stochastic integral of r with respect to £ denoted by d,r, is the process on R™

Ser(t) / / s,2) dé(s, 2). (4.1.2)

If f € FY(P(F),P)NFLYP(F),&), we define the integral with respect to the compensated
random measure N by

//fsz £(ds, dz) //fsz ¢(ds, dz) — //fsz (ds, dz) p-as.

(4.1.3)

Remark 4.1.4. In general, the stochastic integral cannot be divided as the difference of

two integrals as in (4.1.3)).

Proposition 4.1.5 If f € FY(P(F),&P), then we have f € FL(P(F),&) and for each t > 0,

[ o ] <[ [ [ s eas ).

We define the Doléans-Dade exponential associated to a random measure &.

Definition 4.1.6. For f € F!(P(F),¢), additionally supposed to be non-negative, the
Doléans-Dade exponential |Jacod, (1975)), denoted by £(dzf), is defined as the solution of

= [ [ 3656622,
explicitly given by

E(6:1) ( exp<//1— s, 2) d§sz>Hf (T, Zy) (4.1.4)

Tn<t

In the case r > —1 and r € FY(P(F),£P), it is explicitly given by:

E(0:f) (t) = exp (/ /log s,2)) d&(s, 2) / / s,z) — 1) d&P(s, z)) (4.1.5)
= exp (6 log(f / / log(f(s,2)) — f(s,2) + 1) d§”(s,z)) )

An important assumption in the remainder is that F is the minimal filtration to which X is
adapted, viz. F is the filtration on 9t x RT

FX =o(X(t,A),t € RT, A € B(M)). (A1)

The following result is the converse of Theorem (see Proposition 3.41 of Jacod| (1979)).
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Theorem 4.1.7 For any nonnegative random measure P on (0,00) x M, there exists a
unique probability measure on (I, FX) such that X has P as dual predictable projection.

4.2 Background

4.3 Quasi-invariance

4.3.1 Random change of marks

Following the Bismut’s approach Bismut| (1983), we devise a perturbation 7 of the jump sizes
such that the map I' = T'(V) under 7 has the same law as N under 74, i.e. Tym = my. We
name the map triggers the perturbation a random change of marks in analogy to the random
change of time for point process (Coutin and Decreusefond| (2023]).

Definition 4.3.1 (Random transformation of mark). On (DJI, Foos ,u), a random change
of mark is a process (Y(s, 2), (s,z) € RT x M) such that:

e for any z € M v-a.s., s — (s, 2) € P(F);

o V(s,u) € Rt x M, y(s,u) € M.

For any s € RT, we say that v is u-invertible with inverse denoted v* : M x R™ x M — M
if given z € M, for almost all w € M, s € RT:

Y(w, 5,7 (w, s,2)) = v (w, 5,7(w,s,2)) =z for all s € RY  dt ® p-a.s.

The transformation of mark is a very common operation on Poisson measures. It has been
an important development in the theory of Malliavin calculus for perturbation analysis (see
Bichteler and Jacod| (1983)).

Remark 4.3.2. The random transformation of mark is a particular case of random trans-
formation of marked point processes that shifts each point of a configuration w € 91 in
some direction 7.

Definition 4.3.3. Let X a random process on RT x M and ~ invertible transformation
of mark. Then, the changed random process is defined by

T(X)(t A) = /Ot/lA(fy(s,z))X(ds, dz) for (t, A) € R x B(M).

If X € M, T(X) M.

Lemma 4.3.4 Let v an invertible transformation, we have:

FrX v o(v*(s,2), s <tz € M) = FX (4.3.1)

Proof. We have by construction of I'(X), ]_-tF(X) = o(T(X)(s,A), s < t,A € BM)) c F¥
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relative to the Poisson measure X. By predictability of v*, ff(X) Vao(y*(s,z),s<t,zeM)C
FX. Conversely, for A € F}V, there exists a sequence of measurable functions (x,)sen such that
for any g, x4 is measurable function from (R* x M)? to {0, 1}:

14 = qu(Tl(X), W Ty(X), Z1(X), - Zg(N)) Lz, (x)<t<Ty 11 (X))

- qu l{Tq I'(X))<t<Ty+1(T(X))}

where

X = xg(TUT(X)), -, Ty(T(X)), v (X, T1(T(X)), Z1(T(X))),
(X T(T(X), Z(T(X))))-

Because 7*(N, -) is measurable from R x M to R*, it is a limit of simple functions:

V(X T(P(X)), Ze(T (X))

on_19m_1
=lim » > (X, o, 7)1[@2}1)7%)(7}@(1—‘(}())) G50y Ze(T(X)).
=0 7=0
Hence the result. O

In the remainder, we consider as canonical marked point processes which is a stationary marked
Poisson point process N with intensity measure ds®v(dz) for a o-finite measure v on (M, B(M))
where ds is the Lebesgue measure on R and the associated probability measure 7 on (I, Fiy)
by Theorem We denote I' the process I'(N). Under 7, we identify w and the canonical
process N. We denote by 7, the unique probability measure on (9, FY) such that NP =
o(s,z)v(dz) ds for o a random process on 1. When o = 1, we recover m = mq. We keep the
notation 7 for sake of simplicity.

4.3.2 Change of measures and Girsanov theorem

Here we consider a probability «’ with the basic hypothesis that 7’ is locally absolutely con-
tinuous with respect to 7 along F. We write it 7’ <joc 7 7. Our aim is to compute the dual
predictable projection of N under 7/. This is the object of the so-called Girsanov theorems.
The next theorem is a combination of (Decreusefond, (1998, p.500) and (Jacod, (1975, theorem
4.5). The proof of the criterion for the Radon-Nikodym derivative to be non-zero can found
in the comprehensive book (Jacod and Shiryaev, 2003, Theorem 5.19 p.195 and Corollary 5.22
p.195).

Theorem 4.3.5 Consider a filtration F = (F¢, t > 0) on M, and assume that under m, the

process
t

N :t— N(t, A) —/ /1A(Z)I/(dz ds
0

is a F-local martingale. If a probability measure 7' on (M, FX) is locally absolutely
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continuous with respect to ™ along F then there exists a unique process ¢ on RT x M
which is non-negative w-a.s. and F-predictable such that

vt >0, (/t/ (1 - \/qﬁ(s,z)>2 v(dz) ds < oo) =1 (4.3.2)
0 JM
and for any A € B(M),
t
t— N(t,A) —/0 /Agb(s,z)l/(dz) ds is a (F,mg)-local martingale. (4.3.3)

We refer to ¢ as the Girsanov factor of ©' := my with respect to w. Moreover, assume

(A1), for any integer m > 1, let

smzinf{teR+, /Ot/M(1—\/m)2y(dz) dsZm}.

Then, with the previously introduced notations,

dm
Ag(t) - = Tj
Fi
_JEGx9)(8)  if t < Sm,
o if t > limsup,,, Sm.

If my is absolutely continuous with respect to m on Fu then

s </000/ (1 - W)Qu(dz) ds < oo> — 1, (4.3.4)

For the converse part, let us suppose (Al]). Consider ¢ a non negative F-predictable

process and Ty the probability measure on (M, FN), which satisfies ([£:3.2) and ([E3.3).
Then, my is locally absolutely continuous with respect to m along F.
Finally, the probability measure my is absolutely continuous with respect to m on (M, Foo)

if and only if (4.3.4)) is satisfied.

Definition 4.3.6. Let F a filtration relative to N, we introduce the following subset of
FYP(F),v® ds) denoted Fi(P(F),v ® ds;m) such that the following properties hold for
an element ¢:

1. Ty Lloc, F T

2. Ty (fooo J (1 - ¢(s,z))2 v(dz)ds < oo> =1

We recall from (Coutin and Decreusefond| (2023|) some necessary and sufficient conditions for the
equivalence of 7 and 74, see also Proposition (7.11) of Jacod, (1979)).
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Lemma 4.3.7 Let i/ a measure absolutely continuous with respect to p on Feo and set

du/
At) = —| . 4.3.5
0= (1.35)

Then 1/ and p are equivalent if and only the following two conditions are satisfied:

i) The local martingale (A(t), t > 0) is uniformly integrable, i.e. there exists A € L' (9 x
R — R; u) such that
A(H) =B, [A |7

i1) The random variable A is positive u-a.s.

We fix M = R™ endowed with the Lebesgue measure. The central notion introduced by Bismut
is the Girsanov transform which is key to our investigations.

Definition 4.3.8 (Girsanov transform). Let ¢ € PTT(F). Define 7(’;, forr@dsallw e M
and u > 0 as a Lebesgue integral:

ﬁMa@=A¢w@mmmmn
Then, setting 7(z) = [; p(u) du, the random transformation of mark

Yp(w,s,-) =110 yg(w, Sy+).

is a C'-diffeomorphism and called Girsanov transform. Moreover, it is 7-invertible in the
sense of Definition with inverse denoted ’y;;. In the same vein, we define the process:

1
(b(w? 87 fy:;(w7 SJ ’Z)) .

o (w,s,2) =

Using the Definition m given ¢, we have the triplet (y4, 'y, ¢") that characterizes the
Girsanov transform.

According to Fujisaki Fujisaki and Komatsu| (2021), the Girsanov transform refers to
absolutely continuous transform of laws of stochastic processes. There is no formal
definition in Bichteler et al| (1987) which dedicates a paragraph to it.

Remark 4.3.9. We have for s € RT:
(Ve(s,-) (1) = ————==

and

o pla) _ ol
N CX I ) B N (50
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For instance, if p = 1, we have:

(76(5,)) (2) = @5, 2) and (v5(s,))(2) = ¢'(s, ).

Remark 4.3.10. The generalization of the Girsanov transform to R? for d > 2 is immedi-
ate as the remark [£.3.9still holds. The difference with the case d = 1 lies in the stochastic
integration rules. Because ¢ > 0, m-a.s., it corresponds for any w € 9t m-a.s. and each
s € RT to:

Vp(w, s,2) = | det(Dyp(w, s, ) ()]

for U an open set in R? and Y5(s,) U — R? an injective differentiable function with
continuous partial derivatives, the Jacobian of which is nonzero for x € U. We notice that
not all the components of ”y; need to be nonnegative for d > 2. For sake of readability,
this generalization is omitted.

Lemma 4.3.11 For f € FY(P(F),v ® dt), then we have:

T, (/0'/f(N, s, 2)v(dz) ds)

= [0 50 )T (.5, 2w 2) ds. (437

and:
L'y (/O'/f(N, s,z)N(ds, dz)) _ /0./]”(]\7, 8,75(N, s, 2)) dTg(s, 2). (4.3.8)
Proof. For t € RT and A € B(R™),
| </O'/f(N, s, z)v(dz) ds> (N,t, A) = /O./1A(’Y¢>(N,8,Z))f(N,s,z)l/(dz) ds.
In particular, for a,b € R* with a < b, C € B(M) and B € F,, let

f(N,s,2) = B(N)l(a,b](s)lC(Z)'

We have by the theorem of change of variables in terms of Lebesgue measure on R, with
u =4(N,s,z) for each s € [0,1]:

/IA(%(N,s,z))lc(z)y(dz) :/lA(u)lc(’y:;(N,s,u))ng(N,s,u)u(du) ds

since (7;)"(N, s, ) (w)p(v3 (N, s, u)) = mp(u)' Then,

[ 106N 5 ) FOV. 55 () ds

= /1,4(u)f(]\77 s,’y;(s,u))w(]\f,s,u)u(du) ds.
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By density of simple processes in F!(FV, v ® ds), this yields (4.3.7). We apply the same change
of variable for the proof of the second identity.

Iy </0'/f(N, s,z)N(ds, dz)) (t,A) = /Ot/lA(7¢(N,s,z))f(N, s,z)N(ds, dz)
= /Ot/lA(u)f(N, 8,75V, s,u))[(ds, du).

Since it holds for each A € B(R"), it yields (4.3.8). O

I Corollary 4.3.12 Let ¢ € PY(FN), then ¢f € P+ (Fle).

Remark 4.3.13. The factor ¢ is a Girsanov factor as well as ¢.

4.3.3 Main theorem

Theorem 4.3.14 — Girsanov theorem for Poisson measures. Let 7/ Ljpe, N T and ¢ €
P(FN) denote its Girsanov factor, i.e. ' = 1. Assume that ¢ belongs to Fy(P+(FN), v®
dt,mg). Then, with our previous notations, the distribution of the process I'y under my is
the distribution of N under w. This means that for any bounded measurable f : M — R,
for any t € RT,

E. [f(Th) As(t)] =Ex [f(N")], (4.3.9)

where X' is the process X stopped at time t.
Proof. The Radon-Nikodym derivative is given by Theorem

dm
Ay(t) = T; .
t

 exp < /0 t / log (6(s, ) AN (s, 2) — /0 t / (6(5.2) 1) w(a) ds)

We recall that for each A € B(M), the compensator of T'y(-, A) under 7 is [; 1a(74(s, 2))v(dz).
Thus by Lemma [4.3.11] and Remark [£.3.9]

(4.3.10)

R(t) :/0 /lA(’y¢(s,z))¢(s,z) (N(ds, dz) — v(dz) ds)
:/ /lA(’yd)(s,z))qﬁ(s,z)N(ds, dz) —t/lA(z)V(dz)
0

is a (FN, ) local martingale. The standard Girsanov’s theorem for local martingales (Schuppen
and Wong,, 1974, Theorem 3.2.) says that

R(t) - /O A:() d[R, A4)(s)
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is a (FN, 7g)- local martingale. Note that R and Ay have the same jump times as I'y, hence

t 1
/Owd[R,A¢](s): 3 OWAR(S)AA¢(S)

s<t,AN(s)#

5 ) s

s<t,AN(s)#0

= Y (0 g 10T )T 2

T <t, Zn#0

- / / 14(19(5,2))6(5, 2) AN (s, 2) — Ty(t, A).

Thus, we have

R(t) — /0 A¢1<3> d[R, Ay)(s) = Ty(t, A) —t / 1a(2) dz.

This means that the random measure associated to I'y has (F N 7g)-dual predictable projection
v(dz) ® ds. According to Theorem by the characterization of homogeneous Poisson mea-
sure, the random measure is an F~-adapted homogeneous Poisson measure of control measure

v(dz) ds under my. O
The version of the quasi-invariance theorem that we use subsequently is the following.

Theorem 4.3.15 — Quasi-invariance. Let Ty <, zr 7. Then the distribution of I'y under
mg 15 the distribution of N under m, i.e.:

E, [f(rg,) Al (t)} =E, [f(NV)], (4.3.11)
with
AL (1) = % . (4.3.12)
= exp (— /Ot/log (ng(S,u)) dTy(s,u) + /Ot/(¢T(5,u) - 1)I/(du) ds)
(4.3.13)

Proof. The Girsanov theorem yields for any bounded measurable f : 9 — R, for any ¢t € R*:

Er, [f(Ty) Ap(t)] = Ex [f].
We proceed with the change of variable z = ~4(s,u) over RT. By Lemma {4.3.11

log Ay (t) :/(]t/log(¢(s,7;(s,u))) ATy (s, u) —/Ot/<gb(s,'y(’£(s,u))—1)¢T(S,u)y(du) ds

_ —/Ot/log (¢T(s,u)) dr¢(s,u)+/0t/(¢f(s,u)—1)y(du) ds.

By Lemma |4.3.12] ALT (t) is ]:tF ¢_measurable. The proof is thus complete. O

We now prove that well behaved mark changes induce locally absolutely continuous probability
on M.
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Theorem 4.3.16 Let ¢ belong to PTH(FN) such that my is equivalent to ™ on Foo. Then
Lyum is equivalent to m on Fo.

Proof. According to Lemma the martingale
(Ao(t). t20)
is uniformly integrable and we can let ¢ go to infinity in to obtain
Lypmy = m.
Since 7y is equivalent to m on Foo, Tyumy is equivalent to I'yxm. As a consequence,
m=DLgyumy ~Lyum.
The proof is thus complete. ]

We conclude this section by introducing a sufficient condition such that the equivalence between
probability measures holds.

Definition 4.3.17. The most restricted class we consider is Foo (P (F), 7,) of processes
p € PTT(F) for which there exist ¢ € (0,1) such that

1

c<p(s,2)<—, Vs>0, z€ M m, —as.

c

Remark 4.3.18. Note that if ¢ belongs to Foo (PT+(FN), 7,) then there exists C' < +oo
such that m —a.s., 0 < Ag(N,t) < C. Hence, (Ay(N,t), t > 0) is uniformly integrable.

4.4 Invertibility

Those definitions are analog to the ones of [Ustiinel (2014)) relative to the Wiener space. We add
the absolute continuity condition as we consider Girsanov transforms as absolute continuous
transformations.

Definition 4.4.1. For a probability x on (I, Foo), amap Q) : M — M is p-left invertible
if and only if Yup < p along Fo and there exists 3 : 90 — 9 such that 309 = Idy,
[-a.S.

The map 2 : 9 — M is p-right invertible if and only if there exists 3 : 9t — 97 such
that 344 < p along Foo and Q) o 3 = Idy, p-a.s.

The map ) is p-invertible if it is both p-left and p-right invertible.

Because the invertibility of sample path remains with respect to m, we omit to mention it.

Lemma 4.4.2 If there exists 3 such that 3 0%2) = Idsy, m-a.s. then P o3 = Idom, Pxm-a.s.
If additionally, Y7 is equivalent to m and 347 <K m, then Q) is invertible and 3um is
equivalent to .
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Proof. We have

Vyr (Vo3 =ldm) = (Vo309 =)

The first assertion follows.
If the two measures )47 and 7 are equivalent, then 2) o 3 = Idgy m-almost-surely thus ) is
invertible. Let A such that 34m(A) = 0. This means
E:[1403]=0.
Since Pxm is equivalent to m, we get
0=E;[l40309]=E;[14]
hence m < 347 and the equivalence follows. ]

We begin by a technical lemma which states the composition by the change of marks I'y.

Lemma 4.4.3 For v € P (FN ), we define the Girsanov transform Yy according to
Definition[{.3.8 Then, we have

T To)EA) = [ [ 10a@0al0Co576N,5,2)) dNGs2). (44)

Moreover, for f € FY(P(F),v ® dt),

</0./f(N, s, z)v(dz) ds> oTy = /O'/f(rqs, s, z)v(dz) ds. (4.4.2)
(/0. /f(N, 5,%2) dN(s,z)> oy = /0' /f(r¢, s, z) dlg(s, 2). (4.4.3)

Proof. For t > 0 and A € B(M), we have by definition:

and

(T 0T (1 A) = [ [ Lo LaGu(Ta(X),5,2)) s (X)(ds, d2) (4.4.4)

— [ [ 10001400 (Ta(X).5,76(X.5,2))) dX(s.2)
(4.4.5)

Because of the density of simple processes in Fl(]:N ,V ® ds), we can apply the composition

rule (4.4.4) to processes
t
tA) o [ [ 145052 aNP(s,2)
0
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and
(t, A) »—>/0 /1A(z)f(N,s,z) dN(s, z)

evaluated at (¢, M) as to obtain (4.4.2) and (4.4.3)). O

Corollary 4.4.4 For+ € PTH(FN ), Ty is the m-left inverse of Ty if and only if Typpm <
T and:
Yo (Topy 8,76(N, 8,2)) = 2 ¥(t, 2) € RT x M 7-a.s. (4.4.6)

or equivalently either of those equations:

[
75 (Tg,8,2) = 7p(N, 5,2) Y(t,2) € R x M 7-a.s. (4.4.7)
V(Ty, 8,76(N, 8, 2)) X ¢(N,s,2) =1VY(t,2) € RT x M 7-a.s.. (4.4.8)
Proof. We have:

I'yoly =Idym mas. < v4(Lg,5,7%(N,s,2)) =2 7® ds ® dz-a.s.
(4.4.9)

Since 7y, is m-invertible, it is equivalent to
Y (T, 8,2) = Yp(N,5,2) 7® ds @ dz-as..
Let us show that it is also equivalent to . By differentiation of , we obtain
(¢ (Tgs s, ~))/(7¢(N,s,z)) X (76(N,s,)) (z) =1, 7 — as.

Using Remark we obtain

(7 (Dgr5.)) (6N, 5,2)) x (35(N, s,-))'(2)

_ PN, 5, 2)9(Tg, 5,76(N, 5,2))  p(2)d(N, 5, 2)
p(7y (L, 8,76(N, s, 2))) p(V6(N, s, 2))

=YLy, 8,76(N, s, 2))p(N, s, 2) =1

Conversely, assume there exists 1 € PT+(FN) such that
V(T 8,76(N,5,2))p(N,s,2) =1 Y(t,2) € RY x M 7-as..
Given 7y, defined according to Definition [£.3.8] it yields:

p(%b(N? S, Z))ﬁ(’z)
(vy Ty 8,76(N, 8, 2)))p(78 (N, 5, 2))
_ p(z)
p(v (T, 5,76(N, 8, 2)))

(7¢(F¢’S7 '))/(7¢(N337Z)) X (7¢(N’57 ))/(2) = P
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Hence,

7645, (6N 5,1)) X plw(To,5,76(N;5,2))) = p(2)
(r oy (Te(N), s,'y:;(N, s, ) =1

By integration,
ro 71[1(F(]57 S, 7¢(N7 S, )) =T
Because r is a bijection from M onto itself, it follows that
V(Lo 5,76(N, s, ) = Idu -
O

By definition, FV is smaller than F'. If we assume left invertibility of the map I', we have a
stronger result.

Theorem 4.4.5 Let ¢ € PTH(FN). Then, F'' = FV if and only if L'y admits a left
muerse.

Proof. If T'y is left invertible then there exists v, such that (4.4.7)) holds:
Y (T(w), s, 2) = v4(w, 8,2) T ® ds @ v-ass.

This means that:
V(N t,-) is F} -measurable.

Hence, by lemma Fr=FN,
Conversely, if, for all t € RY, FV = F}', then for all t € RT there exists a sequence of predictable
processes ("y&)teR+ such that:

'VQ(I‘,Z) =75(N,t,2), T® dz — as.

Denoting 7y (I'(w),t, 2) = *_yfb(I’, z) for all t € R, there exists a full probability set B such that

Fyp(T(w), 1, 2) = v5(w,t,2),Vt € Q, Vz € Q, Yw € B. (4.4.10)
Let
(N, t if t €
(L, t,2) = 7‘1’( 42) . 1 Q T ® dz —a.s.
lim,, ¢ r.eqniog V(N 8, 2)  ift ¢ Q.

By the sample-path left-continuity of fy:; in the time variable, (4.4.10]) holds for any ¢t € R* with
probability 1. Hence, Corollary [£.4.4] implies that I admits a left inverse. O

The construction of an invertible mapping is straightforward in a specific case. We recall the
notation X* which stands for the process X stopped at time ¢ for t € R¥.

Lemma 4.4.6 Let ¢ € Foo (PTH(FN), ) be defined by time cases, viz. consider a partition
of RV, 0=ty <t] <...<tg <try1 = +o0 and assume that there exist positive functions
g;j : M x M — M such that

k

d(N,s,z) = Z 1(tj7tj+1](s)gj(th,z), gj M x M — M.
=0
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I Then, Ty is invertible.
Proof. Let ¢ € PTH(FN) be defined by time cases. We recall that it is associated to the triplet

(v, g, ¢") with 74 T-invertible and defined by time cases. Hence, there exist positive functions
gj : M x M — M such that:

_ 1
max([|gjlloc, [| =~ loo) < +o00
j

and
k
(bT(N’ S, Z) = Z 1(tj,tj+1](s)§j(th7z)'
j=0
Let us construct g; such that for z € M:
1
Go(N™ v) = ————.
gO(I‘g)a Z)
and for j=1,...,k—1
1
gi(N,u) = ————
gj(rqﬁj 1’2)
Then,
i 1
$2 )= NN 2) = G )

is defined by time cases in P+ (FN). It follows by Corollary that T'y, o T, = Idgy 7-a.s..
As in Remark 7y and 7 are equivalent which entails, by Theorem that Tyum is
equivalent to m on Fu, and its left invertibility follows. With the same argument as for I'y,
I’y is equivalent to w. By Lemma 4.4.2, I'y o I'y, = Idgy 'y m-a.s., hence m-a.s.. Thus I'y is
also right invertible, which concludes the proof. ]



Chapter 5

Applications

As a consequence of the new framework, we devise a new proof of the variational representation
of the entropy on the extended Poisson space. Finally, we establish a new criterion for solutions
of stochastic differential equations driven by Poisson measures.

5.1 Entropic applications

The left invertibility has important consequences on the relative entropy of I'yum with respect
to the probability measure of reference.

Definition 5.1.1. For p and i two probability measures on (9, F,), the relative entropy

of p/ with respect to p is given by
d /
log [ & if pf < p
dp |z

400 otherwise.
Consider m, the smooth, convex, non-negative function defined on [—1,00) by

E,

H(p |p) =

n(z) = (x+1)log(x+1) —x ?f:z>—1,
1 ifx =-1.

and Ly, the corresponding Orlicz space Adams and Fournier| (2003):
(e.)
Ln={f:R" = [-1,00), / m(f(s)) ds < oo}.
0

Since m(2z) < 4m(x), Ly is a separable Banach space when equipped with the Luxemburg
norm, see |Adams and Fournier (2003).
In the same vein of (Lassalle, 2012, Proposition 2.1), we obtain the following lemma.

Lemma 5.1.2 Let ¢ € PTH(FN), the following assertions are equivalent:

(i) There exists ¢ € F3(PTT(FN),v® ds,my) such that Ty is left invertible.

92
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(ii) Tppm = my on FX and we have the following identity:
log(Ay o Ty) = —logAL T — a.s. (5.1.1)

Proof. The left invertibility of I'y entails that I'yoI'y, = Idy I'gxm-a.s. according to Lemma
Recall that the Girsanov theorem says that I'yumy = 7 hence I'yum = my. According to
Lemma consider Ay as a process indexed on RT x M evaluated at (¢t,M). For ¢t > 0, by

linearity of I'y and Lemma

log Ay, o Ty (N)(t, M)

=/t/og<1/1F¢,sz dF¢sz // Y(T, s, 2) )V(dz)ds
//10g<¢N3’y¢st)) dls(s,2) // N37¢st))_1>y(dz)ds’

=/0 /log (ZST(N,S,Z) dF¢(s,z)—/0 / ¢T(N,s,z)—1>y(dz) ds.

using Corollary and invertibility of v7. Hence (5.1.1)) follows.
For the converse, by (5.1.1), taking the conditional expectation with respect to 7/ in both
sides of the equality:

/Ot/ <1og(¢(f‘, s, z)) +log(¢(N, s, 7:;(5,2)))) dN (s, 2)
= /Ot/(w(l“, s, z) + (,/>(N,s,’y:;(s,z))> v(dz) ds

Equating the jumps yields:
w(F, s,z) = ¢(N,s,’y:£(s,z)) V(s,2) € [0,t] x M 7-a.s.

By (4.4.6)), it is equivalent to 'y, o Ty = Idgy 7-a.s..
It remains to show that T'yum < 7 along 7. Eqn (5.1.1)) amounts to:

1

P

Since I'yum = 7y, we have:

1
E. [Al] = E. [—]
@ YA "
1
=E; [A—Aw] by the definition of the Radon-Nikodym density A,
()
=1

Hence, by lemma Lypm = my is equivalent to . O
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Lemma 5.1.3 Let ¢ € F3(P(FN),v ® ds;7) such that E; [Ay] = 1 and

E, [/Ooo/m (¢T(s,z) - 1) v(dz) ds] < 0.

E, [— logA;T] <E, [/Ooo/m (d)T(s,z) = 1) v(dz) ds] . (5.1.2)

Then,

Proof. From Proposition [.1.5] as ¢ — I'(-, A) has compensator

t
t»—)/o /qu(s,z)u(dz) ds,
we have:

E, [— logALT(t)} —E, :/Ot/log(qﬁT(s,z)) dTy(s,2) — /Ot/(qﬁ(s,z)—l — 1)w(dz) ds]
—E, /Ot/ (1og(¢f(s,z))¢T(s,z) — ¢l (s, 2) + 1) v(dz) ds}
<E, :/Ooo/m(ng(s,z) —1)v(dz) ds] .

It remains to prove that we can pass to the limit in the left-hand-side. Consider the non-negative,
convex function ¢(x) = z —log x. From Fatou’s Lemma, we have

Er [0(AL)| <timinf B, [0 (A% (1) ]
<1+E [/Ooo/m(qu(s,z) —1)v(dz) ds] .

This means that the non-negative submartingale (w(AZ)T (t)),t > 0) is uniformly integrable.
Thus,

_ f L, _ f
logA(bT(t)m) logAw.

This means that
1+E, [— logA;T} <1+E, [/ /m(¢T(s,z) —1)w(dz) ds] .
0

The proof is thus complete.

Theorem 5.1.4 Let ¢ € FA(PTT(FN),v(dz) ® ds) such that E; [Ay] =1 and

E, [/Ooo/m(w(s,z) - 1) v(dz) ds] < .

If Typm < 7, we always have

H(Tyyr|7) < B, [/OOO /m (¢T(s,z) - 1) v(dz) ds} . (5.1.3)



Entropic applications 95

Moreover, the map Ty is left invertible if and only if
H(T gy | 7) = En [/ /m (61(s.2) 1) w(d2) ds} . (5.1.4)
0

Proof. Assume that I'yum is absolutely continuous with respect to m on Fu. According to
Theorem there exists 1 € F3, (PTT(FN),v ® ds,Tyum) such that

dl pum

T - = Ay(N,1).
hence for t € Rt
E; [foTy(N)] = E [f(T')]
= E7r [qup(N, t)] .

By applying the quasi-invariance Theorem, for f : 91 — R bounded and continuous, we have
that fAy(-,t) is bounded and continuous, then

E. [foT,(N)] = E, [f o T4(N) Ay o T4(N) AL (N, t)] .
Since |f o I‘fz)(N)| < |f oT'y| which is L' (M — R, ) then, for ¢ — oo, we obtain
B |[foTh Ayoly Al | <E.[foT,].
Hence, 7-a.s. we have
It follows that
0 < H(F¢#7T|7T) = E[‘(P#ﬂ- [logA¢]
= E; [log Ay o Ty]
< _E, [log ATT] . (5.1.6)

Then the first part holds.

Assume now that ([5.1.4)) holds. Then (5.1.6)) is an equality as a consequence of ([5.1.5)), which
in turn is an equality. According to lemma Iy is left invertible.

Conversely, if 'y is left invertible. According to the Definition Lyum is absolutely con-
tinuous with respect to m. Let us denote by 3 the map such that

30l =Idgg, m— as.

The lemma [5.1.2] entails that:

log Aw e} I‘d) = — log A¢, (517)
Let
B dlgpum

R
dm
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For any f : 91 — R continuous and bounded, for any ¢ > 0, we have
E: [fR] =Ex[foTy]
—E. [(fAy) 0Ty AL ]

according to (5.1.7)) and by the quasi-invariance Theorem.
Ex [fR] = Er [fAy]
It follows that R = Ay, m — a.s. Plug this identity into (5.1.7)) to obtain
H(P¢#7r ’ 7T) = E7r [IOgR s} I‘¢]
= E7r [log Aw @) I‘(z)]
=E, [— log A;T]

[o.¢]
=E, [/ m (ng(s,z) - 1) v(dz) ds] ,
0
using Lemma The entropic criterion is thus satisfied. O

We reuse the previous notations of Girsanov factor ¢ and associated triplet (v4, g, ¢"). Let
PEH(FN) = {¢ e PTH(FN) and (¢ — 1) € LY — R, ) N Lm}
++ Ny _ p++( N . .
Pl (FT) =P (F, m) N {¢ piecewise constant }
M (FV) = {M, 3¢ € PLT(FYN) such that p = I‘¢#7r} )

It is well known that there is a Legendre duality between relative entropy and logarithmic
Laplace transform |[Lehec (2013).

Proposition 5.1.5 Let f : 9 — R such that

E, [|f|(1 + ef)} < . (B1)
Then,
log Er [f] = sup (Bulf) = Hiu|m) (5.1.8)

where M 1s the set of probability measures on M which are absolutely continuous with
respect to m on Foo. Furthermore, the supremum is attained at the measure py whose
w-density is given by
dpy ef
dr ~ E.lef]

(5.1.9)

The theorem of representation of the entropy reads as follows:

Theorem 5.1.6 — Variational representation of the entropy. Let f : 9 — R satisfying
B1). Then,

log E.r [ef] - sup <E,r [f(Ty)] — Ex [ /0 h / m(et(s, 2) — D (dz) dsD

pEPTT(FN)
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I where (v4, Ty, ¢1) is the triplet given by Definition .

Proof. In view of (5.1.8)), we evidently have

logEq [¢/] > sup (B, [f]— H(u|m)).

pEMm (FN)
and

sup E, [f] = H(p|w)>  sup  Er,,.[f] - H(p|n).

HEM < n ¢E73:§+(]-—N)
> sup  Er, . [f] - H(Tyym|m)
SEPLpe(FN)
= s BB [ i) - Duan a
PEPL o (FN) 0

by using Theorem as such Ty is left invertible in virtue of Lemma [£.4.6 It remains to

prove that we can find (¢,, n > 1), a sequence of elements of P;:;C(fN, 7) such that

to conclude. The proof of those limits is analogous to the ones in the proofs of Lemma 2.2. and
Theorem 4.11 Zhang (2009-03). O]

Remark 5.1.7. Zhang showed a similar result with a different point of view. In his work,
the supremum is taken with respect of the Girsanov factor ¢ instead of ¢f. Moreover,
f is only bounded. Moreover, we prove that the equality holds if and only if T'y is left
invertible whereas Zhang states a sufficient condition.

5.2 Solutions of SDEs

5.2.1 SDESs driven by Poisson measures

In this section, we specialize the result of right invertibility to characterizing solutions of SDEs
under mild assumptions.

Remark 5.2.1. We can in fact start from a ”Girsanov factor” to define ¢! as to define
the associated Girsanov transform 7:;, and then 74 as inverse. This point of view will be
preferred in that section.

Lemma 5.2.2 Let ¢ € PTH(FN) such that:

p(bo ) (w, s, 2))

p(Z) X ((boa)(w,s, ))l(z)

(ZST((,U, S, 2) -
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with b: D x M — R a differentiable and increasing function in z and:

a(w, s, z) = Z Zn(w), z

(Tn (@), Zn(w)): Tn(w) <t
Then,
1. The process
Y(t) = /Ot/a: dly (s, ) (5.2.1)
s a solution of the SDE

Z(t) = /0 / b(Z(t_),z) dN(s,z) (5.2.2)

if and only if I'y, is the right inverse of I'y.

Proof. Let assume Iy is right invertible with right inverse I'y,. Then for ¢ € R™,

/Ot/x dl'y (s, ) :/Ot/’m(s,x) dN(s, )
= /Ot/’Y;(Fw,s,a:) dN (s, x).

Since
(rog(w, ) (s,u) = 61 (s,u)p(u),
we have:
V5w, 8,2) =boa(w,s, 2).

Hence rewriting Eqn (5.2.1)), we get:

Y (¢) :/Ot/b(Y(t_),x) AN (s, ).

Conversely, let assume that there exists a process Y for which (5.2.1) and (5.2.2) hold. Then
there exists a predictable process U such that:

/Ot/x drw(3,$):/0t/U(rw,s7$) AN (s, 7).

As T'y, is a marked point process, we have: fy;Z(N, s,x) =U(ly,s,2) 7® ds ® dz-a.s.. Hence,
it admits a left inverse, i.c. there exists ¢ € P+ (FN) such that v5 = U. O

We can generalize this characterization of solutions of SDEs as integrals with respect to a
marked point process.

Lemma 5.2.3 Let (74,,)meN @ sequence of Girsanov transform of the form:

Vo (W5 8,2) = > om(Zy',2)9(s, Z7)")-
(T (), 23 (@)): Ty (w)<s
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with g a deterministic function and (Um)men a family of differentiable functions with
simple limit (Zy,,2) — v(s, Zp)g(s, Z)). , such that Ty, admits a right inverse Ty, for
m € N, then:

1. (7;)m)m€N and (vl’zm)meN admit limits vy and vy, respectively.

2. the process Y indexed on RT:

V)= [ [ o662 vt

20= [ [ 6.2

Proof. Let m € N. If Iy, is the right inverse of 'y, then T'y, is the m-left inverse of I'y, . and

according to (4.4.7), we have

Vi (W5 85 2) = 75, Ly, 8,2) 7@ ds dz-as.

1s solution of the SDE:

so that for U € P(FN),

/Ot/g(s,z) dTy(s, 2) = /Ot/g(S,’)/;(Fw,s,z)) AN (s, 2).

With the same technique, we show another result related to right invertibility.

5.2.2 Markov jump processes

It may be suitable for Markov jump processes and even for the lookalike compensated
version, but there are too much involved map compositions to go through with without
mentioning the limiting procedure due to the use of indicator which is not differentiable
and not necessarily increasing. The huge advantage is that the unicity of SDE solution
might be ensured by the abstract notion of invertibility of sample path. Nevertheless, the
Girsanov transform should be increasing in z. The curious derivation is that originally
the Bismut’s approach was designed to tackle non-Markovian processes.

There are 3 ways to characterize a Markov process:
e infinitesimal generator;
e sum of Poisson point processes with a time change;
e use Poisson measure.

We focus on the last interpretation as we can represent almost all Markov processes with a finite
number of jump times in this way.
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Definition 5.2.4 (Representation of processes in MP).

t proo
Y™ () =Y"(0)+ /0 /0 1{z§oo(n—Y"(s*))}dNﬁ(sa 2)

t 0o
—_ / / 1{z§01Y”(8*)}dNﬁ(87z)
0 JO

where N, and N_ are independent Poisson measures. They count for the sign of the
increment.

The d-dimensional Markov processes investigated here can be represented as a linear combina-
tion of stochastic integrals with respect to a number of Poisson measures. Fix a horizon time
T > 0 throughout. For any m € N, any family (¢i,...,(n) of elements of R? and any array
(pr)1<k<m of mappings from RT x R? to R, consider the R%-valued process X defined as the
solution of the SDE

m t
Y(t)=Y(0)+ ) </0 /Rl{z<pk(s,y(s—))} de(SJ)) Cr, t<T,
=1

where X (0) € R? is fixed, and (N*);<k<,, denote m independent Poisson measures of unit
intensity ds ® dz.

Interpretation of right invertibility as another definition of Markov processes, general
form (see Decreusefond, (1998)). We should highlight in which way it is auto-excitement.

Theorem 5.2.5 Let ¢, € PTH(FYN) for n > 0 such that

—
,Y(i)n(wv S, Z) H—OO> ’Y(Jﬁ(wa S, Z) = Q(Sv/ /1{USZ} dW(S,u))

0
Then, if forn > 1, Ty, admits a right inverse I'y, , the following process

Y(t) = /O t / 11,ceo; ATy (5,2)

limit of (Y™(t))nen s a jump Markov process.

Proof. For g(s,2) = 1jg 4(8")1 (o0, (2), Wwe denote by:

0 :/Ot/g(s,z) dr, (s, 2).

Then, we have:
t
Yn(t) = /0 /1{z<7¢n(F¢n,s,CO)} dN(S,Z)

t
n—oo
—>/0 /1{zsg(s,Y(s>)} dN(s, z).
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The limit Y is hence solution of the stochastic differential equation:

t
Y (t) :/0 /1{zgg(s,y(s—))} dN (s, 2). (5.2.3)

O
The Yamada-Watanabe for Poisson measures was proven in Proppe et al.| (2014). The
Yamada-Watanabe here cannot use the Poisson structure because of the coupling of a
random measure and an element of . In the manuscript, it may be of interest to write
a paragraph about the involved techniques. We may need to recall that obtaining strong
Markov processes is done through martingales, and more specifically through what is
known as martingale problem.
5.3 Strong and weak marked Hawkes processes
5.3.1 Applications
Definition 5.3.1 (Spatial Hawkes process). A family (Z;);cs>0 of cadlag (F¢)¢>o-adapted
processes is called a Hawkes process with parameters (G, ¢, h) if a.s. foralli € S, allt >0
Z! = 1 - ot (dsdz). 5.3.1
t /0 /M (om0 o pi(s—wazi) ™ (4502) (5.3.1)
5.4 Further works
Can we solve that type of equation?
¢
X(t) = / w(Xy) ds + W (t) + Z(1), (5.4.1)
0

where W is a Brownian motion and Z is a point process of compensator y(X,t).
What is the criterion for invertibility in that case?
We recall that a Lévy process can be decomposed according to the Lévy-Itd6 décomposition:

X = X(l) + X(Q) + x©®

where XM is a Brownian motion, X(® is a compound Poisson process and X®) is a jump
process, square-integrable martingale with almost surely a countable number of jumps on every
compact (finite interval). All three processes are independent.

We focus on the case where the components consist only in the non-absolute continuous com-
ponents for now.

How to handle the jump process?

There are exciting applications of it in the last chapter of |[Applebaum| (2009)).

The contribution of a Brownian component on the perturbation v on the Poisson space is studied
in Privault| (2003), even without assumption of independence of the Brownian motion and the
Poisson measure.

5.5 Future research directions
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Résumé : Cette thése a pour sujet I'étude de
structures sans propriété de diffusion. Nous nous
intéressons a deux classes de telles structures.

Le premier sujet traite du calcul de Malliavin
pour les variables aléatoires conditionnellement
indépendantes qui est un cas de calcul de Malliavin
discret. Il généralise aussi celui théorisé sur des pro-
duits dénombrables d’espaces de probabilité, pour les
variables aléatoires indépendantes. Dans notre cas,
lintérét d’'un tel calcul est de venir compléter des
résultats d’analyse stochastique avec des preuves
d’inégalités fonctionnelles (inégalité de Poincaré,
inégalité de McDiarmid) et de théoremes limites. Une
des applications phares est la détermination de la vi-
tesse de convergence de théorémes centraux limites
via la méthode de Stein. En combinant le calcul de
Malliavin avec la structure de Dirichlet sous-jacente
aux variables aléatoires, nous obtenons une formule
d’intégration par parties cruciale pour déterminer des

bornes supérieures sur les vitesses de convergence.
Nous montrons des théoremes limites quantitatifs,
dont un théoréme de quatrieme moment avec reste.
En particulier, nous discutons d’une application a la
normalité asymptotique du comptage de motifs dans
des hypergraphes aléatoires échangeables.

Le deuxieme sujet étudie les fonctionnelles d’'une
mesure de Poisson en utilisant la notion d’inversi-
bilit¢ de transformations de cette mesure sur I'es-
pace échantillon des mesures aléatoires. Nous utili-
sons l'identification de ces mesures et des processus
ponctuels marqués associés. Les transformations in-
versibles sont obtenues via le théoreme de Girsanov,
en respectant I'absolue continuité par rapport a la me-
sure de référence. Il en résulte un critére entropique
pour 'inversibilité des transformations. Enfin, nous fai-
sons le lien avec les équations différentielles stochas-
tiques dirigées par des mesures de Poisson.

Title : Contributions to stochastic analysis for non-diffusive structures

Keywords : Malliavin calculus, Stein’s method, Conditionally independent random variables, Poisson mea-
sure, Girsanov’s theorem, Entropic criterion, Stochastic differential equations

Abstract : This thesis is concerned with the study of
non-diffusive structures. We focus on two classes of
such structures.

The first subject deals with Malliavin calculus for
conditionally independent random variables, which is
a special case of discrete Malliavin calculus. It also
generalizes the calculus that has been developed for
countable products of probability spaces, for inde-
pendent random variables. In our case, the interest of
such a calculus is to complement results in stochas-
tic analysis with proofs of functional inequalities (Poin-
caré inequality, McDiarmid’s inequality) and limit theo-
rems. One of the main applications is the determina-
tion of the convergence rate of central limit theorems
via the Stein method. By combining Malliavin calcu-
lus with the underlying Dirichlet structure of the ran-
dom variables, we obtain an integration by parts for-

mula which is key to the derivations of so-called Stein
bounds of the rates of convergence. We show quanti-
tative limit theorems, including a fourth moment theo-
rem with remainder. In particular, we discuss an appli-
cation to the asymptotic normality of motif counting in
exchangeable random hypergraphs.

The second subject studies functionals of a Poisson
measure using the notion of invertibility of transforma-
tions of that measure on the sample space of random
measures. We use the identification of these mea-
sures and the associated marked point processes.
Invertible transformations are obtained via the Gir-
sanov’s theorem, respecting absolute continuity with
respect to the reference measure. This results in an
entropy criterion for the invertibility of transformations.
Finally, we make the connection with stochastic diffe-
rential equations driven by Poisson measures.
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