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Résumé

L’ objectif de ce travail est d’étudier le comportement en temps long d’un modele de particules avec
une interaction de type branchement. Plus précisément, les particules se déplacent indépendamment
suivant une dynamique markovienne jusqu’au temps de branchement, ou elles donnent naissance a de
nouvelles particules dont la position dépend de celle de leur mere et de son nombre d’enfants. Dans
la premicere partie de ce mémoire nous omettons le branchement et nous étudions le comportement
d’une seule lignée. Celle-ci est modélisée via un processus de Markov qui peut admettre des sauts, des
parties diffusives ou déterministes par morceaux. Nous quantifions la convergence de ce processus
hybride a I’aide de la courbure de Wasserstein, aussi nommée courbure grossiere de Ricci. Cette
notion de courbure, introduite récemment par Joulin, Ollivier, et Sammer correspond mieux a I’étude
des processus avec sauts. Nous établissons une expression du gradient du semigroupe des processus de
Markov stochastiquement monotone, qui nous permet d’expliciter facilement leur courbure. D’ autres
bornes fines de convergence en distance de Wasserstein et en variation totale sont aussi établies. Dans
le méme contexte, nous démontrons qu’un processus de Markov, qui change de dynamique suivant
un processus discret, converge rapidement vers un équilibre, lorsque la moyenne des courbures des
dynamiques sous-jacentes est strictement positive. Dans la deuxieme partie de ce mémoire, nous
étudions le comportement de toute la population de particules. Celui-ci se déduit du comportement
d’une seule lignée grace a une formule many-to-one, c’est-a-dire un changement de mesure de type
Girsanov. Via cette transformation, nous démontrons une loi des grands nombres et établissons une
limite macroscopique, pour comparer nos résultats aux résultats déja connus en théorie des équations
aux dérivées partielles. Nos résultats sont appliqués sur divers modeles ayant des applications en
biologie et en informatique. Parmi ces modeles, nous étudierons le comportement en temps long de

la plus grande particule dans un modele simple de population structurée en taille.

Mots clés : distance et courbure de Wasserstein - ergodicité geometrique - Processus a valeurs mesures

- h—transformée de Doob
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Abstract

The aim of this work is to study the long time behavior of a branching particle model. More
precisely, the particles move independently from each other following a Markov dynamics until the
branching event. When one of these events occurs, the particle produces some random number of
individuals whose position depends on the position of its mother and her number of offspring. In the
first part of this thesis, we only study one particle line and we ignore the branching mechanism. So we
are interested by the study of a Markov process which can jump, diffuse or be piecewise deterministic.
The long time behavior of these hybrid processes is described with the notion of Wasserstein or
coarse Ricci curvature. This notion of curvature, introduced by Joulin, Ollivier and Sammer, is more
appropriate for the study of processes with jumps. We establish an expression of the gradient of the
Markov semigroup of stochastically monotone processes which gives the curvature of these processes.
Others sharp bounds of convergence, in Wasserstein distance and total variation distance, are also
established. In the same way, we prove that if a Markov process evolves according to one of finitely
many underlying Markovian dynamics, with a choice of dynamics that changes at the jump times of
a second Markov process, then it is exponentially ergodic, under the assumption that the mean of the
curvature of the underlying dynamics is positive. In the second part of the work, we study all the
population. Its behaviour can be deduced to the study of the first part using a Girsavov-type transform
which is called a many-to-one formula. Using this relation, we establish a law of large numbers and
a macroscopic limit, in order to compare our results to the well know results on deterministic setting.
Several examples, based on biology and computer science problems, illustrate our results, including
the study of the largest individual in a size-structured population model.

Keywords : Wasserstein distance - Wasserstein curvature - exponential convergence - measure-valued

processes - Doob h—transfom
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Chapitre 0

Introduction générale

Cette these est composée de deux parties. L’objectif de la premiere partie est d’étudier certains
processus de sauts tandis que la deuxieme repose sur 1’analyse de mesures aléatoires branchantes.
Chaque partie comprend un chapitre introductif en frangais et deux chapitres en anglais reprenant nos
travaux. Les résultats de ces deux parties ne sont pas indépendants et ont ét€ motivés par la com-
préhension du comportement en temps long d’un systeme de particules. Dans le modele qui nous a
intéressés, les particules suivent une dynamique markovienne et donnent naissance a une ou plusieurs
particules. Les nouvelles particules suivent la méme dynamique que leur mere, indépendamment les
unes des autres. Ce modele est semblable aux modeles de fragmentation étudiés dans [Ber0O4, Ber06]
ou aux modeles de diffusions branchantes étudiés dans [ABBS11, EHK10]. Cependant, les dyna-
miques qui nous intéressent peuvent comporter des sauts, des parties diffusives ou déterministes par
morceaux. Cela rend leur étude différente de ces modeles. Si dans un premier temps on omet le bran-
chement, le comportement d’une lignée de particules peut étre décrit par un processus de Markov
(X¢)i>0- Un exemple type qui nous a intéressé est le processus « TCP window size ». Ce proces-
sus modélise le célebre « Transmission Control Protocol »utilisé pour la transmission de données sur
Internet. Ses trajectoires sont déterministes et linéaires par morceaux et tout 1’aléatoire est contenu
dans le mécanisme de saut. La figure 1 représente une de ses trajectoires. Ce type de processus est
hybride, dans le sens ou il comporte des sauts et est non-constant entre ses temps de sauts. Ces pro-
cessus sont liés a des équations aux dérivées partielles intégro-différentielles. Bien qu’ils soient tres
étudiés récemment, il reste beaucoup de questions autour de I’étude de ces processus. La premicre
partie traite de la géométrie et de la stabilité de ces processus hybrides, la deuxieme prend en compte

le comportement de toute la population ; ¢’est-a-dire que, dans la deuxieme partie, nous nous inté-
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Figure 1 — Une trajectoire du processus TCP

ressons au comportement de la mesure empirique dans un modele de de type branchement. La suite
de cette introduction est aussi divisée en deux sections. La premiere donne les résultats principaux
de la premiere partie et des chapitres 2 et 3 tandis que la deuxieme établit les résultats principaux de
la deuxieme partie et des chapitres 5 et 6. Comme nous donnerons plus de détails dans les chapitres

introductifs 1 et 4, nous présenterons nos résultats de la maniere la plus concise possible.

0.1 Sur Pergodicité géométrique des processus de Markov

Dans cette partie, nous étudions la convergence géométrique de quelques processus hybrides. En
général, pour ce probléme, on utilise des techniques de type Lyapunov [BCG08, MT93, HM11]. Ces
méthodes fournissent I’existence d’une probabilité invariante et la convergence vers elle. Néanmoins
les taux de convergence ne sont pas explicites ou optimaux. Dans ce travail, nous avons donc suivit
une approche différente, semblable 2 celle de Bakry et Emery [BE85]. Rappelons que le critere de
courbure de Bakry-Emery donne des conditions pour qu’un processus satisfasse une inégalité de
Poincaré ou une inégalité logarithmique de Sobolev. Bien que leurs méthodes soient générales et
tres satisfaisantes pour les processus de diffusions, il est, en général, tres difficile de les appliquer
aux processus avec sauts. On pourra néanmoins consulter [CDPP09]. Récemment, Joulin, Ollivier
et Sammer ont introduit une nouvelle notion de courbure, basée sur la distance de Wasserstein. Le
chapitre 1 rappelle sa définition et ses principales propriétés. Nous avons suivit cette approche pour

décrire I’ergodicité des processus qui nous ont intéressés.

0.1.1 Courbure de Wasserstein de processus stochastiquement monotone

Soit (X¢)¢>0 un processus de Markov sur une partie £ de R. Si ce processus est assez régulier,

c’est-a-dire qu’il vérifie la propriété de Feller, alors le générateur £ de son semigroupe (F;);> est de



Introduction générale

la forme suivante :

Lf(x) = 0(@)f"(x) + b(2)f (@) + [ (Fz+y) = f2)n(dy), (M

pour toute fonction suffisamment réguliere f et tout point x € FE, ou o et b sont deux fonctions
régulires, o est positive et 7(dy) est une mesure qui intégre 1 A y* . On pourra consulter [Kol11]
par exemple. Nous allons supposer que ce processus est stochastiquement monotone, c¢’est-a-dire que
pour tout x,y € E vérifiant z > v, il existe un couple (X, Y;);>o, dont chaque distribution marginale

est générée par £, vérifiant Xy = x, Yy = y et pour tout ¢ > 0,
X > Y, ps.
Sous cette hypothese, nous avons établit la formule suivante :
VPf(e) =B |Vf(¥i)e o VOO |y = o] 2)

pour toute fonction réguliere f,t > 0 et point z € E. Ici (Y});>0 est un processus auxiliaire et V' une
fonction explicite. On en déduit immédiatement la courbure de Wasserstein de ce semigroupe. Plus

précisément, rappelons que la distance de Wasserstein associée a une distance d est donnée par

Walpu, pa) = inf // d(z,y) v(dz,dy),
ExXE

vEMarg(u1,p2)

pour toutes probabilités 1 et uo. Ici, Marg(uy, p2) représente 1’ensemble des lois v, sur £ x E, de
lois marginales j; et uo. L’ estimation précédente du gradient de notre semigroupe donne le théoréme

suivant :

Théoréme 0.1.1 (Courbure de Wasserstein de processus stochastiquement monotone). Soit un semi-

groupe de Markov (P,);>o généré par (1). La quantité p, définie par

p=inf —g(z /yn (z, dy),

zeE

est la plus grande constante vérifiant

Vt > 0, Wa(p1 Pr, 2 Pr) < e "Wy, i),
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pour toutes mesures de probabilité (i1, 115. En particulier, il existe une unique mesure invariante T et
% Z 07 Wd(,ulpta 7T> S e_pth(Mlu ﬂ—)‘

Dans le théoreme précédent, ' désigne la dérivée faible de 7. La constante p est appelée courbure
de Wasserstein. D’autres conséquences liées a la formule (2) sont développées dans le chapitre 2, tel
que des bornes fines de convergence en distance de Wasserstein et en variation totale pour des cas

particuliers.

0.1.2 Processus de Markov modulé (switching Markov process)

Considérons une dynamique différente de celle étudiée dans la sous-section précédente. Pour
construire notre nouveau processus, on a besoin des ingrédients suivants :
— une chaine de Markov a temps continu (;);>¢, sur un espace fini /' = {1,..., N}, possédant
une mesure invariante v ;
— une famille de N processus de Markov, sur un méme espace polonais (F, d), représentés par
leurs semigroupes (Pt(i))tzo et leurs générateurs £V, i € F.

On note p(i) € R la courbure de Wasserstein du processus généré par £ ; ¢’est-a-dire que
Vi Z 07 Wd(lulpt(l)?M?Pt(l)) < e_p(i)twd(lu“bN?)?

pour toutes mesures de probabilité 111, to. On considere le processus X qui se déplace de la maniere
suivante : tant que / ne saute pas, X se comporte comme un processus de Markov généré par £,
lorsque [ saute, X ne saute pas mais suit cependant une nouvelle dynamique. Le processus X n’est
pas un processus de Markov au contraire du couple (X, ). Ce type de processus peut avoir des
comportements assez surprenants comme le montre 1I’exemple développé dans [BLMZ12a]. Dans
cet article, le processus X tend vers I’infini, alors que chaque dynamique sous-jacente le ramene

rapidement vers 0. En collaboration avec Martin Hairer, nous avons montré le résultat suivant

Théoreme 0.1.2 (Convergence exponentielle des processus modulés). Si

> pli)v(i) >0,

i€l

alors le processus (Xy, I;)i>0 admet une unique mesure invariante et converge exponentiellement vite

vers elle en une distance de Wasserstein modifiée.
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Ce résultat est optimal comme on le verra dans le chapitre 3. Ce résultat se démontre de la méme
maniere que [BLMZ12c, Theorem 1.10]. Néanmoins, nous étudions aussi le cas ou les sauts de /
dépendent de la position de X. Dans ce cas, le processus discret [ n’est plus une chaine de Markov
et ’existence d’un équilibre n’est plus garantie. L’énoncé et la démonstration de ce nouveau résultat
sont plus complexes. La démonstration dépend d’une généralisation des méthodes a la Meyn-Tweedie

développée par Hairer, Mattingly, et Scheutzow [HMS11].

0.2 Comportement asymptotique de populations structurées

Dans la seconde partie de ce travail, nous nous intéressons a un modele de type branchement. Nous
étudions, de fagon probabiliste, I’évolution temporelle d’un trait, dans une population de particules,
et faisons un lien avec la théorie des équations aux dérivées partielles. Plus précisément, on considere

le modele qui suit.

— On commence avec un individu qui possede un certain trait X appartenant a une partie £ de
R?, d € N*.
— Durant la vie de cet individu, son trait X = (X}):>o évolue de maniere aléatoire selon une

dynamique markovienne induite par le générateur :
Vee E, Gf =b-Vf+oAf,

ol b est une fonction réguliere de R? dans R? et o une constante positive. Notons que 1’on pour-
rait considérer des dynamiques plus complexes avec les méme techniques. Cependant, comme
ce générateur capturait les exemples qui nous intéressaient, nous nous sommes restreints a cette
dynamique par souci de clarté.

— Cet individu meurt a taux r ; ¢’est-a-dire a un temps 7 vérifiant

Vi >0, P(r>t|F) =exp (—/OtT’(Xs)>a

ou F; = o{ X, | s < t}. Autemps 7, I’individu meurt et donne naissance a un nombre aléatoire
d’enfants. Les traits des enfants peuvent étre différents de celui de leur parent. Les nouveaux
traits sont donnés de facon aléatoire suivant un noyau markovien et le trait du parent au moment
de sa mort.

— Les traits des nouveaux individus évoluent ensuite, comme celui du premier individu, indépen-

damment les uns des autres.
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Lorsque 7 est constant, le processus (/NV;)¢>o, représentant le nombre d’individus, ne dépend pas
des traits. C’est un processus de branchement de Galton-Watson a temps continu [ANO4, Har(02].
Lorsque r n’est pas constant, on ne peut pas étudier le nombre d’individus sans étudier les traits. Une
premiere approche pour comprendre ce modele est de passer a la limite macroscopique. C’est-a-dire
de faire tendre le nombre initial d’individus vers I’infini et de renormaliser convenablement, en temps
et en espace, la mesure empirique pour faire apparaitre un nouveau processus. Plus précisément, soit

Z, la mesure empirique au temps ¢ > 0 ; c’est-a-dire que

7 = Z Oxp,
ueVy

ou V; est 'ensemble aléatoire des individus en vie au temps ¢ et X} le trait de I'individu u. Soit
(Z(()"))nzo une suite de mesures qui représentent des positions initiales possibles. Soit (Z(™),>; la
suite de processus, a valeurs mesures, distribués comme 7 qui commencent en (Zén))nz(). On consi-
dere le processus renormalisé XM — %Z(”). Soit T" > 0, on a le théoréme suivant
Théoreme 0.2.1 (Approximation macroscopique de la distribution empirique). Si les hypotheses sui-
vantes sont satisfaites :

— l’espace E est compact,

— le nombre de nouveaux enfants est majoré par un nombre déterministe,

)

— la suite de conditions initiales Xé" converge en distribution vers une mesure X, et

supE {Xén)(E)} < 400,
n>0
alors X™ converge dans I’espace des processus cad-lag sur [0,T), a valeurs mesures, muni de la

distance de Skohorod vers un processus X commengant en X.

Le processus X dans le théoreme précédent vérifie une équation aux dérivées partielles décrite
dans le chapitre 5. En particulier, si la condition initiale limite X, est déterministe alors les trajectoire
t — X, le sont aussi. Ce résultat n’est pas surprenant. En effet, la propriété de branchement entraine
que les mesures X ™ sont de la forme

X() 2

S|

& (E)
Z Mt ke yns
k=1

ou les mesures (u ), sont des mesures aléatoires indépendantes deux a deux. La loi des grands

nombres classique s’applique donc ponctuellement. L’hypothese de compacité peut €tre omise dans
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certain cas. Décrivons un exemple d’E.D.P. qui peut apparaitre dans cette limite :
Vit >0,V >0, On(t,x) + O.n(t,x) = 4n(t, 2z) — n(t, ),

avec X(dz) = n(t,z)dr. Récemment, ce type d’équation a beaucoup été étudié d’un point de vue
déterministe [BCnG12, DG09, LP09, Per07, PZ07]. Leur comportement en temps long dépend de
I’étude spectrale de certains opérateurs. Nous avons donc suivit une approche similaire, avec un point

de vue probabiliste, pour comprendre le comportement en temps long de notre systeme de particules.

0.2.1 Comportement en temps long de la mesure empirique

Sous la condition d’existence d’éléments propres (A, V') d’un certain opérateur, nous avons montré

la formule many-to-one suivante :

1

Vi >0,

=K [f(Y;f)] ) 3)

> VXD

ueVy

]E

pour toute fonction positive f, ou V; et X' ont été définis précédemment. Dans la formule précédente
(Y:)1>0 est un processus dont le générateur s’exprime explicitement a I’aide de tous les parametres
précédents. Divers commentaires sur cette formule sont donnés dans le chapitre introductif 4. Si le

processus Y est ergodique, avec une mesure invariante 7 alors on a

1
lim ] E

e | SV )

ueVy

= [ yar,

pour toute fonction continue et bornée f. Nous avons démontré que la mesure empirique convergeait

en distribution, en probabilité. En particulier lorsque r est constant, les fonctions constantes sont des

vecteurs propres et notre théoreme de convergence est donné par le théoréme suivant :

Théoréme 0.2.2 (Loi des grands nombres). Si le processus auxiliaire (Y;);>o est ergodique, avec

comme mesure invariante, alors, pour toute fonction continue et bornée f sur E, on a

. Lm0 u .
tl}inoo {Nitj} u%:/t F(XY) = L so0ves0) /E fdm en probabilité.

Lorsque r est constant, ce résultat avait déja été démontré dans [BDMT11]. Nous généralisons ce

théoréme lorsque r n’est pas constant dans le chapitre 5.
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0.2.2 Un modéele plus simple

Considérons I’exemple simple suivant :

— le processus se déplace suivant la diffusion suivante entre les divisions
dX; = (p + o) X;dt + V20 X,dB;,

— lorsqu’un individu meurt, il donne naissance a deux enfants, dont les traits sont donnés par la
moitié de celui de cet individu ;

— le taux de division r est constant.
Ce modele est tres simple et est caractérisé par les parametres 1 € R, 0 > 0 et r > 0. Il a I’avantage
de se comparer tres facilement aux modeles de marche aléatoire branchante [Shill, Zeil2] et leurs
équivalents continus [ABBS11, Ber06]. Ce cas particulier nous a intéressés de par sa ressemblance
avec I’exemple principal du chapitre 5 et le modele de Bansaye-Tran [BT11]. Le théoreme 0.2.2
ne s’applique pas ici mais on peut montrer qu’il n’y a que deux possibilités : les traits explosent
ou s’éteignent. Cela est établit avec le théoreme 6.1.1. Notre principale motivation était d’étudier le

comportement du plus gros trait X, définit par

vVt >0,X, = max X"

ueVy

Nous avons montré le théoreme suivant :

Théoreme 0.2.3 (Estimée asymptotique de la particule extrémale). Quelque soit la position initiale,
ona )
1, — 2e7ome) —1

lim *tht:iI;%,LL—i—OjOz—i—T ‘ .

t—+oo IeY

La démonstration découle de la formule 3, appliquée avec différents vecteurs propres.

0.3 Organisation de ’ouvrage

La premiere partie décrit les résultats que nous avons obtenus sur 1’ergodicité des processus de
Markov. Dans cette partie, I’espace d’état des processus de Markov, qui nous intéressent, est essen-
tiellement fini-dimensionnel. Cette partie comprend les chapitres 1, 2 et 3. Dans le chapitre 1, nous
introduisons la courbure de Wasserstein et quelques-unes de ces propriétés. En particulier, nous met-
tons en évidence le lien entre cette notion, la courbure de Ricci et la courbure de Bakry-Emery. Le
chapitre qui suit est basé sur I’article [Clo12]. Dans celui-ci, nous explicitons la courbure des proces-

sus de Markov stochastiquement monotones, ainsi que diverses conséquences basées sur I’estimation



Introduction générale

du gradient du semigroupe. Dans le chapitre 3, nous donnons quelques criteres de convergence pour
des processus de Markov modulés. Ce chapitre est basé sur I’article [CH], en collaboration avec Mar-
tin Hairer.

La deuxieme partie traite du comportement en temps long d’une population structurée. Plus préci-
sément, nous étudions un systéme de particules avec une interaction de type branchement ; ¢’ est-a-dire
que I’interaction n’intervient qu’a la naissance des particules. Cette partie est aussi composée de trois
chapitres : les chapitres 4, 5 et 6. Le premier chapitre de cette partie rappelle rapidement ce qu’est une
h—transformée et met en évidence son utilisation dans les divers chapitres. Le chapitre 5 est consti-
tué de I’article [Clo11]. Nous y établissons des théoremes limites, en grande population et en temps
long, pour la mesure empirique qui décrit le systeme de particules. Finalement, le dernier chapitre est

consacré a I’étude de la plus grande particule dans le cadre introduit dans la section 0.2.2.
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Premiere partie

Sur ’ergodicité géométrique des processus de
Markov
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Chapitre 1

Sur la géométrie des processus de Markov

1.1 Introduction

Ce chapitre a pour but d’introduire brievement la courbure de Wasserstein des semigroupes de
Markov. Cette notion, commune aux deux prochains chapitres, a été introduite par Joulin, en temps
continu, et par Ollivier, en temps discret. Notons que Sammer 1’a aussi introduite dans sa these.
Cette courbure apparait comme le parametre optimal de contraction d’un semigroupe de Markov,
par rapport a la distance de Wasserstein. D’une certaine maniere, elle généralise les courbures de
Bakry-Emery et de Ricci pour des processus non-diffusifs et les espaces discrets. De plus, elle est
naturellement reliée a la condition d’unicité de Dobrushin, a I’exposant de Chen ou au trou spectral
de Wasserstein. Par la suite, nous commencons par rappeler le critere de Bakry-Emery et son lien avec
la géométrie. Nous rappelons ensuite les principales propriétés de la distance de Wasserstein. Apres
ces rappels, nous introduisons la distance de Wasserstein et donnons quelques propriétés, incluant
quelques inégalités de concentration. Nous donnons ensuite les principaux exemples. Nous évoquons
quelques résultats du chapitre 2. Comme application, dans la derniere section, nous décrierons rapi-

dement les théoremes du chapitre 3 sur la convergence des processus de Markov modulé.

13
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1.2 Sur la géométrie de Bakry-Emery

1.2.1 Courbure de Bakry-Emery d’un processus de Markov

Soit F un espace polonais et (X;);>o un processus de Markov sur £. Pour tout ¢ > 0, on considere
I’opérateur P; qui a toute fonction f : £ — R mesurable et bornée associe la fonction mesurable et

bornée définie, pour tout x € F, par

Pif () =E[f(X)| Xo =] = [ f()Pux,dy).

L’ opérateur Py = 1d est la fonction identité et la propriété de Markov entraine que (P;);>o est un
semi-groupe :
vsatZ()) Pt+s: s—l—t:PtOPs:PsoPt'

Si X a pour loi de départ y alors, pour tout ¢ > 0, la loi de X; est décrite par

E(f(X0)) = nbif = [ [ Fw) P, dy)u(dy)

pour toute fonction continue et bornée f. En particulier, une mesure de probabilité 7 est dite inva-
riante, ou stationnaire, si
Vit >0, 7P, = P,.

Si X, converge en loi, lorsque ¢ tend vers I’infini, vers une distribution 7 alors 7 est nécessairement
invariante. Cette mesure est naturellement connectée au générateur. On dit qu’une fonction mesurable
et bornée f : £ — R appartient au domaine du générateur £ du processus lorsque la limite suivante
existe pour tout x € I :
Pf(z) — f(x
1) = iy P =S

t—0+

= 0P, fli—o(7).

L’ opérateur £ ainsi défini est appelé générateur infinitésimal du processus (X )¢>o ou du semi-groupe
(P;)>0. La propriété de semi-groupe donne les équations de Chapman-Kolmogorov forward et back-

ward :
YVt >0, O.P(f) = P(Lf) =L(P.f).

Comme premiere application, on voit qu’une mesure 7 est invariante si

m(Lf) = [ Lf(@)n(dz) =0,

14
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pour toute fonction f appartenant au domaine de £. Tout se passe comme si « P, = e* ». En ef-
fet, la précédente expression peut Etre interprétée en terme d’éléments propres : la mesure 7 est un
vecteur propre de £* associé a la valeur propre (. Notons que la fonction constante égale a 1 est un
vecteur propre de £ pour la méme valeur propre. Comme pour les matrices, si ce vecteur propre est
unique alors le semi-groupe converge vers elle, a une vitesse décrite par la seconde valeur propre.

Plus précisément, on dit qu’une mesure 7 est réversible, ou symétrique, si
[ @ Pg()r(de) = [ gw)Pif @)(da)
ou de maniere équivalente
| f@)Lg(@)nlde) = [ g@)Lf(@ym(de).

pour toutes fonctions f, g suffisamment régulieres. C’est-a-dire que £ et P, sont auto-adjoints (ou
symétriques) dans L?(E, 7). On dit qu’un semigroupe symétrique, par rapport 4 sa mesure invariante,
satisfait une inégalité de trou spectral, si le spectre de —X£ est inclus dans {0} U [\g, 00), pour un

certain Ao > (. Via un argument de théorie spectrale, on montre facilement que dans ce cas, on a
Yt >0, Varg(P,f) < e *"Var,(f), (1.1)
pour toute fonction f suffisamment réguliere. Ici, on a utilisé la notation

2Em /E (f(x) - /E f@)”(@))2 m(dz).

Malheureusement, la plupart des processus que 1I’on étudie, dans cette these, ne sont pas symétriques.

var,(f) = | = [ fin

Dans le cas de processus non-réversibles, on peut néanmoins démontrer une inégalité de Poincaré :

Lemme 1.2.1 (Inégalité de Poincaré). Supposons que le domaine de L est dense dans L*(E, ), oi
est la mesure invariante de (P;);>o. L'inégalité du trou spectral (1.1) est équivalente a I’inégalité de

Poincaré : pour toute fonction f dans L*(E, ), on a

1
Vars(f) < = /E F(@)Lf (z)m(de). (1.2)

Ce lemme donne I’équivalence entre une information locale, c’est-a-dire infinitésimale, et une
information globale, c’est-a-dire de convergence lorsque ¢ tend vers I’infini. L’inégalité de Poincaré
est un cas particulier de diverses inégalités fonctionnelles liées a la convexité [ABCT00, Cha04].

Notons que I’inégalité (1.1) est toujours satisfaite avec \o = 0. En effet, I'inégalité de Jensen assure

15
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que I’application ¢ — Var, (P, f) est décroissante. La quantité de droite dans 1’inégalité de Poincaré

fait intervenir I’énergie du processus ; c’est-a-dire la quantité

e(f) == | f@Lf@n(dr) = [ T(f, f)(w)n(dr),

ou I’opérateur I', nommé carré du champ, est défini par

[L(fg) —9Lf — fLg].

N | —

I(f,g) =

On peut aussi définir une famille d’opérateur (I,),,>¢ de la maniere suivante :

[LL.(f,9) —Lu(Lf,g9) — Lf, Lg)],

N | —

Fn+1(f7 g) =

avec [3(f,g9) = f x g. En particulier I; = I'. On note aussi I, f = I,,(f, ). Ces divers opérateurs
interviennent dans diverses inégalités fonctionnelles. Citons par exemple le critere de Bakry-Emery

[ABC"00, Proposition 5.4.1] qui donne une information sur la stabilité du processus :

Théoréme 1.2.2 (Critere de courbure de Bakry-Emery). Soit p € R. Sous les hypothéses du lemme
précédent, les assertions suivantes sont équivalentes :

— pour toute fonction f dans le domaine de £, on a

Iyf > pl'f, (1.3)

— Pour toute fonction f dans le domaine de L ett > 0, on a
IR f <e *PRIf, (1.4)

— L’inégalité de Poincaré locale est satisfaite : pour toute fonction f dans le domaine de L et
t>0,ona
1 — e 20t

Bi(f?) = (Rif)? < — —hIf (1.5)
En particulier, si p > 0 alors 'inégalité du trou spectral (1.1) est satisfaite avec \g = p.

Le parametre optimal p (i.e. le plus grand), dans le lemme précédent, est appelé courbure de
Bakry-Emery car il est lié 4 la géométrie de I’espace comme on peut le voir avec les processus de
diffusion. Notons que lorsque la mesure invariante 7 est réversible alors il existe aussi le « critere [5
intégré » [ABC™00, Proposition 5.5.4] qui donne une condition plus faible pour que 7 satisfasse une

inégalité du trou spectral.
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1.2.2 Les processus de diffusion

Un processus de diffusion sur un espace polonais £ est un processus X dont le générateur in-
finitésimal £ satisfait la propriété de dérivation en chaine suivante : pour toute famille finie f =

1, ..., I») de fonctions appartenant au domaine de £, et toute fonction ¢ : R™ — R réguliere, on a
yee e pp g

L) = S 00 N)L S+ 00,00 0D fir ).

i=1 i,

Cette propriété est liée aux propriétés de régularité des trajectoires du processus. En effet, si (P;):>0
est un semigroupe de diffusion, alors les trajectoires ¢ — f(X;) sont continues, pour toute fonction f
dans le domaine de £. Sur R", les processus de diffusions sont les solutions d’équations stochastiques

dirigées par un mouvement brownien. Plus précisément,
YVt >0, dX; = b(X)ds + o(X,)dBs,

ol (By)¢>0 est un mouvement brownien sur R”, o : R" — R™ x R" est une application mesurable
tel que, pour tout z € R", o(z) est une matrice symétrique et positive, et b : R" — R™ est une

application mesurable. Le générateur est alors donné par la relation

Lf(zx) = sz azlf Z : ) )w 8:cza;tjf( ).

=1 1,j= 1

L’exemple fondamental est le processus dit de Kolmogorov-Langevin :
Vt >0, dX, = —VV(X,)ds + v/2dB,, (1.6)

ot V est un potentiel régulier vérifiant [5, e=V®dz = 1. Ce processus posséde une unique mesure

réversible et stationnaire, 7(dx) = eV (@) dx, nommée mesure de Blotzmann-Gibbs. Dans ce cas,
Lf=Af-VV-Vf, T'(fg9)=(Vf Vg),

etT'f =T(f,f) = |[Vf]|*, d’ou la dénomination carré du champ (de gradient). Enfin, I’opérateur I}
est donné par
Lf = |[Hessf||> + (Vf)" -HessV - V.

On peut donc maintenant utiliser le critere de Bakry-Emery pour avoir le résultat suivant :

Corollaire 1.2.3 (Courbure de Bakry-Emery des processus de Kolmogorov-Langevin). Si X est so-
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Figure 1.1 — Trajectoire de deux processus de Kolmogorov

lution de (1.6) et p minore le spectre de la matrice hessienne de V', alors les assertions du Théoréme

1.2.2 sont satisfaites avec Ay = p.

Exemple 1.2.4 (Processus d’Ornstein-Uhlenbeck). Le processus d’Ornstein-Uhlenbeck est le proces-
sus de Kolmogorov-Langevin associé au potentiel V(x) = pl|z||*/2, pour > 0. La courbure de
ce processus vaut |1 et les inégalités (1.1), (1.2), (1.3) et (1.4) sont des égalités. On parle parfois de
courbure exacte. Le membre de gauche de la figure 1.1 représente une de ces trajectoires. On peut
remarquer que le processus se stabilise trés rapidement vers un équilibre concentré en zéro. Pour
comparer, le membre de droite représente une diffusion de Kolmogorov associée au potentiel non-
convexe V (x) = 2* /4—x?/2. La courbure de ce second processus est négative. Cela vient du fait que
sa distribution invariante est bimodale et le processus n’atteint son équilibre qu’apres avoir visité les

deux « bosses »de sa probabilité stationnaire.

Remarque 1.2.5 (Un lien avec la géométrie). Soit M une variété compacte de dimension n munie
d’une métrique riemannienne g. Il existe un opérateur A sur M, dit de Laplace-Beltrami, qui généra-
lise le laplacien sur R". Cet opérateur génere un processus de diffusion qui admet une unique mesure
invariante et réversible, qui est la mesure de volume normalisée associée a (M, g). On peut montrer

dans ce cas, que la courbure p de Bakry-Emery vérifie, pour tout k € R,
Vo € M, Yv € T,M, Ric,(v,v) > k|v||* = p > k.

Ici, Ric représente le tenseur de Ricci et T, M le plan tangent a M en x. Par exemple, dans le cas

ou M est une sphere de dimension 2, p = 1. Cette définition de la courbure permet donc d’unifier
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I’analyse et la géométrie dans le cadre de I’étude des processus de diffusions sur des variétés. Notons
aussi que lorsque 1’on considére un opérateur de la forme L = A + X, ou X est un champ de
vecteur, alors, comme dans le corollaire 1.2.3, la courbure de Bakry—Emery s’écrit comme la somme
d’un terme lié a la courbure de Ricci et d’un terme minorant le spectre de la matrice Hessienne de
X. La courbure de Bakry-Emery prend donc en compte & la fois la courbure de I’espace ambiant et

la dérive du processus.

On vient de voir que la courbure de Bakry-Emery se calcule aisément dans le cadre des processus
de diffusion, et que dans ce cas elle caractérise la courbure de I’espace ambiant. La situation est
différente lorsque le processus admet des sauts car la regle de dérivation en chaine ne s’applique pas
et il est difficile d’expliciter I’opérateur 15 , ou lorsque 1’espace est discret car il n’existe pas de notion
universelle équivalente a la courbure de Ricci. Ces problemes nous poussent a étudier une autre notion

de courbure.

1.3 Courbure de Wasserstein

Dans les sections précédentes, on a remarqué que les méthodes liées aux inégalités fonctionnelles
ou a la théorie spectrale fonctionnaient treés bien pour certains processus mais pas pour d’autres. On
va donc introduire ici une autre fagon d’estimer la vitesse de convergence. Précédemment, la loi au
temps ¢ était caractérisée par la fonction z — P, f(z) et la vitesse était estimée a partir d’une distance
sur les fonctions (norme L?). Maintenant, on va caractériser la loi par la mesure 6, P, et estimer la

vitesse de convergence a 1’aide d’une distance sur les mesures.

1.3.1 Distance de couplage
Nous munissons I’ensemble des mesures de probabilité sur (¥, d) de la distance suivante :

Définition 1.3.1 (Distance de Wasserstein). La distance de Wasserstein est définie par

Wa(u,v) = inf /E _d(zyn(de,dy) = _inf E[d(X.Y)]. (1.7)

nEMarg(p,v) Xr~op,Y v
O Marg est I’ensemble des lois n) sur E X E tel que n(-, E) = petn(E,-) = v.

On sait par [Vil09, Theorem 1.3] que I'infimum est atteint. Cette distance est aussi connue sous
les autres noms suivants : distance de transport (optimal), de couplage, de Fréchet, de Kantorovich,
de Mallows (en statistique), de Monge, distance L' généralisée, EMD (earth mover’s distance, en

informatique)... Diverses propriétés de cette distance sont développées dans les livres [Che04, Rac91,
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Vil09]. Retenons qu’une suite de mesures de probabilités (u,,),>o converge en Wasserstein vers i si

elle converge en loi et
lim [ d(x,x0)p,(dx) = / d(x,xo)p(dx),
E E

n—-+oo
pour un certain xy € E, ou de maniere équivalente, pour tout o € F. On en déduit donc facilement
que I’espace des mesures de probabilités, admettant un premier moment fini, muni de la distance de
Wasserstein, est complet. De plus, si d est bornée sur £/, la convergence en Wasserstein est équivalente

a la convergence en loi.

Remarque 1.3.2 (Simulation et formule d’appariement : matching formula). Soit 1 et [i deux mesures

définies par
1 & 1 &
:*Zl’k etu:—Zyk,
= =

OUT1,...,Tpn,Y1,...,Yn € E. On peut démontrer la formule d’appariement [Vil09, Example p.5] :

Way(p,v) = inf — Z ATk, Yo(k))
oESn
ou S, désigne le groupe des permutations d’ordre n. La démonstration est un probleme de minimisa-
tion convexe. Ici, I’ensemble Marg est en bijection avec I’ensemble (convexe) des matrices bistochas-
tiques. L’infimum est donc atteint sur [’un des points extrémaux. Or il est connu, par un théoréme
de Birkhoff et von Neumann que les points extrémaux correspondent aux matrices de permutations.

Ceci termine la démonstration de cette formule. Comme application, on trouve un moyen simple et

probabiliste de simuler la distance entre deux mesures de probabilité v et U sur (R, | - |), possédant

un premier moment. En effet, Soit (X;);en- et ()N(Z-)Z-GN* deux suites de variables i.i.d. de lois v et V. La

loi des grands nombres donne
lim ‘W L zn: ) 0 et lim W L i 0y ,U 0
im — ,v]| =0 et lim — LU=
n—o0 d n el X n—oo d n p—t Xk
En utilisant ces convergences et la formule d’appariement on a

Wy(v,v) ~ inf —Zd X, X, (k)

oESH n

L’infimum précédent se calcule de la maniere suivante : on réarrange les deux suites de facon a les
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rendre croissantes i.e. X(1) < X(g)... et X(1) < X(g)... Et on trouve
- 1 & >
Wd(ya V) ~ = Z d(X(k)J X(k))
k=1

L’équation (1.7) admet la formulation équivalente suivante :

Théoreéme 1.3.3 (Dualité de Kantorovich-Rubinstein). Pour toutes mesures (i et v, on a

Walp,v) = sup [ fdp— [ fav,

[ fllzip <1

ou

[f@) = 1)l (1.8)

1 llip = sup
Y

En particulier, si £ = Ret d(z,y) = |z — y| alors
Walp, v) = |Fy = F e = 1, = F7 |y,

ol F),, F, désignent les fonctions de répartition de xz et v et F,;', F," leurs inverses généralisés. On
notera W plutdt que W, pour ce choix de distance. Un autre cas intéressant est lorsque d(x, y) = 1,,.
Dans ce cas, Wy = dyr est la distance en variation totale. Si . et v ont des densités f,,, f,, par rapport

a la méme mesure 7, on a alors

dVT(,ua V) = “fu - fz/HLl(n)'

Généralement, si d est bornée alors la convergence en dyt implique la convergence en W. Si

inf d(z,y) > 0,

TFy

alors la convergence en W implique la convergence en dyt. Notons aussi que sur R, lorsque
Vz,y € R, d(z,y) = min{|z —y| 1},

alors W, est nommée la distance de Fortet-Mourier et engendre la topologie de la convergence en
loi, tout comme la distance de Lévy-Prokhorov. Finissons cette section en évoquant la distance de
Wasserstein d’ordre p. De méme que (1.7), on peut de définir une nouvelle distance en minimisant la

norme LP pour p > 1:

1/p
Wflp)(uw)=< inf /ExEd(w,y)”n(dx,dyg :

n€Marg(u,v)
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Dans ce cas, une version du théoréeme de Kantorovich-Rubinstein donne que
WY (11, v)? = sup / fdp — / gdv,
fg
ou le supremum est pris sur les fonctions f et g vérifiant

f(x) —g(y) < d(x,y)P.

Cependant il n’existe pas d’analogue direct connu du Théoreme 1.3.3. On pourra cependant consulter

[Ri098] pour une comparaison entre ng ) et les distances de Zolotarev.

1.3.2 Définition et propriétés de la courbure de Wasserstein

On a vu dans la section précédente que les méthodes de type Bakry-Emery fonctionnaient bien
avec les diffusions mais mal pour des processus avec sauts. Récemment, Aldéric Joulin, Yann Ollivier
et Marcus Sammer ont introduit, indépendamment, une nouvelle notion de courbure. Celle-ci est basée

sur la notion de couplage et la distance de Wasserstein.

Définition 1.3.4 (Courbure de Wasserstein). La courbure de Wasserstein, d’un semigroupe (P;)i>o

est la plus grande constante p € R tel que, pour tout x,y € E ett > 0, on ait
Wa (0.5, 6,P) < e "Wy (6s,0,) .

Cette définition dépend de la distance choisie. On peut montrer que pour un mouvement brownien
se déplagant sur une variété riemannienne, les courbures de Wasserstein et de Bakry-Emery coin-
cident, voir [VRS05]. Pour les espaces discrets, il existe d’autres notions de courbure basées sur le
déplacement de I’entropie [EM12, OV10, GRST12]. L’inégalité précédente avait déja été introduite
par Dobrushin en 1970. Demander que p soit strictement positive est connu comme la Dobrushin
uniqueness condition en mécanique statistique. Sous cette condition on a I’existence d’une mesure

invariante :

Théoreme 1.3.5 (Existence et unicité d’une mesure invariante). Si la courbure de Wasserstein p d’un
semigroupe (P,);>o est strictement positive alors il existe une unique mesure invariante 7. De plus,

pourtoutx € Fett>0,ona

Wd (5th, 7T) S e*pth ((596, 7T) .
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On peut trouver une démonstration de ce résultat dans [Che04]. Nous en donnons une différente
dans I’annexe du chapitre 2. Si la mesure 7 est réversible alors la courbure de Wasserstein minore
le trou spectral. Voir le théoreme 2.4.13 pour plus de détails. D’une maniere générale, une mesure
de probabilité, satisfaisant une inégalité de Poincaré, satisfait aussi une inégalité de concentration ex-
ponentielle. Divers inégalités de concentration similaires ont été développées par différents auteurs
lorsque la courbure est positive. Evoquons seulement le critére suivant, qui généralise [Jou07, Theo-
rem 3.1] et [Jou09, Theorem 2.6]. Rappelons que la norme Lipschtizienne d’une fonction f est donnée

en (1.8). Ajoutons aussi la notation P, pour P(- | Xy = z) et E, pour E[- | Xy = z]|. On a
Théoreme 1.3.6 (Concentration de type Poisson pour la mesure invariante). Si toutes les hypothéses
suivantes sont satisfaites :

1. la courbure de Wasserstein p est strictement positive,

2. il existe A > 0, tel que sup;~, d(X—, X;) < A presque siirement,

3. il existe B > 0, tel que pour toute fonction f, on aU'(f, f) < B| |7,

alors, pour tous y > 0, x € E et toute fonction f tel que || f||, =1, ona

vy >0, Py (f(Xe) = Eo[f(X0)] 2 y) < e,

ou Apy
9(y,t) = 24 log (1 + (1 6—th)3> ’
et
P, (1 /Otf(Xs)ds — /fdﬂ' >y+ a _p(; ") /d(x,y)w(@))
B Apy
< exp( e h (B(l —e—/’t)>> )
ou

h(y) = (1+y)log(1 +y) —y.

La fonction y — h(y) se comporte comme y? lorsque y est proche de 0 et comme y log(y) lorsque

y tend vers I’infini.

Idée de la démonstration. La preuve est basée sur I’étude de la martingale (Z;)o<s<t, donnée par
Zs = P_sf(Xs) — P.f(Xo), pour s € [0,t]. Par définition de A et B, on a

sup |Zs — Zs—| < Al fllLip,

s€[0,t]
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et
(2.2)s = [ T(Piof. P f)(X)ds
ou
1 lhip = sup W

Puis, comme dans [JouO7, JouO9], on construit une supermartingale a 1’aide du [Kal02, Lemma

23.19]. Le reste de la démonstration suit point par point celle des théoremes cités. 0

Dans [HSV11], le trou spectral de Wasserstein d’un semigroupe de Markov est défini comme la

plus grande constante A > 0 tel qu’il existe C' > 0 tel que, pour tous =,y € E ett > 0, on ait
W8, P, 0,P) < CeMd(z,y).

Si un semigroupe vérifie les hypotheses du théoreme précédent avec un trou spectral de Wasserstein
strictement positive, a la place d’une courbure de Wasserstein strictement positive alors la premiere

inégalité de concentration reste valide avec d’autres constantes, mais pas la seconde.

1.3.3 Quelques exemples de courbure

Ici, nous donnons quelques exemples de courbure de Wasserstein.

1.3.3.1 Chaines de Markov a temps continu

Supposons que E est fini et, sans perte de généralités, que £ = {1, ..., N}, pour un certain N €
N*. L’opérateur £ opere alors sur toutes les fonctions numériques f, définies sur F, a travers la

relation

N
Vie B, Lf(i) =Y Li;f(j),
j=1

ot (L; j); je 2 est une matrice, dont les éléments non-diagonaux sont positifs, et tel que la somme des
éléments d’une méme colonne est nulle. L’opérateur F; se représente de méme par une matrice et la
relation P; = ¢** est I’exponentielle usuelle d’une matrice. Le carré du champ s’ écrit alors,

N
> Lij(f(3) = (@) (9() — 9(i))-

Jj=1

N

I'(f,9)(0) =
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Dans ce cas le théoreme de Perron-Frobenius nous donne, sous la condition d’irréductibilité, et donc
de récurrence positive, I’existence d’un trou spectral. La valeur propre peut étre calculée directement
sur certains exemples ou numériquement si /N est assez petit. Cependant, il peut étre difficile de
calculer explicitement cette valeur propre ou d’obtenir une borne satisfaisante. De plus, il est difficile
de calculer explicitement la courbure de Bakry-Emery. Utilisant des méthodes de couplage, on montre

le lemme suivant :

Lemme 1.3.7 (Convergence pour des chaines discrétes sur un espace fini). Supposons que (P;)>¢ est
le semigroupe d’une chaine de Markov irréductible sur un espace fini E. Il existe k > 0 tel que pour
toutes lois | et v, on ait

Vt >0, dyr(pP,vP) < Ce ™ dyr(u, v).

De plus, si L; ; > 0 pour tout i,j € E alorsona C = 1.

En particulier, lorsque C' = 1, la courbure de Wasserstein, associée a la distance triviale d :
(x,y) — 1,4, est strictement positive. La preuve est basée sur le couplage de Doeblin, introduit
par lui-méme en 1938, dans un article intitulé Exposé de la théorie des chaines simple constantes de

Markov a un nombre fini d’états.

Démonstration du Lemme 1.3.7 . On considere deux processus indépendants X et X, générés par
L, jusqu’au temps aléatoire 7' ou ils coalescent, puis on les considere égaux. La propriété de Markov
donne que chaque coordonnée suit la bonne dynamique et la propriété de récurrence du couple (X, X )

donne que le temps de coalescence vérifie
P(T >t) < Ce ™™,

pour un certain £ > 0. [l

Lorsque I’espace d’état est dénombrable mais pas fini, la situation est différente. On pourra no-
tamment lire [CJ10] qui décrit la courbure de Wasserstein, associée a diverses distances, des processus
de naissance et mort. Leurs démonstrations sont basées sur une relation de commutation qui a inspiré

les résultat du chapitre 2.

1.3.3.2 Processus de diffusion de Kolmogorov-Langevin

Soit (P;):>o le semigroupe d’un processus de diffusion de Kolmogorov-Langevin (X;);>¢, solu-
tion de I’E.D.S. suivante
dX, = \2dB, — VV(X,)dt.
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Rappelons que I'f = |V f|2. Soit < un nombre réel et d la distance usuelle. Les assertions suivantes

sont équivalentes :
1. pour toute fonction réguliere f,ona 3 f > kI'f,
2. pour toute fonction réguliere f ett > 0,ona'P,f < e 2 PI'f,
3. pour toute fonction réguliere f ett > 0,ona /TP, f < e ™ P\/Tf,
4. le semigroupe (P;);> satisfait I’inégalité de Poincaré locale (1.5) avec A\ = &,
5. la constante x minore le spectre de la hessienne de V/,
6. pour tout z,y € Eett > 0, ona Wy(0,F;,0,P) < e "d(z,y).

L’équivalence 1 < 2 < 4 vient du théoreme 1.2.2 de Bakry-Emery. Via les expressions de I et I3,
on voit facilement que 1 < 5. L’inégalité de Jensen donne 3 =- 2. L’inégalité des accroissement fini
donne 3 < 6. Remarquons aussi que I’on peut déduire 5 = 6 en couplant deux processus avec le
méme mouvement brownien.

Ces équivalences donnent en particulier que la courbure de Wasserstein et de Bakry-Emery coin-
cident pour les processus de diffusion de Kolmogorov-Langevin. C’est ’'un des points qui a motivé
cette définition. Finissons cet exemple en évoquant un résultat récent du a Andreas Eberle [Ebell] :
s’il existe une constante strictement positive qui minore le spectre de la Hessienne de V' en dehors
d’un ensemble compact, alors il existe une distance d tel que la courbure de Wasserstein, associée a
dy, est strictement positive. La preuve est basée sur un couplage différent que celui décrit pour 5 =

7, nommé couplage par réflexion.

Remarque 1.3.8 (Processus d’Ornstein-Uhlenbeck et de Kolmogorov-Langevin a double puits). Si
on reprend les deux exemples de la figure 1.1, on peut se faire une idée de leurs courbures a ’aide de

I’algorithme indiqué dans la remarque 1.3.2. En effet, la figure 1.2 donne une approximation de
t = Wq(0_1P,61P),

ou d est la distance en valeur absolue et (P;);>o désigne, sur la figure de gauche, le semigroupe
d’un processus d’Ornstein-Uhlenbeck, et, sur la figure de droite, celui du processus avec le potentiel

non-convexe introduit dans [’exemple (1.2.4).

Remarque 1.3.9 (Sur I’équivalence 2 < 7 et la distance intrinséque). Soit (P;);>o un semigroupe de
Markov quelconque sur un espace polonais E. Si I' désigne son opérateur carré du champ alors on

peut définir la distance intrinséque dr sur E de ce semigroupe par

Vo,y € E,dp(z,y) = St}p{lf(ﬂf) = WIS lloe <15
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Figure 1.2 — Convergence vers I’équilibre de deux processus de Kolmogorov

L’inégalité (1.3) du théoréme 1.2.2 entraine donc que la courbure de Bakry-Emery coincide avec la
courbure de Wasserstein associée a la distance intrinseque pour tout processus de Markov. Dans le

cas particulier des processus de diffusion, la distance intrinseque correspond a la distance usuelle.

1.3.3.3 Processus stochastiquement monotone

Dans le chapitre 2, nous allons décrire la courbure de Wasserstein des processus unidimension-
nelles et stochastiquement monotones. Plus précisément, on considérera un processus de Markov
(X¢)t>0, défini sur une partie E de R, qui vérifiera : pour tout z,y € E, x > y, ett > 0, il existe
deux copies de X, X* et XV, tel que X§ = z, X = y et X} > X}. Pour ce type de processus, nous

montrerons que nous avons
OE, [f(X)] =E, | f(Yy)e™ fot V(Ys)ds ’

pour toute fonction réguliere f, z € Eett > 0. Ici (Y;):>0 est un certain processus auxiliaire et V'
une fonction explicite. La démonstration est basée sur une relation de commutation entre le gradient

et le générateur. Avec cette formule, on voit facilement que la courbure est donnée par

p = inf V(x).

el
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D’autres applications de cette formule seront donnés dans ce chapitre. Par exemple, en utilisant le fait
que

)

E. |:6_ f(: V(Ys)ds} ~ e M

ou A est la premiere valeur propre, de 1’opérateur de type Schrodinger associé a cette formule de type
Feynman-Kac, on montrera que la vitesse de convergence, en distance de Wasserstein, d’un processus

de Kolmogorov-Langevin, vers son équilibre, est décrite par ce A qui correspond aussi au trou spectral.

1.4 Application pour les Processus de Markov modulé

Ici on s’intéresse au comportement en temps long des processus de Markov modulés. Un processus
de Markov modulé est construit a partir des ingrédients suivants :

— un espace polonais £ et un espace fini F/,

— une famille de processus de Markov (Z);cp,

— une famille de fonction positive a(-, %, j); jepe.

On considere le processus X; = (X, I;) généré par

Lf(z,i) =LY f(x,i)+ > alz,i,§)(f(z,)) = f(x,9))

jEF

pour toute fonction réguliere f et pour tout (z,i) € E x F. Ici, £ représente le générateur de
7. Le processus X n’est pas markovien au contraire du couple (X, I). Le processus I I’est si et

seulement si a ne dépend pas de sa premiere composante.

1.4.1 Quelques exemples au comportement particulier

Avant de décrire nos résultats principaux, nous allons développer quelques exemples pour exposer
les difficultés liées a ce type de modele.
1.4.1.1 Explosion alors que chaque dynamique sous-jacente converge

L’exemple présenté ici vient de [BLMZ12c]. On considere le processus X, sur R? x {-1,1},
généré par

Lf(l’,@) - Azaxf(xa Z) ta (f(l’, _i) - f((L‘,’L)) )

A= ( -1 3) and A, = <_1 _1/3) )
~1/3 -1 3 -1

oua > 0et
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Avec les notations précédentes, on a L) = A4,V . Il est facile de voir que Z(=1 et Z() sont détermi-
nistes et convergent, exponentiellement vite, vers zero. Pourtant si a est suffisamment grand alors on
a

lim X; = +o0.

t—-+o0

1.4.1.2 Convergence mais pas en variation totale

Ici, on suppose que (I;):>o est une chaine de Markov irréductible, a temps continu, sur un espace
fini, avec mesure invariante v. On suppose que X est continue sur R et est, entre les sauts de 7,
solution de

0 Xy = —a(ly) Xy,

Dans I’expression précédente (a(i));cr désigne une suite quelconque sur R. On montre facilement
que
t
X, =e" Jo alls)ds x

Le théoreme ergodique donne donc

0 si Y a(i)v(i) >0
_ el
t
fee +oosi ¥ a(i)r(i) <0
i€F

(1.9)

Ce qui signifie que si, en moyenne, le processus se rapproche de I’ origine, alors il converge, alors que
si, en moyenne, il s’éloigne, alors il diverge. Nos théorémes principaux vont généraliser le premier
point. Notons que pour cet exemple, nous avons que si X, # 0 alors le processus ne touche jamais
z€ro. On en déduit que la distance en variation totale entre la loi de X au temps ¢ et son équilibre 6

est toujours égale a 1. Les techniques de type Lyapunov, ne fonctionnent donc pas ici.

Exemple 1.4.1 (Cas limite). Si [’espace d’état de I est {—1, 1}, si son état change a taux constant
égal a 1 et si ’application a est ’identité, c’est-a-dire que a : 1 — 1, alors la figure 1.3 représente

une de ces trajectoires.

1.4.2 Résultat principal

Supposons dans un premier temps que a ne dépend pas de sa premiere composante. C’est-a-dire
que a(-,i,j) = a(i,j) pour tout i, j € F. Dans ce cas I est une chaine de Markov a temps continu.

Si le couple (X, I) est ergodique alors [ 1’est aussi. Nous allons donc supposer que / est une chaine
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Figure 1.3 — Une trajectoire d’un processus de Markov modulé

ergodique, ou de maniere équivalente qu’elle est irréductible. Notons p(7) la courbure de Wasserstein

du processus généré par £, pour chaque i € F. On a

Théoreme 1.4.2 (Convergence exponentielle). Si a ne dépend pas de sa premiére composante, la

chaine I est irréductible, avec v comme mesure invariante, et

> p(i)v(i) >0,
icF
alors le processus (X, I) converge, exponentiellement vite, en une distance de Wasserstein, vers une

unique probabilité invariante.

Ce théoreme nous dit que si en moyenne, on a tendance a converger, alors on converge. Ce théo-
réme n’est pas notre résultat principal sur les processus modulés. En effet, nous établissons dans le
chapitre 3, un théoréme dans le cas ou a dépend de sa premicre composante. Le théoréme ci-dessus
peut se démontrer, directement, avec 1’approche de [BLMZ12c]. Cependant, cette approche échoue
lorsque a n’est pas constant en sa premiere composante. Nous avons donc suivit une autre approche,
utilisant une version faible des théoremes de type Meyn-Tweedie [HMS11], qui a déja eu diverses
applications, comme par exemple 1’étude de 1’équation de Navier-Stockes bruité. Dans le chapitre
3, nous démontrerons le théoreme 1.4.2 avec I’approche de [BLMZ12c] qui est plus simple et plus
concise. Dans la sous-section qui suit, nous donnons une preuve similaire a celle de notre théoreme

plus compliqué dans le cadre plus simple du théoreme 1.4.2.
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1.4.3 Démonstration didactique du théoréme 1.4.2

Nous allons démontrer le théoréeme 1.4.2 a I’aide d’une version plus faible du théoreme d’Harris
classique [HMS11]. Avant de détailler ce que I’on doit démontrer, ajoutons quelques notations. Soit
E = F x F et P le semigroupe du couple X = (X, /). Pour démontrer le théoreme 1.4.2, il nous

suffit de montrer les trois points qui suivent.

i) L’existence d’une fonction positive V, et de constantes C, K, A > 0, tel que

V>0, E[V(X,)] < CeME[V(Xy)] + K,

i1) L’existence d’une distance d:ExE — [0, 1] tel que pour tout A > O il existec4 > Oetty >0

vérifiant, pour tout ¢ > ¢ 4,

Vx,y € {V < A}, W5 (0xPy, 0yP;) <1 —¢4

iii) L’existence d’une constante o € (0, 1), tel que pour tous X,y € E,

d(x,y) <1 = Vt>0,W;(0P,6,P,) < ad (x,y).

Comme dans [BLMZ12c], la preuve de ces trois points découle du lemme suivant

Lemme 1.4.3 (Exponentielle des fonctionnelles additives des processus de Markov ergodiques). Si
(I3)1>0 est une chaine de Markov, a temps continu, irréductible, sur un espace d’état fini F, avec

comme mesure invariante v, et « est une fonction tel que

> v(i)a(i) >0,

i€l

alors il existe p € (0,1] et C,c,n > 0 tel que pour tout t > 0, on ait

Ce—nt < E |:e— fotpoz([s)ds] < Ce—nt'

Nous allons supposer par la suite que la fonction x — d(x, x,) appartient au domaine de chaque

générateur. cette hypothese ne sera pas nécessaire dans les démonstrations du chapitre 3.
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1.4.3.1 Démonstration du point i)

Pour tout 2y € F, on pose Vj,, : x + d(z,x). Soit i € F et P les semigroupes de Z*). Pour
toutt > 0, on a

POV (o) = Wa (620 P, 6

1 n—1

(4) (4)
< n > Wa (5:vop(k+1)t/n’ 5960Pkt/n)
k=0
efp(i)t —_ ]_ (Z)
S et 1 kYo (70)

Passant a la limite n — 400 et en utilisant I’'inégalité triangulaire, on trouve, pour tout z € E,

e_p(i)t — 1

Pz (@) < Vi (2) + ——

LOV, (20).

Ici £ est le générateur de Pt(i). En dérivant, on obtient

LIV, (2) < =p(i)Vao (@) + K,

ot K = max;ep LMV, (10). Le lemme de Gronwall donne ensuite
! " a(I)d " a(Is)d
Pt‘/l‘o('r) S K/ ]E, |:6_ fq 04( u) u:| dS + vxo(‘r)E |:6_f0 Oé( 5) S:| .
0

Finalement, en utilisant le lemme 1.4.3, I’inégalité de Jensen et la concavité de x +— P, on prouve
qu’il existe p € (0,1] tel que V' = V2 est une fonction de Lyapunov, c’est-a-dire que le point i) est

vérifié avec V.

1.4.3.2 Démonstration du point ii)

On choisit la distance d, définie pour tout (z,1), (y,j) € E, par

d((z,7), (y,7)) = Lizj + Licjd(z,y)P N 1.

On fixe x = (z,4) ety = (v, j) et on va construire un couplage entre deux processus (X, I) et (Y, J)
commengant en ces points et généré par L. Premierement, on considere que [ et J sont indépendant
pour tout temps. Puis, on fixe un temps to > 0 et iy € F' tel que p(iy) > 0. La probabilité que

I = J =g sur [to, t] est non nul et conditionné a cette événement, on peut coupler X et Y pour que
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la distance d(X, Y)? décroit en moyenne. Cela vient de 1’inégalité de Jensen et du fait que p < 1.0n
en déduit que I’inégalité voulue est satisfaite pour ce choix de x et y. Il suffit de passer a I'infimum

sur ’ensemble borné {V' < A} pour conclure.

1.4.3.3 Démonstration du point iii)

Sid((z,1),(y,7)) < 1 alors i = j et on peut donc coupler les composantes discrétes de tel facon
a qu’elles restent égales pour tout temps. En utilisant ce couplage pour la composante discrete et le

couplage optimal pour les autres composantes, on trouve

Vit > 0B [d((,), (5.))] < B¢ bt d((a,), (5.5))

Le lemme 1.4.3 finit donc la démonstration de ce point.

1.4.3.4 Conclusion

En utilisant le [HSV11, Theorem 1.7], voir aussi le théoreme 3.3.6, on trouve que, pour tout
x,y e Eett >tj,ona
Wy (6P;, 6,P;) < Ce ™ Md(x,y),

pour certaines constances to, C, A > 0, et, ou d est définie, avec les notations précédentes, par

d(X, y) = \/(12;£] + 1i:jd($a y)p A 1)(1 + d(l’, $0)p + d(y> $0)p)7
pour un certain xy € F.

Remark 1.4.4 (Sur les généralisations du théoréme de Harris). Les théoremes de type Harris reposent
essentiellement sur deux hypothéses. La premiére est une fonction de Lyapunov, qui prouve que le pro-
cessus passe la plupart de son temps dans un compact, et la deuxieme hypothese de type récurrence
consiste, en général, a prouver que les compacts sont « small », c’est-a-dire que les lois au temps
t > 0 ont toutes une partie a densité par rapport a la méme mesure. Plusieurs travaux ont affaibli
ces hypotheses. Pour I’hypothese d’existence d’une fonction de Lyapunov, on pourra par exemple lire
[DFGO09], qui montre que si ’on peut trouver une fonction positive V, dont les ensembles de niveau
sont compacts, qui vérifie
LV < —9(V) + K,

ou L est le générateur du processus dont on veut montrer la convergence, ® une application concave

et K > 0 une constante, alors, sous condition que les compacts sont « small », le processus converge
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en variation totale a une vitesse sous-exponentielle. La deuxieme hypothése peut étre affaiblie en uti-
lisant la notion d’ensemble « d—small »qui prend plus en compte la topologie de I’espace [HMS11].
L’article [Butl2] synthétise ces deux approches.
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Chapter 2

Gradient estimate and quantitative bounds for

stochastically monotone jump-diffusions

2.1 Introduction

We are interested by a process which moves continuously for some random time and then jumps.
It can represent some natural phenomena that can be observed at a great variety of scales. To give
just few examples, let us simply mention the modeling of the Transmission Control Protocol (TCP)
used for data transmission over the Internet [BCG™11, CMP10, GK10, GRZ04, LvL08, vLLO09],
parasite evolution or size of cell in biology [BDMT11, BT11, Clol11, LP09], reliability and queuing
[CDO08, Dav93, Las04, RT00]. More precisely, this process X = (X;):>o has an open interval £ C R
as state space and its infinitesimal generator is given, for any C? function f : E + R with compact

support and € £ by

Lf(@) = o(@)f" (@) + (@) (x) eR)
+ [ (fla+y) = F@)n(a. dy).

where o, g are two smooth functions and 7 is a, non-necessarily finite, positive measure. We assume
that £ generates a unique and non-explosive Feller process. Conditions are given in [Bec07, Dav93,

Kol11] with full details on the domain of £. The associated semigroup (P;);>¢ is defined, for any
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bounded function, by

Pif () = B (X)|Xo = 2] = [ f(y)Pu(x,dy)

By the Itd6-Dynkin Theorem, it satisfies

Pf(z) = f(z) +/Ot P.Lf(x)ds = f(x) +/OtLPSf(x)ds, 2.2)

for all f in the domain of £. If n is finite then we can write = r K, where r is a non-negative
function and K is a Markov kernel. In this case, X will not run through an infinite number of jumps
in finite time and the dynamics is as follows. Between the jumps, this process evolves like a diffusion

which satisfies the following stochastic differential equation:

dXt = g(Xt)dt ‘l— \/ 2U(Xt)dBt,

where (B}):> is a standard Brownian motion. At a random and inhomogeneous time 7 satisfying

t
P(T>t]Xs, s<t)=exp (—/ T(Xs)ds),
0

it jumps. Conditionally to X, Xt is arandom variable of law K (Xp_, -). Then, this process repeats
these steps again. This class of processes is called hybrid processes in [BecO7]. When n = 0, itis a
diffusion and when o = 0, it is a piecewise deterministic Markov process (PDMP) [Dav93]. When 7

is not finite, this class of processes include all one-dimensional Lévy processes.

Several properties of this process were established in the literature. Our aim in this paper is to
get quantitative estimates for the convergence to equilibrium of X. Using Lyapunov techniques,
[CDO8, Las04, RT00] give some conditions to have a geometric convergence. Nevertheless, this
process is, in general, irreversible and it has infinite support. This makes Lyapunov techniques less
efficient for the derivation of quantitative exponential ergodicity. Furthermore, another main diffi-
culty is that entropy methods fails. In general, the invariant measure of the process does not satisfy
a Poincaré or log-Sobolev inequality (see remark 2.4.5 and [Wul0]). In this work, we establish an
intertwining relation of the form VP, = S;V, where S is a Feynman-Kac semigroup. As application,

we obtain some explicit rates of convergence.

Overview of the main results. Before expressing our main results, let us introduce the assumptions

holding in all the article. We assume that (X});>¢ is a Feller process and is stochastically monotone.
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The second assumption means that for any (1, 2 € E, if 2 > 2 then there exists a coupling
(Xt(l), Xt(Q))tZO, starting from (2!, 2(2)), whose each component is generated by £, such that x>
Xt@) almost surely for all ¢ > 0. Actually it is equivalent to

xr—>/ n(x, dy)

is non-decreasing and
T / (z,dy)

is non-increasing. With this assumption and some regularity assumptions, we are able to prove that

for any C? function f and x > 0, we have
() (@) = E | £ (v)e™ b 709 | ¥ = o] @3)

Where (Y}):>0 is an auxiliary Markov process and V' is a potential. The generator A of (Y});>o will
be introduced in the next section by the formula (2.7). In all the paper, we consider the following

regularity assumptions:

— the functions ¢ and o belong to C*(E);
— wehave n(z,{y € E|x+y € E}) =1 and n is weak differentiable on F; that means that, for

every x € F, there exists a measure 1)/ (x, -) verifying

| @ @.dy) = 0. [ f@ni. dy).

for a sufficiently large class of function f.

— the set C? is included in the domains of £ and .A and is invariant over the semigoups generated
by these two operators.

— there exists a unique solution to the martingale problem for £ (resp. A) on the set C?(E) of C*?

functions.

Sufficient conditions can be found in [Koll1, Theorem 5.9.4] and [StrO3, Corollary 4.2.6]. We
give some examples which easily verify theses assumptions in section 2.4. The proof of the formula
(2.3) is based on a remarkable and simple intertwining relation between £, V and A. It is a continuous
time generalisation of [CJ10, Theorem 2.1]. Various functional inequalities are provided in this paper.
Here, we provide others applications based on the long time behaviour of (X});>, including some

quantitative bounds in Wasserstein distance. Let us recall that the Wasserstein distance between two
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probability measures (i1, 1o is defined by

W)= inf ] o=yl u(de,ay),
veMarg(p1,p2) ExE

where Marg(i1, f12) is the set of probability measures on £? with marginal distributions are 1, and

12, respectively. This infimum is attained [Vil09, Theorem 1.3]. The Kantorovich-Rubinstein duality

[Vil09, Theorem 5.10] gives the following representation:

W(pr, pi2) = sup | gduy — / g dps, (2.4)
g€eLip; JE E
where Lip, is the set of Lipschitz function g satisfying |g(x) — g(y)| < |z — y| for any z,y € E. Our

first result is

Theorem 2.1.1 (Wasserstein convergence for stochastically monotone jump-diffusion). If

p = inf (—g'(a:) - /E yn’(r,dy)> >0, (2.5)

zelR

then p is the largest constant which satisfies
Vt >0, W(uP,vP,) <e W (u,v), (2.6)

for all probability measures i, v. In particular, if p > 0 then X admits a unique invariant probability
measure T and

W (uP;,m) < e W (u,m).

The optimal constant in (2.6) is called the Wasserstein curvature in [Jou07]. We give several
properties of this curvature in an appendix, including the proof of a Poincaré inequality under a
reversibility assumption. With a totally different approach, [Wul0O, Theorem 2.2] gives a different
bound for a similar class of processes. With our approach, we obtain the optimality of the constant
p in the inequality (2.6). We give others bounds in the next sections when p < 0. In particular, we

obtain the following bound in the special case of Kolmogorov-Langevin processes:

Theorem 2.1.2 (Wasserstein exponential ergodicity for Kolmogorov-Langevin processes). Assume
that n = 0, o is constant and

lim ¢'(z) = —o0,

then there exist a unique invariant probability measure ™ and A\ > 0, such that for all x € R there
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exists C', > 0 such that
Vt > 0,W (7,6, P) < Cpe™™.

The proof of this bound depends to the precedent expression of the gradient and a spectral analysis.
Contrary to the usual proof, based on a Lyapunov-type argument, )\ is explicit in term of eigenvalue;
it correspond to the first non-null eigenvalue to £ This theorem is a direct consequence of theorem
2.3.8 below. Finally, using theorem 2.1.1, we deduce a convergence in total variation in the special
case of PDMP. Let us recall that, for any probability measure i1, 112, the total variation distance is
defined by

dry (p1, pr2) = inf P(X; # Xo),

where the infimun is taken over all couple (X7, X5) such that X, X, are respectively distributed

according to i1, fio.

Theorem 2.1.3 (Total variation convergence for stochastically PDMP). If the following assumptions
hold:

i) the constant p, introduced in (2.5), satisfies p > k > 0, for some K,

ii) there exist a non-negative function r and a Markov kernel K satisfying n = rK, o = 0,

iii) we have inf,cpr(x) > 0 Asup,cp g (y),

iv) there exists C' > 0 such that

Yo,y € E, dry (K(z,-), K(y,-)) < Cle —yl,
then there exists a constant 0 > 0 and a constant C,, ,,, which only depends to . and v, such that
dry (uP, vP;) < C'u,ue_et-
In particular, there exists a probability measure ™ which satisfies
dry (WP, m) < C’Wre_et.

All constants of this theorem are explicit as can be seen in section 2.3.3. Note that, if X have
a diffuse part then its density is regular and it is easier to obtain a bound in total variation. To our
knowledge, these theorems and their proofs are new, nevertheless there are some related results in the

literature.

Outline. In Section 2.2, we explicit our gradient estimate, which will be an important and simple

ingredient to prove our main theorems. The rest of paper is organised as follow. In Section 2.3,
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we give the proofs and the applications of our main results. In section 2.4.1, we give some direct
applications. Finally, at the end of the paper, we give an appendix on the Wasserstein curvature. This

appendix completes the article [JouO7] and gives some others applications of our main results.

2.2 Gradient estimate via a Feynman-Kac semigroup

We begin by associating an auxiliary process Y to the Markov process X. This auxiliary process

is a Markov process with generator A given by
Af(x) = o(@)f"(x) + (o'(x) + g(2)) f'(z) (2.7)
+ [ (fla+y) = F@)n(a, dy)
[ [ U= fa)dun (@),

for every f € C%(FE). The processes X and Y are connected via the following commutation relation:

VL =(A-V)V, (2.8)

where
V(@)= ~g'(@)~ [ yn(a.dy).

The intertwining relation (2.8) is the infinitesimal version at time ¢ = 0 of the formula (2.3). Let us

state our first lemma which will be fundamental in the proof of our main results.

Lemma 2.2.1 (Intertwining relation and gradient estimate). If there exists ¢ € R such that
Ve e B, V(z) > ¢,

then we have
Vo >0, (Pf)(z) =E | f/(Yy)e Jo VO | v = | (2.9)

for every f € C2(E).

The proof of this lemma, which follows, is remarkably simple but it seems to be new in this

general context.

Proof. Let (S;)¢>o be the semigroup defined, forall ¢t > 0,z € E and g € C?, by

Sig(x) = E [g(¥;)e o VORI
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Is is known that .
Sig(@) = 9(a) + [ (A=V) Sug(w)ds. (2.10)

Now let zp € E and J,, be the operator defined by

Jz09(7) = /: 9(y)dy.

0

The relation (2.8) is equivalent to the following one:
LIo09(x) = LIaog(x0) = Jag (A = V)g(0),
for every z € E and g € C?. Now using (2.10) and the previous expression, we have

9, S0(2) = Teagl0) + [ £, (S.g) (x)ds — / " L9, (Sag) (0)ds.

Now we set

oalt) = [ £3.0(Su0)0)ds,

and we introduce the semigroup (7})>¢ defined, for every f € C?, by
T f(z) = Jog Sef' (%) + f(0) + 0(t).
We see that Ty f = f and for every t > 0,
t
T.f = Tof+/ LT, fds.
0

And thus, by uniqueness 7' = P. Finally S is continuous and then P = JS + ¢ is derivable and we
have the announced result. [

Remark 2.2.2 (Propagation of monotonicity). Let () be a Markov semigroup of a real Markov pro-

cess. If, similarly to (2.9), its gradient is equal to a Feynman-Kac semigroup then it satisfies
f/ZOthfIZO,

for every f € C*(E). It is known to be equivalent to the stochastic monotonicity of Q. We deduce

that our commutation and intertwining relation is equivalent to the stochastically monotonicity.

Remark 2.2.3 (Others gradients). Lemma 2.2.1 possesses a natural analogue for others gradients.
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Indeed, for any smooth and increasing function a, we have
va'C - (-Aa - V:z)vau
where, for every [ € C*(E) and x € E, the previous operators are defined by V,f = af’,

Auf (@) = o(@)f"(2) + 9uf (@) + [ (Flx+9) = F@))mala. dy),

ga() = 0'(x) + g() — 20(x)
/E f() na(z, dy) = fE a(i(i)y) n(x,dy) + /E /Du a(f;(i)y)dy (v, du)
and

a//(‘r)

Valw) = o(2) 5

~ '+ = [mledy) + 5 [ ot 9) = ala) (o d)

Thus we have

1 a a)y — [? (@) ds a
(PufY (@) = = [a(¥) /(i) o040 i — g,

where (}Q(a))tzo is a Markov process generated by A,.

2.3 Proof of the main results

In this section, we prove and complete the results announced in the introduction.

2.3.1 Wasserstein convergence

We begin to prove Theorem 2.1.1 and then we give some corollaries.
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2.3.1.1 Proof of Theorem 2.1.1

Let us fix f € Lip, N C?(FE) and x,y > 0. By Lemma 2.2.1, we have

P (@) = P )] < supl (P ()lo = o

t
< supE|[/(1le™ b V0NN, = 2] o~y
2>0
< supE [ o VOV, — 2] o -y
2>0

So that dividing by |z — y| and taking suprema entail the following inequality

D |Pf(x) — Pif(y)] < sup E [exp <_ /OtV(YS) ds> v, - Z} |

zyck |$ - y| 2>0
TF£yY

Now, taking f(z) = z, we show that
=supE {e_ Jo VY¥alds |y — z} :

Let p be the optimal constant verifying (2.6). Using the last expression, we have p > inf,cp V(2).
On the other hand, it also gives that, for every z € F,

1
pg—gln]E

e folv(y's)dﬂ}/o = Z:| .
Taking the limit ¢ — 0 and the supremum over z € E, it achieves the proof.

Remark 2.3.1 (h—transform and first eigenvalue). Assume that A — V' has a first eigenvalue A\ > 0
such that its eigenvector 1) is positive. Using an h—transform with the space-time harmonic function

h = e~ ap, we get for any function f € Lip, N C*(E),

o 0] a5 5]

where (Z;)1>o is another Markov process. Then, if 1 is smooth enough, the Wasserstein decay is in
order to e~ Section 2.3.2 gives an application for Kolmogorov-Langevin processes with non convex

potential.

Remark 2.3.2 (A proof by coupling). By stochastically monotonicity, for any x < y, there exists a
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coupling (X*, XV), with marginals generated by L, which start from (x,y), and
Vi>0, X7 < X! as.
Using this coupling (X*, XV), we have

W(6, P, 0,P,) < E[| X7 — X7|]
< E[X!] - E[X]
< R(id)(y) — Pi(id)(z)
< sup (P(id))' (2)]z = y].

The bound for sup,.; (P;(id)) () can be found using the generator. Nevertheless, this proof did not
give any information about the optimality. Our approach confirms the optimality of this coupling. As

remarked in [CMP10], this one favours the simultaneous jumps.

Remark 2.3.3 (Another bound when Y is ergodic). Assume that Y is ergodic with invariant proba-

bility measure 7 5. The previous calculation gives

W(5,P,,6,P,) < supE e~ Jo VOOT |y = -

z€EE

|z —yl.

Using Jensen’s inequality, we have

t t
E [e_ I V(Ys)ds] > exp <—t x E 1/ V(Ys)dsD :
t Jo

and the ergodic theorem gives

E [1 /Ot V(Ys)ds} ~ [ Vi,

We deduce that the rate of convergence is, at most, [V d 4.

Remark 2.3.4 (Kolmogorov distance and duality process). In [Kolll], some theorems, like [Kolll,
Theorem 5.9.1], give the existence of a dual process. More precisely, they prove that if (X;)i>o is

stochastically monotone then there exists a process ()N(t)tzo satisfying

P(X,<az|Xo=7)=P(X,> 7| Xo=1),
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forevery, x,x € E andt > 0. This give a bound for the Kolmogorov distance. Indeed, we have

dK(,[((S:C.Pt,éyPt) = gup |]P>(Xt Z f | XU = l‘) — ]P)(Xt Z ‘% | X() = [E)‘

zeFE

:supp<)w(t € (y, 2] ’XVOZ@’

T€E

forany x > y.
2.3.1.2 Wasserstein convergence when p = 0

Let us state a criterion for an exponential convergence when p = 0.

Theorem 2.3.5 (Exponential decay when the curvature is null). IfV > 0, Y is irreducible, there exist

a compact set K = [a,b] and a constant € > 0 such that
Ve ¢ K,V (z) > e,
then there exist t > 0 and k > 0 such that
Vt >t W(uPy,vP) < e "™ W(u,v),
for any probability measure |1, v.
Notice that, if there exist z € E such that V' (z) = 0 then the Wasserstein curvature is null.

Proof. The proof is adapted to [MTO06, Section 5.1]. Let
t
D) =By |exp (= [ V(¥ds) | Yo =],
0

and D(t) = sup,.p D(t, 7). It is easy to see that for all z € E, D(-,z) and D are non increasing.
Furthermore, if D(t,z) = 1 and Yy = « then V(Y;) = 0 almost surely, for all s < ¢. Then, there
exists £y > 0 such that we have

Ve € E, Vt > ty, D(t,x) < 1. (2.11)
Now, we begin to prove the existence of £; > 0 such that

Vt > ty, D(t) < 1.
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If + ¢ K then we set 7 = inf{¢t > 0|Y; € K}. We have,
D(t,z) = E, [1T<t exp <— /Ot V(Ys)ds)] +E, [1@ exp (— /Jt V(Ys)dsﬂ
<E, {1T<t exp (— /O t V(Ys)ds)] Fect
And

E, [1T<t exp (— /0 tV(Ys)dsﬂ <E, :1T<te”Ex [exp (— / tV(Ys)ds> \?T”

< E, |1,.¢¢°" max D(t —, C)]
i ce{a,b}

c€{a,b}

< Ey |1,ct0e” " max D(t — 7, c)]

+ Ew [1t/2§7<t€ET cg%?g} D(t -7, C)]

< max D(t/2,¢) + e /2,

ce{a,b}

where F = (F;);>0 is the natural filtration associated to Y. Thus,

sup D(t,ﬂf) S max D(t/Q’C) + e—&t + e—gt/z'
K c€{a,b}

We deduce that lim sup,_, | ., sup,¢, D(t,z) < 1 and the existence of ¢, such that for all ¢ > t,,

sup D(t,x) < 1.
¢ K

The Feynman-Kac semigroup is continuous on K. So, we deduce that D(t) < 1 forall t > f =

max(to, ;). Lemma 2.4.12, in the appendix, ends the proof.

Remark 2.3.6 (A link with the quasi-stationary distributions (QSD) ). If V' > 0 then we have another

representation of the gradient of (P;);>o. Indeed, we have

Oubif (x) = E[f'(Ye)Lp<ry | Yo = 2],

where Y is a Markov process generated by A and 7 is a random variable satisfying

]P’(T>t]Y8,s§t):exp(—/0tV(YS)ds>.
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If Y admits a Yaglom limit, that is, there exists p such that

lim E[f(Y) | Yo = 2.t < 7] = [ fdu,

t—+o00

then we have P(1 > t) ~ e~ %, for some 0 > 0. And thus, if T is the invariant distribution of X then

Rf(w) - [ far] =| [ /[x,y]E[f%Yt)|Yo=u]dud7f(y)|

< Ce %,

Remark 2.3.7 (On the usage of another gradient). Another way to prove an exponential decay in the
case of non positive curvature is to change the distance. Let A be a smooth, positive and increasing

function, the following mapping defines a distance:

T

V,y € B da(x,y) = |Ax) — A)| = [ Alw)du

TAY

Our proofs are generalisable for this distance. Indeed, if v > y and f is smooth enough then we have
Pf(@) = P < | A)V100Pf (w)d,
Yy

This method was efficient for the M /M /1 in [CJ10] and it can improve the rate of convergence. Nev-
ertheless, it does not generalise the field of concerned processes, that are the stochastically monotone
processes. Another way to interpret this method is to consider (A(X}))i>o, instead of (Xi)>o. Indeed,

as A is an increasing bijection, (A(X;))i>o is also a stochastically monotone Markov process.

2.3.2 The special case of Kolmogorov-Langevin diffusions

In this subsection, we consider, in detail, the simple case of Kolmogorov-Langevin diffusions.

More precisely, here, we consider the process belonging to £/ = R and satisfying
Vt >0, dX, = V/2dB; — ¢'(X,)ds,

where ¢ is C* and (B;):>¢ is a standard Brownian motion. We have changed the notation to be closer
to the usual notations. It is already known that, under suitable assumptions, this process converges to

the Boltzmann-Gibbs measure 7(du) = e~%"du/Z, where Z is a renormalizing constant. Theorem

47



Gradient estimate for jump-diffusions

2.1.1 shows that X converges exponentially with rate p = inf.cg ¢”(2). The special case where p = 0
was studied in [MTO06, Section 5]. when p < 0, we have

Theorem 2.3.8 (Wasserstein exponential ergodicity). Assume that

lim ¢"(z) = 4o0,

|z| =400

then there exists A > 0 such that
Vo,y €R, 3C,, >0, Vt >0, W (5, P, 0,P,) < Cp e,
Furthermore for all x € R there exists C, such that
vt > 0, W (7,6, P) < Cpe ™.
Notice that A is "explicit": it is the first, non-null, eigenvalue to the operator
o ="+ 1d"/2+d%/4).

Or equivalently it is also the first, non-null, eigenvalue to £ f +—: f" — ¢/ f’.

Proof. By Lemma 2.2.1, we have, for all f € C(R),
P f = Sif',
where (.S;);>0 is the Feynman-Kac semigroup generated by A — V' ; recall that

A=WV =f"=d@)f =4

As said in Remark 2.3.1, we will do an h—transform. Let H be the closure on L?*(7) of the

operator defined by
p= (Lt
2 4 )’

for every f € C%(R). There exist a unique positive function ¢ € L?> N C* and a real number \ > 0
such that Hy = Ap. See [BS83, Theorem 3.1 p. 57] and [BS83, chapter 2] for further details. Now,
let (Q:):+>0 be defined for all continuous and bounded function f by

e)\t

Q:i(f) = ?B_Q/Qst(ftpeqﬂ). (2.12)
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for every f € C%(R), we have

At At
2Qu(f) = )\ipeq/QSt(fSO‘fq/Q) + ipeq/QSt(Ls(f¢€q/2))

eAt 6)\1}
= ?e_‘I/QSt( fe?Hp) + ?6_‘”25}(—6‘1/2]{( f9))

e)xt

= ?e_qﬂSt(eq/ngGf)

= Q:(G),

where
(’0/
Gf = f"+25
2

The relation (2.12) gives

/ Y)
O, P f(2) = e Med®25(2)E [f(te—q(Yt)ﬂ - x} :
for every f € C?*(R), where Y is a Kolmogorov-Langevin process generated by G. Thus, if f €
Lip, N C%(R) then,

’axptf(x)’ < e~ infzer q(Z)/QefAteq(x)/Qgp(x)Qt () (x)

But

" 12

R 1 " 1
G-=—2 =<A—q—q>§C—B,
e @ @ 2 4 ®

for some B,C > 0. We deduce that ;(1/¢) is bounded. Hence, the first inequality of the theorem
holds with

Clx,y) = D x sup "2 (14 p(2)) |z —yl,

z€[zy]
for some D > (. Furthermore the Cauchy-Schwarz inequality gives that for all z € R, we have
Jo C(a,y)(dy) < +oc. 0

Remark 2.3.9 (h—transform and Schodinger equation). The transformation (2.12) is usual in the
study of schrodinger equation [Pin95]. It has many applications in the study of processes with killing
[MV11] and branching measures [Clol11].

Remark 2.3.10 (Ornstein-Uhlenbeck process). If q(x) = px?/2 then the assumptions of the theorem
do not hold. But we can follow the proof step by step. The mapping ¢ : x — e~"*/2 is an eigenvector
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of H with respect to the eigenvalue j1. So, we find that G = £ and
W (8, P, 6,P;) < e "z —yl.

In this case, L is the generator of the Ornstein-Uhlenbeck process and the previous expression is an

equality. This example points the sharpness of our method.

2.3.3 Total variation convergence for PDMP

Let X be a piecewise deterministic Markov process (PDMP) on £/ C R. More precisely, we
consider that X is generated by

Lf(@) = 9@)f (@) + (@) [ (F) = F@)K (. dy).

E

where K is a Markov kernel and g, r are two smooth functions such that r is non-negative. We assume

again that X is stochastically monotone. Theorem 2.1.1 gives a convergence with rate p given by

p=inf (~g'(@) + @0, [ (o= 9K (.dy) + @) [ (y- DK (y.do)).

zel
If p 1s positive and K "contracts in total variation" then we are able to prove an exponential decay in

total variation distance. Hereafter, we will use the following notations:

g =supg'(z) and r = inf r(2).
2€E z€E

Theorem 2.3.11 (Total variation convergence for monotone PDMP). If the following assumptions
hold:

i) there exists k > 0 such that p > K,
i) r>0A¢,
iii) there exists C' > 0 such that

vxay € E7 dTV (K(I‘, ),K(y, )) < C|I - y|7

then
dTV (,uPta V-Pt) S Ku,ye_ma
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KT
K+Tr

where 6 =

T

7:/ K r+K
K,, = (/{ <C+ r) - g/W(,u, V))
r4+2k

+ RIHR <<C+T> T_,W(u,u)> .
r)r—g

Remark 2.3.12 (Optimality). Let (X;);>0 be the Markov process, on E = R, generated by L, be
defined for every f € C* and x € E by

L) = —gaf'(e) +7(@) [ (fl@+u) = fla)Ae du.

Ry

Here g, \ > 0,7 > 0. It is a simple model of storage: the current stock decreases exponentially, and
increases at inhomogeneous random times by a random amount (distributed following an exponential

variable). We deduce directly, from our main theorem, that if r is increasing then for any x,y > 0,
Vt > 0,W (0,5, 8,P,) < e @30 @)t _ g

On this example, the constants of the previous theorem are

fee = (p G " rfé)) r((?)(o_) S Wk V)> e

- r(0)+2p
P 1 r! r(0) r(O+e
r(0)+» — W .
r ((A y r<0>> ) —g W ”>>
and
_pr(0)
p+7(0)

In particular, if v is constant then we have
_t-8"
dTV (Npta VPt) S € tg_” K,LL,Z/‘

This rate is not optimal [BCG'11]. Our approach is similar to [BCG*11], we build a coupling
such that the components are closer on |0, s| and we change the coupling to stick the components on
[t — s,t]. In [BCG'11], the time s is random while in our proof, it is deterministic. Here, s is not
random because when r is not constant the countable process associated to the jumps is not a Poisson

process.
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The proof is based on the following lemma, proved via coupling argument, whose proof postponed

at the end of proof of Theorem 2.3.11
Lemma 2.3.13 (Local total variation estimate). Let x > y and t > 0, under the same assumptions of

Theorem 2.3.11, we have
dTv((Sth, 5yPt) S G_tﬁ + |Zlf — y| (C +

Here r' = sup, . r'(2).

Proof of Theorem 2.3.11. The previous expression is equivalent to
—ir 7:/ r

dry (uP,vh) <e ™+ (C+ — - W(n,v),
rjr—g

for any p and v which have a first moment. As p > 0, we deduce that, for all s <7,

dTV (,upta VPt) = dTV ((,MPS)Ptfsa (VPS>7Pt78)
/> = W (u,v).

< e (t=s)r + e P8 (C’ + r
r/jr—g
O]

And thus, dry (uP;,vP) < K, e
Proof of Lemma 2.3.13. Let us consider the coupling (X, Y), starting from (z, y), and generated by

G, be defined for every f € C2(R% x R* ) and (z,y) € R x R* by

Gf(z,y) = g(x)0uf(z,y) + g(y)0y f(x,y)
+ (r(z) Ar(y)) [ExE(f(u,v) — f(z,9)K((z,y), d(u,v))

(@) =r()* [ (F) = Fo,)K (.du)
+(r(y) = (@) [ (o, u) = f,9) Ky, du).

In the last expression, K is the Markov kernel, on £/ x E, which satisfies

[, Lues (@), dlwv) = dr (K (2, ), K (y,-)

The dynamics of this coupling is as follows.
— It start from (X, Yp) = (z,y) and forall t < T, X] = g(X;) and Y} = g(V3).
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— The law of the time 7" is defined by
t
P(T >t) =exp <—/ r(zs) V r(ys)ds> ,
0

where 7o = 7, yo = y and x, = g(1), y; = g(ye)-
— At time T', we toss a coin B such that

[r(er) = r(yr)]
r(zr) Vryr)

P(BZOIT)ZmandP(B:uT):

If B = 0 then the two trajectories jump simultaneously and if B = 1 only one component
jumps.
— If the two trajectories jump in the same time then we stick them.

— We repeat these steps starting from (X, Y7).

Since to stick them before is impossible, we would like to stick the trajectories at the first jump, and

so maximise the quantity P (X; = Y;). More precisely, we have
P(X,=Y;) >P(Xy=Ypt>T,B=0).

And as we have
|2y —yi| = 2 —y < €Tsupz‘EEg/(Z)|9j -yl

we deduce,
P(Xyr=Yp,t>T,B=0)>E[lisrp-oP (Xr =Yr|(T,B))]

ZE :]—tZT,B:O (]_ — C|l’ — y|€T§/)]
> [1r (1 - Clz— yle™ ) P(B=0|T)]

AT |
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Finally, as we can upper bounded 7" by an exponential variable /2 with parameter , we conclude that

dry (8P, 8,P) < P(X, # V)

- 7?/
<E |fh<T + Lisp|z — yle™ (C + r)]

W -
<Pt < E)+|z—y| (C’ + 7;) E {1t2T6T9/}

!
§e‘”+|x—y|<0+r> L
rjr—

-
We have a similar result when the curvature is null:

Corollary 2.3.14 (Total variation convergence for PDMP with weaker assumptions). Assume that ii)
and iii) hold, p = 0 and there exist [a,b] C F and £ > 0 such that for all x ¢ [a, b]

(~9/@) +r@0. [ (o= y)Kwdp) + (@) [ - 0K(d) = =
Then there exist M > 0 and 0 > 0 such that
dry (P, vP,) < M(1+W(u,v))e .

For any starting distribution i, v.
Proof. It is a direct application of Theorem 2.3.5. [

Remark 2.3.15 (Total variation decay of diffusion processes with jumps). We can prove a similar
result if the process have a diffusive part. Nevertheless, if X diffuses then the convergence will be

faster.

Remark 2.3.16 (General Markov kernel). The main assumption of this theorem is a contraction of
the kernel in total variation (point iii)). This assumption is natural but it does not capture others
examples such that the TCP process [BCGT11].

2.4 Examples and applications

In this section we develop several examples. In Subsection 2.4.1, our main results are applied to

some models with biological applications. In the subsection that follows, we give several remarks for
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the example of the TCP process. We finish by studying the long time behaviour of the integral of a

Lévy process driven by a Brownian motion.

2.4.1 Stochastic models for population dynamics
2.4.1.1 Feller diffusion with multiplicative jumps: the Bansaye-Tran process

Let us consider the process studied in [BT11]. It belongs to £ = R and evolves according to a

Feller diffusion; namely
Vit > 0, dXt = gXtdt + \/ 2SXtdBt,

where g and s are two positive numbers. When it jumps from z, this new state is Hx, where
the random variable H is distributed according to a probability measure H on [0, 1]. We assume that
H 21— H. This process models the rate of parasite in a cell population. The number of parasite
grows in each cell and the cells divide. These two phenomena do not unwind in the same time scale.
The parasites born and die faster than the cells divide. Thus, the rate of parasite is modelled by a
Feller diffusion. This one can be understood as the limit of birth and death process. The jumps model

the cell division. In this setting, we have

Corollary 2.4.1 (Exponentially decreasing to 0 when r is decreasing). If r is decreasing and

p =E[H] (inf r(z) — 9577’> -g>0,

x>0

where ' = sup,~, 1’ (z), then for any t > 0,
B[l X[ < e "E[| Xol]
Proof. Using the invariance of ¢y and Theorem 2.1.1, we have
W(, P, 60) < e P"W(6,,d0)

Furthermore, we have W(6,. P;, 6) = P ld(z) = E[X; | Xy = z]. O

Remark 2.4.2 (On the open set assumption). Notice that this process does not satisfy exactly our

main assumptions but it is easy to see the conclusion is also true.

In [BT11], it is proved that if r is monotone then X convergences, almost surely, to zero. They
do not give an explicit bound for the convergence. Our corollary gives a new bound for the L*-

convergence. To compare, [BT11, Proposition 3.1] says
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Theorem 2.4.3 (Extinction criterion when 7 is constant). We have the following duality.
(i) Ifg < —r [y log(h)H(dh), then P(3t > 0, Y; = 0) = 1.
Moreover if g < —r [, log(h)H(dh),

Ja >0, Vzg >0, 3e>0,Vt >0, P(X;>0]| Xy =) <ce . (2.13)

(i) If g > —r [} log(R)H(dh), then P(Vt > 0, X; > 0) > 0.
Furthermore, for every 0 < a < g + r [log(h)H(dh),

P <t lim_e~Y, = oo> _ [V, X, >0} as.
The point (2.13) can be written as
dry (849 Pr, 60) < ce™ .
And the second point (ii) implies that
lim, ,, odry (04, P, o) > 0.

But when r is constant and the curvature p is positive, we have g < —r [ log(h)H(dh). Thus X
converges almost surely to 0, and
E[|X[] < e " E[| Xol].

More precisely, a rapidly calculation gives
E[X;] = e "'E[X)].

So, if . .
/ “log(h)H(dh) > & > k=1 —/ ha(dh),
0 T 0

then

lim X; =0as.but lim E[X;] = +oc.
t——+oo

t—4o00

2.4.1.2 Rate of convergence for branching measure-valued processes

Let us consider a model of structured population. We observe a Markov process indexed by a
supercritical continuous time Galton Watson tree. Along the branches of the tree, the process evolves

as a diffusion. The branching event is nonlocal; namely the positions of the offspring are described
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by a random vector (F} x(x,0)),<x. They depend on the position = of the mother just before the
branching event and on the number K of offspring. The randomness of these positions is modelled via

a uniform variable © on [0, 1. This process can be described with the following empirical measure:

Z, =) Oxu,
ueVy

where X/ belongs to the branch w at time ¢ and V} is the set of branches at time ¢. It was proved in
[BDMTI11] and [Clo11] that, for every continuous and bounded function f,

1

]. u
BT U T2 = g | 0

ueV

=E[f(V)],

where Y is generated by (2.1), with biased parameter. With this formula, we can deduce the long time
behavior and the contraction properties of the mean measure. A similar formula holds when r is not
constant [Clo11]. It will be interesting to capture the speed of convergence to Z instead of E[Z]. A

first approach is given with [Clo11, Theorem 1.2].

2.4.2 TCP window size process
2.4.2.1 The continuous time process

Now, we consider a process which represents the TCP congestion. This Markov process is gener-
ated, for any f € C2(R*% and z > 0, by

S () = f'@) + rla) [ (Flha) — F() () .14
Firstly, our main result gives:
Corollary 2.4.4 (Wasserstein curvature). Assume that r is non increasing and C*. If
o= "1 = hyH(dh) inf (r(x) — () > 0 (2.15)
then the semigroup (P;);>o generated by L admits a unique probability invariant w and
Vt >0, WP, ) < e "W(ub, ),

for every probability measure |u.
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By [CMP10], there is also an exponential convergence when r(z) = x + a with p = §. A
recent work [BCG™11] prove that, nevertheless the curvature is null when r(z) = x, this process
converges exponentially to its invariant distribution in Wasserstein and total variation distance. If 7 is

non-increasing and p = 0, Theorem 2.3.5 gives an exponential convergence in Wasserstein distance.

Remark 2.4.5 (Poincaré or log-Sobolev inequality and the Bakry-Emery criterion). Our approach
is based on a commutation formula as well as the Bakry-Emery calculus [BESS]. Nevertheless, in

general, our processes do not satisfy a Poincaré or a log-Sobolev inequality. That is, for the first one,
AVar, f < /Ffdﬂ',

for a sufficiently large class of function f, where ' f = %L( f?)— fLfand \ > 0. Indeed, in the case
of the TCP window size, we have

Df(e) = (o) [ (Flha) = F(2)?3¢(dh).

And if H = 415, we easily construct a lot of functions f such that I'f = 0 (see [LP09]). Thus, we
have an example where the process has a positive Wasserstein curvature and which does not satisfy a

Poincaré inequality.

2.4.2.2 The embedded chain
Let ()A(n)nzo be the embedded chain of the TCP process. That is defined by

X, = Xr, where T, =inf{t > T, 1| X4y # X;_} forn>1land Ty = 0. (2.16)

This Markov chain is often easier to study than the continuous time process. For instance, if 7(z) =

ax®, it is easy to see that
R(Xr,,,) = R(H,(R™'(E, + R(X1,)))) = Hy ™ (E, + R(X7,)),

where R is the antiderivative of r and H,, = Xr, /X7, _. This autoregressive relation gives the

ergodicity. Furthermore, the limiting random variable X, satisfies

R(Xr.) L HM'Y(E; + R(X)).

58



Gradient estimate for jump-diffusions

Now, using [GRZ04, Proposition 5], we deduce that X have a density given by

1 (a+1)(n+1)

—h— (D) g (1)~ 1glo+D)
T — E H axo‘e )
1 1k
Hn>1(1 _ (a+ )n =i 1 —(a+

Now, applying [Dav93, Theorem 34.31], we can deduce the invariant law of the continuous time
process. This result generalises [GRZ04], but it is already known via others techniques [VLLOOQ9].
For this Markov chain, we arrive to bound all Wasserstein distance. Recall that for every p > 1, the

W) Wasserstein distance, between two laws 1, and ji, on E with finite p™ moment, is defined by

WO (g, o) = inf - (B[X =YY,

{X~p Y ~vpo}

where the infimum runs over all coupling of 11 and p5. We have

Theorem 2.4.6 (Wasserstein exponential ergodicity for the embedded chain). Assume that £(X) and
L(Yo) have finite p™ moment for some real p > 1 and r belongs to C*(R*.) and is increasing. Let X
and Y be the embedded chains of X and Y. Then, for any n > 0, with a random variable H ~ I,

WP(L(X,), £(Yn)) < E(HP)"PW,(£(Xo), £(Y0))-
In particular, if 7 is the invariant law of X then
WP(L(X,), 1) < E(HP)"PW,(L(Xo), 7).

This result generalises [CMP10, Theorem 2.1] but the proof is exactly the same and we give it for

sake of completeness.

Proof. 1t is sufficient to provide a good coupling. Let x > 0 and y > 0 be two non-negative real
numbers, and let (£,,), -, and (H,,), -, be two independent sequences of i.i.d. random variables with
respective laws the epo)nential law (;f unit mean and the law H. Let X and Y be the discrete time
Markov chains on [0, co) defined by

Xo=z and X, .= HHHR*I(R()A( )+ Enyq1) foranyn >0
Yo=y and Y, = H, RV (R(Y,)+ Eny1) foranyn > 0.

The law of X (respectively V) is the law of the embedded chain of a process generated by L and

starting from z (respectively y). Now, let a be a non-negative number, if ¢, :  — R '(a + R(x))

59



Gradient estimate for jump-diffusions

then ()
Felt) = e+ R@)

< 1= |pa(x) = pa(y)| < |z -yl (2.17)

And we get

A

vp Z 17 E[‘Xn‘f’l - ?n+1|p] = ]E[H£+1’(pE7L+1 (Xn) - LIOE7L+1 (YYL)‘I)]
< E[H£+1|Xn - ynm - E[Hg—s—l]E“Xn - }A/nm-

A straightforward recurrence leads to

A A

E[|Xn = Yol"] < E[H]"z —y|”.

It gives the desired inequality when the initial laws are Dirac masses. The general case follows by

integrating this inequality with respect to couplings of the initial laws. O

This theorem gives a bound of the coarse Ricci curvature [Ol110], which is the discrete time
equivalent of the Wasserstein curvature. We can compare the curvature of this Markov chain and its

continuous time equivalent.

2.4.3 Integral of Lévy processes with respect to a Brownian motion

Let us consider a fragmentation process i.e. [) f(z + y)dn = [ f(hx)H(dh), for every contin-
uous and bounded function, where H is a probability measure on [0, 1]. The evolution of X can be
described in term of stochastic differential equation. Let (By)s>0 be a standard Brownian motion, and
let Q(ds, du, df) be a Poisson point process on R, x R, x [0, 1], of intensity ds du df, independent
from the Brownian motion. Here ds, du, df are the Lebesgue measures on R, R, and [0, 1]. We

have,
t t
X =Xo+ [ g(X)ds + [ o(X,)dB,
0 0

t
- / / 1uery0X,_Q(ds, du, df).
0 JE x[0,1] -

The jump times (7})x>; of X are distributed following a Poisson process (N;);>o. Between these
times, the process evolves like a diffusion. At these times, we have XTj =H jXTj_, where (H j) is a
i.i.d. sequence of law H. we assume that H; € (0, 1) almost surely. If you take the logarithm of X
then the multiplicative jumps become additive jumps. Then, as the jump times are Poissonian, we can

obtain a continuous process by renormalising our process with a Lévy process. Formally, let (L;):>o
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be the Lévy process defined by

Vi >0, Lt:—/

R+ X [0,1}

Ni
1gu<ry In(h)Q(ds, du,dh) = —In (H Hj) ,

and let (X,);>0 be the continuous process defined by X, = X,e’*. We have

Lemma 2.4.7 (Stochastic differential equation for X and X ). Foranyt > 0,
_ ¢ t
X, = X, + / el g(X)ds + / o (X,)dB,
0 0

and,

t t
X, = Xoge It +/0 e Fg(X_y)ds —i—/o e o (X,_,)dB,.

Proof. All the stochastic integrals that we write are well defined as local martingales. Using Itd’s
formula with jumps [IW89, Theorem 5.1, p.67] (see also [JSO03, Theorem 4.57, p.57]) and since X is

continuous, we get

_ t
Xp=Xo+ [ b (g(X,)ds + o(X,)dB,)
0
t
+ / X, P — Xe" 1 (uery Q(ds, du, dh)
i <

t
= Xo+ [ e (g(X,)ds + o(X,)dB,)
0
Then, we deduce,

t
X, = Xpe & + / b=t (g(X,)ds + o(X,)dB,)
0
t
= Xoe b [ e7hr (g(X,)ds + 0(X,)dB,)
0

t t
= Xpe It +/0 e’Lsg(Xt,S)ds—i—/o e P 0 (X,_,)dB,.

O

This lemma is a generalisation of the relation of [BT11, Lemma 3.2] and [LvLO08, Section 6]. In
[BT11], it is a preliminary for the proof of Theorem 2.4.3. In [LvLO08], they deduce that when g is

constant, and ¢ = 0, we have

t—+o0

+oo I
lim X, :g/ e ds.
0

The behaviour of the right hand side was studied in [BYO0S5] and [CPYO01] for general Lévy processes.
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We give another application. Let Y be defined, for all £ > 0, by
t
Yi= [ e an,
0

where L, = Y p*, In(H;) is independent from the Brownian motion B, and (H,);>o are i.i.d. and
distributed according to J{. Let us define for all n € N, x,, = 1 — [ h3(dh), we have

Theorem 2.4.8 (Long time behaviour of integral of compound Poisson process with respect to an

independent Brownian motion). The process (Y;)i>o converges in law to a measure 7 satisfying

n!

2
/2 HZil Rag

/x"ﬂ(d:c) =

foralln € 27, and
n!

p(n+1)/2 Hfg{l)/?

/x”w(dm) =

Rok—1

otherwise. Furthermore all its moments converges and for all t > 0,
W (L(Y:), ) < e " W(5, ).

Proof. By the previous lemma, we know that Y is generated by (2.1), where, g = 0,0 = 1, r is
constant and Yy = 0. This process is positively curved thus it admits a unique invariant probability
measure and converges exponentially to it. Furthermore, applying the generator on the functions
o, @ x — " gives the moments of m and we can use the Carleman criterion to prove that Y converges
also to a measure with this moment.

[

Appendix: properties of the Wasserstein curvature

Here, we present briefly some definitions and properties about Lipschitz contraction of general
Markov semigroups. Let (£, d) be a Polish space and (P;);>( be any Markov semigroup. We denote
by (X;):>0 the Markov process with semigroup (P )¢>o.

Definition 2.4.9 (Wasserstein curvature). The Wasserstein curvature of (P;)>o is the optimal (largest)

constant p in the following contraction inequality:

sup |Pig(x) — Pig(y)|

Ty

< et (2.18)
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forall g € Lip,(d) and t > 0.

It is actually equivalent to be optimal in the following expression:

W(p Py, o Py) < €W (g, p2),

for any probability measures y, f1o and ¢ > 0. Here i, P; stands for the law of (X});>¢ starting from
a random variable distributed according to y;. That is,

i Pf( / Pof () (da).

And W is the Wasserstein distance associated to d. This notion of curvature was introduced by
Joulin [JouO7] and Ollivier [Ol110]. It is naturally connected to the notion of Ricci curvature on
Riemannian manifolds [VRS05], the Dobrushin’s uniqueness criterion, the Chen exponent [Che96] or

the Wasserstein spectral gap [HSV11]. A first simple result is its calculation by random scaling time:

Lemma 2.4.10 (Markov processes indexed by a subordinator). Let (X;);>o be a Markov process with
curvature p and let (7(t));>0 be a subordinator independent of X. If (Qi)i>o is the semigroup be
defined, for every continuous and bounded function f,t > 0 and x € E by

Quf (x) = E[f(Xr@) | Xo = ],

then its Wasserstein curvature pg satisfies

po=tbp+ [ (1= w(dz) = v(p).
where 1) is the Laplace exponent of T, b its drift term and v its Lévy measure.

The proof is straightforward. A more important result is

Theorem 2.4.11 (Exponential convergence). If p > O then there exists a unique invariant probability

measure T. furthermore
vt Z 07 W(Mptv 7T) S e—ptW(M’ 71-)7

for every probability measure |i.

This result is a direct consequence of [Che04, Theorem 5.23] but we will give another proof (with
an additional assumption). In general, (X}):>¢ is not ergodic when p < 0 as can be easily checked

with Brownian motion.
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Proof. Let us assume the existence of o € E such that the mapping f; : z — d(z,x¢) is in the

domain of the generator of P. Then we have

Ptfd(mo) = W<5330Pt7 5330)

M=

< W((Sa:opkt/n7 6a:op(k—1)t/n)

B
Il

1

e P=Dmp, fa(zo).

IN
M=

B
Il

1

Taking the limit n — 400, we obtain that

P fa(zo) < p7' (1 — ™)L falwo).

We deduce that if f €Lip; then P, f is bounded by a constant C' which does not depend to f. Let
be a probability measure, for every s, > 0, we have

W(uPpys, pPr) < Ce™.

Finally, the sequence (1P, ):>o is a Cauchy sequence, in a complete space [Che04], thus it converges

to a probability measure 7 which is trivially the unique invariant measure. O

Note that (P;):>o can be geometrically ergodic even if its curvature is not positive:

Lemma 2.4.12 (Exponential decay when p = 0). If p = 0 and there exists ty > 0 such that

Kt = sup W((;Z()Ptov(syopto)
* owoEE d(zo, o)

<1,

then there exists k > 0 such that, for all xq,yy € E, we have
Vt Z th W((Sxopb 5y0Pt) S e_tﬁ|$0 - Z/0|

Furthermore we can choose

o= — ln(Kt()) '
to
Lemma 2.4.12 implies the existence of an invariant distribution and the convergence to it. Theo-
rem 2.3.5 and its corollaries give some applications of this lemma. The conditions of Lemma 2.4.12

are not always satisfied. For instance, if (L;);>o is a Lévy process on R, then its semigroup (F;):>o
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satisfies
vVt >0, W(0, P, 6,P) = |z —y|.

Now, let w and w be defined, for every x # y and ¢t > 0, by

W (633Pt7 5yPt)

w(t,z,y) = iy

and

B(t) = sup wit,z,y).
z,yeE

The proof of the previous lemma is based on the fact that In(w) is sub-additive.

Proof of Lemma 2.4.12. First, we have
W(ph, vP) < w(t)W(u,v).
Then, for any xz,y € E and ¢t > 0, the Markov property gives

W(5mRE+37 5yPt+s) - W((égcpt)Pm (5yPt>Ps)
< w(t)W(0,Ps, 0, Fs).

We deduce that
w(t+s,z,y) <ot)w(s,z,y) = w(t+s) <w(t)w(s).
Now, the curvature is non-negative, thus
Vit >0, w(t) < 1.
So w is decreasing. But, as there exists ¢y > 0 such that w(ty) < 1, we have

Vit > to, w(t) < 1.

65



Gradient estimate for jump-diffusions

Finally, for all ¢ > ¢, there exists n € N such that t > nt,, and then

W(5, P, 6,P;) < w(t) W(b,,5,) < w(nty) W(b,,3,)

In(w(to))

< w(tg)" W(0y,0,) < exp <t ;
0

) W(6,,dy).

]

The Wasserstein curvature is a local characteristic. It depends to the behavior on all the space and
at any time. It corresponds to the worst possible decay. This notion of curvature is connected with the

notion of L?—spectral gap:

Theorem 2.4.13 (Wasserstein contraction implies L?—spectral gap for reversible semigroup). Let
(P})>0 be the semigroup of a Markov process with invariant distribution w. If the following assump-
tions hold

— the Wasserstein curvature p is positive;

— the semigroup is reversible;

— limy_o || Pf = fllz2(x) = O forall f € L*(m);

— Lip; N L>®(m) N L3(7) is dense in L*(7);
then

Var, (P, f) < e *'Var,(f),

where Vary (f) = [p(f — [ fdm)?dr = | f — [ fare| 2

The proof relies crucially on reversibility. Nevertheless, for most of our examples, this condition
is never satisfied (while in contrast all one dimensional diffusions are reversible). This theorem is just
the continuous time adaptation of [HSV 11, Proposition 2.8] and is close to [Che04, Theorem 5.23],
[Wan03, Theorem 2.1 (2)], [Vey12, Theorem 2], and [OI1110, Proposition 30].

Proof. Let f € Lip, be a non-negative and bounded function such that [, fdm = 1. Using the

reversibility and the invariance of 7, we have,

Var, (P.f) = /E Py fdr — < /E fd7r>2
<W(Py fdm, ).
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The measure Py, fdr satisfies, for every continuous and bounded function ¢, the following expression

/(pP2tfd7T_// Y) Py (x, dy)m(dx)
— / / y) Pary, dx)m(dy).

Thus,

Varﬂ(Ptf) S w ((fﬂ')P2t7 7T>
< Cre ", (2.19)

for some constant C'y > 0 which depend to f. By translation and dilatation, the last inequality holds
for all bounded function f which belongs to Lip,. Now, let f € L?(7) be a Lipschitz and bounded
function such that,

/f 7(dx) —Oand/f dx) = 1.
Applying spectral Theorem, Jensen inequality and (2.19), we find

Var, (P.f) /Ptf dw—// “NAE(f

([ [ o)

S C‘;‘st €—2pt'

Taking the limit s — +o00, we conclude the proof. [
This result can not be generalised in the non reversible case as can be viewed in the remark 2.4.5.

Remark 2.4.14 (Another approach). We can give an alternative proof, using Inequality (2.19) and
[CGZI10, Lemma 2.12]. This lemma is based on the convexity of the mapping t > In || P, f|| r2(x)

which is also a consequence of the reversibility.
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Chapter 3

Exponential ergodicity for Markov processes

with random switching *

3.1 Introduction

Markov processes with switching are intensively used for modelling purposes in applied sub-
jects like biology [CMMS12, CDMRI11, FGM10], storage modelling [BKKPO05], neuronal activity
[PTWI12, GT11]. This class of Markov processes is reminiscent of the so-called iterated random
functions [DF99] or branching processes in random environment [Smi68] in the discrete time set-
ting. Several recent works [BH12, BGM10, BLMZ12b, BLMZ12c, CDO08, dSYO05, GIY04, GG96]
deal with their long time behaviour (existence of an invariant probability measure, Harris recurrence,
exponential ergodicity, hypoellipticity...). In particular, in [BH12, BLMZ12b], the authors provide
a kind of hypoellipticity criterion with Hormander-like bracket conditions. Under these conditions,
they deduce the uniqueness and absolute continuity of the invariant measure, provided that a suitable
tightness condition is satisfied. They also obtain geometric convergence in the total variation distance.
Nevertheless, there are many simple processes with switching which do not verify any hypoellipticity
condition. To illustrate this fact, let us consider the simple example of [BLMZ12c]. Let (X, I) be the
Markov process on R? x {—1,1} generated by

Af(IJ) = —($ - (270)) ' fo(ajvl) + (f(xv _i) - f(:l?,l)) : (31)

x. In collaboration with Martin Hairer
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This process is ergodic and the first marginal 7 of its invariant measure is supported on R x {0}. Thus,
in general, it does not converge in the total variation distance. However, it is proved in [BLMZ12c]
that it converges in a certain Wasserstein distance. Let us recall that the p™ Wasserstein distance W),
with p > 1, on a Polish space (F, d) is defined by

W(p) (ula ,LLQ) = 1nf E [d(Xl, Xg)p]l/p s

X1,X2

for every probability measure ji;, po on E, where the infimum is taken over all pairs of random
variables X, X, with respective laws p1, p1o. When p = 1, we set Wy = W((il). The Kantorovich-
Rubinstein duality [Vil09, Theorem 5.10] shows that one also has

Wy (Ml Mz) = sup fdM1 /fdﬂ2>

f€Lipy

where f: E — Risin Lip, if and only if it is a 1-Lipschitz function, namely
Veye B, [f(2) = f(y) < d(z,y).

The total variation distance dtv can be viewed as the Wasserstein distance associated to the trivial

distance function, namely

1

drv(p, p2) = Jnf P(X;# Xp) =5 sup [ fdu —/ fdpz,
X1,X2 [ fllec<1/E E

where the infimum is again taken over all random variables X, X, with respective distributions 1,

1o. In the present article, we will give convergence criteria for a general class of switching Markov

processes. These processes are built from the following ingredients:

— aPolish space (F, d) and a finite set I,
— a family (Z™),cr of E-valued strong Markov processes represented by their semigroups
(P™), cp, or equivalently by their generators (£™),,c with domains (D™),,cp;

— afamily (a(+,7,7)); jer of non-negative functions on E.

We are interested by the process (X;)i>0 = (X¢, I;)i>0, defined on E = E x F, which jumps
between these dynamics. Roughly speaking, X; behaves like Zt(It) as long as I does not jump. The
process [ is discrete and jumps at a rate given by a. More precisely, the dynamics of (X;):>¢ is as

follows:

— Given a starting point (z,7) € E x I, we take for Z(*) an instance as above with initial condition

Z(()i) = z. The initial conditions for ZU) with j # i are irrelevant.
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— The discrete component / is constant and equal to ¢ until the time 7" = minj;cp T;, where
(T});>0 is a family of random variables that are conditionally independent given Z (@) and that
verify

t .
Vi€ F, P(T; > t|F,) = exp (—/ a(29,i,5) ds),
0

where F;, = o{Z" | s < t}.

— Forallt € [0,7), we then set X; = Zt(i) and [, = 1.

— At time 7', there exists a unique j € F' such that 7" = T} and we set It = j and X7 = Xp_.

— We take (X7, I1) as a new starting point at time 7.
Let us make a few remarks about this construction. First, this algorithm guarantees the existence of
our process under the condition that there is no explosion in the switching rate. In other words, our
construction is global as long as I only switches value finitely many time in any finite time interval.
Assumption 3.1.1 below will be sufficient to guarantee this non-explosion. Also note that, in general,
X and I are not Markov processes by themselves, contrary to X. Nevertheless, we have that I is a
Markov process if a does not depend on its first component. The construction given above shows that,

provided that there is no explosion, the infinitesimal generator of X is given by

Lf(z,i) = L9 f(x,0)+ Y alw,i,5) (f(z,§) = f(z,9), (3.2)

jJEF

for any bounded function f such that f(-, 7) belongs to D forevery i € F. We will denote by (P;) >0
the semigroup of X. To guarantee the existence of our process, we will consider the following natural

assumption:

Assumption 3.1.1 (Regularity of the jumps rates). The following boundedness condition is verified:

a=supsup »_ a(z,i,j) < 400,
zel ieF jEF

and the following Lipschitz condition is also verified:

sup Y |a(w,1,j) — alz,i,j)| < kd(z,y),
i€EF jEF

for some k > 0.

We will also assume the following hypothesis to guarantee the recurrence of I:
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Assumption 3.1.2 (Recurrence assumption). The matrix (a(i, j)); jer defined by
ali, j) = nf a(z, 3, j),
yields the transition rates of an irreducible and positive recurrent Markov chain.

With these two assumptions, we are able to get exponential stability in two situations. The first
situation is one where each underlying dynamics does on average yield a contraction in some Wasser-
stein distance, but no regularising assumption is made. The second situation is the opposite, where

we replace the contraction by a suitable regularising property.

3.1.1 Two criteria without hypoellipticity assumption

In this section, we assume that we have some information on the Lipschitz contraction (or expan-

sion) of our underlying processes:

Assumption 3.1.3 (Lipschitz contraction). For eachi € F, there exists p(i) € R such that
Wt > 0, Wa(uP",vP) < e "W, (1, v), (3.3)

for any two probability measures [, v. Furthermore there exist vo € E and t,, > 0 such that if
Vie: ® +— d(x,x0) then
sup PV, (xo) < +o0.
t€[0,tz]
In the previous assumption, given a semigroup (F;);>0, we used the notation pP; to denote the

measure defined by
(wP)f = [ Pofdp

if 4 = 0,, for some x, then in this work, we also use the notation ¢, P, (dy) = P;(z, dy).

To verify equation (3.3) is not much of a restriction because we do not assume that p(i) > 0. The
best constant in this inequality is called the Wasserstein curvature in [JouO7, Jou09] and the coarse
Ricci curvature in [O1109, OI110], since it is heavily related to the geometry of the underlying space
as illustrated in [? , Theorem 2]. If p(z) > 0, then we can deduce some properties like geometric
ergodicity, a Poincaré inequality or some concentration inequalities [Clo12, Jou07, Jou09, HSV11,
OI1110]. A trivial bound on p(7) is given in the special case of diffusion processes in Section 3.4.1.

The bound (3.3) is quite stringent since, if p(i) > 0, it implies that there is some Wasserstein

contraction for every t > 0 and not just for sufficiently long times. This is essentially equivalent to

72



Markov processes with random switching

the existence of a Markovian coupling between two instances X; and Y; of the Markov process with
generator £ such that Ed(X,,Y;) < e™"'d(X,, Yy).

In principle, this condition could be slightly relaxed by the addition of a proportionality constant
C;, provided that one assumes that the switching rate of the process is sufficiently slow. This ensures
that, most of the time, it spends a sufficiently long time in any one state for this proportionality
constant not to play a large role.

One could also imagine allowing for jumps of the component in £ at the switching times, and this
would lead to a similar difficulty.

In the same way, the distance d appearing in Assumption 3.1.3 is the same for every ¢ and that
it does not allow for a constant prefactor in the right hand side of (3.3). This may seem like a very
strong assumption since usual convergence theorems, like Harris’ theorem, do not give this kind of
bound. We will see however in Section 3.5 an example which illustrates that there is no obvious way
in general to weaken this condition. The intuitive reason why this is so is that if the process switches
rapidly, then it is crucial to have some local information (small times) and not only global information
(large times) on the behaviour of each underlying dynamics.

We now have presented all the assumptions that are necessary to state our main results. The first

one describes the simplest situation, that is when a does not depend on its first component:

Theorem 3.1.4 (Wasserstein exponential ergodicity in the constant case). Under assumptions 3.1.1,
3.1.2 and 3.1.3, if a(z, 1, j) does not depend on x and the Markov process I has an invariant proba-

bility measure v verifying

S v(i)pli) > 0,

1€l

then there exist a probability measure T, some constants C, \ > 0 and q € (0, 1] such that

Vt >0, Wq (0y,Ps, ) < Ce™ (1 + Z/ d(yo,x)qﬂ'(dx,i)) )
B

ieF
for every yo = (Yo, jo) € E, where the distance d, on E, is defined by
d(va) = 12#] + 1i:j(1 A dq(llf,y)), (34)
foreveryx = (z,i), y = (y, ) belonging to E.

This statement is not surprising: it states that if the process contracts in mean, then it converges
exponentially to an invariant distribution. The conditions are rather sharp as will be illustrated in
Section 3.5. In particular, we recover [BLMZ12c, Theorem 1.10] and this (slight) generalisation

73



Markov processes with random switching

could be deduced from the argument given there. Using Holder’s inequality, we can also deduce
convergence in the p" Wasserstein distance W((ip) with p > 1 provided that X satisfies a moment
condition. We give the previous theorem and its proof for sake of completeness and for a better
understanding of the more complicated case, where « is allowed to depend on its first argument. That

is

Theorem 3.1.5 (Wasserstein exponential ergodicity with an on-off type criterion). Let us suppose
that Assumptions 3.1.1, 3.1.2, and 3.1.3 hold. We set

Fo={i€ F|p(i) >0} and F; ={i € F | p(i) <0},
e Lo ) <
po =minp(i) > 0 and p; = minp(i) <0,

= maxsup 32 (e j) and o = mininf 32 ar,i.j).

If
poai + prag > 0,

then there exist a probability measure T, some constants C, \ > 0 and q € (0, 1] such that
Vt >0, Wq (0y,Ps, ) < Ce™ (1 + Z/ d(yo,x)qﬂ'(dx,i)) ,
icr ' F

for every yo = (vo, jo) € E, where the distance d, on E, is defined by
d(va) = ]-i;éj + 1i:j(1 A dq(llf,y)),

foreveryx = (x,i), y = (y,J) belonging to E.

With this result, we not only recover [BLMZ12c, Theorem 1.15], but we extend it significantly.
In our case, the underlying dynamics are not necessarily deterministic and do not need to be strictly
contracting in a Wasserstein distance. One drawback is that the constants A\ and C' are much less
explicit. This theorem is a direct consequence of the more general Theorem 3.3.2 below. These
two theorems are our main result and, contrary to the previous theorem, it seems that they cannot be
deduced directly from the approach of [BLMZ12c].
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3.1.2 Two criteria with hypoellipticity assumption

In the previous subsection, we have supposed that some of the underlying dynamics contract at
sufficiently high rate in a Wasserstein distance. This is of course not a necessary condition for geomet-
ric ergodicity in general. Using some arguments of the proof of Theorem 3.1.4 and Theorem 3.1.5,
we can deduce a different criterion which uses instead a Lyapunov-type argument to prove that X

converges. We begin by stating an assumption similar to Assumption 3.1.3:

Assumption 3.1.6 (Existence of a Lyapunov function). There exist K > 0, a function V' > 0, and for
every i € F there exists (i) € R such that

vt >0,z € E, PPV(z) < eV (2) + K. (3.5)

Note again that we have not supposed that A\(¢) > 0. One way to prove this kind of bound is to
use the classical drift condition on the generator (see (3.7) below). With this assumption we are able

to prove

Theorem 3.1.7 (Exponential ergodicity in the constant case). Suppose that assumptions 3.1.1, 3.1.2
and 3.1.6 hold, that a(x, 1, j) does not depend on x and that I has an invariant probability measure v
verifying

ST U(i)A() > 0.

i€F
If there exists ig € F and ty > 0 such that the sublevel sets {x € E | V(x) < K} are small for po)
for every K > 0 and t > tg, then there exist a probability measure 7 and two constants C; A > 0

such that
Yt >0, dpy (0P, ) < Ce (1 + V(z)),

foreveryx = (x,1) € E.

The definition of a small set is recalled in Definition 3.2.9. We give also the analogous of Theo-

rem 3.1.5:

Theorem 3.1.8 (Exponential ergodicity with an on-off type criterion). Let us suppose that Assump-
tions 3.1.1, 3.1.2, 3.1.3 hold. We set

Fo={ic F|A4) >0} and Fy, = {i € F| (i) < 0},
Ao =min A(i) >0 and A\ = min A\(7) <0,

1€Fy i€ Fy -
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= maxsup 32 a(r. i j) and o = mininf 32 afr,i.j).

If
o1 + Arag > O,

and there exists iy € F and ty > 0 such that the sublevel sets {x € E |V (x) < K} are small for p
for every K > 0 and t > tg, then there exist a probability measure 7 and two constants C, X > 0
such that

Vt >0, dry (6P, ) < Ce (1 + V(2)),

for every x = (z,i) € E.

Note that in general it is not necessary to assume that sublevel sets of V' are small for any single
one of the underlying dynamics. For example, using the results of [BH12, BLMZ12b], Section 3.4.2
gives results analogous to the two previous theorems, in the special case of piecewise deterministic
Markov processes where the only small sets for the underlying dynamics consist of single points.

The remainder of the paper is organised as follows. The proofs of our four main theorems are
split over two sections: Section 3.2 deals with the proof of Theorem 3.1.4 and Theorem 3.1.7. In Sec-
tion 3.3, we begin by giving a more general assumption in the non-constant case than our on-off cri-
terion. Then, we introduce a weak form of Harris’ Theorem that we will use to prove Theorem 3.1.5.
The proof of this theorem is then decomposed in such a way to verify each point of the weak Harris’
Theorem. Section 3.4.1 gives sufficient conditions to verify our main assumption in the special case
of diffusion processes. The section which follows deals with the special case of switching dynamical
system. We conclude with Section 3.5, where we give some very simple examples illustrating the

sharpness of our conditions.

3.2 Constant jump rates

In this section, we begin by proving that under Assumptions 3.1.3 or 3.1.6, the process X cannot
wander off to infinity, i.e. its semigroup possesses a Lyapunov function. We then prove Theorems
3.1.4 and 3.1.7 using a similar argument to [BLMZ12c] for the first one and Harris” Theorem for the

second one.

3.2.1 Construction of a Lyapunov function

We begin by recalling the definition of a Lyapunov function
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Definition 3.2.1 (Lyapunov function). A Lyapunov function for a Markov semigroup (P;);>o over a
Polish space (X, dx) is a function V : X + [0, 00| such that V' is integrable with respect to Py(z, -)
forevery x € X andt > 0 and such that there exist constants Cy,~y, Ky > 0 verifying

PV(z) = /X V(y) Pz, dy) < Cye "V (z) + Ky, (3.6)

forevery x € X andt > 0.

A well know sufficient condition for finding a Lyapunov function is the following drift condition:

LV < AV +C, (3.7)

where £ is the generator of the semigroup (P;);>o. The condition (3.7) implies a bound like (3.5) and
is clearly stronger than (3.6). In general, our switching Markov process X may not verify the drift
condition (3.7) but, in Lemmas 3.2.7 and 3.3.8, we give a sharp condition under which it verifies (3.6).
In this section, we first prove that a Wasserstein contraction as in Assumption 3.1.3 implies the exis-
tence of a Lyapunov-type function as in Assumption 3.1.6. Then, we will prove that Assumption 3.1.6

implies the existence of a Lyapunov function for X.

Lemma 3.2.2 (Wasserstein contraction implies the existence of a Lyapunov-type function). Let (P;);>0
be the semigroup of a Markov process, on a Polish space (X, dx ), such that there exists A € R* veri-
Jying

Way (6.8, 6,P) < e Mdx(z,y), (3.8)

for every z,y € X andt > 0. If there exist xo € X and t,, > 0 such that the function V,,: © —

d(x,x) verifies

sup Pt‘/:'c()(xO) < +09, (39)
te[0,ta]
then there exist C1, Cy > 0 such that
PV (2) < e (Vi (2) + C1) + Cs, (3.10)

forevery x € X andt > 0.

Proof. Firstly note that Inequality (3.8) is equivalent to
vt >0, de (ﬂPtv I/Pt) < ei/\twdx (:ua I/),

for every probability measure p and v.
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For any t > t,, and n > 0, it follows that

n—1
PtV;CO(x(ﬁ = de (5330Pt7 6330) < Z de (5$0P(k:+1)%7 5$0Pk%)
k=0
n—1 e—)\t -1
S dex(((sxoP%)Pk%aéxoPk%) S mpt/n%()(x(ﬁ'

k=0
Taking n = |t/t,,| + 1, where |t/t,, | is the integer part of ¢/t,,, we conclude that

PV (20)

BVio(z0) < (e X+ 1)C", "= sup Jere 1|

UE [tug /2,ta, ]

which is finite by (3.9). Finally, for every x € X and ¢ > 0, we have

Pt‘/xo (I‘) - de (6mPt7 53:0) S WdX (6th7 6:20Pt) + WdX (537037 5w0>
< e MV, () + (e M+ 1),

thus concluding the proof. O

We deduce that Assumption 3.1.3 implies Assumption 3.1.6 with V' =V, and A = p.

Remark 3.2.3. The point of this lemma is to also allow for negative values of \. When \ > 0, then it

is immediate that P, admits a unique invariant measure and exhibits geometric ergodicity.

Remark 3.2.4. If V,, is in the domain of the generator L of (P;):>o then we have

e M1

vt 20, BV (w0) < 57—

Pt/n‘/xo (on),

for some n > 1. Now, taking the limit n — 400, we deduce the following bound:

e M1

de((swopt’ézvo) S 1\

Finally, for every x € X, we have

.PtV(ZE) = de (5;rPt7 5xo> S de (5$Ptu 5$0-Pt) + WdX (6$0Pt) 63}0)
—At 1

<eMV(x) + c )

However, V,,, does not belong to the domain of the generator in general, as can be seen already in the

example of simple Brownian motion.
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Remark 3.2.5 (The special case A = 0). In the previous lemma, we have supposed that A # 0, and

this assumption is necessary for our conclusion to hold. Indeed, if (B;)i>o is a Brownian motion then

t—+o00

and inequality (3.10) does not hold. Indeed note that if \ = 0 in the previous lemma then we have
Pt‘/ﬂco('r) < on(ﬂi) + Ktv

for some constant K > 0 and every x € E andt > 0. In what follows, we shall say that, by the
previous lemma, Assumption 3.1.3 implies Assumption 3.1.6 with p(i) = \(i), for every i € F. But it
is false when p(i) = 0, however if p(i) = 0 then we have that

Wd(,upta VPt) < 6_5(i)twd<,ua I/)’

for every probability measure i, v and t > 0, for any p(i) < 0 as closed to zero as we want, and so

we can choose it in order to preserve the positivity of the means in our main theorems.

We now show that if Assumption 3.1.6 holds and the mean of (A(%));c is positive, then X admits

a Lyapunov function. As in [BLMZ12c], this result comes from the following lemma:

Lemma 3.2.6. Let (K,) be a continuous time Markov chain on a finite set S, and assume that it is

irreducible and positive recurrent with invariant measure vi. If a: S — R is a function verifying

" vic(n)a(n) > 0,

nes

then there exist C,c,n > 0 and p € (0, 1] such that

cefnt <E [6_ fotpa(Ks)ds] < Cefnt

)
for any initial condition Ky and everyt > (.

Proof. 1t is a consequence of Perron-Frobenius Theorem and the study of eigenvalues. See [BGM10,
Proposition 4.1] and [BGM 10, Proposition 4.2] for further details. L]

Now we are able to prove that P possesses a Lyapunov function in the case where the switching

rates do not depend on the location of the process.
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Lemma 3.2.7. Under Assumption 3.1.1, 3.1.2 and 3.1.6, if a(x, i, j) does not depend on x and I has

an invariant measure v satisfying

> A@)v(i) > 0,

el

then there exist Cy, Ky, Ay > 0 and q € (0, 1] such that
vVt > 0,Vo € E, P,V(x,i) < Cye V'V(x) + Ky.

In the previous lemma, we used a slight abuse of notation. Indeed, if f is a function defined on F,

we also denote by f the mapping (z,i) — f(x) on E.

Proof. First, Jensen’s inequality gives this weaker form of (3.5):
Pt(i)(Vq)(x) < efq/\(i)tvq(x) + K9,

for every g € (0, 1]. Now, forall t > 0 and (x,7) € E, a straightforward recurrence gives

(Iry,) (Iry, -1)

. I
PV(z,i) = E [Pt—TNt o Pt oo p};BTO(vq)(a;)}

< E |:€_ fot qA(Is)ds:| Vq(.fL') + K1 Z E l:e_q fOTn )‘(Is)dsil |

n>0

where (T})>0 is the sequence of jump times of 7, with 75 = 0, and N, the number of jumps before ¢.
By Lemma 3.2.6, there exist C' > 0,7 > 0 and ¢ € (0, 1] such that

E l:e— fot q)\(ls)ds] < Ce—nt'
Furthermore, one can show that 7, is of order n and that

T’VL
Ky =K7Y E [e_qfo )‘(Is)ds] SK?Y e < +oo,

n>0 n>0

for some € > 0. We do not detail this argument now, but we will prove it in the slightly more difficult

context of non-constant rate a in Lemma 3.3.8. This concludes the proof. 0

Remark 3.2.8 (On the assumption that /' is finite). It is natural to extend our results to the case where
F'is countably infinite. Obviously, we then have to add the assumption that [ is positive recurrent, but

this is not enough. Indeed, if for each i € F, C(i) and Cy(i) denote the constants Cy, Cy, appearing
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in Lemma 3.2.2 applied on Z\9, then we should furthermore assume that

for the argument to go through.

3.2.2 Proof of Theorem 3.1.4

This section is split into two parts. We begin by introducing our coupling construction, and
we then proceed to prove Theorem 3.1.4. In both parts, we make the standing assumption that the

hypotheses of Theorem 3.1.4 hold. In particular, [ is an ergodic Markov chain.

3.2.2.1 Our coupling

Let x = (z,7) and y = (y, j) be two points of E, we will build a coupling (X, Y), starting from
(x,y), such that each component is an instance of the Markov process generated by L, and d (X, Y)
is small.

Remark that it is well-known that if I and .J are two independent processes with transition rate a then
there exist C,, 6. > 0 such that

Vt >0, P(T, > t) < Ce %, (3.11)

for any initial conditions Iy, Jy, where T, = inf{t > 0| I; = J;} is their first meeting time. From
now on, we fix the starting points of our coupling x = (z,i), y = (y,j) and the time ¢ > 0. The
processes (X¢)i>0 = (X¢, It)i>0 and (Yy)i>0 = (Y3, Ji)i>0 are then coupled as follow:
— if i # j then we consider that X and Y evolve independently of each other until the first meeting
time 7.
— forall s > T,, we set [ = J; and we couple X and Y in such a way that

VEk >0, E [d(XSk,YSk) | 353#1} < e_p(ISk71)(Sk_Sk_l)d(XSk,17YSk,1)7

where (7})r>o is the sequence of jumps times of I, Sy = T At and (F)s>0 is the natural
filtration associated to (X,Y).
Note that if © = j then 7. = 0. Note also that we can build our coupling since the Assumption 3.1.3

is satisfied and that there exists an optimal map in the definition of the Wasserstein distance.
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3.2.2.2 Estimation of the distance

Proof of Theorem 3.1.4. 1f © = j, then by Jensen’s inequality and iteration, we have similarly to

before
d(z,y)?,

where ¢ € (0, 1]. By Lemma 3.2.6, there exist C,77 > 0 and ¢ € (0, 1] such that

E[d(X,, Y] < E o7 20

E[d(X:,Y,)"] < Ce "d(z, y)".

Now, for general 7 and j, we have

E[d(X;, Y] <E

Ve (L4 V(X)) V)

+E [\/chgt/z d( X, Yp)1(1 4+ Va(Xy) + Vq(Yt»} ’

where V(z) = d(x,x0). Now, Cauchy-Schwarz inequality, Equation (3.11), Lemma 3.2.2 and

Lemma 3.2.7 give

E|/Irsya(1+ VI0X) + VIV)| < B(T. 2 4/ E[14+VI(X) + VI(¥)]

< Coe ™M (14 Cye VH(VI(x) + V(y)) + 2KV>1/2 '

In the other hand, one has the bound

E [\/].Tc<t/2d(Xt> Y)a(1+Va(Xy) + Vq(}/;))]

1/2
< E [1g<opd(X,, Y] TR 1+ V(X + VY2 (3.12)

As a consequence of Lemmas 3.2.2 and 3.2.7, we also have the bound

1/2

1/2 _
E [Lr.<0d(Xe, Y,))| " < Ce PR [d(Xg,, Yr,)Lr,<1y2)]
1/2

< Ce ™R, [(V(XTC)Q + V(YTc)q) ]-Tcgt/Q}
< O [Cy V(o) + Oy V¥ (un) + 2K
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Assembling these inequalities and using again Lemma 3.2.7 to bound the second factor in (3.12), we
find the existence of C' > 0 and A > 0 verifying

Eld(X;,Y,)] < Ce™(1+ V(2) + V(y)),

forevery ¢t > 0 and z,y € I such that Xy = x and Y; = y. From the previous inequality, we deduce
that

Wq (uPy, vP;) < Ce™ <1 + Z/ v(dz,i) + V(z)p (dx,i))), (3.13)

i€F
for every probability measure p and . Now, mimicking the proof of [HM11, Corollary 4.10], we
can prove the existence of an invariant measure. More precisely, let us fix a probability measure
1, using the previous inequality, we can prove that (uP),),,>0 is a measure-valued Cauchy sequence

(with respect to the Wy distance). We deduce that it converges to a measure p verifying

HoP1=p

Finally we can see that m = fol p.P.du is invariant. The inequality of Theorem 3.1.4 comes from

equation (3.13). Indeed, with the notation of the statement of Theorem 3.1.4, this equation gives

Waq (g, P, ) < Ce™@ (1 —I—Z/ x, xo)m(dz, i +/ (20, Yo )

i€EF

Integrating with respect to 7 (dz) and changing the constants end the proof.

3.2.3 Proof of Theorem 3.1.7

We divide again the proof in two parts. First, we recall some tools on Harris” Theorem. Second,
we give the proof of Theorem 3.1.7.

3.2.3.1 Classical Harris’ Theorem

Here, we recall a version of Harris’ Theorem (also called Foster, Lyapunov, Meyn-Tweedie, Doe-
blin) that is suitable for our needs. This theorem yields exponential convergence to stationarity for a
process which does not “escape to infinity”” and verifies furthermore a Doeblin-type condition. More

precisely, we use the following notion of a small set:
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Definition 3.2.9. A set A C X is small for the semigroup (P,);>o over a Polish space (X,dx), if

there exists a time t > 0 and a constant € > (0 such that
drv (6.0, 0,P) <1 —¢
for every x,y € A.
The classical Harris theorem [HM11, MT93] then states that

Theorem 3.2.10 (Harris). Let (P;);>0 be a Markov semigroup over a Polish space (X, dx) such
that there exists a Lyapunov function V' with the additional property that the sublevel sets {x €
X | V(z) < C} are small for every C' > 0. Then (P;)1>0 has a unique invariant measure T and

dTv(éth, 7T) S Ce_v*t(l + V(Z’))
for some positive constants C and ..

Note that one does not really need that all sublevel sets are small and one can have a slightly

stronger conclusion by using a total variation distance weighted by V' [HM11, Theorem 1.3].

Proof of Theorem 3.1.7. By Lemma 3.2.7, P admits ' as Lyapunov function so, by Harris’ Theorem,
it only remains to show that {V' < C'} is small for P, for every C' > 0. Since V is a Lyapunov
function, there exists tg) > 0 and K > Ky (with Ky as in Lemma 3.2.7) such that

vi>t E[V(X)] <K,

uniformly over all z € E such that V' (x) < C. Therefore, if X is a process generated by L, it follows
from Markov’s inequality that
1
uniformly over ¢ > til).
Let now iy € F be as in the statement. Since A = {V < 2K} is small for P(®), we obtain some

to > 0and e > 0, such that for all 2,y € A there exists a coupling (Z;°", Z{*¥) verifying
P (Z,fo’:” = Zg'o’y) >e, t>tp, (3.14)

and ZZOJ’ Ztio,y have respective law 5;1@Pt(i0), 5yPt(iO).
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By the irreducibility of the process I, one can find ¢, > #" and § > 0 such that P(I; = ip,Vs €
[te, s + to]) > d, uniformly over the starting distributions. Let now (X;, Y;) be the following cou-
pling:

— the Markov chains [ and J are independent over ¢ € [0, t, + to];

— the processes X and Y are independent over ¢ € [0, 2,];

conditionally on the set
B = {V(Xt*) § QK, V(K*) S QK, [s = Js = ’io,Vs € [t*,t* +t0]},

the processes X and Y are coupled in such a way to verify (3.14), over t € [t,, t. + to];

conditionally on B¢, they are coupled independently from each other.

The Markov property gives

N S

P(V(X:,) < 2K, 1 =g, Vs € [ts, Ly + to]) >

and so P(B) > §%/4. Combining this inequality with (3.14), we conclude that P(X;, 11, = Y4, 14,) >
§2¢ /4, uniformly over all initial conditions x and y with V(z) < C'and V (y) < C, as required. [

3.3 Non-constant jump rates

In all of this section, we now assume that a depends non-trivially on its first component, so that
I by itself is not a Markov process anymore. We want to use again Lemma 3.2.6 to show that X
converges, but this time we cannot use it directly on /. The idea is to consider an auxiliary process
which does not depend to X and which will bound (p(1;));>0 or (A(1;))i>0. More precisely, we will

assume

Assumption 3.3.1 (Birth-death type criterion in the non constant case). There exist n € N and a
partition (F,,)o<n<n of F' such that

V¥n < ii,¥i € Fo, Vj ¢ Fuy UF, U Fypy, Va € B, al,i,j) =0,
where we set F_1 = Fy .1 = (. Let (L;);>0 be the continuous time Markov chain with generator

Gf(n) =0b(n)(f(n+1) = f(n)) +dn) (f(n—1) = f(n)), (3.15)
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for every n < n, where
b(n) = inf inf Z a(x,i,j) >0,

Ei€F,
zeFiely, j€Fni1

and

d(n) =supsup »_ a(z,i,j) >0,

xel i€ Fy, GEFn_1

ifn ¢ {0,n}, d(0) = 0 and b(n) = 0. This process is irreducible, non-explosive and positive

recurrent with invariant measure v.

If this assumption holds then, for every ¢ € I, we denote by n; the only n < n verifying ¢ € F,,.

Let us recall that v is defined, for every n < n, by
—~ 2 and v(0)=(14+2)",

where

Now we can state two slight generalisations of Theorem 3.1.5 and 3.1.8. The first one is

Theorem 3.3.2 (Wasserstein exponential ergodicity). Let us suppose that Assumptions 3.1.1, 3.1.2,
3.1.3 and 3.3.1 hold. If

ano v(n)a(n) > 0,

where (a(n))n>0 is an increasing sequence verifying a(n) < inf;cp, p(i), then there exist a probabil-

ity measure 7 and some constants C, \,to > 0 and q € (0, 1] such that

Vt > to, Wq (64, Py, ) < Ce? (1 + Z/ (Yo, x)?7 (dx z))

1EF

for every yo = (o, jo) € E, where the distance d, on E, is defined in (3.4).

If Assumption 3.3.1 holds with n = 0 then all contraction parameters are positive and we recover
[BLMZ12c, Theorem 1.15]. If it holds with n = 1, then we have the on-off criterion which was given

in introduction. We can also state the analogous result in the setting of Theorem 3.1.8:

Theorem 3.3.3 (Exponential ergodicity). Let us suppose that Assumptions 3.1.1, 3.1.2, 3.1. 3 and
3.3.1 hold and there exists ig € F and ty > 0 such that the sublevel sets of V' are small for Pt , for
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everyt > to. If

z: v(n)a(n) > 0,

where (a(n)),>o is an increasing sequence verifying a(n) < inf;cp A(i), then there exist a proba-

bility measure 1 and two constants C; A > 0 such that
Yt >0, dpy (0P, ™) < Ce (14 V(z))
foreveryx = (z,i) € E.

We do not give the proofs of Theorem 3.1.8 and Theorem 3.3.3, as their proofs are very simi-
lar to the proof of Theorem 3.1.7, combined with the argument of Lemma 3.3.8 below. To prove
Theorem 3.3.2 however, we cannot use classical Harris” Theorem. Its proof follows the same idea
as the proof of Theorem 3.1.4, but there is no direct equivalent to the meeting time. Instead, we
use a weak version of Harris’ Theorem which yields geometric ergodicity under the existence of a
Lyapunov function and a modified “small set” condition. This theorem was previously applied to
the stochastic Navier-Stokes equation [HMO08], stochastic delay differential equations [HMS11], and
linear response theory [HM10]. It is an extension of the classic Harris’ Theorem which allows to deal

with some degenerate examples like the one given in (3.1).

3.3.1 Weak form of Harris’ Theorem

As already mentioned earlier, there are situations in which we cannot expect convergence in total
variation. The problem here is that bounded sets may not be small sets. We will therefore replace the
notion of small set by the following notion of “closedness” between transition probabilities introduced

in [HMS11], which takes into account the topology of the underlying space X.

Definition 3.3.4 (d-small set). Let P be a Markov operator over a Polish space X endowed with a
distance dx: X x X +— [0,1]. A set A C X is said to be dx-small if there exists a constant £ such
that

Wi, (0, P,0,P) <1—¢,

forevery x,y € A.

This notion is a generalisation of the notion of small set, since small sets are d-small for the trivial
distance. This definition can also be extended to situations when d is not a distance [HMS11]. As

remarked in that paper, having a Lyapunov function V' with d-small sublevel sets cannot be sufficient
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to imply the ergodicity of a Markov semigroup. To obtain some convergence result, we further impose

that d is contracting for our semigroup:

Definition 3.3.5 (d-contracting operator). Let P be a Markov operator over a Polish space X en-
dowed with a distance dx: X x X + [0, 1]. The distance dx is said to be contracting for P if there
exists a < 1 such that the bound

Way (6P, 0,P) < adx(z,y)

holds for every z,y € X verifying d(z,y) < 1.

Note that this condition alone is not sufficient to guarantee the convergence of transition prob-
abilities toward a unique invariant measure since we only impose a contraction when d(z,y) < 1.
In typical situations, “most” pairs (z,y) may satisfy d(z,y) = 1, as would be the case for the total
variation distance. However, when combined with the existence of a Lyapunov function V' that has

d-small sublevel sets, it gives geometrical ergodicity [HMS11, Theorem 4.7]:

Theorem 3.3.6 (Weak form of Harris’ Theorem). Let (P;);>0 be a Markov semigroup over a Polish
space X admitting a continuous Lyapunov function V. Assume furthermore that there exist t* > t, >
0 and a distance dx: X x X + [0, 1] which is contracting for P, and such that the sublevel set
{r € X | V(z) <AKy} is dx-small for P, for every t € [t.,t*|. Here Ky is as in definition 3.2.1.

Then, (P;)i>0 has an invariant probability measure 7. Furthermore, defining

Ox(2,y) = \Jdx (2, 1) (1 + V(2) + V(1)),
there exist v > 0 and to > 0 such that
Vt > to, Wsy (uPr, vB) < e Wiy (11, v),

for all of probability measures |1, v on X.

Remark 3.3.7 (On the contracting distances). The main difficulty when applying the previous theorem
is to find a contracting distance. The construction of this distance represents the main part of our
paper. In [HM10], there is a general way to build a contracting distance of a Markov operator P

over a Banach space (B, || -

), based on a gradient estimate for P and the existence of a super-
Lyapunov function. This technique was efficient in [HM 10, HMO0S].
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3.3.2 Construction of a Lyapunov function

As in the constant case, we first show that if each underlying Markov process verifies a weaker

form of the drift condition (3.7) then X possesses a Lyapunov function:

Lemma 3.3.8 (Construction of a Lyapunov function). Let us suppose that Assumptions 3.1.1, 3.1.2,
3.1.6 and 3.3.1 hold, if

> v(n)a(n) > 0,

n>0

where (a(n)),>o is an increasing sequence verifying a(n) < inf,cg, \(7), then there exist Cy, Ky, A\y >
0 and q € (0,1) such that

vt > 0,¥(z,i) € E, P,Vi(z,i) < Cye V'Vi(z) + Ky.
Proof. Recall again that Jensen’s inequality gives this weaker form of (3.5):
Pt(i)(vq)(x) < e—qa(i)tvq(x) + K¢,

for every x € E and ¢ € (0, 1]. Now, we will describe a construction of X which will permit to have
a better control of the jump mechanism. Let » > 2a and (/V;);>¢ be a Poisson process of intensity r;

namely
Nt == Z 1{Tn§t}7

n>0
where 7,, = Y.}_; Fy and (Ej)r>o is a family of i.i.d. exponentially distributed random variables
with mean 1/r. We set 75 = 0. At this stage, we do not fix the value of r, but we allow ourselves
the freedom to tune it at the end of the proof. We will couple X = (X, I') with a process L that has
generator (3.15). Let us fix n € N, on [7,, 7,,11], the process (X, L) is built as follow:

— conditionally on X, (Ls)s>0, (7k) k>0, the process (X )¢ moves as

TnyTn+l]

(Zt(i”n) )tc[rn ) Starting from X ; more precisely,

E (X)) Lierm | Ga] = PE2) (X)),

where f is a continuous and bounded function and G,, = 0{X,, (Ls)s>0, (Tx)x>0}; recall that
forevery i € I/, (Zt(i))tzo is a Markov process generated by £(®;

— on [T, Thy1), the discrete processes I and L remain constant;

— at time 7,41, we consider a Bernoulli random variable B with parameter 1/2 independent of

the previous variables and we have two situations:
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— ifn;_ # L,, then
— if B = 0 then / does not jump but L can jump,
— if B =1 then L does not jump but / can jump;
— if ny, = L, then
— if B = 0 then neither I nor L can jump,

— if B = 1 then we have the following possibilities:

-~ L., =L +1land I, € meﬂ,
~ Ly, =Ly and I, €F, UF, .,
~ Ly, =L, —landI,  €F, UF, _.

Here, the respective probabilities of those jumps that are admissible are chosen in such a way that X
and L takes separately are indeed Markov processes with respective generators L and G. Note that

we used again the notation F_; = Fj; = (.

In words, if L # ny, L and X move independently from each other until the time where n; and L
agree. After that time, it is guaranteed that one always has n; > L. We have not detailed precisely
where [ jumps exactly to be concise. But, if we ignore N, the couple (X, L) is just the Markov

process generated by

Sf(w,i,0) = £9f(2,1,1)
1 ‘ 1 . .
+r <2.Af(x,z,l) + §Bf<$,l,l) - f(.T,Z,l))

if [ # n;, where
Aol @i = = Y aleisf) (. 0) + (1 -2 ale, m')) (il

jer jEF

and

B, f(z,i, 1) = ib(l)f(x,i,u 1)+ zd(l)f(x,z’, -1+ (1- ib(l) - id(z)) Fil).
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Otherwise,

Sf(x,i,n;) = L9 f(x,i,n,)
1 ) 1 . .
+r <2f(x727ni) + §erf(xalani> - f(xal7ni)> )

where

S (in) == 5 aleis) (o = 1)

jan~—1

+2(d<ni>— 5 a<x,i,j>)f<m,iam—1>

r jE€Fn, -

+ > a(z,i, ) (f(z,j,m) — f(z,i,n))

]an,L

2 b(n;) S alz,i, ) f (@, g, mi + 1)

T keFn g T4 K) g

2Zk€Fni+1 a(x,i, k) — b(n;)

Z (I(l",i,j)f($,j, nz)

r ZkaniH a(x, 2 k) JEFn; 11
2

+={1=dm)— > alzi )| flz,i,n).
r jan,L-UFni+1

This construction ensures that

Now, forallt > 0 and x € E, we have

PVi(a) = E [P VI, )| < BlemCmdviex, )+ K

< E —6 (LTNt)(t—TNt)Vq<XTNt)} + K4

TN, —TN;—1

<...<E [e— [ qa(Ly)ds

_Ele —a(LTN )(t— TNt)P( TNt ) Vq(XTNt—l):| + K1

V() + K E [e—qfof" aﬁﬂds} . (3.16)

n>0

Now, using Lemma 3.2.6, there exist C, 7 > 0 and ¢ € (0, 1] such that

E [@ I qa<Ls>dS} < Ce ™, (3.17)
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Hence, it only remains to prove that

Z E |:€—qf0T7L Oz(Ls)dS:| < +OO

n>0

We cannot deduce this directly from equation (3.17) but, heuristically, if » and n are large enough

then the law of large number gives that 7,, ~ n/r and thus
E {6_ J5 qa(LS)ds} ~E {6_ fon/r qOC(Ls)dS:| < Ce*nn/ra

and the previous sum is finite. Now, we estimate the left hand side of the previous equation following

that 7,, is lower than n/r, close to n/r or higher than n/r. Note that we have not
o ST ao(Ls)ds <1,
because o can be negative. Let ¢ > 0 and denote by p the worst case of decay:
o= —min{ qu(k) | k € F}. (3.18)
If 7, is close to n/r then we have from (3.17) the bound

Ele™ fO qa(LS)ds1{Tn€[m‘—1(176),nr—1(1+€)]}

_ 7”‘—1(176) - s
< TR {e J I el 11— a1}

nr_l(lfe)

< /TR {6 ; qa(Ls)ds] < O n—el2e ),

Thereafter, we therefore fix € < n(20 + n)~*. Now, if 7, is lower than n/r then, using Markov’s

inequality, we have

Ele Jo qo‘(LS)dsl{Tn<nr1(1_E)}} < e (1-9p (Tn <nr (1 - e))

< ngril(liﬁ)eenril(lfﬁ)E [6707"}

< exp (—n <1n (1 + i) —(1—-er o+ 9))) :

for every 6 > 0. And finally, if 7, is higher than n/r then, using the Cauchy-Schwarz and Markov
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inequalities, we have

}1/2

1/2
E|e=Jo" aoLs )d81{7n>nr 1(146)} P (Tn >nr (14 6)) /

<Ele*
E { }1/2 (efe’nrfl(He)E [eeanD1/2

< exp (J; <ln(1—i)+ln (1—5) +9(1:6)>>

where 6’ > 0. Note that in the previous inequality, we have supposed that r > 2p. Let vy € (0,1), we

IN

set # = ' = yr. We can find a large r and a small 7 verifying
n(l+9) = (1—ey—(1-erto>0,

and

2
ln<1—f>+ln(1—7)—|—7(1+e)>0.

and thus there exist C’ > 0 and € > 0 such that

ZE{ Is)d8:| <ZC/ —en —|—OO,

n>1 n>1

thus concluding the proof by combining this with (3.16) and (3.17). [

Remark 3.3.9. If all Markov processes contract, then the proof simplifies considerably. Indeed, if for
alli € F, one has a(i) > ¢ > 0, then one has

— [T qa(Ls)ds e r n_r
ZE[e Jo (L)d]SZE[ec]Sg(erC) _E<oo.

n>1 n>1

3.3.3 The contracting distance

This section is divided in three parts. We introduce the distance d that we will use in Theo-
rem 3.3.6, we build our coupling in such a way that d will be contracting for it, and we finally prove

that it is indeed contracting.
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3.3.3.1 Definition of d

Here, we build a distance d: (E x F)) x (Ex F) — [0, 1] such that there exist £, > 0 and a € (0, 1)
verifying

dx,y) <1 = Vt>t., WiP,oP) < ad(x,y). (3.19)

where x = (x,7) and y = (y,j) belong to E' x F. Since we can say nothing when i # j, we will

take d(x,y) constant equal to 1 in this case. When i = j we want to use Assumption 3.1.3 to prove a
decay. But it is more useful to “decrease the contraction” of the underlying Markov semigroup. More

precisely, by Jensen inequality, Assumption 3.1.3 gives
W ga (,uPt(i), I/Pt(i)) < e POW 4 (1, 1),
forallt > 0, g € (0,1] and every probability measures i, v. Finally, we define d by
d(x,y) = Ligj + Liey (67" d%(2, ) A1),

where 0 > 0 will be determined later. Now, if a coupling (X;, Y¢)i>0 = (X4, It), (Y:, Ji) )e>o starting

from (x,y), verifies d(x,y) < 1, then Iy = Jy = i = j. So, we will try to build our coupling in such

a way that / and J remain equal for as long as possible. More precisely, if we set
T =inf{s > 0| I, # Js}, (3.20)
then we will prove that there exists A > 0 and a choice of coupling such that

P(T < o0) < Kd(z,y).

3.3.3.2 Construction of our coupling

Here, we fix x = (z,i), y = (y,j) in E and we let ¢ > 0. Let » > 0 and (/NV;);>o be a Poisson
process of intensity r with N; = >, 501, <¢y and 7,, = >33, E, for a family (Ej)p> of ii.d.
exponential variables as before and 7y = 0. We assume that > 2a, i.e. that is 7 is bigger than the
jump rates of / or J. As in the proof of Lemma 3.3.8 and Theorem 3.1.4, we give the construction of

our coupling (X, Y) at the jump times of N. Letn € {0, .., N;}, we consider the following dynamics:

- If I, # J,, then X and Y; evolve independently for every s € [7,,, Tni1 A L).
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— If I, = J., then by Assumption 3.1.3, we can couple X and Y in such a way that

E [d(XTn+1/\t’ Y7'n+1/\t) | 97—n:| < e—P(Im)(Tn+1/\t—Tn)d(XTn’ Ym);

where §,, = o {(X,,,, Y.), (Tk)k>0}-

At the jump times of NV the situation is different since / or JJ may jump. We will optimise the chance

that / and J jump simultaneously. For each n € N*, we cut [0, 1] in four parts [, I7, I}, I} in such a

way that
n 1 . ‘
AIg) ==Y (a(Xr, - I, 5) — a(Ye, - I, 0)) 4
" jer
n 1 . .
)\([1> = - Z (a(}/;—n*7 [TTL7~]) - a(XTn*7 [Tn7.7)>+ Y
" jer
1 ) )
M) ==Y a(Xn I, 5) Aa(Ye, -, I, ),
" jer
n 1 . .
)\(‘[3) - ]‘ - Z a(XTn_"[T'rH]) \/ Z a(YTn_"[Tn7.])7
JEF JEF

where ) is the Lebesgue measure and (), = max(z,0). Let (U, ),>0 be a sequence of i.i.d. random

variables uniformly distributed on [0, 1], we couple I and J at the jump times as follows:

— For U,, € I}, I jumps, but J does not jump.

For U,, € I}, J jumps, but I does not jump.
For U,, € I}, I and J both jump simultaneously to the same location.
For U,, € I}, I and J both stay in place.

The second components, X and Y, do not jump. Finally, we also couple X and Y with a continuous

Markov chain L which only depend to U and N and which verifies

This Markov chain L is constructed as in the proof of Lemma 3.3.8.

Remark 3.3.10. This coupling is not quite Markovian since, between times T, and T,1, it already
uses information about the pair (X;,Y;) at time 7,.1. However, in many situations to which our
results apply there exists a Markovian coupling with generator LY which minimises the Wasserstein

distance for each of the underlying processes. In this case, we can make our coupling Markovian with
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generator

Lf(X7Y7n) :L( X Y, 1 +Z CL’,%,]{? (y7j7k))+ f((x7k>’Y7n+1>

+ > (aly, 4. k) —alz,i,k)), f(x, (y,k),n+1)
+ Y alw,i, k) Aaly, . k) f((z, k), (y, k),n+ 1)
+ (7“ = alz,i,k) Valy,J, k))f(x,y,rH— 1) —rf(x,y,n).

keF

3.3.3.3 The distance d is contracting for P

In this subsection, we show that the distance d defined above is indeed contracting for the coupling
constructed in the previous subsection. This is formulated in the following result.

Lemma 3.3.11. Let (X;,Y;):>0 be the coupling of the previous section. Under the assumptions of

Theorem 3.3.2, we can choose r and § in such a way that
Wt >t B [d(X,, Y| < dx,y),

for some v € (0,1) and t, > 0, and all x,y € E X F verifying J(X, y) < L

Proof. Recall that since J(X, y) < 1 one has Iy = Jy and that T, defined in (3.20), denotes the first
time of separation of I and J. Using Lemma 3.2.6, there exist ¢ € (0, 1] and C,n > 0 such that

~ 1
E {d(Xt; Yt)} <E [1{Too}5dq(Xta Y;f) + ]-{T<+o<>}
< (131@ [ - Jy gaL. ds] E[d?(z, y)] + P (T < +00).

< Ce™d(x,y) + P(T < +00).
Here, we have used the fact that

E [Lir—oyd*(X,, )] < E [Lipspyje P Canx, v, )]

™, LT,
L- TN
= E I:]-{TZTNt}e 9o Nt S )E |:dq(XTNt7}/;'Nt> | 9””
I —f: qo(Ls)ds
<E 1{T27Nt_1}6 Ne—1 dq(XTNt717 YT'Ntfl)

<El[e s qawﬂ E[d"(z, y)]
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It remains to obtain a bound on P (7" < +00). Since [ and J can only jump when N jumps, 7" can be

finite only if it is one of the jump times of N. So, we set
A, ={T=m1}={T>r, and I, # J. }.
By Assumption 3.1.1, we have

P(A,) =P({U, € [JUI UI$}N{T > 7,})

< ]:E 21{T27n} Z]EF |a(XTn_7 ITn_7j) - a(}/Tn_7 ITn_7j)|
B T
<F 21{T27'n} ZjEF |a(XTn*7 [Tn*uj) - a(YTn*7 L-n,,j)l !
- T
94 4a 244 ™
< "; E[d(X’Tn—vyTn—)q] < /; E [eq 0 a(Ls)dS:| d(ﬁ,y)q-
r T

Hence

A ™
P(T < o0) = P (4,) € —d(a,y)t Y B |etd" o],
n>1 rd et
Now, similarly to the proof of Lemma 3.3.8, if r is large enough then there exist ¢’ > 0 and ¢ > 0
verifying

Z E {e_qfom a(LS)dS] < Z C'e " =: (' < +00.

n>1 n>1

Combining these bounds, we obtain the estimate

E [d(X:, Y)] < (ce—nt + (2%1"05> d(x,y).

r

First making 0 sufficiently small and then taking ¢ large enough, we thus obtain the announced result.
O

3.3.4 Bounded sets are d-small

Here, we prove that if a set is bounded then it is d-small.

Lemma 3.3.12. Under the assumptions of Theorem 3.3.2, if S C E X F is of bounded diameter in
the sense that
R =sup{d(z,y) [ x,y € S} < +o0,

then there exist t,, t* > 0 such that S is J—smallfor P, forallt € [t,,t*].
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Proof. Let x = (z,i) and y = (y,j) be two different points of S. By the assumptions of Theo-
rem 3.3.2, there exists ig € F' such that p(ig) > 0. Let (X;):>0 and (Y¢):>0 be two independent

processes generated by (3.2) and starting respectively from x and y. Let us denote
Tm=inf{t > 0| [; = J; =i} and 7oy = inf {t > 7, | [; # ig or J; # io} .
For every b, ¢ > 0 such that b > ¢, we define

pc,b(xa y) = ]P)(Tin < C, Tout > b) .

By Assumptions 3.1.1 and 3.1.2, we have p.;(x,y) > 0. Using the fact that a is bounded, a coupling
argument shows that p.; is lower bounded by a positive quantity which only depends on 7 and j. We
then obtain the bound

E [J(Xt; Yt)} <E |:1{Tm<677'0u[>b}dv(X.t7 Yt)] +1— qu(x, y)
<1l- Pc,b(X, y) (1 — 5*1eéce*p(io)td(x’ y))
<1l- Pc,b(X, y) (1 — (5—13906—/)(1'0)753) ’

where ¢ was defined in (3.18). There exist ¢ > 0 and t, > ¢ such that 1 — § le2e—rl0)=R > (.
Since F'is finite, we can furthermore bound p.; from below by the minimum over all ¢, j € F', and
the result follows for any b > ¢, and t* € (¢.,b). N

Remark 3.3.13. One can see from this proof that it is not necessary that the jump rates are lower
bounded, as in Assumption 3.1.2. Indeed, we need that, for each 1,7 € F, the jump times of I are

stochastically smaller than a variable which does not depend of the dynamics of X.

3.3.5 Proofs of Theorem 3.1.5 and Theorem 3.3.2

Lemma 3.2.2 and Lemma 3.3.8 give the existence of a Lyapunov function V' = V,,, for some
2o € E, Lemma 3.3.11 shows that d is contracting for P, and Lemma 3.3.12 proves that sublevel sets
of V are d-small. So we can use Theorem 3.3.6 to deduce that there exist a probability measure 7

and some constants C, \, ¢y > 0 such that

Vt > tg, Wy (uPy, ) < Ce MW (pu, ),
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for every probability measure ;o on E. In this expression, d is defined by

d(x,y) = /(Ligj + Lisy (1 A d2(,9))) (1 + d2(z, o) + d*(y, 20)),

where x = (z,1), y = (y,j) belong to E, x, is as in Assumption 3.1.3 and ¢ € (0, 1]. Noting that
d< d we find

Vt > tg, Wa (65, P, m) < Ce ™ (1 + Z/ d(yo,:c)qﬂ'(dx,z')> :
B

1eF

and as
Vit < ty, Wq (5yOPt,7r) <1,

This ends the proof.

3.4 'Two special cases

Here, we give some sufficient conditions allowing to verify our main assumptions in situations
where the underlying processes are deterministic or diffusive. Note that we can find sufficient con-
ditions in [Clo12] for stochastically monotone processes, in [? ] for birth-death processes and in

[Ebel1] for diffusion processes.

3.4.1 The case of diffusion processes
Let us recall that a diffusion process on R?, d € N*, is a process generated by

vz € RY, Lf(z)= Zbi(x)aif(iﬂ) + Z (o(x)o(x)")i 0, f (), (3.21)

i=1 ij=1

where f is a smooth enough function and b, o are regular enough, say
Yo,y €RY, flo(z) — o)l + [lb(z) — by)|| < K|z —y]. (3.22)

for some K > 0. In the previous expression, ||-|| denotes both the Euclidean norm and the subordinate

norm.

Lemma 3.4.1. Let (P,)i>o be the Markov semigroup generated by (3.21). If (3.22) holds and

Vl’,y € Rd’ <b(flf) - b(?J),ZL‘ - y> < —OéHZL‘ - y||27
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for some o € R, then
vVt >0, W”.”(/LPt, l/Pt) < e_o‘tW”.H(,u, l/),

for any probability measures . and v.

Proof. Let p > 1. Considering the same Brownian motion for two different solutions (X;):>o and

(Y:)>0 of the SDE starting with different initial measures, we can show that if

p—1
2

(0(2) —a(y)(o(z) —a(y)' + (b(z) = b(y),z —y) < —allz -y (3.23)
then
Vit >0, B[[|X; = Yi|P] < e P E[|| X, — Yol”] . (3.24)

Now, if u € R? verifies ||u|| = 1 then by (3.22) we have

u(o(z) —o(y)(o(x) — o) 'u < Ju(o(x) — oW)ll(o(x) - o(y)) ull
< llo(z) — o)l
< K?||lz —y*.

Hence, under our assumptions, the inequality (3.23) is satisfied with

p—1_,
no—o— P T R2?
P 2

Taking the limit p — 1 in (3.24) and the infimum over the starting distribution ends the proof. 0

Assumptions of Theorem 3.1.7 or Theorem 3.1.8 are satisfied if one of the underlying diffusions
verifies Hormander’s hypoellipticity assumption. See for instance [Hail 1] for an introduction on this

subject.

Remark 3.4.2 (Exponential convergence for an infinite dimensional process). The previous result
gives also the convergence for switching Fokker-Planck processes. Indeed, we can consider that
each underlying Markov process (Zt(i)>t20 is deterministic, belongs to the space of smooth density

functions, and verifies

029@) = > 02N @) + 3 Ol Z?))

k=1 k=1

for all x € R%, and t > 0. The previous lemma gives a contraction as in Assumption 3.1.3, for each

underlying process, where d is the Wasserstein metric.

100



Markov processes with random switching

3.4.2 Case of piecewise deterministic Markov processes

Let us assume that each one of the underlying Markov processes is actually deterministic. More
precisely, we consider that £ is an open of R%, d € N* and L@ f = GO . Vf, for every i € F,
where (G®);cr is a family of vector fields such that the ordinary differential equations ' = G (z)
have a unique and global solution for any initial condition, for every ¢ € F. Lemma 3.4.1 gives
the assumption in order to apply Theorem 3.1.4 and Theorem 3.1.5. In general, we can not apply
Theorem 3.1.7 or Theorem 3.3.3 but [BH12, BLMZ12b] give a sufficient condition ensuring that X

generates densities:

Assumption 3.4.3 (Hormander-type bracket conditions). Let Go = {GW) — GV), i # j} and for all
k>0,
Ser1={[GY,G] i€ F, G e G},

where [, ] designs the Lie bracket. We have G(z) = {G(z) | G € Gx} = RY, for every x € E.
In this case our main theorem gives

Theorem 3.4.4. Let us suppose that Assumptions 3.1.1, 3.1.2 and 3.4.3 hold. If one of the two fol-

lowing assumptions is satisfied:

— a(x,1,j) does not depend to x and I is ergodic with an invariant measure v satisfying

— Assumption 3.3.1 holds and
> v(i)a(i) >0,

i€l
for some increasing sequence « satisfying a(n) < min;ep, A(4), for all n < n.

then there exist a probability measure 7 and three constants C, \,ty > 0 such that
Vt > to, doy (0P, ) < Ce (1 + V(z)),

foreveryx = (z,i) € E.

Proof. Using [BLMZ12b, Theorem 6.6], we see that compact sets are small for X. Using Lemma 3.2.7

in the first case and Lemma 3.3.8 in the second case, we see that we can apply Theorem 3.2.10. [
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3.5 Examples

Here, we give three simple examples to illustrate our results.

3.5.1 The most elementary example

Let us consider the example where X belongs to R and verifies
\V/t 2 0, ﬁtXt - ItXt,

where (I;):> is the continuous time Markov chain, on {—1, 1}, which jumps from 1 to —1 with rate
a; > 0 and from —1 to 1 with rate a_; > 0. If a; > a_; then Theorems 3.1.4 and 3.1.5 give the

exponential ergodicity of X in the Wasserstein distance. Here, the invariant law is

1
0p @ ——(a10_ 10
O®a,1+a1<a1 1+ a_161),

and there is clearly no convergence in total variation. Thus, classical Harris’ Theorem does not work

here. Furthermore, the classical law of large number gives

{ Oa.s.,ifa; > a_i,

+ooas. ,ifa; < a_;.

In particular, there is no convergence when a; < a_;.

Remark 3.5.1. In our main theorems, we use a Wasserstein distance associated to a distance com-
parable to d? rather than d. We choose this distance because, in general, moments of X can explode
even though X converges in law. For instance, in the above example, one has lim; ,,,EX; = oo as

soon as a; < 1. See also [BGM10] for comments on the optimal choice of the parameter q.

3.5.2 Wasserstein contraction of some switching dynamical systems

Let us consider a slight generalisation of the previous example; that is X belongs to R and verifies

vt >0, 0,X, = —a(l,) X, (3.25)

where (1;);>¢ is a recurrent continuous time Markov chain on a finite state space F" and @ a function
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from F' to R. Theorem 3.1.4 gives the exponential-Wasserstein ergodicity under the condition that

> a(i)v(i) >0, (3.26)

1€l

where v is a invariant measure of /. This simple example satisfies a bound like in Assumption 3.1.3.
Indeed we have

Lemma 3.5.2. If (3.25) and (3.26) are satisfied then there is a distance & on E such that the Wasser-

stein curvature of the semigroup of X is positive, i.e. there exists A > 0 such that
Vt >0, W5 (0xPy, 0,P;) < e Md(x,y),
forallx,y € E.

Proof. Firstly, let us give a complement on the conclusion of Lemma 3.2.6. The Markov chain [
satisfies its assumptions and using the results of [BGM10], there exist a function ¢ on F’, p > 0 and
p € (0,1) verifying

Vi > 0, E [¢(I)e for 00| = B (1))

Now let § be the distance, on E, defined by

Vx,y €E, 8(x,y) = La—pv(i)lz — yl’ + 1{i¢j}Z(w(i)\x|p +90)lyl" + 1),

where
@ = rgg};{ @Z)(k‘) and g = rknelfr«“l ¢(k)

Now, using the fact that
— (Ta )ds
VYt > 0, X, = Xpe Joalla)ds

the proof is straightforward. [

3.5.3 Surprising blow-up under exponential ergodicity assumptions

Here we give some comments on [BLMZ12a, Example 1.4], which also illustrate the sharpness
of our criteria. Let us consider £ = R?, F = {0,1}, L& f = A, - V f where

—1 3 -1 —-1/3
~1/3 -1 3 -1
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a(z,0,0) = a(x,1,1) = 0, and a(x,1,0) = a(z,0,1) = a > 0, for all z € R% In short, X is
generated, for all z € R* and i € {0, 1}, by

Lf(z,i)=A;-Vf(x,i)+a(f(x,1—1)— f(x,7)). (3.27)

Since a does not depend on its first component, / is a Markov process and it converges exponentially
to ] ]
v = —0p+ -01.
270 " 27!

For each i € {0, 1}, we have E)tZt(i) = AZ-Zt(i) and thus we easily prove that

&

< et

i 7

and H Zt(i)

<3|z

, (3.28)

1—2 1—2

for every ¢ > 0, where the norms || - ||o and || - ||; are defined by

Yu = (u1,us) € R?, lully = \/(u1/3)? +u3 and |lul|, = \/ui + (u2/3)2.

Thus each flow i € {0, 1} contracts, with the norm || - ||;, and converges geometrically, with the norm
Il - |[1-i, to the same limit. Nevertheless, if a is large enough then [BLMZ12a, Example 1.4] shows
that
Jim 1] = +oc.

In particular, the conclusion of Theorem 3.1.4 is not satisfied. This illustrates the fact that assuming
that each underlying dynamics converges geometrically is not sufficient in general to guarantee the
convergence of X. Moreover, this shows that it is essential in Theorem 3.1.4 to measure the constants
p(i) with respect to the same distance for every i. Note that the Wasserstein curvature of Z(), with

respect to || - ||1—;, is negative and given by —37/3.

3.5.4 Non-convergence when [ is recurrent but not positive recurrent
A last example is the following: the process X verifies
Vit 2 0, dXt = —(Xt — a[t>dt,

where (a,),>0 is a bounded real sequence and [ is an irreducible and recurrent continuous time

Markov chain which is not positive recurrent. It is easy to see that the sequence of laws of (X;);>¢ is
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tight and we can hope that there exists a probability measure 7 verifying

lim E[f(X,)] = [ far,

t——+o0

for every continuous and bounded function f and any starting distribution. But in general, this is
false. To illustrate it, let us consider the case when I is the classical continuous-time random walk on

N reflected at 0. Namely, [ is generated by

THG) = S0+ 1)+ 3/ = 1) = 7).

if i # 0 and

The sequence a on the other hand is defined recursively by:

an ifn ¢ {2% | k € N},
Ap1 = . k
—an ifn € {2 | k € N}.

In this case, the central limit theorem gives that [; ~ \/t and so, for very large times, / and a do not
switch on the same time scale. As a matter of fact, the process aj, stays constant during longer and
longer stretches of time. It is then possible to find two sequences of deterministic times (t,,),>o and

(Sn)n>0, both converging to infinity, and such that

lim E[f(X,)]=f(0) and lim E[f(X,)] = f(1).

n——+o0o n—-+00

Thus this process exhibits ageing and is not exponentially stable, even though there exists C' > 0,

such that for any two starting points x = (x,7) and y = (y, j), we have

¢
Vit Z 0, Wdo(ath75yPt) S %|Z —j|,

where do(x,y) = Lij|lz —y|| A1+ 1,4,
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Chapitre 4

De I’équation de Schrodinger aux formules

many-tO-One

4.1 Introduction

Avant de présenter nos résultats sur des processus avec branchement, il nous a paru intéressant
de mettre en avant une technique récurrente dans nos articles : la h—transformée de Doob. Elle a
été introduite pour la premiere fois par celui-ci en 1957 dans [Doo57]. Cette transformation, de type
Girsanov, permet d’interpréter un semigroupe de type Feynman-Kac en un semigroupe de Markov,
sous condition de connaitre une fonction harmonique h. Elle intervient dans beaucoup de domaines
d’applications des probabilités. Nous nous en servons dans trois différents contextes dans les chapitres
2, 3 et la partie II. Le but de ce chapitre introductif est de mettre en relief ou elle intervient dans nos
différents résultats et d’introduire les formules many-to-one. Ces formules, liées aux processus avec
branchement, nous disent que le comportement moyen d’une population de particules ne se résume
qu’a I’étude d’une seule particule au comportement biaisé. Cette formule est une généralisation de la
formule de Wald, dans le cas ou les variables ont une dépendance de type branchement. Rappelons
que ce résultat élémentaire nous dit que si (X, ),>0 est une suite de variables aléatoires i.i.d. et N un

nombre aléatoire sur N* indépendant de cette suite alors

1 N
FE [z f<Xn>] _E[f(X0)],
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pour toute fonction positive f. L'utilisation des h—transformée pour I’étude des processus de branche-
ment date approximativement de la fin des années 80, mais ces formules sont actuellement a la mode
dans 1’étude des processus branchants [BDMT11, EHK10] et des superprocessus [EW06, Eng(09].
Dans le chapitre 5, nous commencons par généraliser ces formules dans le contexte qui nous intéresse
puis nous démontrons des théoremes de convergence a 1’aide de celles-ci. Dans le chapitre 6, nous
étudions un cas particulier du modele introduit dans le chapitre 5. Dans la section qui suit, nous intro-
duisons plus précisément cette transformation et explicitons exactement la ou elle intervient dans les
différents chapitres. Ensuite, dans la section 4.3, nous introduisons deux exemples simples de modele
de croissance-fragmentation. Ces modeles nous permettront d’introduire simplement les résultats des

chapitres 5 et 6.

4.2 Formule de Feynman-Kac et /—transformée

Soit (P;)s>0 un semigroupe de Markov, sur un espace polonais £, généré par un opérateur £ ;
c’est-a-dire que
thO, 3tPt:£Pt:Pt£.

S’il existe une fonction harmonique h, c’est-a-dire que
Lh =0,

qui est strictement positive, alors il est facile de voir que (P;h);>( est une application constante et la
famille d’opérateurs (P);>o, définie par

B(fh)

V=0, Pf = 5o
t

pour toute fonction positive f, est un semigroupe de Markov. La fonction h est appelée état fonda-
mental, ou ground state, et le nouveau semigroupe est appelée h—transformée de P. Remarquons
que la propriété de Markov nous donne que si (X;):>o est un processus de Markov, généré par £,
alors (h(X})):>o est une martingale. Illustrons maintenant un peu plus précisément le lien entre cette
transformation et 1’équation de Schrédinger. Soit V' une application réguliere et (S;):>o la famille

d’opérateurs, définie pour toute fonction positive f et > 0 par

Sif(z) = E | f(X,)eds VX | X = 2| |
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Si V' est non nul alors (S;);>0 n’est pas un semigroupe de Markov. On dit parfois que c’est un semi-
groupe de Feynman-Kac. Lorsque V' < 0, on parle aussi de semigroupe sous-markovien. En utilisant
la formule d’It6-Dynkin, on montre facilement que, pour toute fonction f suffisamment réguliere, on

a
Yt >0, 0,S,f = (L +V)Sf = Si(L+V)f.

C’est-a-dire que S est solution d’une équation de type Schrodinger. Supposons qu’il existe une fonc-

tion ¢ > 0 suffisamment réguliere et un nombre réel A tel que
(L + V) = N\ 4.1)

Sous cette condition, la fonction & : (x,t) + e *1)(z) est harmonique pour I’opérateur £ + V + 0,

défini sur E' x R, et il existe un semigroupe de Markov (Q;):>o tel que

Sif =M x Q (j;) : (4.2)

Ce semigroupe est généré par A, défini pour toute fonction réguliere f par

_L(fY) — £LY
I

Dans la suite de cette section, nous décrivons comment nous nous servons de cette transformation

Ay f
dans cette these.

4.2.1 Processus de diffusion de Kolmogorov-Langevin

Soit (X¢)¢>o le processus, sur R, solution de
Vt >0, dX; = V2dB; — ¢'(X,)ds,
ol (B;):>o est un mouvement brownien standard et ¢ une application réguliere vérifiant
/ e 1@ dx < +o00.
R
Dans le chapitre 2, on a montré que, si (P;);>¢ désigne le semigroupe de X, alors on a

VP f(z) =E [f’(Xt)e_ Jyaads |y — o
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pour toute fonction positive f et x € R. Si on suppose que

. 1" _
Jim () = o

alors il est connu qu’il existe une fonction suffisamment réguliere et strictement positive 1) et A > 0

tel que

V=gV =" = =M. (4.3)
Voir [BS83, HS96, RS78, Pin95] par exemple. Utilisant une h—transformée, on peut donc montrer
que

VPf = "Q; <j;> :

et que donc, 6, F; converge vers son équilibre, en distance de Wasserstein, exponentiellement vite
a taux \. Maintenant, un calcul rapide montre que si ¢ vérifie (4.3) alors z > e?®)(—x) est un
vecteur propre du générateur de X. On en déduit donc que la convergence en Wasserstein se déroule

a la méme vitesse que celle donnée par le trou spectral. Les détails sont donnés dans le chapitre 2

4.2.2 Processus de Markov modulé

Les preuves du chapitre 3 reposent essentiellement sur le lemme suivant

Lemme 4.2.1 (Exponentielle des fonctionnelles additives des processus de Markov ergodiques). Sup-
posons que I est une chaine de Markov récurrente, sur un espace fini F, avec comme mesure inva-

riante v, et o une fonction sur F' vérifiant

alors il existe ¢ € (0,1], C, X\ > 0 tel que
Vi >0, E {e Jo qa(ls)ds] < Ce M

La démonstration de ce lemme repose sur une h—transformée. En effet, I’espace d’état de [ étant
fini, et [ étant irréductible, le théoreme de Perron-Frobenius nous donne, pour tout ¢ > 0, I’existence

d’un couple d’éléments propres (\,, 1), tel que 1), est strictement positive, associé au probleme

(Q = qa)ibg = =Aq¥q,
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ou () est le générateur de /. En particulier, on a \y = 0 et ¢)y = 1. En intégrant, on trouve
—q D ai)g(i)v(i) = —Ag Y g (i) (i),
i€R ek

puis en dérivant par rapport a q,

Z(O‘(Z)wq<l> + qa(i) 0,1, (3))v (i) = Z(aq)‘ql/’q(w + Ag0qthy (4) )1 (i)

i€F i€l
Maintenant, on prend ¢ = 0 pour trouver que

A = > a(i)r(i) > 0.
i€l

En particulier, ¢ — ), est croissante prés de 1’origine et si g est proche de 0 alors A\, > 0. Finalement,

pour tout¢ > 0, on a

min ¢q o~ Aat <E [e— fot qa(Is)ds:| < m&'LX 1/)61 o Nat
max 1, min g

4.2.3 Formule many-to-one

Beaucoup d’auteurs ont utilisé des h—transformée dans 1’étude des processus de branchement.
Beaucoup de références sont données dans I’introduction de 1’article [BDMT11] par exemple. Dans
mes recherches, j’ai étudié€ des processus en temps continu indexés par un arbre discret comme dans
[Ber06, EHK10]. Dans ce contexte, cette transformation est appelée fragment marqué, décompo-
sition en épine ou formule many-to-one. Montrons plus précisément comment cette transformation

intervient dans notre modele. Supposons que

— les particules se déplacent suivant un générateur de Markov G, sur un espace d’état F';

— les particules se divisent a taux 7, en un nombre aléatoire distribué suivant une 10i (pg)ren ;

— conditionnellement a avoir k enfants, les nouvelles particules sont données par (F j(k) (2,0))1<j<k
ol x est la position de la particule mére, © est une variable aléatoire de loi uniforme sur [0, 1],

et (Fj(k)) ;& une famille de fonctions mesurables.

Dans ce cas, on peut montrer que la mesure empirique (Z;):>, représentant la population, vérifie

02f) =0, [ f@)Zidr) = [ §F(x)Zi(dz) = Zu(51).
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pour toute fonction suffisamment réguliere f, ou G est un opérateur décrit par

k
57(x) = Gf(a) +r(0) XY [ F(FP (w,0))d6 — r(a) (),
k>0 =170

pour toute fonction dans le domaine de G. Par exemple, dans le cas particulier d’'un mouvement
brownien, se divisant a taux r, en 2 particules, se situant a la méme place que leur mere, cet opérateur
se réduit a A 4 r. De maniere général, il est facile de voir que cet opérateur s’écrit sous la forme
d’un opérateur de type Feynman-Kac. Pour pouvoir utiliser une h—transformée, il faut donc avoir
I’existence d’un vecteur propre positif. Pour I’exemple des processus de fragmentation [Ber06], on
voit que les mondmes sont des fonctions propres. Pour le cas des diffusions branchantes, on utilise
les résultats classiques sur I’équation de Schrodinger [HS96, Pin95, RS78]. Dans le cas général, G est
un opérateur intégro-différentiel et il est difficile de trouver des résultats sur 1’existence d’éléments

propres. Notons tout de méme que lorsque r est constant, on a

S1=r> pk—1),

k>0

et donc x — 1 est un vecteur propre. On retrouve en particulier que

B[N = o Sioamth

Y

ou [V, est le nombre de particules au temps ¢ > 0. Ce résultat est bien connu car N est un processus
de branchement [ANO4]. Dans notre cadre, nous avons utilisé des résultats récents de [Per07, DGO09,

BCnG12] pour I’existence d’éléments propres.

4.3 Deux exemples simples de population structurée en taille

Dans cette section, nous décrivons deux exemples simples pour mettre en avant les techniques
utilisées dans cette partie. Nous allons supposer que la croissance entre les divisions est déterministe :

la taille X de chaque particule est solution de
Xt = g(Xt)dt7

ou g sera la fonction donnée par g : x — px, p € R, ou g : « — 1 est constante. On supposera que le

taux de division est constant et que la division est dyadique. Nous supposerons aussi que la taille des
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enfants vaut la moitié de la position du parent. Dans ce cas, G est donné par

§/(x) = g@)f @) + 7 (2f (5) ~ @).

Avant de rentrer dans les détails, remarquons que le nombre d’individus Ny, au temps ¢ > 0, ne
dépend pas de la dynamique induite par g. Ce processus est appelée processus de Yule. En utilisant
les propriétés élémentaires des lois exponentielles, on peut montrer que /N, suit une loi géométrique
de parametre e~ et que N,e~"* converge, presque siirement et dans L2, lorsque ¢ — 00, vers une

variable aléatoire W de loi exponentielle de parametre 1.

4.3.1 Notations

Ici on rappelle rapidement les notations standards que nous allons utiliser. Pour tenir compte de la

généalogie, chaque individu sera étiqueté par un élément

ueT=[]J{0,1}",
n>0
avec {0,1}° = {(}. Le label () est attribué au premier individu, et pour un individu u = (uy, ..., u,) €
T, ses enfants sont labellisés par ul = (uq, ..., Uy, 1) et u2 = (uq, ..., uy,, 2). La position de la cellule
u est donnée par X, sa date de naissance par b(u) et sa date de mort par d(u). La variable aléatoire
d(u) — b(u) est distribuée selon une variable aléatoire de loi exponentielle de parametre r. On note V;

I’ensemble des cellules en vie au temps ¢ :

Vi={ueT|bu) <t<d(u)}

4.3.2 Croissance linéaire : ¢ = 1

Commencgons par le cas ou g est constante égale a 1. Cet exemple simple va nous permettre de
comprendre les résultats du chapitre 5. En utilisant le fait que G est un opérateur de type Schrodinger

et que les fonctions constantes sont vecteurs propres, on montre facilement le lemme suivant

Lemme 4.3.1 (formule many-to-one). Pour toute fonction positive f, on a

> F(XY)

ueVy

1
Vit > o,mE =E[f(Y)],
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ou'Y est un processus de Markov généré par

Af(@) = f'@)+ 2 (1(5) - f@)

On voit apparaitre un phénomene de biais contre-intuitif. Le taux de saut de Y est deux fois
plus grand que le taux de division. Ce biais par la taille peut s’expliquer de la maniere suivante :
le processus Y représente une cellule choisie uniformément au hasard, mais les individus les plus
présents dans la population sont ceux issus d’une famille nombreuse, c’est-a-dire pour lesquelles les
parents se sont divisés assez vite, donc Y a plus de chance d’€tre issu de parents qui se sont beaucoup

divisés. Dans [BDMT11], la preuve de ce lemme est différente de la notre. Donnons la rapidement.

Preuve du lemme 4.3.1 via la méthode de [BDMTI11] . Pour u = (uy,..,u,) € 7T, on note |u| = n.
Ona

E

> f(Xt”)] =Y 1,E [1{b(u)§t<d(u)}f(th)} :
ueVy ueT ¢>0
Maintenant, si |u| = n alors X}* est une fonction déterministe des temps de division ; c’est-a-dire que

X =0, 1, ., Th),

ot 7 = b(uy) — b(0), ..., 7 = b(u,) — b(un—1), pour une certaine fonction ®. On peut donc calculer

la somme de facon explicite ; plus précisément,

E

2 f(Xt“)] =33 Y=g [Lpasecay f (@671, 7))

u€ Vs ueT ¢>0

R U
:ZZ]‘M:‘J/Q rq"" e Tzl t;

+1
weT >0 Ry

1{23 ti§t<zz+1 tl}f(q)(t’ tla ceey tq))dtl...dtq+1
=% 1‘u|:q/ rqe_ﬁl{ztlztigt}f((l)(t, b1, .oy ty))dty...dt,

q
q>0 ueT RY

-y /Ri(Qr)qe”tl{zztiq}f((b(t, ty oy ty))dty...dt,

="y /Rq (27")‘16_2”1{231tigt}f(fb(t, b1y .oy tg))dty...dt,
+

q>0

=c"E[f(V1)].

On conclut la preuve en utilisant le fait que E[V;] = e". O
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Lorsque r n’est pas constant, cette démonstration ne marche pas au contraire de la démonstration
utilisant une h—transformée. Par exemple si 7(z) = z alors ¢ : © — x + 1 est vecteur propre et on

peut démontrer la formule many-to-one a poids suivante

E [Soor (1 + X0 ugvtf(xt“)(”x” =E[f(Y))],

ou Y est généré par

Afw) = P+ D (1 (5) - @)

On remarque que le biais est différent. Lorsque r n’est pas constant le biais n’est pas seulement
présent dans le taux de saut. Le mouvement entre les sauts peut aussi étre biaisé€. Lorsque r varie, on

va montrer, dans le prochain chapitre, le théoréme suivant :

Théoreme 4.3.2 (Loi des grands nombres). Si r est continu, 0 < r < 7 et r = 1 hors d’'un compact

alors il existe une mesure m tel que
lim — 3 g(Xy) = /gdm

en probabilité, pour toute fonction continue et bornée .

Notons que lorsque r est constant, la mesure 7 est explicite. La démonstration est basée sur le
lemme précédent et une sorte de propagation du chaos. C’est-a-dire que si le nombre de particules est

grand alors elles sont presque indépendantes.

Remarque 4.3.3 (Unicité des vecteurs propres). Notons que sous les hypotheses du théoreme précé-

dent, I’opérateur G admet un unique vecteur propre positif, a multiplication par une constante prés.

4.3.3 Croissance exponentielle : g(x) = px

Lorsque g(z) = px, le générateur G admet une infinité de vecteurs propres positifs. En effet,
comme les processus de fragmentation, cet opérateur admet les mondémes x — %, o > 0, comme
vecteurs propres. Cependant les valeurs propres ne suivent pas le méme comportement que dans le
cas des processus de fragmentation. En utilisant cette famille de vecteurs propres, on a une famille de
martingales. Puis en utilisant des inégalités du type

max(Xy)" < Y (X))

ueVy

117



De I’équation de Schrodinger aux formules many-to-one

ou
X8
maX(XZJ)a > Zuth( J )
’LLEV;& Zue‘/t, (Xt )B_a
pour tout 5 > « > 0, on trouve le comportement de la taille de la plus grande cellule dans le chapitre
6.
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Chapter 5

Limit theorems for some branching

measure-valued processes

5.1 Introduction

In this work, we study the evolution of a Markov process indexed by a tree in continuous time.
The tree can represent a population of cells, polymers or particles. On this population, we consider
the evolution of an individual characteristic. This characteristic can represent the size, the age or the
rate of a nutriment. During the life of an individual, its characteristic evolves according to an under-
lying Markov process. At non-homogeneous time, the individuals die and divide. When one divides,
the characteristics of the offspring depend on those and their number. This model was studied in
[ABBS11, BDMTI11, BT11, Ber06, EHK10, HW96]. Here, we study the asymptotic behaviour of the
empirical measure which describes the population. Following [BDMT11], we begin to prove a many-
to-one formula (or spinal decomposition, tagged fragment ...) and then deduce its long time behaviour.
This formula looks like the Wald formula and reduces the problem to the study of a "typical" indi-
vidual. Closely related, we can find a limit theorem in discrete time in [DM10], in continuous time
with a continuous population in [EW06] and for a space-structured population model in [EHK10].
Our approach is closer to [BDMT11] and extends their law of large number to a variable rate of divi-
sion. This extension is essential in application [BT11]. In our model, the population is discrete. It is
the microscopic version of some deterministic equations studied in [LP09, Per07, PROS5]. Following
[FMO04, Tra06], we scale our empirical measure and prove that these P.D.E. are macroscopic versions

of our model. Before expressing our main results, we begin by giving some notations. If we start with
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one individual then we will use the Ulam-Harris-Neveu notation [BDMT11]:

the first individual is labelled by 0);

when the individual u divides, then his K descendants are labelled by u1, ..., uK;

we denote by 7T the random set of individuals which are dead, alive or will be alive;

it is a subset of U = U,,>0 (N*)™, where N = {0, 1, ...} and (N*)° = {(};

we denote by 'V, the set of individuals which are alive at time ¢;

for each u € T, a(u) and 5(u) denote respectively the birth and the death date of the individual
U,

we denote by /V; the number of individuals alive at time ¢;

foreach u € Tand ¢t € [a(u), 5(u)), the characteristic of the individual u is denoted by X}".

The dynamics of our model is then as follows.

The characteristic of the first individual, (X} )iclo,3(0) is distributed according to an underlying
cadlag strong Markov process (X;):>¢. For sake of simplicity, we will assume that X = (X;);>¢

is a Feller process, takes values in an open subset £ of R? and is generated by
Gf(x) = b(a) - V(z) + oA f(2), (5.1)

for every f € C?(F), where d € N*, b : R? — R?is a C*° function and o € R, . Here, C*(F)
is the set of C? functions with compact support.
The death time 3(()) of the first individual verifies

P (5(@) >t X% s < t) = /Otr(X?)ds,

where r is a non negative, measurable and locally bounded function. Notice that a(()) = 0.

At time 3(0), the first individual splits into a random number of children given by an indepen-
dent random variable K of law (pg)zen+. We have a(0) = ... = a(K — 1) = B(0).

We assume that the mean offspring number, which is defined by m : & +— Y50 kpe(2), is
locally bounded on E.

The characteristics of the new individuals are given by (F J-(K) (Xg@)f’ ©))1<j<k, Where © is a
uniform variable on [0, 1]. The sequence (Fj(k)) j<kken+ 1s supposed to be a family of measur-
able functions.

Finally, the children evolve independently from each other like the first individual.

The last point is the branching property. To obtain a limit theorem, we follow the approach of

[BDMT11]. In this paper, the cell’s death rate r and the law of the number of descendants (py);>1 are
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constant. A many-to-one formula is proved: for every continuous and bounded function f, we have

E|) fX)

u€eVy

ELF(YD)], (5.2)

where Y is generated, for any f € C*(F) and x € F, by

k>1

Aof(z) =Gf(a +'r’mzkpk/ ( a‘(k)@?@))—f(ﬂ?)) do. (5.3)

This process evolves as X, until it jumps, at an exponential time with mean 1/rm. We observe that
r is not the jump rate of the auxiliary process. There is a biased phenomenon. It is described in
[BDMTI11, HW96] and their references. We can interpret it by the fact that the faster the cells divide,
the more descendants they have. That is why a uniformly chosen individual has an accelerated rate
of division. A possible generalisation of (5.2) is a Feynman-Kac formula as in [HW96]: for every

continuous and bounded function f, we have

> fXY)

ueVi

=K [f(Yt)efot r(Ys)(m(Ys)—1)ds 7

where Y is an auxiliary process starting from z, and generated by (5.3). Using a Poisson point
process, in [BT11], we get also another representation of the empirical measure to prove the extinction
of a parasite population. However, it is difficult to exploit these formulas. Inspired by [EW06, LP09,
Per07, PROS], we follow an alternative approach. In (5.2), Y can be understood as a uniformly chosen
individual. The problem is: if 7 is not constant then a uniformly chosen individual does not follow
Markovian dynamics. Our solution is to choose this individual with an appropriate weight. This

weight is the eigenvector V' of the operator G be defined, for every f € C*(F) and x € E, by

55000 = 6560+ r0)| (S 35 [ 500t - 560
k>0 j=1
It is not the generator of a Markov process on . It is described in the next section. Under some
assumptions, we are able to prove that the following weighted many-to-one formula holds for every

continuous and bounded function f:

1
E[ZUEVt V(Xt )

B> fXV

u€Vy

= E[f(Y2)]; (5.4)
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where Y is an auxiliary Markov process, starting from z. It is generated by A = M + J, where M

describes the motion between the jumps and is defined by

_ G xV)(x) = f(2)GV(x)
V(x)

VV (z).Vf(z)
Vi)

M f(x) =Gf(x)+20

and J describes the jump dynamics and is given by

Sren Sy Jo V(FP (@.0)) f (FM (2,0)) dopi(x) ]
Jf(x) =Ax —Jz)|,
where
Alz) = Zi/lv(pﬁm(x 0)) db pi(x)| x r(z)
keN j=1"0 r V(z)’

for every f € C?(E) and € E. These formulas seem to be complicated but they are very simple
when applied. We also observe a biased phenomenon. But contrary to the previous formulas, the bias
is present in the motion and the branching mechanism. This bias has been already observed in another
context [EW06]. Also note that we do not assume that )\ is the first eigenvalue. So, it is possible to
have different many-to-one formulas as can be seen in Remark 5.3.8. We can find some criteria for
existence of eigenelements in [BCnG12, DG09, Mic06, Pin95] and theirs references. If Y is ergodic

with invariant measure 7 then Formula (5.4) gives

1
lim E
t=too B[ e, V(X))

> FVIXY)

ueVi

~ [ rar,

for all continuous and bounded function f. We improve this result:

Theorem 5.1.1 (Long time behaviour of the empirical measure). If the following assumptions holds,

Xg) is deterministic;

the system is non explosive; namely N, < +oo a.s. forall t > 0;
— there exists (V, \o) such that GV = NV, V > 0 and V is "smooth" (see Assumption 5.3.1);

— Y is a Feller process and is ergodic with invariant measure T,
then for any continuous function g such that:

— there exists C > 0, such that for all x € E,

g(x)l < CV(x);
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— there exists a < \g, such that E[V?(Y;)] < Ce* and

E

;((11/%)) /o1 > Y OV (EPEL0)V(FY(V.,0))do| < Ce;

a,bEN* k>max(a,b)
a#b

then we have

lim e )" g(X}) = W/% dr,

t—-+o0
ue\?t

where W = limy_, oo e 'V (20) 7 S, ey, V(X}) and the convergences hold in probability. If fur-

thermore V' is lower bounded by a positive constant then

1 1
tLi+moo %7:&0 ugt g( X)) = 1w / % dm/ / v dr in probability .

If r and (pg)ren are constant then V' = 1 is an eigenvector, and so this theorem generalises
[BDMT11, Theorem 1.1]. On the other hand, our model is microscopic and is a scaled version of
some deterministic models. More precisely, let (Z;):>( be the empirical measure. It is defined, for all
t >0, by

u€V

Now, let Z(™ be distributed as Z and let us consider the following scaling X (™ = %Z(”). We have:

Theorem 5.1.2 (Law of large number for the large population). If the following assumptions hold
- T>0
— 1 is upper bounded;
— there exist k > 0 such that pr =0 forall k > k;
— either E C R and Fj(k)(x, 0) <z forall j <kand@ € [0,1] or E is compact;
— the equation (5.5) below admits almost one solution.
— The starting distribution X(()n) converges in distribution to Xo € M(E), embedded with the
weak topology;

— we have

supE {X(”)(E)} < +o0.

n>0

then X converges in distribution in D([0, T], M(E)) to X which verifies

[ 7@ Xutdw) = [ 1) Xo(do)+ [ [ () X, (). 53
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Here, D([0, 7], M(E)) is the space of cad-lag functions embedded with the skohorod topology
[Bil99, IM86]. We observe that if X is deterministic then X; is deterministic for any time ¢ > 0.

The equation (5.5) can be written as

On(t,x) + V (b(z)n(t, x)) + r(z)n(t, x) = 00un(t,z) + > > KF (r x p x n(t,-)).

E>1j=1

where X; = n(t, )dx and K is the adjoint operator of f — I f (Fj(k)(x, 0)df. This equation was
studied in [LPO9, Per07, PRO5] and Theorem 5.1.1 is relatively close to their limit theorems. We will
see in the next section that it is also the Kolmogorov equation associated to Z. So, we observe that
X is equal to the mean measure of Z; that is f — E[[; f(z) Z;(dx)]. This average phenomenon
comes from the branching property. After a branching event, each cell evolves independently from
each other, there is not interaction or mutation. Another reason is the linearity of the operator G. From
the many-to-one formula, we also deduce that, in large population, the empirical measure behaves as
the auxiliary process. The proof is based on the Aldous-Rebolledo criterion [JM86, RC86] and is

inspired by [FM04, MT12, Tra06].

In the end of the paper, these two theorems are applied to some structured population models. Our
main example is a size-structured population. In this example, the size of cells grows linearly and if a
cell dies then it divides to two descendants. Thus, there is motion between the branching events and
discontinuity during division. This model is a branching version of the well known TCP windows
size process [CMP10, GRZ04, LvL08, OKMO96]. For this example, we are able to give some explicit
formulas of the invariant distribution, the moments or the rate of convergence. We also prove that, in
large population, the empirical measure behaves according to the deterministic equation (5.5) plus a

Gaussian noise.

Outline. In the next section, we introduce some properties of the empirical measure. In Section
5.3, we focus our interest on the long time behaviour. We prove some many-to-one formulas and
deduce a general limit theorem which implies Theorem 5.1.1. Section 5.4 is devoted to the study of
large populations. In this one, we prove Theorem 5.1.2. Note that Section 5.3 and Section 5.4 are in-
dependent. In Section 5.5, we give our main example, which describes the cell mitosis. Moreover, we
give two theorems for the long time behaviour of our empirical measure in addition to some explicit
formulas. We also give a central limit theorem for asymmetric cell division for the macroscopic limit.
In section 5.6, we finish by two classical examples which are branching diffusions and self-similar

fragmentation.
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5.2 Preliminaries

In this section, we describe a little more the empirical measure (Z;);>o. We recall that

VE>0, Zy =) bxu

u€Vy

It belongs to the space D(R, M(FE)) of cad-lag functions with values in M(E), which is the set of

finite measures on F. Let us add the following notations:

/f VZo(dz) = 37 F(XD),

ueV

for every continuous and bounded function f and

Zi(1 + 27) = /1+xpzt (dz) = S 1+ (X1,

uEVi

We can describe the dynamics of the population with a stochastic differential equation. Let C*!(E, R,)
be the set of functions f : (z,t) — f(z,t) = fi(x) that are C'! in time, with bounded derivative, such
that f; € C?(E). For any function f belonging to C1?(E x R, ), we have
t
Zu(f) =Zo(fo) + [ [ §F(@) +0uf.(x)Zo(d)ds
+/ ™ V200, f,(X")dB"

ueVs

T
0 u><R+><N*><[O,1}[ {ueVe lsr(X;)}

(3 £ (FW(X,0) = £.(X2)] plds, du, dl, dk, ),

where (B"),cy is a family of independent standard Brownian motions and p(ds, du, dl, dk, df) is

Poisson point process on R, x U x R} x N* x [0, 1] of intensity
p(ds, du,dl,dk,dl) = ds n(du) dl dpy, d6.

It is also independent from the Brownian motions. We have denoted by n(du) the counting measure
on U and ds, dl, df are Lebesgue measures. A necessary and sufficient condition for the existence

of our process is the non-explosion of Z:

Assumption 5.2.1 (Non explosion). Forallt > 0, N; < 400 a.s..
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For instance, we have

Lemma 5.2.2 (Sufficient condition to non explosion). If r < 7 and pr, = 0 for all k > k, where
7,k > 0, then Assumption 5.2.1 holds. Moreover, for any T > 0, we have

Vt < T, E[N,] < E[Np] e*= DT,

Proof. In this case, we can bound /V; by a branching process independent of the underlying dynamics.
]

Lemma 5.2.3 (Semi-martingale Decomposition). If Assumption 5.2.1 holds, then for all bounded
f=(f)is0 € C>YE,R,) and t > 0, we have

Zi(fr) = Zo(fo) + ML(f) + Vi(f)

where

- /Ot Zs(gfs + asfs)ds

and the bracket of M,(f) is given by
M) = [ GU) — 26,(0)G ()24 )

TS

keN*

(Z fs(F. — fula )) pio(x)dOZ,(dz)ds

7=1

Proof. It is an application of Dynkin and It6 formulas, see for instance [JS03, Lemma 3.68 p .487]
and [IW89, Theorem 5.1, p.67]. O]

We define the mean measure (z;);>¢, for any continuous and bounded function f on £, by

Vt >0, z(f) = E(Z(f)) =

5 f<xz>] |

uEVy

Corollary 5.2.4 (Evolution equation for the mean measure). Under Assumption 5.2.1, if f € C*(F)
and t > 0 then we have:

126



Limit theorems for some branching measure-valued processes

The previous equation can be written as

Om(t,z) + V (b(z)n(t, ) + r(z)n(t, x) = 00mn(t,x) + > > K (r X pp x n(t,-)).

k>1j=1

where z; = n(t, z)dz and K is the adjoint of f — [ f(Fj(k)(a:, 6)do.

5.3 Long time’s behaviour

Let us recall that

§f(z) = Gf (@ {22/ O (2,0)) db pi(x) — f(x) |

k>0 =1

for every f € C?(F) and = € E. In the following, we will prove some formulas which characterise

the mean behaviour of our model. Then we will use them to prove our limit theorems.

5.3.1 Eigenelements and auxiliary process

As said in introduction, the existence of eigenelements is fundamental in our approach. Hence-

forth, we assume the following.

Assumption 5.3.1 (Existence of eigenelements). Assumption 5.2.1 holds, and there exist Ao > 0 and
a measurable and positive function V' such that there exists a sequence (V,,),>o of functions belonging
to C?(E) verifying, for all x € E,

lim V,,(z) =V (x)

n—oo

lim GVa(z) = XV (2)

and the mappings & +— sup,,~q V,(x) and x — sup,,~, GV, () are integrable with respect to z,, for
everyt > (.

The integrability condition is essentially a consequence that V' is an eigenfunction. This can
be proved using a suitable sequence of stopping times. Under this assumption, we introduce the

martingale (Z;(V)e*!);>o which plays an important role in the proof of theorem 5.1.1.

Lemma 5.3.2 (Martingale properties). If Assumption 5.3.1 holds and

zo(V) < o0,
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then the process (Z;(V)e=!)>¢ is a martingale. Moreover, it converges almost surely to a random
variable W.

Proof. First, by corollary 5.2.4 and dominated convergence Theorem, we have

2(V) = 7o(V) + /Ot 2,(GV)ds

=zo(V) + Ao /Ot zs(V)ds.

Hence for all ¢ > 0, we have z,(V) = zo(V)e*!. Then if F;, = 0{Z, | s < t} then the Markov

properties, applied on Z, gives
E[Zyys(V)|F,] = E[Z,(V)|Zo = Z),
where Z is distributed as Z. Then E[Z,,,(V)|F,] = Z,(V)e** and thus
E(Zs(V)e U | I = Z(V)etos,

Since (Z;(V)e *!),>¢ is a positive martingale, it converges almost surely. O
To have our many-to-one formula, we add the following natural assumption:

Assumption 5.3.3 (Auxiliary process). The generator A, be defined in the introduction, generates a

Feller process.

Lemma 5.3.4 (Weighted many-to-one formula). Under Assumptions 5.3.1 and 5.3.3, if Zy = 0y,

where xoy € E, then we have

1
E [Zuevt V(X#>

> VIXI)F(XE 1)

uEVy

i = E[f(Y,,1) | Yo = =0, (5.6)

for any non negative function f on E x R, andt > 0, where Y is a Markov process generated by A

starting from x.

Proof. It v, : f v+ z:(f x V)e 0V (x)~! then, forallt > 0 and f € C*'(E x R, ), we have

at%(f) = zt(S(Vf) + Vo, f - fgv)e_)‘otv(l’o)_l = %(Af +0,f).

Now, by Dynkin formula, the right hand side of (5.6) verifies the same equation. Uniqueness comes
from classical arguments; see [Kol11, Theorem 4.1.2] and [Kol11, Theorem 3.6.6]. []
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Remark 5.3.5 (The first characteristic can be random). If Zy = ¢ X0 where X(? is random and dis-
tributed according to a probability measure i, then (5.6) holds, where Y starts form Yy which is
distributed according to .

Remark 5.3.6 (Schrodinger operator and h—transform). The operator G is not a Markov generator.
As we have, for all f € C*(E),

where B is a Markov generator and G a so-called a Schrodinger operator. Its study is connected to
the Feynman-Kac formula. The key point of our weighted many-to-one formula is an h—transform
(Girsanov type transformation) of the Feynman-Kac semigroup as in [Pin95]. This transformation is

usual in the superprocesses study [EW06].

Remark 5.3.7 (Galton-Watson tree and Malthus parameter). If r and p are constant, then V = 1 is
an eigenvector with respect to the eigenvalue \o = r(m — 1), where m = 3"~ kpy, denotes the mean
offspring number. So, Z,(V') = N, and the population grows exponentially. This result is already
know for Ny. It is a continuous branching process [ANO4, BDMTI1]. Furthermore, since Thomas
Malthus (1766-1834) has introduced the following simple model to describe the population evolution:

0Ny = birth — death = bN, — ANy = A\oN; = N, = ™",

in biology and genetic population study, \q is sometimes called the Malthus parameter.

Remark 5.3.8 (Many eigenelements are possible!). In the previous lemmas, g was not required to
be the first eigenvalue. So, it is possible to have different eigenelements and auxiliary processes.

Consider the example of [BT11], where some eigenelements are explicit; that is:

Gf(x) = axf (x) + b f' (),

forevery f € C2(E) and x € E = R, where a,b are two non-negative numbers. We also consider
that py = 2 and for all j € {1,2},

E[f(F\?(z,0))] = E[f(Hx)],

where H is a symmetric random variable on |0, 1] i.e. H L 1— H. This example models cell division

with parasite infection. In this case,

5f(x) = axf'(x) + bz f"(x) + r(z) CE[f (Hz)] — f(2)),
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for every continuous and bounded function f, where a is an eigenvalue of G and V (x) = x is its

eigenvector. So, we should have

E| > XX

uevt

= E[f(Y))]e" o,

for every continuous and bounded function f, where Y is a Markov process generated by Gy be
defined by

Gy f(x) = (ax +2b) f'(z) + b f"(z) + r(z) QE[H f(Hz)] - f(z)),

for every f € C*(E) and v € E. We can see a bias in the drift terms and jumps mechanism which
is not observed in [BDMTI1, BT11]. When r is affine, we obtain a second formula. Indeed, if
r(z) = cx +d, withec > 0and d > a (ord > 0 and ¢ = 0) then Vi(z) = x(c/(d — a)) + 1 is an

eigenvector with respect to the eigenvalue \y = d (= \; > \g = a). Thus, we should also write

w| - fU
E|> X )] e =FE L_U(t —|t—)1 (720 + 1),
ue\?t
for every continuous and bounded function f, where T = 5%~ and U is generated by Gy be defined,

forevery f € C*(E)and x € E, by

G f () = (ax N 2bxT ) (@) + b f () + r(z)(tz + 2) <2E[(7Hw +1)f(Hzx)] f($)> .

T +1 T +1 T + 2

5.3.2 Many-to-one formulas

In order to compute our limit theorem, we need to control the second moment. As in [BDMT11],
we begin by describing the population over the whole tree. Then we give a many-to-one formula for

forks. Let J be the random set representing cells that have lived at a certain moment. It is defined by
T={ueWl|3It>0uecV}

Lemmas 5.3.9 and 5.3.10, that follow, are respectively the generalisation of [BDMT11, proposition
3.5] and [BDMT11, proposition 3.9].

Lemma 5.3.9 (Many-to-one formula over the whole tree). Under Assumption 5.3.1, if Zy = 0y,
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where xy € FE, then for any non-negative measurable function f : E x R, — R, we have

ueT

E Zf (XE(U)—7B<U)>] = /0+00E lf(Ys,s) ‘Z((i))] V(o) ds

Proof. First we have, for all u € U,

E | Luen S (X Bu)] = [huerr} /ﬁ(u X;‘,S)T(X;‘)ds]

because
E 1{“6‘”/(u “)d]
=B |Luen / o / V(X ) ds (X 2)e ™ Jow "D dTl
—E _1{%7} /a ?: / T (X D g S)T<Xg)ds]
—E :1{@ [ e e, S)T(X;‘)dS]
=E :1{ue‘I}f (Xg(u)f7ﬂ(u))} :
Thus,
E [1{u67}f (XZa‘(u>_, 5(“))} =E [/Om Liueviy f(XS, S)T(Xs)ds} )
and finally,
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If we set g(x, s) = f(x,s)/V(x) then we have:

E Y g (Xbw-.Bw) V(Xg(m—)} Z/O+OO]E[9(5§,S)T(YS)] x E[Zs(V)] ds.

ueT

This equality means that adding the contributions over all the individuals corresponds to integrating
the contribution of the auxiliary process over the average number of living individuals at time s. Let

(P;)i>0 be the semigroup of the auxiliary process; it is defined for any continuous and bounded f by
Fif(z) = E[f(Y2) | Yo = ]

Lemma 5.3.10 (Many-to-one formula for forks). Under Assumption 5.3.1, if Zy = 0., where xo € E,

then for all non-negative and measurable function f, g on E, we have

E| > fEOVX)gX)V(XY)

u,vEV uFv

:mevnéﬁﬂmzivﬂﬁ[JAVﬂ_g:vaﬂgxn>

r(Y5)
V(YS)] ds

where J, is defined by

R0 =[S X n@)f (FOw@0) g (FOw.0) d.

a#b k>max(a,b)

The operator .J; describes the starting positions of two siblings picked at random.

Proof. Let u,v € V; be such that u # v, then there exists (w,@,?) € U* and a,b € N*, a # b
such that © = wat and v = wbd. The cell w is sometimes called the most recent common ancestor
(MRCA). We have

E| > fXOVX)gX)V(XY)

u,0EV uFv

=33 Y Eluevg FV (X Lpevyg(XDV (X))

well ab 4,5l

where u = wau and v = wbv . Let F;, = 0{Z, | s < t}. By the conditional independence between

descendants, we have
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E| Y fXOVXXHV(XY)
u,0EV uFv
=2 D BB | > Luevap f(XPVX) T | E | D Lpwevag(X)V (XD Fpw)
wel a#b aeU veU

Therefore, as ((w) is a stopping time, then using the strong Markov property and (5.6), we have

E| > fEOVEXDgX)VXY)

u, eV, uFv

= > > Bl wawberizpa)y P f (X5 V (X5i)
wel a#b

Pr ) g(X5E,) )V (X348, e2hot=3)]

=E

> Lussw) 2V Py fo V P 9) (X g ) 62’\0(t_5(w))]

weT

t
:eQ’\O’fV(xO)/ E [JZ(VPtSﬁ VP_s9)(Ys) ] e 0% (s,
0

5.3.3 Proof of Theorem 5.1.1

In this section, we give the main limit theorem which implies Theorem 5.1.1.

Theorem 5.3.11 (General Condition for the convergence of the empirical measure). Under Assump-

tion 5.3.1, if f is a measurable function defined on E and . a probability measure such that there

exists a probability measure w, two constants o < \g and C' > 0, and a measurable function h such
that

1. 7(|f]) < +o0 andVx € E,limy_, . Pif(x) = 7w(f),
2. u(V) < +ooand pPy(f* x V) < Ce™,

3. P|f| < hand pP, (Jo(Vh,Vh) &) < Ce,
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and 2y = (5Xg, where X ~ y, then we have

lim Zf XMV =W xn(f),

t——+o00 E Zt ueV

where the convergence holds in probability. If furthermore (Z;(V )e=!);>¢ is bounded in L* then the

convergence holds in L>.

Note that the constants and 7 may depend on f and u! Also note that \j is not assumed to be the

largest eigenvalue.

Proof. As in [BDMTI11, Theorem 4.2], we first prove the convergence for f such that 7(f) = 0. We
have E[Z;(V)] = u(V)e*! and so

(s 5 o)

E =K |Zi(f x V)2 ' u(V) 2| = A, + B,

where

At — 672)\015”(‘/)72]:@

> f2(Xf)V2(XZ‘)] = e (V) E | S (V)V (V)]

uEV

and

By=eu(V)ZE | Y. FXOVIX)FXVIXD)

u,vEVE, uFv

=pu(V)™ /OtE [b(vpt—sf, VP f)(Ys)

r(Ys)

—n | e s,
V(YVS)‘|€ S

From (2), we get lim;_, ., A; = 0. Since 7(f) = 0, from (1), we get lim, , P,f = 0. Then, by (3)

and Lebesgue’s theorem, we obtain that, forall s > O and z € F,
tlg-noo J2(th—sf7 th—sf) (ZU) =

And again by (3) and Lebesgue’s theorem, we obtain that lim, ,, ., By = 0. Now, if 7(f) # 0 then

we have

Zo(fV)e (V) =Wa(f) = Z ((f = 7 (V) e (V) 47 (f) (Ze(V)e (V)™ = W) .
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Then, as a consequence of the first part of the proof, the first term of the sum, in the right hand

side, converges to 0 in L. Moreover, the second term converges to 0 in probability thanks to lemma
53.2. ]

Proof of Theorem 5.1.1. If f = ¢/V then it is a continuous and bounded function. If » = 1 then
all assumptions of the previous theorem hold and we get the first convergence. Now if V' is lower
bounded, we can use the same argument with ¢ = 1 and f = 1/V which is also a continuous and

bounded function. O]

5.4 Macroscopic approximation

To prove Theorem 5.1.2, we need to use different topologies on M(E). Let (M(E),d,) (resp.
(M(E), d,)) be the set of finite measure when it is embedded with the vague (resp. weak) topology.
These topologies are defined as follow.

lim_d,(X,. X)) =0 <= Vf €y, lim E[f(X,)] = E[f(X.)],

n—-+o0o

lim dw(XmXoo) =0 < Vf e, nEIJIrlOOE[f(Xn)] = E[f<Xoo)]a

n—-+00
where (X,)>1 is a sequence of M(E) and X, € M(E). Here, Cj is the set of continuous functions
which vanish at infinity, and C}, is the set of continuous and bounded functions. Let D([0, 7], £') and
C([0,T], FE) be respectively the set of cad-lag functions embedded with the Skohorod topology and

continuous functions embedded with the uniform topology [Bil99].

5.4.1 Proof of Theorem 5.1.2

Let (Z™),>; be a sequence of random measure-valued distributed as Z. In this section, we
consider the following scaling: X = %Z("), and we describe the behaviour of this scaled process

when n goes to infinity.

To understand the behaviour of our model in a large population, we can consider that it starts from

a deterministic probability measure Xy, and approach it by the interesting sequence defined by
LG
X = =3 by,
" k=0

where (Y})r>1 is a sequence of i.i.d. random variable distributed according to X. In other words, we
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set

Z5 =3 by,
k=0

The sequence X (™ converges. Indeed, by the branching property, we have Z ) L St_g ZY*, where
Z1* are ii.d., distributed as Z and starting from Z* = Jy,. Henceforth, if f is a continuous and

bounded function then the classical law of large number gives
vt >0, lim X{"(f) = E[2}(f)] a.s.

So by corollary 5.2.4, it implies that X (pointwise) converges to the solution (i), of the follow-

ing integro-differential equation:

wlf) = o) + [ wslGF) 57

+/E DA / F(2,0))d0 — f (@) ps(dx)ds.

k>0

Theorem 5.1.2 gives a stronger convergence.

Lemma 5.4.1 (Semi-martingale decomposition). If Assumption 5.2.1, then for all f € C*(E) and
t >0,
X" () = X5 () + M () + Vi),

where

/ [ G+ v / > S — [ (x)peddX ™ (dax)ds,

keN j=1

and Mg") (f) is a square-integrable and cadlag martingale. Its bracket is defined by

MO = [ 2X(GP) — 2X0(f x )

ACTA> (Z f(ﬂ"“><x,e>>—f<x>) pi()d0 X0 (dr)ds.

j=1

Proof. Tt is a direct consequence of Lemma 5.2.3. Indeed, if L(™ is the generator of X(™ then it

verifies

L™ Fy (i) = E[Fr(X™)XE = |,y = OB[Fy/n(Z2")|Z6” = npi|,_y = LEypn(np),
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where Fy(u) = F(u(f)), F, f are two test functions and L is the generator of Z. O

Remark 5.4.2 (Non explosion). Let us recall that, by Lemma 5.2.2, if the assumptions of Theorem
5.1.2 hold then Assumption 5.2.1 holds; that is there is no explosion.

Let us denote by £(U) the law of U, for any random variable U.

Lemma 5.4.3. Under the assumptions of Theorem 5.1.2 the sequence (£(X ™)), is uniformly tight
in the space of probability measures on D([0, T], (M(E), d,)).

Proof. We follow the approach of [FM04]. According to [RC86], it is enough to show that, for any
continuous bounded function f, the sequence of laws of X ™ (f) is tight in D([0, T], R). To prove it,
we will use the Aldous-Rebolledo criterion. Let C2° be the sef of functions of class C* with finite
support, we set S = C° U { 1}, where 1 is the mapping  — 1. We have to prove that, for any

function f € S, we have

Lot >0, (X{(f)) _ s tight

2. forallm € N, and £, > 0, there exists § > 0 such that for each stopping time .S,, bounded by
T,
limsup sup PV, (f) = VE/ (/) 2 ) <.

n—+oo 0<u<d -

limsup sup P((M®™ (/) +u — (MO ()| > 1) <&

n—+o0o 0<u<d

The first point is the tightness of the family of time-marginals (XE”) (f))n>1 and the second point,

called the Aldous condition, gives a "stochastic continuity". It looks like the Arzela-Ascoli Theorem.
Using Lemma 5.2.2, there exists C' > 0 such that

(n
lmqun>mgﬂﬂuﬁgﬂan

Summcim@un

which tends to 0 as k tends to infinity. This proves the first point. Let 6 > 0, we get for all stopping
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times S, < T, < (S, +9) < T, that there exist C’, C'y > 0 such that

EIVE () - Ve —e|| [ X0 @

+ [E / > Z f j ) — f(2)pr(x)do X (dx)ds

0 keN j=1

|

< C'(IG flloo + [ flloc) X E [T = Sal]
< Cy6.

In the other hand, there exists C} > () such that

E[[(M™ ()7, — (M@ (f))s, ]

- [ [ ax v (Gr?) - 2X0(1G)
/ / jk)(x> 9)) - f(f))kadQ X" (dz)ds ]
0 kEN] 1
f

Then, for a sufficiently small ¢, the second point is verified and we conclude that (X("))n21 1S uni-
formly tight in D([0, T, (M(E), dy,)). O

Proof of Theorem 5.1.2. Let us denote by X a limit process of (X™),>; namely there exists an in-
creasing sequence (y, ),>1, on N*, such that (X)), -, converges to X. It is almost surely continuous
in (M(E), v) since

B\wl

sup sup |[X{"(f) — X (f) < .

t20 || fllo<1

(5.8)

In the case where ' is compact, the vague and weak topologies coincide. By Doob’s inequality, there
exists C' > 0 such that

sup [M;(£)]

¢
n

sup lE [
f

< 2supE [(M™(f))r] <
f
where the supremum is taken over all the function f € C?(FE) such that || f||.. < 1. Hence,

lim supE lsup‘M( )” = 0. (5.9)

n—-+o0o f t<T
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But as

M (f) = X (f) = X5(f)

_ /Ot/Eaf(a:) + r(x) /01 Sy (P}(k)(x,e)) — f(2) plz)dd X (dz)ds,

keN j=1

we have
0=X.() — XolF) — [ X.(G)

+Jr@ (g F(F (w,0)) pi() db f<x>) X, (dr)ds.

Since this equation has a unique solution, it ends the proof when £ is compact. This approach fails
in the non-compact case. Nevertheless, we can use the Méléard-Roelly criterion [MR93]. We have to
prove that X is in C([0, 7], (M(E),w)) and X(™ (1) converges to X(1). By (5.8), X is continuous.

To prove that X(™ (1) converges to X(1), we use the following lemmas.

Lemma 5.4.4 (Approximation of indicator functions). For each k € N, there exists 1y, € C*(E) such
that:
Vr € E7 1[k,+oo[(x) < ?/)k(l') < 1[k71;+oo[($) and EIC, G,lvz)k < C¢k—1-

Proof. See [JMW12, lemma 4.2] or [MT12, lemma 3.3]. O

Lemma 5.4.5 (Commutation of limits). Under the assumptions of Theorem 5.1.2,

lim limsup E |sup X\™ =0,
k—+o0 n—>+oop L<¥ ! (d’k)}

where (Y )k>0 are defined as in the previous lemma.

The proof is postponed after. Hence, a same computation to [MT12] gives us the convergence in
D([0, T, (M(E),w)). Thus, each subsequence converges to the equation (5.7). The end of the proof
follow with the same argument of the compact case.

We can give another argument, which does not use the Méléard-Roelly criterion [MR93]. As

3|

sup sup |X{”(f) — X{V(f)] <

t20 |[fllo<1

Y

X is continuous from [0, 7| to (M(E), d,,). Let G be a Lipschitz function on C'([0, T, (M(E), d,)),
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we get,

E[GX"))] - G(X)| <E

sup d,, (X{""), Xt)]

t€[0,T]

< sup o (XX x (1= )

t€[0,T]

+E [ sup d,, (XE””)( X (1 =), X+ x (1 — ?ﬁk)))]

te[0,7)

+ sup dy (Xe(- ¥ (1 —9y)), Xy) .

te[0,7

According to Lemma 5.4.5, we obtain that

lim limsup E [ sup d,, (Xﬁ““),Xﬁ“”)( x (1— T/Jk)))] =0

k=400 n—too t€[0,7)

and
lim  sup d,(Xy(- x (1 =), X;) = 0.

k=+oo tefo,1)

Then, we have

w (XX (=), Xl x (1= )

d
oy (X (¢ (1= 1)), X+ x (1= 1)) -

Thus,
lim limsup E [ sup dy, (Xgun)( X (1 =), Xe(- x (1 = @Dk)))] =0,

k=400 n—stoo te[0,7)
by continuity of v — v(1 — 1)) in D(M(E), d,). And finally,
lim G (X") = G(X),

n—-+o0o

which completes the proof.
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proof of Lemma 5.4.5. If y"*F = E(Xg")(@bk)) then we have

Xl + [ B / Guu(x)

( Zpk: / U (F 0)) — wk(x)) X&”)(dx)] ds

Now, by Gronwall’s Lemma, iteration and monotonicity, we deduce that

< Oy (g —l—/,u”k ds)

t s
< Cupg™ + CYTpg™ ™ + /0 /0 p* 2 duds

z_: nok— lcl(cl )’ 4O, x (C\T)*

= l! k!
n (1T C,T)k
< Mo’Lk/QJCwClT%—C?) > 7}, ) + Cy ( }{, ) )
I>k/2) : :
where (', C5 and Cj are three constants. Thus,
lim limsup ,ut =0.

k—+00 n—s4oo

And finally the following expression completes the proof,

B |sup X < 40 [t g+ sup IE )|

5.5 Main example : a size-structured population model

Let us introduce our main example. It is a size-structured population model which represents the

cell mitosis. It is described as follows: the underlying process X is deterministic and linear and when

141



Limit theorems for some branching measure-valued processes

a cell dies, it divides in two parts. Formally and with our notations, we have

E=(0,400), pp=1, and Gf = [/, (5.10)
for every f € C%(E), and
Ve e B, V0 e[0,1], FP(z,0) = F Y (0)z and F?(z,0) = (1 — F(0))z, (5.11)

where F' is the cumulative distribution function of the random variable in [0, 1]. It verifies F'(z) =

1 — F(1 — z). In this case, one cell lineage is generated by:

Vo >0, Lf = f'(z) +r(z) [E[f (Hz)] — f(2)],

for every f € C*(FE), where H is distributed according to F. This process is sometimes called
the TCP (Transmission Control Protocol) process in computer science [CMP10, GRZ04, LvLO08,
OKM96]. Firstly, we prove the non explosion even if 7 is not bounded.

Lemma 5.5.1 (Non explosion). Let p > 1. If for all z € R%, r(z) < Co(1 + 2P), and zy(1 + zP) <
400, then our process is non explosive. Moreover

E [ sup Zg(1 + 2P)| < zo(1 + 2P)e T,

s€[0,T]

where C,, is constant and T' > 0.

Proof. Recall that for every f € C?(FE), we have

Z1) = Zol) + [ [ 1(0) Zulda) ds

t
1 ey f(OXE 1—0)X") — f(X“)) p(ds, du,dl,dd
[ Tt nFOXI) + F((1= O)X) = FOXL ) pds, du . o)

Using the same argument to [FM04, Theorem 3.1], we introduce 7,, = inf{ ¢t > 0| Z;(1 +2P) > n };
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and we have

tATh
sup  Z,(1+4 2P) <Zo(1 + zP) +/ Z(prPY)ds
0

u€[0,tATy ]
tATh
+ / / luev, a<r(xw )
0 UxR4x[0,1]

(1+ (67 + (1 — 0)" — 1)(X™)P) p(ds, du, dl, dO)

tATn
§Z0(1+xp)—|—/ px sup Z,(1+2xP)ds
0

u€[0,5A Ty ]

t
+// Livev. 1enixe 1y plds, du, dl, d6),
0 Moy HEVeISTEL)} p(ds, du )

because (6P + (1 — 0)? — 1) < 0. Thus there exist C' > 0 such that

El sup  Z,(1+ zP)

u€[0,tATy]

t
§z0(1+a:p)+/ C’El sup  Z,(1+2P)| ds.
0

u€[0,5AT]

Finally, the Gronwall Lemma implies the existence of C,, such that

E[ sup  Zg(1+ zP)

SE[0,tATR]

< zo(1 4 zP)e".

We deduce that 7,, tends almost surely to infinity and that there is non explosion. [

5.5.1 Equal mitosis : long time behaviour

In this subsection, we establish the long time behaviour of Z. We assume that
Yz >0,v0 € [0,1], FP(z,0) = F? (2,0) = g
That is, the cells divide in two equal parts. In short, we have

¥ 20, 8() = f@) + 1) (£ (3) - F@).

for every f € C%(F). In order to give a many-to-one formula, we recall a theorem of [PRO5]:

Theorem 5.5.2 (Sufficient condition for the existence of eigenelement). If there exist r,7 > 0 such
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that
r<r<r,

r is continuous and r(x) is constant equal to r, for x large enough, then there exist V € C'(R.)
and \g > 0 such that
GV =XV

and
Ve >0, c(1+2") <V(z) <C(1+2"),

2750

where C, c are two constant and 2~ = o

So, we get a many-to-one formula with an auxiliary process generated by A be defined, for every
fe€C?*FE)andx € E, by

2V (z/2)

Af(x) = (o) + rla) 3,05

(f(x/2) = f(x)) .

Our main result gives the two following limit theorems.

Corollary 5.5.3 (Convergence of the empirical measure for a mitosis model ). If there exist r,7 > 0
such that
r<r<r,

r is continuous and r(x) is constant equal to T for x large enough, then there exists a probability

measure T such that, for any continuous and bounded function g, we have

1
lim — g(X}) = /g dm in probability.

t=too Nt u€eVy

In particular for a constant rate r, m has Lebesgue density:

27‘ Foo n 2 _2n+17‘$
T — +OO(1_2_”)Z H1—2k e . (5.12)

n=1 n=0 \k=1

This explicit formula (5.12) is not new [PerQ7, PROS5], but here, the empirical measure conver-
gences in probability, while in the mentioned papers, the mean measure or the macroscopic process

converges (see Theorem 5.1.2).

Proof of corollary 5.5.3. By Theorem 5.5.2, the mapping x — V(z/2)/V(z) is upper and lower

bounded. Thus, the auxiliary process is ergodic and admits a unique invariant law, as can be checked
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using a suitable Foster-Lyapunov function [MT93, Theorem 6.1] (for instance, we can use  — 1+x).
See also [GK10]. Using Theorem 5.1.1 we have the convergence on the set {1V # 0} where

W = lim Z;(V)e " as..
t—o00

It rests to prove that W/ > 0 almost surely. We begin by proving that the martingale (Z.(V )e™!);>¢
converges to W in L. Let p > 1, by the Burkholder-Davis-Gundy’s inequality [DMS80, Theorem 92
p.304], there exists C' > 0 such that

B [|Zu(V)e ™" = 2o(V)['] < OB | 3|20 (V) = 2 (V) ]

< CE Z e*)\opﬁ(u)

LueT

X .
o (?) ~ V(X))

Now by Lemma 5.3.9, we have that

p

E[|Z(V)e ™ — Zo(V)]

} < /OOO E[Zo(v)]e_(p_l)’\osE [T(Ys) 2V (¥./2) V(Y;)P’] ds

Finally, using that r is bounded, the conclusion of Theorem 5.5.2 and that all moments of Y are
bounded, we have that the martingale (Z;(V)e~*°!);>( converges to W in L. We deduce that E[W] >
0 and p = P(W = 0) < 1. But, conditioning to the time of the first division and taking the limit
t — oo gives that 9> = p. Finally ¢ = 0 and this ends the proof. Thee explicit formula is an
application of [OKM96]. [

We can see that the assumptions of Theorem 5.5.2 are strong, and not necessary:
Corollary 5.5.4 (Convergence of the empirical measure when r is affine). If
Ve > 0,r(z) = ax + b,

where a,b > 0 and a or b is positive then there exists a measure m such that

The convergence holds in probability and for any continuous function g on E such thatVx € E, |g(z)| <
C(1+x).
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Proof. Ifr(z) = ax+bthen V(x) = z¥ b2+24“ ®+1is an eigenvector and \/WT is its corresponding

eigenvalue. Henceforth, this result is a direct application of Theorem 5.1.1 [

Remark 5.5.5 (Malthus parameter). We also deduce that

lim N, e :W/ldw
t—+o00 EV

where Ay = ﬁ is the Malthus parameter (see Remark 5.3.7).

Remark 5.5.6 (Estimation of r for the Escherichia coli cell). We can find some estimates of the
division rate in the literature. An inverse problem was developed and applied with experimental data
in [DMZ09](see also [Kub69]). More recently, [DHRRI1] gives a nonparametric estimation of the

division rate.

5.5.2 Homogeneous case: moment and rate of convergence
When r is constant, the process is easier to study since the auxiliary process has already been

studied [CMP10, LvL08, OKMO96]. Here, we give the moments and a first approach to estimate the

rate of convergence.

Lemma 5.5.7 (Moments of the empirical measure). For all m € N, andt > 0, we have

E[Z,(:")] = E zvxxmm]
- tlnm +m'z<§ jgﬁ —9) ] wi

where 0; = 2r (1 — 27%). In particular,

E[Zt T

> Xt“] =e" /O+OO L (1 - a:) e " zo(dz),

ueVy r r
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and

too 4 -2 2z 4 2 x?
— rt e 2 —rt ( ) —3rt/2 ( _*  4¥ v dz).
c /0 3r2 + [e r2 + r te 3r2  3r + 2 7(dz)

Proof. Since r is constant, we have §1 = r1, where 1 is the constant mapping, which is equal to 1.
Lemma 5.3.4 gives
1

BN

> XD

u€Vy

= E[f(Y))],

for every continuous and bounded function f, where Y is generated by A be defined, for every f €
C?(F)and z € FE, by

Af(@) = f@)+20 (£ () 1 @).

Finally, we complete the proof using [LvLOS, Theorem 41]. O

Now, let us talk about the rate of convergence. To estimate the distance between two random
measures, we will use the Wasserstein distance [Rac91, Vil09]:

Definition 5.5.8 (Wasserstein distance). Let (1, and jio two finite measures on a Polish space (F, dr),

the Wasserstein distance between (11 and L5 is defined by

Wap (p1, pt2) = inf dp(xy, 29)I(dxy, ds),
FxF

where the infimum runs over all the measures 11 on F' X F with marginals (1 and . In particular, if

1 and Lo are two probability measures, we have
Wap (p1, p2) = inf E[dr (X1, X2)],

where the infimum runs over all two random variables X1, Xo, which are distributed according to

M1, H2.

So, if M;, M, are two random measures then

Wy(L(My), L(My)) = inf E[d(M;, Ms)],

147



Limit theorems for some branching measure-valued processes

where the infimum is taken over all the couples of random variables (M, M) such that My ~ L(M;)
and My ~ L(Ms), and d is a distance on the measures space. Here, we consider d = W),. Itis the

Wasserstein distance on (E, | - |). We have

Theorem 5.5.9 (Quantitative bounds). If r is constant, then we have, for all t > 0,

s (< (avg) < (sg) ) = e

Z7 Z} rte”"
Wh < |y —

where Z*,ZY are distributed as Z and start from 0, and ¢,

This result does not give a bound for Wy, (£ (Z/E[Ny]) , £ (W) or Wiy, (£ (Z¢/Nt), £ (7)),
where 7 is the limit measure of Corollary 5.5.3.

proof of Theorem 5.5.9. By homogeneity, we can see our branching measure Z as a process indexed
by a Galton-Watson tree [BDMT11]. For our coupling, we take two processes indexed by the same
tree. More precisely, as the branching time does not depend on the position, we can set the same times
to our two processes. Let T = U,en{1,2}" representing cells that have lived at a certain moment.
Let (d,)yecu be a family of i.i.d. exponential variables with mean 1/r, which model the lifetimes. We
build Z* and Z¢ by induction. First, forall t € [0,dy), X° = 2+t and Y;? = 5y +t. We set a()) = 0.
Then, for all w € T and k € {1, 2}, we set a(uk) = a(u) + d,, and

1
vt e [O{(Ul{f), Oé(’LLk’) + duk)a X;Lk = §Xg(uk:)— +t - Oé(’LLk’)

and Y =Y,y /2 +t — a(uk). Finally we have V; = {u € T | a(u) <t < a(u) + d,} and

u€Vy u€Vy

We observe that, for any cell u, the trajectories of X* and Y™ are parallel (because they are linear).

When a branching occurs, Y°,cy, | X{* — Y;"| is constant. Hence, we easily deduce that

> X =Y =]z —yl

ueVi
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Finally we have, for all £ > 0,

Wi(Z§. ZY) < > IXy =Yy

ueVy
< lz—yl.
Dividing by E[V;] = e~"*, we obtain the first bound. For the second bound, a similar computation

gives

o (5.5 (2)) <ol

The process (IV;):>o is know to be the Yule’s process. It is geometrically distributed with parameter

1 rte"t
E
|:Nt:| 1—e —rt’

It ends the proof. 0

e~ " so we have

Remark 5.5.10 (Generalisation of Theorem 5.5.9). In the proof of Theorem 5.5.9, we only need that,
foralln € N*, 0 € [0,1],t >0, and x,y € E

Z D(X;,0) — FP(Y,,0)] < o -y

where X,Y are generated by G and start respectively from x,y. For instance, we can consider that

X is a continuous lévy process and the division is a sub-critical fragmentation; namely
Vo € B, Yk € N*,¥j < k, F{"(z,0) = 6z,

where (©%); . is a family of random variable verifying

k : k
.05 <1 and Vje{l,...,k}, ©F€|0,1].

=1

Even if we do not find an explicit bound, we are able to prove a Wasserstein convergence.
Lemma 5.5.11 (Wasserstein convergence). Under the assumptions of Theorem 5.5.9, we have

Z,
lim W, (N ) = 0 in probability.

t——+o0
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Proof. As x — 1+ x is a Lyapounov function for the auxiliary process, we have
lim —(f) = w(f) in probability,

for all function f such that |f(z)| < C(1 + z). The convergence also holds in distribution. By the

Skorohod’s Theorem, in another probability space, we have,

for all continuous bounded function and for f(x) = . This convergence is equivalent to the Wasser-
stein convergence. Thus, by a classical argument of discreteness (Varadarajan Theorem type), we

get,
Z,
dim W, (Nt ) — 0as.

Hence, in our probability space we get that lim,_, ;o W},| (Z/N;, 7) = 0 in distribution. And as the

convergence is deterministic, we get the result. 0

5.5.3 Asymmetric mitosis : Macroscopic approximation

Now, we do not assume that the division is symmetric. We assume that F} 1(2)(56, 0) = F~1(0)x
and FQ(Q)(x, 0) = (1 — F~(0))x. We recall that F'(z) = 1 — F(1 — x). In this case, Equation (5.5)
becomes

Oin(t, ) + Oun(t, x) + r(x) n(t, )—2E[ r(z/©)n(t, z/O)],

where n(t,.) is the density of X;. In particular, we deduce that the following P.D.E. has a weak

solution: .
om(t,x) + Oyn(t,z) + r(x)n(t,x) = / b(x,y)n(t,y)dy

where b verify the following properties:

b(xz,y) > 0,b(x,y) =0 fory < x (5.13)
/0+Oo = 2r(y) (5.14)
+oo
; = yr(y) (5.15)
b(z,y) =b(y —x,y). (5.16)
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This equation was studied in [PerO7]. Here,

b, y) = §r<y>g< ) (5.17)

r
Yy
where g is the weak density of F'. We easily prove the equivalence between to verify (5.17) and (5.13

- 5.16). Our aim in this section is to describe the limit of the fluctuation process. It is defined by:

vt € [0,7],¥n € N*, n{™ = vn(X{™ — X,).

Theorem 5.5.12 (Central limit Theorem for asymmetric size-structured population). Let T > 0.

Assume that 77(()”) converges in distribution and that

E [sup (1+ 22) X\ (dz)| < +o0. (5.18)

n>1JE

Then the sequence (7™),>1 converges in D([0,T],C~%%) to the unique solution of the evolution
equation: for all f € C?9,

ne(f) = mo(f (5.19)
- / /%o (2) (/01 flgz) + f((1 = g)z)F(dg) — f(:v)) ns(dz)ds
+ M,(f),

where l\N/I( f) is a martingale and a Gaussian process with bracket:
+oo 1 9
jo= [ [ 2@ @)+ 20@) [l — $0)?F(dg) Xolda)as

And C?V is the set of C? functions, such that f, f', f" vanish to zero when x tends to infinity. C~>° is

its dual space.

Lemma 5.4.1 gives
Vi>0, Utn) = 776") + th) + I\N/Itn)y

where for any f € C*(F),

D= [ [ @@ ([ e+ 10 - 00 Flda) — (@) 2 ).
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and M™ is a martingale with bracket:

(MO (f)), = / /+°° 7 [ (F(gx) — f(2))F(dg) X (dr) ds. (5.20)

As the set of signed measure is not metrizable, we can not adapt the proof of Theorem 5.1.2.
Following [M98, Tra06], we consider 1™ as an operator in a Sobolev space, and use the Hilbertian
properties of this space to prove tightness. See for instance [Mét84] for condition to prove tightness
on Hilbert spaces. Let us explain the Sobolev space that we will use. Let p > 0 and j € N. The set
W7 is the closure of C'°, which is the set of functions of class C*™ from R into R with compact

support, embedded with the following norm:

(k) (
o W it = 5 [ (459

The set W7* is an Hilbert space and we denote by W =7 its dual space. Let C7* be the space of
function f of class C such that:
f® ()

We embed it with the following norm:

f» (fr)

Vfe O || fllcw = Zsup

k=0 T2

The set C’* is also a Banach space and we denote by C'~/ its dual space. These spaces verify the
following continuous injection [M§8, Ada75]:

C7P C WPt and WP C CIP, (5.21)
Or equivalently, if for every function f, we have

[fllwsrer < Clifllcir and [|fllcir < Cllfllwsre.

The first embedding/inequality prove that the tightness in W7**! implies the tighness in C7?. The

second is useful for some upper bounds. For instance, we have
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Lemma 5.5.13. If (ex)r>1 is a basis of W*! then we have, for all k > 0 and x € E,

> en(x)’ < C(1+27).

k>1

Proof. 6, : f + f(x)is an operator on W?2!, We have, for all f € W21,
00 f] < (L+2)[| fllcor < CA+z)|[fllwrr < CA+ @) || fllw2a

But, by Parseval’s identity we get,

1015y —20 = > ex(2)?,

k>1
which completes the proof. 0

We introduce the trace (((1\~/_[("))>t) of (1\N/I§”))t>0. It is defined such that

t>0

(MR 20 = (M),

t>0

is a local martingale. Then since

2

ML = S M ),
k>1
where (ey)1>1 is a basis of W21, Then by (5.20), we get

(1) =5 [ [ 20(w) [ (eulas) — @) Flag) X0 dr)as

k>1
Now, we first prove the tightness of (7™),,>; then Theorem 5.5.12
Lemma 5.5.14. (n"),,>1 is tight in D([0, T], W—21)

Proof. By [JM86, Theorem 2.2.2] and [JM86, Theorem 2.3.2] (see also [M98, Lemma CJ), it is
enough to prove

L E [sup,c, [01[y-21] < +oo.

2. Vn € N, Ve, p > 0, 30 > 0 such that for each stopping times S,, bounded by 7'

limsup sup P (HV%Z)M — vsn

n—+o0o 0<u<d

W-21 2 77) < &
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i o P ({0, (),

n—+oo 0<u<s

> ) <e.

For the first point, using lemma 5.5.1, there exists C' > 0 such that

> (M /2"’/ 2% eilgr) + 2 ef(x) F(dg)X " (dx)ds

k>1 k>1 k>1

<X + ).

Then, since

] = 3 (M)
k>1

Doob’s inequality and (5.18) gives

o o [ ] <

where C’ > 0. Then there exits C” > 0 such that

L I N P e L "
And as
I el A W

the Gronwall Lemma gives

= o §”)Him] <K
for a certain constant /. Finally for the second point, we have

B[V -V, ] <[5 [ s
< K"u.

Here K', K" are two constants. Using the Markov-Chebyshev inequality, we prove the Aldous con-
dition. We similarly prove that ((M(™)) verifies the Aldous condition. We deduce that (™), >, is

tight.

Proof of Theorem 5.5.12. Let M be a continuous Gaussian process with quadratic variation verifying,
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for every f € C*Y (C WY and t € [0, 7],

M =Y [ [ 20w [(Flar) - £ )X, ().

k>1
Since there exists C'y such that

~ C
VieC* sup MM < —f,
f Sup M (f)] Tn
and (M), converges in law to (M),, then by [JS03, Theorem 3.11 p.473], M (f) converges to

M(f) in distribution, as n tends to co.

By Lemma 5.5.14 and (5.21) , the sequence (n(”))nzl is also tight in C 2. Let 7 be an accumu-
lation point. Since its martingale part M in its Doob’s decomposition is almost surely continuous,
then 7 is also almost surely continuous. Hence, 7 is a solution of (5.19). Using Gronwall’s inequality,
we obtain the uniqueness of this equation, in C/([0, 7], C~2%), up to a Gaussian white noise M. We

deduce the announced result. O]

5.6 Another two examples

5.6.1 Space-structured population model

Here, we study an example which can models the cells localisation. One cell moves following a
diffusion on £ C R%, d > 1, and when it dies, its offspring is localised at the same place. Hence, in

all this section the branching is local; that is

Vk >0,V < k,Vz € E,V0 € [0,1], F®(z,0) = .

J

5.6.1.1 Branching Ornstein Uhlenbeck

In this subsection, we consider the model of [EHK10, Example 10]. Assume that £ = R¢ and G
is given by

Gf(x) = 30°Af(x) - 2.V [ ()

for every f € C?(RY) and z € R?, where d € N* and 0,g > 0. Also assume that the division is
dyadic, that is p, = 1, with rate
r(r) = bx® + a,
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where a,b > 0 and a or b is not null. Here 2 = ||z||*> = z.z. If g > v/2b then we add the following

notations:

_ JZ =92
r=9 J 7 and a = /g? — 2bo?.

202

We also denote by 7., the Gaussian measure whose density is defined by

(7o) o0 (")
x| —=)exp|——z%).
e o2

From our main theorem, we deduce

Corollary 5.6.1 (Limit theorem for an branching Ornstein-Uhlenbeck process). If ¢ > o+/2b and

Xg = x € R then, for any continuous and bounded f, we have
1 M o (d

totoo Ny Jpa €MV oo (dy)

in probability. In particular,

) ) _ —at/o?\2
E[Nt] — e)\t+Fx (OZ) /d efI’y exp (_O{(y xre ) > dy,
R

To? 0-2(1 _ e—2at/02)

\/ g% —2bo?

where A = = 5 + a is the Malthus parameter.

Proof. If V : z — e then it is an eigenvector of G, which is defined for every f € C2(E) by

5f(z) = Gf(x) + r(z)f(z).
We conclude the proof using Theorem 5.1.1 and Lemma 5.3.4. 0

Remark 5.6.2 (Another eigenelement). Note that if Vo, : x +— e then it is an eigenvector of G,

associated to the eigenvalue

g+ Vg% —2bo?
)\2: 9 + a.

But in this case, the auxiliary process is not ergodic and we are not able to deduce any convergence

from our main theorem.

5.6.1.2 General case

Let us assume that GG is the generator of a diffusive Markov process. If the state space E is

bounded then we can find sufficient conditions to the eigenproblem in [Pin95, section 3] and [Pin95,
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Theorem 5.5]. For instance, under some assumptions, we have

_ 1 0 _
Ao = tEeroo In (iggE [Nt | X = x}) .
If E is not bounded then we can see [HS96, RS78]. This example is developed in [EHK10]. They

prove a strong law of large number, which is close to Theorem 5.1.1.

5.6.2 Self-similar fragmentation

Self-similar mass fragmentation processes are characterised by

— the index of self-similarity o € R;

— a so-called dislocation measure v on 8 = {s = (s;)ien | lim 4008, = 0,1 > 55 > 5; >
0,Vy < i} which satisfies

v(1,0,0,..) =0 and /8(1 — s)v(ds) < +oc.

If (8) < 400 then the dynamics is as follows:
— ablock of mass = remains unchanged for exponential periods of time with parameter z°v/(8);
— ablock of mass x dislocates into a mass partition xs, where s € 8, at rate v(ds);
— there are finitely many dislocations over any finite time horizon.
The last point is not verified when v(8) = +oc. In this case, there is a countably infinite number of
dislocations over any finite time horizon. So, when v/(8) < +o0, our setting capture this model with

the following parameters:
G =0, r(x) =x2"v(8),

and for every continuous and bounded function f,

! i k . V(ds)
[ mle) Y st 00 = |3 psa) 2

k>0 j=1 i>0

Hence, in this case we have

5/ (x) = a°v(8) Y ( [t - f(w)) ,

i>0 i>0

for every continuous and bounded f, and V' : x + 2P is an eigenevector. See [Ber(6] for further

details.
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Chapter 6

Asymptotic estimates for the largest individual

1n a mitosis model

6.1 Introduction and statement of result

In this note, we consider a growth-fragmentation model, in continuous time, to represent dividing
cells. The dynamics is as follows. The size X, of a cell, at time ¢, evolves according to the following

stochastic differential equation
Vt >0, dX, = (u+ o) X,dt + oV2X,dB,, 6.1)

where ;1 € R and 0 > 0. If o is equal to zero then the evolution is deterministic. At rate > 0, each
cell splits into two offspring whose size is worth half of that of their mother. This model is entirely
determined by the parameters 1, 0 and r. The parameters ;1 and o depend on the ability of cells to
ingest a common nutrient. The parameter r is the division rate. We assume that is is constant. More
generally, instead of size of cell, this model can represent some biological content which grows in the
cells and is shared when the cells divide (for example proteins, nutriments, energy or parasite). The
process we study is a Markov process on Galton Watson trees and [BDMT11, Clo11] give asymptotic
results, under an ergodicity assumption, which is not fulfilled here. The article [Clo11] also shows

that the empirical process converges, when the size of the population tends to infinity, to the following
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physiologically structured equation:
Vt >0, Vo >0, omn(t,x) + (1 + 0%)0,(zn(t, ) + rn(t, z) = 4rn(t, 2z) + o> An(t, z).

This type of equation has been recently studied in [DHKR12, DPZ09, Per(O7], for instance. From a
probabilistic point of view, the behaviour of one cell is known. It is the exponential of a Lévy process
and thus, using classical results [Ber96], we deduce its long time behavior. There is a duality: either
the process explodes or it vanishes. Closely related, [BT11] studied a population of infected cell.
Between the division, the parasites grow following a Feller diffusion. The main difference between
our model and theirs is the fact that, in our model, the size of the cells can not be null even if it
tends to zero. Here, we are interested by the properties of the largest individual. This question has
been intensively studied in the special case of Branching Brownian motion [Bra78, HHK06, McK75,
Rob11] and fragmentation processes [BHK11, Ber04, Ber06]. Due to the spacial motion (exponential
growth) and the non-local branching mechanism (the offspring do not appear at the position of their
mother), the mathematical study is different. There is a competition between the exponential growth
of size, between the division, and the multiplicative decreasing, at the division. One of purpose of our
main results is to highlight this competition.

Let us give now a qualitative description of our model, which is rigorously defined in the next
section. We consider a continuous time Yule tree, which is, a tree where each branch lives during
an independent exponential time of mean 1/r and then splits into two new branches. We denote by
N, the size of the living population set V;, at time ¢ > 0, and by (X}"),cv; the size of the individual
u € V;. We aim at determining how the maximum X evolves in the cell population:

vVt >0, X; = max X}".

ueVy

Now, we can state our main results:

Theorem 6.1.1 (Asymptotic estimates of the size of the largest individual). We have

L 2 —aln(2)_1
lim —lnXt:ir;%,u—i—aQa—i—r ‘

t—+oo ¢ o

The infimum in the right hand side of the last expression is attained in a unique o > 0. This
theorem gives the long time behavior of the extremal particle. To compare, we also give the mean

behavior of the population:

Theorem 6.1.2 (Mean behavior of the population). We have the following duality:
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(i) if p < 2r1n(2) then for all € > 0, we have

lim card{u e V; | X}* > ¢} _

0a.s.
t—-+o00 N;

(ii) If p > 2r In(2) then for every 0 < k < g — 2rIn(2)

(6.2)

d Vi X" > et
I[”(limsupcar{uE b = ¢ }>O>:1

t—o00 Nt

These two theorems give sharp estimates. Nevertheless, this model is too simple and it will be
efficient to generalize the first one in one of the following generalization:

— the parameter o is null but 7 is not constant as in [DHKR12];

— the growth between two divisions is linear instead of exponential as in [Clo11];

— the growth between two divisions is described by a Feller diffusion as in [BT11].
Unfortunately, even if 7 can be constant in the two last models, these setting are very different to ours.

Our model is relatively close to branching random walk contrary to these models.

Outline: in the next section, we give more formal definitions based on measure-valued processes
and state the asymptotic behavior for geometric Brownian motion with multiplicative jumps. This
gives the asymptotic behavior of the size in a cell line. We introduce, in Section 6.2.2, the scaling
property, and, in Section 6.2.3, some martingales. Theorem 6.1.1 is proved in Section 6.3 and The-
orem 6.1.2 in Section 6.4. In the last section, we give some comments about the link between the

fluctuation of the extremal particle and a F-KPP type equation.

6.2 Preliminaries

To describe the cell population and label its nodes, we use the Ulam-Harris-Neveu notation. Let

T= U2y
n>0
be the set of labels, where {1,2}° = {(}. The first cell is labelled by () and when the cell u =
(Ug, ... uy) = uy...u, € T dies, it divides in two offspring labelled by u0 = (uy,...,u,,0) and
ul = (uq,...,u,, 1). Let V; C U be the set of cells alive at time ¢ and N; = card(V;) be the number
of cells alive at this time. The process (V;);>¢ is well known and it is called the Yule process. We

have:
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Lemma 6.2.1 (Properties of the Yule process). Forallt > 0, N, is a geometric random variable, with

'8

parameter e, and the following limit holds almost surely and in L?

N,
lim i

t=too E[N,] W,

where W is exponential with mean 1
Proof. See [AN04, Har02]. O

For u € V;, we denote by X}* the size the cell v at time ¢ and by Z the empirical measure which

describes the population; namely
VE>0, Zy =) Oxp.

u€Vy
It is a measure-valued Markov process. Let C>'(R* R ) be the set of function f : (t,z) — fi(x),
that are C'! with bounded derivative in their first component and, for all £ > 0, f; is C? with compact

support. By construction, the process (Z;):>q verifies the following stochastic differential equation:

Z(f) = Zo(o) + [ [ 0ufula) + L1024 (d)ds ©3)
13 oVIBO, . (x)aBL (6.4)
0 wuev,

[t (26 (5) = Fota) ) Nds, ),

for every function f € C>!(R%, R, ), where (B™),¢7 is a family of independent Brownian motions,

N(ds, du) is a Poisson point measure of intensity r ds n(du) and

Lf(x) = (u+o*)af(x) + o2 f'(),

for any f € C2'(R%,Ry) and € R,. Here, ds is the Lebesgue measure on Ry and n(du) the
counting measure on U. Since r is constant, if Zg = J, with x > 0, then there is no explosion and

there exists a unique solution defined on R, [ITW89]. In particular we have

BIZ,()) = ElZo(fo)] + | E[Z,[0.5. + Sfl ds ©5)

where
§/(x) = £f(@)+r (2f (3) = 1@).

for every f € C2(R?), where f € CZ(R?) is the set of C functions with compact support.
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6.2.1 Behavior of one cell line

We are interested in the evolution of the size in a cell line. This means that at each division, we
only keep one cell and consider its size. This process (X;);>o is distributed as the exponential of a

Lévy process. More precisely, we have, for all t > 0, X; = e, where
L; = V20B; + ut — N;In(2),

(Nt)>0 is a Poisson process with intensity r and (B;):>¢ is a standard Brownian motion. With this

representation, we deduce that

1 o By o24pu—r
B = 4 [ L] B [ = e

Xt
E[X¢]

martingale, thus it converges, almost surely, to a non-negative variable x. Notice also that

2
( Xy ) _ et(202+r/4)
E[X] ’

and there is no an L?—convergence. Using classical result on Lévy processes, we have

So, the size of one cell turn over ¢*(°*+#=7/2) _ Furthermore we easily prove that ( )t>0 is a positive

Vi >0, E

Lemma 6.2.2 (Behavior of one cell line). If u < r1n(2) then

lim X; =0a.s.

t——4o00

If w > r1n(2) then

lim X; = +o0a.s.
t——+o00

If i = r1n(2) then X oscillates between 0 and +oc.

Proof. itis an application to [Ber96, corollary 2 p.190] applied on L.

This lemma gives that if /2 < 1 < r1n(2) then X; — 0 and E[X;| — +o0. In particular, in this

case, Y = 0 a.s.
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6.2.2 Scaling property and application to the study of the size of the largest
individual

Our model is close to branching random walks, branching Brownian motion or fragmentation

processes. One of the main common features is the following scaling property:

Lemma 6.2.3 (Scaling property). We have
Law((Ze)iso | Zo = 0,) = Law(Z5")iz0 | Zo = b1),

where for every t > 0,
Zi" =3 Guxp,

ueVy

Proof. This comes directly from the construction, the stochastic differential equation (6.3) or the

generator (6.5). ]

As a consequence, most of the time, we shall assume, without less of generality, that Zy = ¢;. So,
we add the following notation: for x > 0, we define P,(A) = P(A|Zy = J,.), for all measurable set
A, and denote by [E, the corresponding expectation. As application of the previous lemma, we have

the following result, adapted from the study of branching Brownian motion [Rob09, Theorem 1.7]:

Lemma 6.2.4 (Law of 0-1 for the largest individual). For every A € R,

p=P (11111 inf 1“(5( )

t—+o0

< A) € {0,1}.

Proof. Let us denote by Fs = 0 {(X}")uev,,t < s}. Forall s > 0, we have

In(maxyey, X}*)

P(s) =1 <lim inf <A fﬂ)

— by [ ) {tim i RO XD 1 g
t

UEVS

1 Xy
~ II Bx: <lim inf n(maxfw 0 /\>

U/EVS

1 Xy N
=P (hm inf n(maxzevt ‘) < )\)

= I)]VS
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where uV; = {v € V; | 3w € U, v = uw} and the passage between the third and the fourth line
comes from Lemma 6.2.3. Thus P(s) converges to 0 or 1 following that p < 1 or p = 1. However
we have E[P(s)] = pand so p € {0, 1}. O

Immediately, we deduce that there exists A\, € R such that if A > A, then
lim inf X,e~* = 0,
t——4oc0

and if A < )\, then

lim X,e M= 4o00.
t——4o00

With the same method, we prove that there exists A* € R such that if A > \* then

lim X,e =0,
t——+o00

and if A < \* then

limsup X e M = +o0.

t——+o0
then we see that it is impossible that A\, > \*, and we have two possibilities: either A, = \* and then
X, ~ e; either A\, < \* and then, if A < ), then we have

lim e ™M= +4c0
t—+4o0

if A > \* then

lim e M=0
t—+o0

and if A\, < A\ < A\* we have

lim sup e~

= 400 and liminf e M = 0.
t—~-00 t

—+00

We shall prove, with another method and without to use this lemma, that \, = \*.

6.2.3 Additive martingales

In all this section, we shall suppose that X = 1. We begin by remarking that

9ga - )\agaa (66)
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where
Ao = pa + oo + (217 — 1),

Jo : * — x“ and G is defined in the expression (6.5). In others words, (ga, Aa)acr is a family of

eigenelements of G. As a consequence, we have

Lemma 6.2.5 (A family of martingales). Let o € R and let us define, for every a € R and t > 0,

M) = et 37 (X1)" = 1%, (g,).

ueVy

It is a positive martingale which converges to a random variable M ég‘).

Proof. Using (6.6), we see that the expectation of (Mt(a))tzo is constant. Thanks to the branching
property, this gives the martingale property. See [Clo11, Lemma 3.2], for further details. Finally, it is

positive and then converges almost surely to a random variable M (). [

The mapping o — A, is similar to the function —x introduced in [Ber06, Chapter 1] for the
fragmentation processes. In this book, it is proved that x can explode and is always a continuous
strictly increasing function on the set where it does not explode. Due to the increasing of the size
between the divisions, our situation is different to [Ber06]. Indeed, we have the following elementary

lemma

Lemma 6.2.6 (Variation of o — \,). There exists a unique o € R such that the function o — A\, is
convex on R, decreasing on (—oo, o*) and increasing on (a*, +00). Furthermore,

— if p—2rn(2) < 0then a* > 0,

— if p—2rn(2) > 0 then o < 0.

In particular, thanks to Theorem 6.1.2, we have two situations:

— if 4 > 2rIn(2) then the sizes of cells explode and a* > 0.

— if u < 2rlIn(2) then the sizes of cells vanish and a* < 0. Furthermore, A is positive and
increasing on R ;.

Now we give the behavior of another important function:

Lemma 6.2.7 (Variation of a — p\, — A\,a). There exists p* > 1 such that, for every p € (1,p*], the

function BP) : o pA, — Apa 15 convex and decreasing on (0,+00). Furthermore,

BP0)=7r(p—1) and lim P (a)=7(1 - p).

a——+00
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In particular, there exists o'P) > 0 such that
Va € (0,a?)), 3P (a) > 0.
The proofs of the two previous lemmas are straightforward, but we deduce that

Lemma 6.2.8 (LP-converge of the additive martingales). Let p € (1,p*] and o € (0,aP)), the mar-

tingale Mt(a) converges also in LP and M ég‘) > 0 a.s.

Proof. In order to prove that the convergence holds in L?, we shall use the Burkholder-Davis-Gundy
inequality [DM80, Theorem 92 p. 304]. For every continuous time martingale (M;);>o, with finite
variation and which verifies My, = 0, and p € (1, 2], there exists a universal constant C,, > 0, such
that

E lsup |IM|P| < C,E
>0

SO M, — Mt_|p] .

>0

Since Z is continuous between the division times, we deduce

E [sup | — Mé“))p <C,E

t>0

Z e—Aad(u)p ’Xg(u)‘ap ’21_a . 1‘12] ‘
ueT

Now, using the fact that the lifetime of one individual is exponentially distributed, we have

« d(u)
SB[ x| ] = S| [ e
ueT ueT b(u)
_ / “E|Y e’\atp(Xt“)O‘p] dt
0 ueVy
— /OO e_t(p)\a_/\ap)dt
0

< +00.

In the last expression, b(u) and d(u) design the birth and the death times of the individual u. Finally,
let us check that M(® > 0 almost surely. Write o = P (Még‘) = O); the fact that £ [Még‘)} =

E {Méa)} = 1 ensures that o < 1. On the other hand, an application to the branching property and the
L' convergence yields

where M), M® are two independent variables distributed as M (), ()?t(l))tzo, ()A(/t@))tzo are two
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independent diffusive processes generated by (6.3) and 7 is an independent random variable, expo-

nentially distributed, with mean 1/7. This gives 0? = o and ends the proof. 0

Let us add the following notations:
oM = lim o).
p—1

Trivially, we have

Corollary 6.2.9. Let o € (0, oY), the martingale Mt(a) converges also in L' and M®) > 0 a.s.

6.3 Asymptotic of the largest individual

In this section, we prove Theorem 6.1.1.

6.3.1 Exponential increasing for the size of the largest individual

Lemma 6.3.1 (Variation of v : o — A\, /). There exists @ > 0 such that vy is decreasing on (0, @)

and increasing on (@, +00). Furthermore,

>

a
= AL

[

Proof. Since o — )\, is convex, we deduce the variation of o — a\, — A\, and then the variation of

~. The equality holds because @ is a local minimum. [
Lemma 6.3.2 (Comparison of constants). We have
a<aW

Proof. Firstly, for any a > 0, we have

lim 9,3% (o) =

p—1

{)\a—a)\;<0, ifa<a

Ao — X, >0, ifa > a.

Now, for any p € (1, 2], we have
5(p)(a(p)) — 0.
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Differencing in p and taking the limit as p — 1, we deduce
apa(p)aag(p)(a(p)) + apﬁ(p)(a(p)) =0

Finally, as the mapping p — a?) is increasing and the mapping o — 37(«) is decreasing, taking the

limit as p — 1, we deduce the announced result. O

6.3.2 Proof of Theorem 6.1.1

For every a € (0, a()), we have

ef)\atyf S ef)\at Z (Xtu)a

ueVi

and the right-hand side remains bounded as ¢ tends to infinity. Hence

1. — A
limsup-InX; < —.
tstoo T «

And optimizing over « yields
1. — Ay
limsup—In X; < —.
t—too L (0%
On the other hand, for every a € (0, oz(l)) and € > 0 sufficiently small, we have the lower bound

e Y (X)X Y (X

ueVy ueVy
‘We know that both limits
li —Aat u\o —Aa—et u\o—e
Jim_e > (X)* and e > (X
ueV ueVy

are finite and strictly positive a.s. and we deduce that

)\a - )\a—a

1. —
liminf — In X; >
t 3

t——+o0

We take the limit of the right-hand side as € — 0 and then taking the limit o — @ to conclude that

1. —
liminf = In X, > AL.
t—+o0o ¢
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6.4 Mean behavior of the population

In this section, we prove Theorem 6.1.2.

6.4.1 Many-to-one formula and auxiliary process

Using the martingales introduced in section 6.2.3, we can use a Girsanov-type transformation and

deduce several many-to-one formula. In particular, the case @ = 0 leads to:

Lemma 6.4.1 (Many-to-one formula). For everyt > 0 and x > 0, we have

E, | > f(X{)

ueVy

= E[f(YD)],

where (Y})i>0 is an auxiliary Markov process, starting from Y, = x, and generated by

Af@) = 1" (@) + (u+ oM f (@) + 20 (£ () = £(@)).

for every f € C2(RY%).
Proof. See [BDMT11, Proposition 3.3] or [Clo11, Lemma 3.3]. O

Note that the behavior of the auxiliary process is different to the behavior of one cell line. The
resulting jump rate 2r is equal to the original rate  times the number of offspring. This is heuristically
explained by the fact that when one chooses an individual uniformly in the population, at a certain
time, an individual belonging to a lineage with more generations or with prolific ancestors is more

likely to be chosen. Except for this difference, their behavior is similar and we can write
Vt>0,Y; =exp (ut — NyIn(2) + 0\/§Bt) ,

where (B;):>o is a standard Brownian motion and (V;);>o is an independent Poisson process, with

intensity 2r, and we deduce the analogue of Lemma 6.2.2 :

Lemma 6.4.2 (Limit of the auxiliary process). If u > 2r1n(2) then

lim Y; = +ooa.s..
t——4o00

If i < 2r1n(2) then

lim Y; =0a.s..
t——+o0
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and if ;1 = 2r1n(2) then Y oscillates

6.4.2 Proof of Theorem 6.1.2

Let us begin by proving (i) and let us define V;° = {u € V; | X}* > ¢} and N; = cardV/?. By the

Lemma 6.4.2 and Lemma 6.4.1, we have

NE
A B lE[Nt]] Jm P (Y, 2 ¢) =0
and as NV, /E[IV;] converges a.s. to an exponential variable, see Lemma 6.2.1, we have the convergence
of N¢/E[N,] to 0 in probability. Now, it remains to show that the convergence holds a.s. Denoting by
Vi.s(u) the set of cells alive at time ¢ 4+ s and whose ancestor at time ¢ is the cell u € V;, we have

Ng,, - Dueve cardV ;(u)
Nt+s - ZUEVt CardVS?t(u) '

Let us add the notation Y% = cardV;(u). Conditionally to F; = 0 {>_,cy, O0xu | r < t}, (T")uey, isa
family of i.i.d. Yule process, hence

U,—Ts
sup Nt€+s < X:uEVtE Sup520 Ts €
s>0 Nt+s B Zue\/} infsz() T};e—rs
U,—Ts
Zuer SUPs>q Tie
T Yuey, infgso Tlers
N1 N,

— X — sup Tie " x .
(4 S : —
Ni NP v s>0 Yuey, infg>o Tie™rs

IN

By the usual law of large number, the second and third terms converges a.s., thus we deduce that

€

N,
lim sup —** =0 in probability.

t—+oo SZO t+s

Then, we deduce the a.s. convergence of N /N, using the following standard argument

{36 > 0,Vt >0,3s >0, N;,,/Neps > 26} C | ({sup N, ,/Nips > 26} as.

6>0t>0

where the probability of the right hand side event is equal to 0. This ends the proof. Let us now prove
(ii). As g > 2rln(2) = g > rn(2), Lemma 6.2.2 gives that the size of each cells go to infinity. Thus
there always exists a random time 7 such that V,'! = {u € V; | X}* > 1} is not empty when ¢ = T..
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By branching properties
P (hm sup cardV;! = +oo) =1

t—

Then, for every n € N*, the stopping time 7;,, defined by
T, = inf{t > 0| cardV;! > n},

for every n > 1, is finite a.s. Denoting by V;(j) the set of cells alive at time ¢ which are issue to the

cell 5, we have

card{i € Vp, ¢ : X5 ., > exp(st)} S cardV;(j) card{j € Vi(j) : X;(j) > exp(xt)}
Nr, 14 " e, Now #V,(7) '

Letting ¢ — oo in this inequality and cardV;, > n gives

card{u € V; : X}* > exp(kt)}

P|lims =0
(Tlogp N,

- XU > n
<P, (lim up card{u € V; : X} > exp(rt)} _ 0) ‘

t—oo Nt

This ensures that

X >
P <lim “up card{u € V; : X} > exp(xt)}

t—o0 Nt

= O) € {0,1}.

But, if there exists x € [0, g — 2rlog(2)) such that:

cXH >
P <1im qup S € Vi X' 2 explrt)} 0) —0, 6.7)

t—o00 Nt

then lim; , o, card{u € V; : X}* > exp(kt)}/N, = 0, in probability. Since N;/E(V;) converges in
probability, we have
card{i € V; : X} > exp(xt)}

tiigloo E(N,) =0, in probability.

Moreover,
card{u € V; : X}* > exp(xt)} < N,

E(V:) ~EWV)
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which is bounded in L?. Then card{u € V; : X} > exp(xt)}/E(1V;) is uniformly integrable and the
convergence in probability of (6.4.2) implies the L' convergence. Thus,

lim P(Y; > exp(kt)) = 0,

t—+o00

which is in contradiction with Lemma 6.4.2. It ends the proof.

6.5 Fluctuation of the largest individual via deterministic method

Kolmogorov et al proved that the extremal particle in a standard branching Brownian motion sits
near /2t at time ¢. Higher order corrections to this result were given by [Bra78]. Theirs proof are

based on the study of the Fisher-Kolmogorov-Petrovski-Piscounov equation:
O = Oppu + u? — u.

More precisely, they give
u(t,m(t) + z) — w(x),

where

3
m(t) = V2t — NG In(t) + O(1).

Recently this equation was generalized in the case of fragmentation process [BHK11]. In the fol-
lowing, we shall give the analogous of the F-KPP equation in our setting. Let u,, be the cumulative
function of the law of X; that is defined by

up(t,z) =P {rglee%cXZ‘ >1| X0 =2

) (6.8)

or equivalently,

U]\/[(t, {L‘) =K
ueVy

[T 10 (1) X = ] |

The study of u is then connected with the non-linear behavior of the measure [],cy, dx» which is

different to the linear problems associated to the measure >, ¢y, 0x» as in [BDMT11, Clo11].

Lemma 6.5.1. Let f € C*(R%), if uy is defined by

us(t,z) =E

Hf(XZLHXg):x],
ucVy
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foreveryt > 0and x > 0, then uy is solution to

Opuyp(t, x) = 020 0ppuys (t, ) + (1 + 02)20pus(t, ) + 1 (ufc <t, ;C) —ug(t, x))

us(0,2) = f(x)

Proof. The proof is usual, we may split the expectation into two pieces, according to weither the

original particle splits at some 7" < ¢ or not, and obtain

up(t,z) = Pf(x)e” ™ + /Dt P <u3c (s, 2)) (z) re "= ds,

where P; denote the semigroup associated to the vector field 3/ = gy. Now, a differentiation produces

the system. [
Remark 6.5.2 (More general setting). In the general model of [BDMTI1, Clol1], this equation is

given by

1/ k X
Owuyp(t,x) = Guy(t,x) + rzk:pk/o (1:[1 uy (t, F! )(x,9)> _ uf(t,x)> do,

with the notation of chapter 5. In particular, if A is the generator of the Brownian motion, the division

is dyadic and local then we recover the classical F-KPP equation.
Finally, note that Lemma 6.2.3 gives

Lemma 6.5.3 (Rescaling properties). Forall x > 0, M > 0 andt > 0, we have

up(t, ) = uy <t, ]\Z)

It will be interesting to generalize the result of [BHK11, Bra78, Rob11] for this equation.
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