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Généalogie et ()-processus

Résumé :

Cette these étudie le @Q-processus de certains processus de branchement (superprocessus inho-
mogenes) ou de recombinaison (processus de A-Fleming-Viot) via une approche généalogique.
Dans le premier cas, le Q-processus est défini comme le processus conditionné a la non-extinction,
dans le second cas comme le processus conditionné & la non-absorption. Des constructions
trajectorielles des (Q-processus sont proposées dans les deux cas. Une nouvelle relation entre
superprocessus homogenes et processus de A-Fleming-Viot est établie. Enfin, une étude du
@-processus est menée dans le cadre général des processus régénératifs.

Plus précisément, pour un superprocessus inhomogene, qui satisfait la propriété d’extinction
presque siire, le (Q-processus est le processus conditionné a la non extinction en temps long. Nous
le construisons grace a une décomposition en épine dorsale appelée décomposition de Williams.
Ceci forme le second chapitre, qui résulte d’un travail joint avec Jean-Frangois Delmas.

Pour un processus de recombinaison, connu sous le nom de processus de A-Fleming-Viot, qui
satisfait la propriété d’absorption presque siire, nous définissons le (Q-processus comme le processus
conditionné a la non-absorption en temps long. Nous donnons une construction trajectorielle du
processus conditionné via un systéme de particules look-down. Pour une classe de processus a
valeurs mesure assez générale, comprenant a la fois superprocessus homogenes et processus de
A-Fleming-Viot, et incluant en outre un déplacement spatial, nous représentons la h-transformée
additive a ’aide d’un systeme de particules look-down. Ceci forme le troisieme chapitre.

Pour un superprocessus de branchement homogene, basé sur un mécanisme de branchement a-
stable et une immigration (o — 1)-stable, nous montrons que le processus du ratio convenablement
changé de temps est encore un processus de Markov, un processus de A-Fleming-Viot pour
A =Beta(2 — o, — 1) plus précisément. En outre, 'immigration peut étre comprise comme
résultant d’un conditionnement a la non extinction. Ceci forme le quatrieme chapitre, et résulte
d’un travail joint avec Clément Foucart.

Pour un processus régénératif, le ()-processus est défini comme le processus conditionné a ne pas
admettre un certain type d’excursions (arbitraires). Le conditionnement différe selon qu’il est
effectué dans I’échelle du temps réel ou du temps local. Nous identifions les deux processus condi-
tionnés comme deux éléments distincts d’une famille paramétrée de processus confinés, dont nous
étudions les propriétés. Ce travail joint avec Stephan Gufler forme le cinquieéme et dernier chapitre.

Mots-clés :
@-processus, généalogie, superprocessus, processus de A-Fleming-Viot, coalescent, processus
régénératif, excursions.



Genealogy and ()-process

Abstract :

This work is concerned with the definition and study of the Q)-process of some branching processes
(inhomogeneous superprocesses) or recombination processes (A-Fleming-Viot process). In the
first case, the QQ-process is defined as the process conditioned on non-extinction, whereas in the
second case, it is defined as the process conditioned on non-absorbtion. A pathwise construction
of the Q-process is given in both cases. A link between a class of homogeneous superprocesses
and A-Fleming-Viot processes is provided. Last, a study of the Q-process in the more general
framework of regenerative processes is performed.

For an inhomogeneous superprocess, satisfying the almost sure extinction property, the Q-process
is the process conditioned on non-extinction in remote time. We construct this process thanks
to a spinal decomposition called the Williams decomposition. This corresponds to the second
chapter, based on a joint work with Jean-Francois Delmas.

For a recombination process, called the A-Fleming-Viot process, satisfying the almost sure
absorbtion property, we define the @)-process as the process conditioned on non-absorbtion
in remote time. We give a pathwise representation of the conditioned process. For a class of
measure valued processes including homogeneous superprocesses and A-Fleming-Viot processes,
and allowing for a spatial motion, we construct a look-down particle system for the additive
h-transform. This corresponds to the third chapter.

For an homogeneous superprocess, based on an a-stable branching mechanism and (« — 1)-stable
immigration, we show that the ratio process suitably time changed is still Markov, and yields
a Beta(2 — o, @ — 1)-Fleming-Viot process. Moreover, the immigration may be understood as
resulting from conditioning on non-extinction. This builds the fourth chapter, and stems from a
joint work with Clément Foucart.

For a regenerative process, we define the Q-process as the process without excursions in some
prescribed set. The condititioning may be achieved in two different time scales, either the real
time scale or the local time scale. The two conditioned processes are viewed as elements of a
more general parametrized family of confined processes. This forms the fifth chapter, based on
joint work with Stephan Gufler.

Keywords :
@-process, genealogy, inhomogeneous superprocess, A-Fleming-Viot process, coalescent, regenera-
tive process, excursions.
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Introduction générale

1.1 Résumé des travaux

Le premier article, écrit avec Jean-Frangois Delmas,
A Williams Decomposition for Spatially Dependent Superprocesses, [31],

considere des superprocessus avec mécanisme de branchement inhomogene. Ces superprocessus
constituent un modele pour une grande population composée d’individus mobiles dans ’espace, se
reproduisant aléatoirement, indépendamment mais pas identiquement : la loi de reproduction peut
en effet étre affectée par la position spatiale des individus. Sous 'hypotheése d’extinction presque
stire de la population, nous proposons une décomposition de la généalogie du superprocessus
par rapport a la lignée ancestrale du “dernier” individu en vie, aussi appelée décomposition
de Williams. Nous en déduisons une représentation du superprocessus conditionné a la non
extinction en temps long, aussi appelé Q)-processus dans la littérature.

Le second article,
Change of measure in the look-down particle system, [65],

considere le systeme de particules look-down de Donnelly et Kurtz [35] : pour une population
d’individus identiques, qui ne vérifie pas nécessairement la propriété de branchement, on classe
les individus en fonction de la pérennité de leur descendance. Ceci donne lieu a un systeme
de particules dénombrable et échangeable, que ’on soumet a divers changements de mesures.
Nous commencons par étudier un mod ele de population a taille constante appelé processus de
A-Fleming-Viot. Nous supposons vérifiée la propriété d’absorption pr esque siire, au sens ou
tous les membres de la population partagent le méme type en temps fini. Dans ce cadre, nous
définissons le @-processus comme le processus conditionné a la non absorption en temps long.
Le premier changement de mesure considéré permet de donner une construc tion trajectorielle
du @-processus basée sur la suppression de certains événements de reproduction. Ceci est a
comparer a la contructio n de Kesten d’arbres de Galton-Watson conditionnés a la non extinction,
ou des événements de reproduction sont au contraire ajoutés (immi gration). En présence de
mutations, nous définisson la h-transformée additive, qui correspond au second changement de
mesure considéré. Nous proposons un systéme de particules pour la représenter. Ce systéme de
particules confirme certains résultats d’Overbeck [103].

Le troisieme article, écrit avec Clément Foucart,
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Stable continuous-state branching processes with immigration and Beta-Fleming-Viot processes
with immigration, [55],

énonce un lien entre processus de A-Fleming-Viot et superprocessus en ’absence de mouvement
spatial, et lorsque la reproduction est donnée par un mécanisme de branchement « stable
avec immigration (o — 1) stable. Nous montrons que le superprocessus normalisé en mesure de
probabilité (processus du ratio) et convenablement changé de temps, donne lieu & un Beta(2 —
a,a — 1)-processus de Fleming-Viot, ce qui compléte les résultats de Birkner et al. [18] qui
traitent du cas sans immigration. Nous notons que les CBI considérés ne sont autres que les CB
considérés dans [18], une fois conditionnés & la non-extinction.

Le quatriéme et dernier article, écrit avec Stephan Gufler,
A conditioned subordinator and the excursions of the Q-process, [61],

se place dans le cadre des processus régénératifs. Nous étudions alors le processus conditionné a
ne pas admettre d’excursions dans un ensemble arbitraire. Nous observons, apreés Knight [76],
qu’il n’est pas équivalent de conditionner le processus dans I’échelle du temps local ou du temps
réel, et montrons que ces deux processus appartiennent & une famille paramétrée de processus
confinés dont nous étudions les propriétés.

1.2 Les processus de branchement (CB)
1.2.1 Définition et premiéres propriétés

Les processus de branchement recensent le nombre d’individus au cours du temps dans une
population composée d’individus identiques se reproduisant aléatoirement et indépendamment les
uns des autres. Cette description permet de définir les processus de branchement dans un cadre
discret : le nombre d’individus, a valeurs dans I’ensemble N des entiers naturels, évolue en fonction
de la génération, également dans N. L’introduction de tels processus de branchement remonte a
Bienaymé [66] au milieu du 19-iéme siecle, et indépendamment, a Galton et Watson [131] & la fin
du 19-ieme siecle, Pour de grandes populations, ’approximation continue est pertinente, et Jifina
[70] et Lamperti [87, 88] ont initié dans la seconde moitié du 20-ieéme siecle 1’étude de processus
de branchement dans un tel cadre : la taille de la population est désormais assimilée a un réel
RT, et évolue en fonction du temps, dans RT également. Les individus sont désormais de taille
infinitésimale et la valeur du processus a I'instant ¢ doit alors étre comprise en rapport a la taille
de la population initiale. Quelques monographies consacrées aux processus de branchement sont
les suivantes : Harris [64], Athreya et Ney [5] et Jagers [69] dans un cadre discret, le chapitre 10
de Kyprianou [79] et Li [95] dans un cadre continu.

Formellement, un processus de branchement & temps et espace d’état continu (noté CB dans
la suite) est un processus stochastique X = (X, ¢ > 0) a valeurs dans [0, 00] et a trajectoires
cadlag, dont la famille de lois (P,,z > 0) (sous laquelle le processus est issu de z) satisfait la
propriété de Markov par rapport & la filtration naturelle du processus ainsi que la propriété de
branchement :

IPQH_I/ =P, xPy,z, z e RT. (1.1)
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Si 'on interprete P,y . comme la loi (de la taille) d’une population issue de x + 2/, la propriété de
branchement rend compte de I'indépendance des sous-populations issues de x et 2’ respectivement.
Cette propriété modélise donc au niveau macroscopique une absence d’interactions entre individus.

La classe des processus qui satisfont a la propriété de branchement est caractérisée comme suit
par Silverstein [125], voir aussi Le Gall [93], Théoréme 1 du chapitre II (sous une hypothese
supplémentaire de moments).

Théoréme. Si (X;,t > 0) est un processus de Markov cidlag d valeurs dans [0,00] qui vérifie la
propriété (1.1), alors

E, (e *Xt) = e72ut®) X >0, (1.2)

ot (ur(N),t > 0,\ > 0) est l'unique solution positive de l’équation intégrale :

wN) + [ dsp(us(N) = A, (13)
(0,%)

et 1 est une fonction de la forme :

Y(A) = arX? + A+ v(dr) (e =1+ Arl<py), A >0 (1.4)
(0,00) -

pour a > 0, B € R, et v une mesure de Radon sur (0,00) qui satisfait [ o) (1 A r?)v(dr) < oo.

Un tel processus (Xy,t > 0) est alors appelé processus de branchement & espace d’état continu,

et noté CB(¢).

La fonction v, appelée mécanisme de branchement, est convexe et infiniment différentiable sur
(0,00), et vérifie

YP'(0+) =B — /(1 - rv(dr) € [—oo, +00).

On notera que 1’équation (1.3) peut encore s’écrire :

A ds
/ut(x) P(s) - (15)

Une premiére remarque concerne le cas particulier des points 0 et co. Soit ¢ € {0,000} : du fait
de la propriété de branchement, P; est égal a la masse de Dirac en la trajectoire constante égale
a ¢, puis, du fait de la propriété de Markov forte, le point ¢ est un état absorbant pour X, c’est
a dire que X = ¢ pour un certain s > 0 implique X; = ¢ pour tout ¢t > s.

De plus, partant d’une condition initiale finie, le point 0 est atteint en temps fini avec probabilité
strictement positive lorsque la condition suivante, dite de Grey, est satisfaite :

il existe M > 0 tel que /OO ds < oo (1.6)
X — , :
M P(s)

et avec probabilité 1 si de plus ¢'(0+) > 0. De méme, partant d’une condition initiale non nulle,
oo est atteint en temps fini avec probabilité strictement positive si et seulement si

il existe € > 0 tel que /ads < 00
o [¥(s)] ’
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auquel cas le processus est dit non conservatif. Une seconde remarque concerne le calcul de
I’espérance. On la calcule comme suit :

Ez(Xt) = Ex(—=0xa=0 [e_’\Xf})

= —0\a=0 [eﬂut(’\)}
= 2 O\aco [ur (V)] e ()

Maintenant, si I'on pose v(t) = 9yx—g [ut(A)], alors

t

v(t) + wl(0+)/ v(s)ds =1

0

découle de I’équation (1.3), et implique que :
E.(X;) = a e W04 (1.7)

Cette relation ameéne a classer les CB(1)) en trois catégories distinctes, en fonction du signe
de 9'(0+) : si ¢'(0+) < 0, le processus est dit surcritique, si ¢'(0+) = 0, le processus est dit
critique ; enfin, le processus est dit sous-critique lorsque ¢'(0+) > 0. Si le processus est critique
ou sous-critique, X; est une surmartingale positive et converge donc presque stirement lorsque
t — oo. Quelle est la valeur de la limite ? Le lemme de Fatou permet de conclure dans le cas
sous-critique, puisque :

0 < E(Xoo) = E(lim inf X;) < liminf E(X;) = ze ') - 0 quand ¢ — oo,
t—r00 t—00

implique Xo = 0 p.s. Mettons le cas critique en suspens pour quelques instants, le temps
d’introduire la transformée de Lamperti.

1.2.2 La transformée de Lamperti

On se propose maintenant d’interpréter les différents parametres intervenant dans ’expression
du mécanisme de branchement (1.4). Pour cela, il est utile de reconnaitre en ) ’exposant de
Laplace d’un processus de Lévy spectralement positif noté Y. On constate ensuite sans difficultés
que le générateur infinitésimal £X du CB(v)) X et celui £Y de Y agissent comme suit sur la
famille des fonctions exponentielles fy(z) = e :

LY(H)(@) =2 p(N) fa(m) = LY (fr)().

Ceci permet a Lamperti [87] d’établir, & I’aide du résultat de Volkonski [127] sur les changements
de temps de processus de Markov, que les processus X et Y sont liés par un changement de temps,
désormais appelé tranformation de Lamperti. Bien entendu, ce résultat ne vaut que si les deux
processus sont issus du méme point a I'instant initial. Les mots suivants, qui sont diis & Lamperti,
nous permettent d’appréhender la compréhension profonde qu’il avait des CB des 1967 : "The
examples [...] suggest that a CB function would be translation invariant, at least away from
the absorbing state 0, if it were not for the fact that the ’local speed’ of the process at x is not
constant but proportional to x. It is therefore quite plausible to attempt removing this factor by
means of a random time change." De nouvelles preuves de la transformation de Lamperti ont vu
le jour récemment, voir Caballero, Lambert et Uribe Bravo [23]. Nous empruntons la formulation
suivante & Kyprianou [79]. Nous notons 79(X) = inf{t > 0, X; = 0} et 70(Y") = inf{t > 0,Y; = 0}
les premiers temps d’atteinte de 0 par X et Y respectivement.
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Théoréme. Soit z > 0.
- Soit X un CB(v) issu de x. Posons ¢(t) = inf {s > 0, [ ds X, > t}. Alors

T0(X)
Yt:X@(t) pourOStS/ ds X,
0

définit un processus de Lévy d’exposant de Laplace 1, issu de x, jusqu’a son temps d’atteinte
de 0.

~ Soit Y un processus de Lévy d’exposant de Laplace ¢ issu de z. Si 0(t) = inf {s > 0, [; % >t}
avec la convention inf{()} = oo, alors :

Xt = Yyt)rro(v) pourt =0
définit un CB() issu de x.

Notons que la donnée du processus Y jusqu’a son temps d’atteinte de 0 code bien toute la
trajectoire de X puisque 0 est un état absorbant pour X. Notons également que 74(Y") est p.s.
fini lorsque ¢’(04) > 0, mais que le temps 70(X) est sous ces mémes hypotheses :

— ou bien p.s. fini si la condition de Grey (1.6) est satisfaite.

— ou bien p.s. infini si la condition de Grey (1.6) n’est pas satisfaite.

Quelques applications de la transformée de Lamperti sont les suivantes : on obtient immédiatement
que les sauts de X sont nécessairement positifs, ce qui n’est pas immédiat a la lecture de la
propriété de branchement. Aussi, les trajectoires de X sont continues si et seulement si v est
identiquement nulle, auquel cas le mécanisme de branchement, et par extension le CB, sont dit
quadratiques. Enfin, on peut maintenant conclure que les trajectoires d’'un CB critique convergent
presque stirement vers 0 en +o0.

Notons enfin qu’on rencontre deux transformations de Lamperti dans la littérature : la premiere
du point de vue historique, que nous venons de présenter, lie CB et processus de Lévy spectrale-
ment positifs ; elle ne doit pas étre confondue avec la seconde, qui lie les processus de Markov
autosimilaires dans R et les processus de Lévy, voir Lamperti [89]. Un travail de Kyprianou et
Pardo [80] explore le lien entre ces deux tranformations et en déduit des identités en loi pour les
CB stables, qui sont sujets aux deux types de transformation.

1.2.3 La mesure canonique N

La propriété de branchement (1.1) implique l'infinie divisibilité de la loi P, du CB issu de z en
tant que processus. Or, des variables aléatoires infiniment divisibles peuvent étre représentées
a ’aide d’une mesure de Poisson. Dans ce cas, l'intensité de la mesure de Poisson est appelée
mesure canonique. Dans notre cas, cette mesure prend la forme d’une mesure sigma-finie sur
I’espace des trajctoires cadlag, et le processus de branchement est issu de 0 sous cette mesure.
Nous renvoyons au cours de Perkins de Saint-Flour [104], section I1.7, pour plus d’informations
au sujet de la mesure canonique de variables aléatoires infiniment divisibles.

La facon la plus simple de faire apparaitre la mesure canonique dans notre contexte est la
suivante : de ’équation (1.2), on déduit le calcul suivant :

Ex 1— —2X¢ 1— —zue ()
( xe ) = ex — ut(\) quand z — 0,
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valable pour tout A > 0. Ce calcul suggere 'existence d’une limite pour les mesures P, /x. Bien
entendu, ces mesures sont de masse totale 1/x, et nous ne sommes pas dans le cadre habituel de
la convergence en loi de mesures de probabilités, comme décrite dans Billingsley [17] par exemple.
La mesure limite en question est une mesure o-finie, de masse totale infinie, traditionnellement
notée N qui vérifie :

up(\) = N(1 — e M), (1.8)

C’est cette mesure qu’on appelle mesure canonique. La relation (1.2) correspond alors a la
formule exponentielle pour les processus ponctuels de Poisson et se lit désormais comme suit : si
22 O(a;,xiy(dx, dX) est une mesure ponctuelle de Poisson sur R* x D(R*,R™), avec D(R™,RT)
I'espace de Skorokhod des fonctions cadlag de RT dans RT, d’intensité dx x N(dX), alors
(Xizi<o Xi,t > 0) est de loi P,. Les relations (1.7) et (1.8) permettent de calculer espérance de
X; sous N :

N(X;) = e ¥ OPE ¢ > 0. (1.9)

Ensuite,
e—rut() _ Ex(ef/\Xt) _ Em(EX (ef)\Xf,_S)) _ Ex(eszm—s()\)) — o~ zus(ut—s(N))
d’ou 'on déduit que
u(A) = us(u—s(A)), (1.10)

et enfin :
N(1 - ¢ ) = N(1 — ¢ 4= WXe) = N(Ey, (1 - e ¥e2)).

Plus généralement, on peut montrer que le processus X sous N est markovien, avec les transitions
du CB(%) en dehors de I'instant initial. Enfin, (N(X; € -),¢ > 0) est une mesure d’entrée pour le
semi-groupe du CB(%)).

1.2.4 Les processus de branchement avec immigration (CBI)

Les processus de branchement avec immigration (CBI dans la suite) ont été introduits par Kawazu
et Watanabe [72] comme limite d’échelle de processus de Galton-Watson avec immigration. Une
introduction & ces processus pourra étre trouvée au chapitre 12 de Kyprianou [79].

Un CBI(¢), ¢) est un processus de Markov fort X a trajectoires cadlag de transformée de
Laplace :
B, (e~ 77) = o~ (V- Jo dlusds.

lorsqu’il est issu de x > 0, avec u; défini par 1’équation (1.3), et

$(A) = dA +/ (1— e )p(dr), A>0 (1.11)
(0,00)

I’exposant de Laplace d'un subordinateur, encore appelé mécanisme d’immigration. Ici, d > 0 et

1 est une mesure de Radon sur (0, 00) telle que [ o) (1 A7)n(dr) < co. Soit X un CB(v) issu

de x et ), 5(32,7 xi) un processus ponctuel de Poisson indépendant de X d’intensité
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ds x (d N+ n(dr)]P’r>

(0,00)
sur (0,00) x D(R*,RT). Alors

(X4 X Lt 2 0) (112)

a loi du CBI(¢,0).

Ainsi, du point de vue dynamique, un CBI(¢, ¢) se comporte comme un CB(v) avec un flux
d’immigrants additionnel gouverné par un subordinateur d’exposant de Laplace ¢. De plus les
immigrants sont ensuite indistinguables des autres individus de la population originelle, dans
le sens ou ils partagent les mémes caractéristiques reproductives, données par le mécanisme de
branchement 1. On notera que la loi du CBI(v, ¢) satisfait 'analogue suivant de la propriété de
branchement (1.1) :

Pr-‘rr’(Xoo € ) - Px(Xoo € ) *Px’(X S ‘)71'71'/ eR". (1'13)

avec X un CB(v). Sans plus d’information sur la généalogie, la représentation (1.12) des CBI
permet déja d’identifier I'instant de naissance A; de 'ancétre commun le plus récent des individus
en vie a l'instant ¢ dans X°° selon la formule :

Ay = inf{s; X{_,, # 0} Lix,—o}-

Cela permet ensuite d’étudier :
— le phénomene de bottleneck selon lequel la population est stochastiquement plus petite a
Iinstant A; qu’en ¢, du moins en régime stationnaire, voir Chen et Delmas [26],

— la dynamique du processus (A, t > 0), voir Evans et Ralph [51].

L’ensemble des zéros d’'un CBI est un ensemble régénératif. Des conditions pour savoir si un
ensemble régénératif est vide ont été établies par Fitzsimmons, Fristedt et Shepp [52]. Cependant,
il n’est pas évident de transcrire ces conditions en terme du couple (1, ¢). Nous faisons cet
exercice dans un cas particulier dans I'article avec Clément Foucart [55], voir Proposition 4.3.1.

1.2.5 Le Q-processus des CB

Informellement, le Q-processus du CB X est défini comme le CB X conditionné par I’événement
{X¢ # 0} pour t grand. On dit encore que le @-processus du CB est le CB conditionné a la
non-extinction en temps long. Lamperti et Ney [90] ont les premiers travaillé sur ce sujet. Roelly et
Rouault [112] et Evans [48] ont initié 1’étude des Q-processus pour des superprocessus homogenes.
Enfin, les travaux de Lambert [85] traitent le cas du @-processus pour des CB généraux.

Soit X un CB(v) et 79(X) = inf{t > 0, X; = 0}. On commence par écrire le calcul suivant :

Po(10(X) <t) = Eg(lim e ) = lim e () = e7oue(>0),
A—00 A—00
ou lon utilise & la premiere égalité le caractere cadlag des trajectoires, et ou I'on note u;(00) la
limite croissante de u;(A) lorsque A — oco. De I'équation (1.5), on déduit que {7p(X) < oo} avec
probabilité strictement positive lorsque la condition de Grey (1.6) est satisfaite, comme annoncé
auparavant. Plus précisément, dans ce cas, lim;_, ut(00) est égal a la plus grande racine de



8 1 Introduction générale

Péquation 1 (\) = 0, qui vaut 0 lorsque le CB est critique ou sous-critique (on exclut le cas
particulier ¢(A) = 0 de la discussion).

Soit donc un CB sous-critique ou critique qui satisfait la condition de Grey, de sorte que
I'évenement {7(X) = oo} a une probabilité P, nulle et une mesure d’excursion N nulle. La loi du
Q-processus notée N*° est définie comme suit, avec (F, ¢ > 0) la filtration naturelle du processus
X
N>*(A) = li)m N(A|mo(X) >t +s), Ae F, (1.14)
S oo

sous réserve que cette limite ait un sens. Le théoréme suivant est di & Roelly et Rouault [112] et
Evans [48] dans le cas d’'un CB quadratique et Lambert [85] dans le cas général.

Proposition. Soit X un CB(y) sous-critique ou critique qui satisfait la condition de Grey
(1.6). La relation (1.14) définit une mesure de probabilité N°°, qui peut étre exprimée comme une
h-transformée de Doob pour la fonction harmonique espace temps h(t,x) = we‘l’/(oﬂt, c’est-a-dire :

N®(A) = N(X, 'O A) Ae F. (1.15)
De plus, le processus X est sous N> un processus de branchement avec immigration issu de 0 de

mécanisme de branchement ¢ et de mécanisme d’immigration ¢(\) :

d(A) = Y'(\) — ¢/ (0+) = 20X + o Oo)(l — e Mru(dr). (1.16)

On notera que le membre de droite de (1.15) définit encore une mesure de probabilité méme si la
condition de Grey n’est pas satisfaite.

Nous esquissons maintenant la démonstration de la Proposition 1.15. Le premier résultat tout
d’abord, relatif & la h-transformée. On se donne A € F;. Du fait de la propriété de Markov de N,
on a

_ »—Xivs
N(A|Xpss > 0) = N (X >0, 4) (H,A> .

N(X¢1s > 0)

Ut+s
avec vg = limy_ 00 us(A), caractérisé par
< dr
Vs w(r>

On montre que vy converge lorsque s tend vers 'infini vers la plus grande racine de 1, égale a 0
puisque le CB est critique ou sous-critique. D’autre part, il est possible d’établir la convergence
suivante, voir Lambert [85] :

=s. (1.17)

v /
Us w0
Vgyg SO0

Une domination immédiate permet alors d’appliquer le théoréme de convergence dominée et de
conclure. Il reste a montrer que le (Q-processus est un processus de branchement avec immigration.
On commence par noter que, en tant que h-transformée d’un processus de Markov fort, X sous
N est encore un processus de Markov fort. On calcule ensuite :

Noo(e—)\Xt) = N(X, oV (0+)t e—)\Xt)
= eV OP G N(1 — e M)
= ¥ OD 5 0,(N)
_ V(00 o= [y ¥ (s (V) ds
_ o Jy @ s ()9 (04) ds.
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la troisieme équation étant obtenue en différenciant I’équation intégrale (1.3) par rapport a A.
On a donc bien que X est sous N*° un processus de branchement avec immigration issu de 0
avec le mécanisme de branchement ¢ (\) et de mécanisme d’immigration ¢(A) = ¢'(A) — ¢/ (0+).

On peut se demander si conditionnement a la non-extinction et transformation de Lamperti
commutent : un tel résultat ne vaut que dans le cas d’'un mécanisme de branchement critique,
voir le Lemme 10.14 de la monographie de Kyprianou [79]. D’ailleurs, le conditionnement d’un
processus de Lévy spectralement positif Y par {m9(Y) > ¢t} peut donner lieu & une perte de masse
a la limite ¢t — oo, au sens ou :
i i < >
i lim P(Y; < sofmo(Y) > 1) <1,

voir le lemme 10.11 de la méme référence [79], tandis que la Proposition 1.15 ci-dessus montre
que l'on n’a pas de perte de masse lorsqu’on conditionne les CB associés.

1.3 Généalogie des CB : Les arbres réels

Les CB apparaissent naturellement comme limite d’échelle de processus de branchement discrets,
appelés processus de Galton-Watson, convenablement renormalisés, voir Jifina [70]. Les processus
de Galton-Watson sont naturellement pourvus d’une généalogie. Il est moins facile de définir une
généalogie pour les CB. Nous verrons deux méthodes complémentaires pour donner un sens a la
généalogie d’un CB : les arbres continus en section 1.3.1, et le systeme de particules look-down
en section 1.5.

1.3.1 Les arbres continus

Soit g : [0,00) — [0, 00) une fonction continue a support compact telle que g(0) = 0. On définit
alors :
dg(s,t) = g(s) +g(t) — 2inf {g(u),s Nt <u < sV L}

pour s,t € [0,00), et on a les deux propriétés suivantes :
dg(s,t) =dg(t,s) et dg(s,t) < dg(s,u) + dg(u,t).
La relation d’équivalence suivante :
s ~ t si et seulement si dy(s,t) =0,

fait donc de dy une distance sur I’espace quotient 7, = [0,00)/ ~. Le couple (7,,dy) est alors
un arbre réel, et on note T I’ensemble de ces arbres. Cela signifie, voir [49], que (7, dy) est un
espace métrique qui satisfait aux deux propriétés suivantes, pour tout x,y € 7Ty :

— Il existe une unique application isométrique f, de [0,d4(x,y)] dans T, telle que :

Joy(0) =z et fwy(dg(xay)) =Y.

— Si ¢ est une application continue injective de [0,1] dans 74 telle que ¢(0) = = et ¢(1) =y,
alors :

¢([0, 1)) = fay ([0, d(z, y)])-
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Un arbre réel enraciné est un arbre réel avec un point distingué p. Nous enracinerons 74 en la

classe d’équivalence de 0. L'image de [0, d(x,y)] par I'application f; , sera notée [z,y] . On note

L 'ensemble des feuilles de Ty, défini comme I’ensemble des éléments x de T, \ {p} tel que Ty

privé de x reste connexe. On définit enfin le squelette Sy = T\ L comme le complémentaire de

I'ensemble des feuilles dans 7,. Deux mesures sont naturellement attachées a 7y :

— la mesure de longueur /4, qui est une mesure sur le squelette définie par 4([z,y]) = dqy(z,y),

— la mesure de masse mgy, définie comme la mesure image de la mesure de Lebesgue par la
projection canonique p qui & un élément de [0, c0) associe son représentant dans 7.

Le plus récent ancétre commun de x et y est [p,z] N [p,y] N [z, y], il sera noté = A y.

Notons que I’ensemble des arbres réels compacts est polonais, voir Evans [49], ce qui va nous
permettre de considérer des variables aléatoires a valeurs dans cet espace.

1.3.2 Les arbres de Lévy, et les décompositions de Bismut et de Williams.

Nous décrivons dans cette section une procédure pour donner un sens a la généalogie d'un CB(2))
en terme d’arbre réel. Nous proposons ensuite une décomposition de cette généalogie par rapport
a un point x de l'arbre :

— choisi selon la mesure de masse m(dz) (Bismut).

— choisi de sorte que d(p, z) soit maximal (Williams).

Nous précisons enfin comment ces généalogies permettent de définir la généalogie du Q)-processus.

Soit un processus de Lévy Y = (V;,t > 0) d’exposant de Laplace 1) donné par (1.4), dont les
trajectoires sont & variation infinie, et qui ne dérive pas vers +o0. Le Gall et Le Jan lui associent
dans [94] un processus des hauteurs (Hy, ¢ > 0) défini comme suit. On note

Vi=Y,— Yy, 0<s<t,

le processus retourné a l'instant t et
Se=supY;
r<s
le processus du supremum. Le processus des hauteurs a l'instant ¢, Hy, est alors défini comme
le temps local au niveau 0 et a I'instant ¢ du processus St— YVt Le processus des hauteurs,
qui n’est pas une semi-martingale, admet cependant un temps local, dont il existe une version

conjointement mesurable notée (Lg, t > 0,s > 0), continue et croissante en s.
On a la généralisation suivante du théoréeme de Ray-Knight, due & Duquesne et Le Gall [37].

Théoréme (Théoreme de Ray-Knight généralisé). Supposons que le CB() soit critique ou
sous-critique, & trajectoires de variation infinie. Alors le processus (Lt t > 0) est un CB(3)
issu de r, avec T_p = T_p(Y).

Remarque 1.3.1. Lorsque 1)(\) = 2\?, le processus des hauteurs a la loi d’un mouvement brownien
standard réfléchi, et donc le théoréme de Ray-Knight ci-dessus dit que la famille des temps locaux
d’un mouvement brownien réfléchi stoppé lorsque le temps local en 0 excede r est un CB(v)) issu
de r, encore appelé diffusion de Feller. Ce résultat constitue le second théoreme de Ray-Knight,
di indépendamment & Ray [109] et Knight [75].

Supposons que le CB(%)) est critique ou sous-critique, & trajectoires de variation infinie, et vérifie
la condition de Grey (1.6). Duquesne et Le Gall [37] prouvent alors que le processus des hauteurs
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est continu en la variable t. Dés lors, il est possible de considérer ’arbre réel associé T4 pour
g(s) = Hspr_,, ot T_, = 7_,(Y'). L’arbre réel 7, ainsi défini est alors compact. On notera P, la
loi de I'espace métrique 7, ainsi défini muni de d,.

On peut encore définir 'arbre 79 sous la mesure d’excursion n du processus Y — I, ou I désigne
Vinfimum de Y : I; = infp<s<;¢ Y5 pour ¢ > 0. Soit ¢g(s) = Hs une excursion du processus des
hauteurs sous n. Nous noterons N la "loi" de I'espace métrique égal a 7, muni de dg. Le lien entre
N et N s’énonce alors comme suit : si 7 est distribué selon N, alors (L% ,t > 0) est distribué
selon N.

Pour ¢ > 0 fixé, la famille des temps locaux (L%, s > 0,¢ > 0) induit une mesure ds L% sur (0, 79),
et nous notons ¢*(du) la mesure image de la mesure dsL’ par 'application p. Ainsi, ¢* est une
mesure sur I’arbre 7, qui vérifie, pour toute fonction ¢ mesurable bornée,

| tawe) = [ dLt o)) (118)
u€Ty 0

On notera que L} = ¢*(1), avec 79 = inf{t > 0,Y; = 0}. Le lien avec la mesure de masse est le
suivant :

m(du) = /teR+ dt £(du). (1.19)

On donne maintenant les décompositions de Bismut et de Williams sous la mesure d’excursion n
de Y — I. Etant donné deux espaces métriques (7,d, p) et (T',d’,p') et un élément xy de T, on
introduit une opération de greffe. Définissons

T = T® (T’,ﬂco),

comme suit :
— T =T UT avec xg et p identifiés dans T .
— la racine de 7 est la racine p de 7.
— d est définie comme suit :
d(z,y) siz,yeT,
d(z,y) = d'(z,y) siz,ye T,
d(z,xg) +d(p,y)sizeT,yeT
Soit h € [0, 00]. Considérons l'espace métrique 7" = [0, h], muni de sa distance naturelle. On
pose maintenant :
up(dT) = 2aN(dT) + v(dr)rP.(dT).
(0,00)
On se donne ensuite une mesure ponctuelle de Poisson »;c7 d(s, 7;)(ds, dT') sur Th x T d’intensité
(o, (s)ds pp(dT). Alors
TEr=T" ® (Ti, si)
1€
définit encore un arbre réel. Noter que cette construction, dans laquelle nous greffons un nombre

infini d’arbres, est bien licite. Nous renvoyons a Le Gall Le Jan [94] et Duquesne Le Gall [37]
pour la démonstration de la décomposition de Bismut suivante.

Théoréme (Décomposition de Bismut). Supposons T construit a partir d’'un CB() critique ou
sous-critique, 4 trajectoires de variation infinie, et qui satisfait la condition de Grey. Nous avons
alors la relation :

N ( /x eTm(dx)F(d(p, ), T)) = /h . e~V ODR gn B(F(h, TPM)).



12 1 Introduction générale

Nous choisissons (7, z) distribué selon N(dT)m(dzx) : cela signifie que 7 est distribué selon
N(m(T),dT) puis, conditionnellement & 7, que z est de loi m(dx)/m(T). Alors d(p, x) a pour
densité e=¥ (O par rapport & la mesure de Lebesgue dh sur RT, et conditionnellement &
d(p,x) = h, T est distribué comme 75",

Remarque 1.3.2. Lorsque ¥()\) = 2)?, le processus des hauteurs est distribué selon la mesure
d’excursion d’Itd, et on retrouve la décomposition originale de ’excursion brownienne due a
Bismut [19].

3
7

Figure 1.1: A gauche : une excursion du processus des hauteurs sous n et un point uniforme sur celle-ci,
associé au point x dans I'arbre. A droite : I'arbre réel associé, de loi 72", décomposé le long du chemin
de p a z, de longueur h.

Soit h < 00, et soit A un ensemble qui ne dépend que de la restriction de I'arbre réel a ’ensemble
{z € T,d(p,x) < h}. On a par construction la propriété de compatibilité suivante :

P(THh e A) = P(TP> € A).
De plus, on peut déduire de (1.19) et du théoréeme précédent que :
P(TBh e A) = N(e¥'ODh L T € A).

T0?

On rappelle de plus que (L? ,h > 0) a la loi d'un CB(¢) pris sous sa mesure d’excursion.

T0?
Maintenant, la martingale (L’;O ¥ (0 > 0) est encore la dérivée de Radon-Nikodym du
Q-processus par rapport au processus de branchement original dans sa filtration naturelle
(Fn,h > 0), selon (1.15). Ainsi 75> donne une généalogie au Q-processus. Ce méme résultat
vaut encore dans le cas discret : voir les preuves conceptuelles du théoreme de Kesten et Stigum

par Lyons, Pemantle et Peres [97].

On exprime maintenant la décomposition de Williams en terme d’arbre réel. On note
Hiax = sup{Hy,t > 0} = sup{d(p, ),z € T}

la hauteur de l'arbre réel T associé a H. On définit :

pwp(dT) = 2aIN(dT') + v(dr)re """ P,.(dT).
(0,00)

Soit h > 0 fixé. On considére & nouveau ’espace métrique 7" = [0, ] muni de sa distance
naturelle. Soit une mesure ponctuelle de Poisson >, d(s, 77)(ds, dT’) sur le produit de 7°° x T
d’intensité

Lio,n)(8)ds pw,n—s(dT).
Alors TWh =Th @ (T;,s;), ou I" = {i € T; 8; + Humax(T;) < h}, définit encore un arbre réel.

ieZh

Abraham et Delmas [1] prouvent alors le Théoréme suivant.
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¢ ¢
\7 \7’

Figure 1.2: A gauche : I'arbre réel 75" A droite : I'arbre réel 75 Les deux arbres coincident 2
distance inférieure a h de la racine

Théoréme (Décomposition de Williams). Supposons T construit a partir d’un CB(y) critique
ou sous-critique, d trajectoires de variation infinie, et qui satisfait la condition de Grey. On a :
- N(Hpaz > h) = v, pour tout h > 0.

~ Conditionnellement d {H oz = R}, T a méme loi que TV

Ainsi, on a la relation :

NOE(T) = [ db ionn] BP(T™)).

\/
\/
\7

Figure 1.3: A gauche : une excursion du processus des hauteurs sous n décomposée selon son supremum
atteint en x. A droite : I'arbre réel associé, décomposé le long du chemin de p a =, de longueur h, de
méme loi que 7" On notera qu’aucun des sous-arbres greffés le long de 7" ne dépasse la hauteur h.

Remarque 1.3.3. Lorsque ¥()\) = 2)?, le processus des hauteurs est distribué selon la mesure
d’excursion d’It0, et on retrouve la décomposition de I’excursion brownienne par rapport a son
supremum due a Williams, voir Rogers et Williams [114], Théoreme 55.11.

La décomposition de Williams fournit une seconde approche de la généalogie du Q-processus,
puisqu’il est possible de montrer que les conditionnements par les évenements { Hyax > h} et
{Hmax = h} donnent le méme processus a la limite h — oo, voir le lemme 2.5.1. Ainsi, T W0

[N - . L
fournit & nouveau la généalogie du Q-processus. On notera enfin que 7 -> = TBoe,

En résumé, nous avons vu deux méthodes pour donner une généalogie au Q-processus des CB :



14 1 Introduction générale

— ou bien commencer par prouver ’existence du @)-processus du CB en montrant que c’est une
h-transformée puis représenter cette h-transformée en terme d’arbre réel : c’est la méthode
explicitée dans la section 1.2.5 et poursuivie avec la décomposition de Bismut.

— ou bien obtenir une représentation en terme d’arbre réel du processus conditionné a { Hyax = h}
puis passer a la limite en A sur cette représentation, comme nous venons de le voir avec la
décomposition de Williams.

1.3.3 Une construction des superprocessus homogénes

Cette section présente la définition du serpent brownien introduit par Le Gall dans [92], qui
permet de construire un superprocessus homogene a partir de sa généalogie donnée par un arbre
réel.

Soit un processus de Markov Y sur un espace polonais F sans discontinuités fixes. On note P, la

loi du processus issu de z dans E. Soit 7 un arbre réel, supposé déterministe pour le moment,

enraciné en p. Il existe un processus (W,,v € T) indicé par 7T tel que :

— Pour chaque u € T, le processus (Wf(p,u)(r)v 0<r<d(p,u)) est de loi P,.

— Conditionnellement a la valeur Wyr, , (We,v € [u A v,u]) et (Wy,v € Ju A v,z]) sont
indépendants.

Soit un mécanisme de branchement 1 sous-critique ou critique qui vérifie la condition de Grey

(1.6). On construit a partir du processus de Lévy spectralement positif d’exposant de Laplace 9

Parbre réel T de “loi” N comme en section 1.3.2. On définit alors le superprocessus homogene

(Z;,t > 0) a valeurs dans I'ensemble M ¢(E) des mesures finies sur £ par :

Zy(dx) = / ()b, (da). (1.20)
ueT

On notera encore N, par abus de notation, la “loi” de la mesure aléatoire Z; et pour une mesure

finie 1 € M(E) et f positive et mesurable, p(f) la quantité définie par p(f) = [ f(x)u(dr).

La quantité us(f, z) = Ny (1 — e~ %)) satisfait & ’équation intégrale :

w(fa)+Ea ([ s V(£ ) = E(S (1), (1.21)

voir le Théoréme 2.1 de [92] pour le cas ot 1)(\) = 2A? et le Théoréme 4.2.2 de Duquesne et Le
Gall [37] pour le cas général. Le processus (Z;,t > 0) est un superprocessus homogene, caractérisé
par la donnée du mouvement spatial de loi P et du mécanisme de branchement . On doit
Iintroduction des superprocessus a Dawson [29, 30] et Watanabe [129], d’ou le nom qui leur
est parfois donné de processus de Dawson-Watanabe. La notation us(f, ) = Ny (1 — e=Z¢())) est
similaire & la notation u;(\) = N(1 — e~*X¢) utilisée auparavant, avec la fonction f dans le role
de la condition initiale A\ € R*. La donnée de x est une donnée spatiale supplémentaire. On
notera que, pour le choix de f = A\1g,

ur(fyx) = Ny(1 — e*)‘Zt(E)) = uy(N),

car la masse totale d’'un superprocessus homogene est par construction un CB(v). Notons enfin
que des variations de cette approche permettent de construire le superprocessus associé a des
mécanismes de branchement surcritiques, voir Duquesne et Winkel [38] et Abraham et Delmas
[2].
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1.3.4 Les CB multitypes

Nous proposons dans cette section une généralisation des CB quadratiques, appelée processus de
branchement multitypes. On peut retracer 1'origine de ces processus a Watanabe, voir [130] pour
un exemple a 2 types. On consultera Champagnat et Roelly [25] pour une étude plus récente.
Nous observons que la définition de leur généalogie pose probléme.

Désormais X; n’est plus un scalaire mais un vecteur de (R™)™. Notons (z,y) le produit scalaire de
deux éléments de R™. Soit A € (RT)™. 1l existe un unique processus de Markov X; & trajectoires
cadlag dont la transformée de Laplace s’écrit :

E:L‘ (ef(Avxt)) — ef(zvut (A)

Y

ou le vecteur uy (A, -) = (ur(A, i), 1 < i <n) est 'unique solution du systéme suivant :

Apur(A, i) = 1< jcre Bijur(N, j) — aug(X, i)
’U,O()\, Z) = )\i-

Notons f; = —3_; Bij- Soit Y une chaine de Markov & valeurs dans {1,...,n} de taux de
transition infinitésimal ;; de 7 vers j pour j # i. Notons P; la loi de Y issue de i. Alors le
systeme précédent peut se mettre sous la forme suivante :

wi) + F ([ ds w¥ou oY) ) = BiOw), (1.22)

avec ¥(i, z) = az? + B;z. Dans le cas ol tous les 3; sont constants, égaux & f3, (i, z) est fonction
de z seulement, il s’agit d’'un mécanisme de branchement homogene, 1’équation (1.22) est en
fait une équation du type (1.21), et la construction (1.20) de X via sa généalogie est valable.
Si les 3; ne sont pas constants en revanche, le mécanisme de branchement (i, z) = az? + B;z
est qualifié d’inhomogene, et ’équation (1.22) ne peut se réduire a une équation de type (1.21).
Heuristiquement, les individus de la population se reproduisent encore indépendamment mais
plus identiquement, dans le sens ou la loi de reproduction est fonction de la position spatiale, qui
elle-méme évolue selon un processus de Markov a espace d’état discret. Une question d’intérét
est alors la compréhension de 'interaction entre la généalogie et la composante spatiale. On ne
peut plus en effet choisir d’abord la structure généalogique puis, indépendamment, le mouvement
spatial, comme dans (1.20). Cette question a donné naissance a l'article [31] avec Jean-Francois
Delmas.

On notera que ces CB multitypes apparaissent comme limite d’échelle de processus de Galton-
Watson multitype avec mutations rares, voir Champagnat et Roelly [25] pour la définition de ces
processus. Dans le cas ou les mutations ne sont pas rares, c’est a dire si la matrice de transition
de la chaine de Markov est indépendante du changement d’échelle, Miermont [98] montre qu’un
superprocessus homogene apparait a la limite.

Les processus de branchement multitypes apparaissent comme un cas particulier de superprocessus
plus généraux, les superprocessus inhomogenes, comme noté par Dynkin a I’exemple 2 p. 10 de
[41]. Nous allons dorénavant nous placer dans ce cadre.
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1.4 Les superprocessus inhomogenes : généalogie, décomposition de Williams
et Q-processus

On établit dans cette section une décomposition de Williams pour des processus de branchement
integrant une composante spatiale qui interagit avec le branchement, puis on en déduit une
construction du @Q-processus. Cette section correspond au travail [31] avec Jean-Frangois Delmas,
dont les résultats principaux sont exposés dans les sections 1.4.2 et 1.4.3.

1.4.1 Définition

On propose maintenant un cadre d’étude adapté a notre probleme, le cadre des superprocessus
inhomogenes. Apres I'introduction des superprocessus par Dawson et Watanabe, Dynkin [40, 41] a
considérablement développé ce champ d’étude, qui continue a faire ’objet d’une grande attention
de la part de la communauté probabiliste, comme en témoignent les monographies suivantes,
classées par ordre chronologique : Perkins [104], Etheridge [46], Duquesne et Le Gall [37] et Li
[95].

On se donne un processus de Markov fort sur un espace polonais, de loi P, lorsqu’il est issu de
x € E, et de générateur infinitésimal noté L. Soit un mécanisme de branchement inhomogene de
la forme :

Y@, A) = B@)A + a(z)\’ (1.23)

pour des fonctions 3 et a continues bornées sur E a valeurs dans R et R* respectivement. Lorsque
les fonctions 5 et « sont constantes, le mécanisme de branchement est dit homogene.

Soit f positive, mesurable et bornée. D’apres le théoréme I1.5.11 de Perkins [104], il existe une
unique solution u(f, z) mesurable et bornée sur les ensembles [0, 7] x E pour tout T > 0 de
I’équation intégrale :

t

wlho) + B ([ ds 60 w190 = Balf(00), (124)
On peut maintenant définir le superprocessus inhomogene. Le Théoreme d’existence suivant est
une conséquence des Théorémes I1.5.1 et 11.5.11 de Perkins [104].

Définition. Il existe un unique processus de Markov (Zy,t > 0) a trajectoires continues dans
Uespace My(E) des mesures finies sur EE muni de la topologie de la convergence étroite, qui
satisfait, pour toute fonction f positive, mesurable et bornée, et pour tout x € E,

Ny (1 — e 20y = wy(f, z), (1.25)
avec ut(f,-) la solution de (1.24) bornée sur les ensembles [0,T] x E pour tout T > 0.

On dira que Z est le superprocessus de mouvement spatial de loi P (ou de générateur infinitésimal
L) et de mécanisme de branchement (1.23). On peut encore définir la loi P, de ce méme
superprocessus issu de v € M(E) par :

Py(e_Zt(f)) — e_V(ut(fv)) .

On le construit comme suit : Si Y7, §4i(dZ) est une mesure de Poisson d’intensité [ v(dx)N,,
alors >, Z* a pour loi P,. Le superprocessus Z = (Z;,t > 0) est appelé inhomogene : il s’agit d’une
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inhomogénéité en espace qui traduit le fait que la reproduction est fonction de la position spatiale.
Le parametre —f(x) est un parametre malthusien qui gouverne la croissance exponentielle de
la population en x, et a(x) gouverne 'intensité de la reproduction en x. Noter que Z est, en
tant que processus de Markov, un processus homogene en temps au sens usuel ou ses noyaux de
transition de l'instant s a un instant ultérieur ¢t ne dépendent que de la différence ¢ — s. Noter
aussi que la masse totale du superprocessus Z(1), qui était un CB(v)) dans le cas homogene,
n’est plus désormais un processus de Markov en général.

1.4.2 Une généalogie via les transformées de Pinsky et de Dawson-Girsanov

Avant de présenter nos résultats, et afin de développer une meilleure intuition des superprocessus
inhomogenes, on se propose de présenter brievement deux techniques utiles : la h-transformée au
sens de Pinsky, et la transformation de Dawson-Girsanov.

On définit la h-transformée au sens de Pinsky du superprocessus Z par la relation :
ZMdx) = h(x)Z(dzx). (1.26)

On vérifie alors que, sous certaines conditions sur h explicitées au lemme 2.3.5, Z"(dx) est encore
un superprocessus, de mouvement spatial P;,L, défini par :

dP" h(Y;) :
VS z |Dt _ t 7f ds (Lh/h)(Ys) ) 1.2
>0, P, p,  hi) e Jo (1.27)
et de mécanisme de branchement :
- h
vl ) = TEEOR 4 o),

avec la nouvelle condition initiale Z#(dx) = h(x)Zo(dz). S’il existe une fonction ¢q positive
qui satisfait & (=L + B)¢o = Ao (nous reviendrons en section 1.4.4 sur l'existence d’une
telle fonction), alors Z%(dz) est encore un superprocessus, de mouvement spatial P20, et de
mécanisme de branchement :

Moz + a(z)do(z) 22

On aimerait alors éliminer la dépendance en 2 du coefficient en 22 du mécanisme de branchement.
On peut penser, a la suite de Dhersin et Serlet [33], & utiliser un changement de temps aléatoire.
Cependant, ce changement de temps impacte également le coefficient en z, annulant 'effet de
la tranformation précédente. En outre, ce changement de temps affecte les longueurs de ’arbre
généalogique et en particulier le temps d’extinction Hpax = inf{t > 0, Z; = 0} du superprocessus
Z. Cette approche ne semble donc pas adaptée pour prouver une décomposition de Williams, qui
est une décomposition de la loi du superprocessus par rapport a Hyax.

Nous avons donc choisi une autre méthode pour réduire le superprocessus inhomogene a un
superprocessus homogéene. Précisément, nous nous donnons un superprocessus inhomogene 7
qui satisfait la propriété d’extinction presque stire au sens ou Ny (Hpax = 00) = 0 pour tout
x € E. Nous supposons de plus que les coefficients o et § du mécanisme de branchement satisfont
aux propriétés de régularité (H2) et (H3) explicitées dans 'article, ce qui nous permet de
justifier 'emploi des transformées suivantes. Nous considérons alors le superprocessus Z"(dx)
avec h = 1/, de mécanisme de branchement :
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b(w,2) = B(x)z + 2%, avec B(z) = a(—L+ B)(1/a)(x),

de mouvement spatial Pé, dont nous notons le générateur infinitésimal £. Nous notons P, la loi
du superprocessus Za (dx) lorsqu’il est issu de v € M (E). Il nous reste a éliminer la dépendance
en z du coefficient en z dans 1. Nous utilisons une transformation de Dawson-Girsanov de la loi
du superprocessus, voir le cours de Saint-Flour de Dawson [30]. Précisément, nous posons :

8o = sup s (3(e),/(F20) —2LA) @)+ et ale) = 2L,
zeE
ainsi que : 3 B
p(z) = P(z,q(x)) — L(g)(x), z€kE
Alors, la relation : .
Py, eZO(q)*fJOO ds Zs(p) 1 (e to0) (1.28)

dP,
définit la loi PY d’un superprocessus homogeéne de mouvement spatial encore donné par le
générateur L et de mécanisme de branchement :

YO(N) = BoX + N2

Nous sommes donc arrivés a nos fins. Réciproquement, on peut construire 'arbre réel T associé
au mécanisme de branchement homogene 1°, puis (W,,u € T) le processus (indicé par I’arbre)
de mouvement spatial donné par le générateur infinitésimal L, selon la construction explicitée en
section 1.3.3. On note N sa distribution. On définit alors N par absolue continuité comme suit :
dN,,
dINY

T

(W) = efo-shOo ds Zs ()

)

et on rappelle que Z est une fonction du processus W. On obtient finalement la construction
suivante de la généalogie du superprocessus inhomogene.

Proposition. [31] Si Z satisfait la propriété d’extinction presque sire, et o et B satisfont d
(H2) et (H3), alors le processus a valeurs mesures (Z,t > 0) défini par :

Zy(dx) = /u () a(W)dw, (dr). ¢ 0.

avec W sous Nx est distribué selon N,.

Un mot de terminologie pour finir : on notera que la h-transformée de Pinsky est une transfor-
mation trajectorielle qui consiste en une repondération du superprocessus. En particulier, il ne
s’agit pas, comme la h-transformée au sens de Doob, d’une transformation absolument continue
de la loi du processus. Au contraire, la loi de la h-transformée de Pinsky est en général étrangere
a la loi du processus initial.

1.4.3 La décomposition de Williams

Du fait de 'inhomogénéité du mécanisme de branchement v (z, z) défini en (1.23), la décomposition
de Williams pour un superprocessus inhomogene ne peut se réduire, comme dans le cas homogene,
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a la décomposition de Williams du CB associé. En particulier, on peut se demander quel est le
mouvement spatial des plus longues lignées ancestrales.

Nous énoncerons nos résultats sous la mesure canonique N, les résultats analogues sous P peuvent
étre consultés dans I'article. Un rdle clef dans 'analyse est joué par la fonction

Uh(x) =Ng [Zh 7£ 0] s

qui généralise la fonction v;, définie en (1.17) dans le cadre homogene. La fonction vy, (z) est
constante en la variable d’espace x dans le cas d’'un mécanisme de branchement homogene, c’est
a dire lorsque 3 et « sont constantes dans (1.22). La relation suivante définit de maniére licite
une mesure de probabilité :

ap™ P ;
xz |Dy hvn—t(¥2) — [o ds Oxp(Ys,on—s(Ys))
VO<t< h, - e Jo h=s , 1.29
dP,p,  Ohvn() 29

avec Dy = 0(Y5,0 < s <t) la filtration naturelle de Y. Notons que P et P coincident sur Dy,
pour un mécanisme de branchement homogene. On présente maintenant un second théoréme
intitulé décomposition de Williams, cette fois-ci valable pour des superprocessus inhomogenes.
L’intérét principal de cette décomposition vient de lidentification de la loi P* de la lignée
ancestrale la plus pérenne.

Théoréme (Décomposition de Williams, [31]). Supposons que le superprocessus Z satisfait
la propriété d’extinction presque sure, et que « et B sont continues bornées, et satisfont aux
hypothéses (H2) et (H3). Soit x € E et Y|g p,) de loi P On se donne une mesure de Poisson
>jed 5(5].72]') d’intensité :

2 l[o’ho)(s)ds 1{H7mz<h0—s}a(Y:9) NYS [dZ] (130)

Conditionnellement ¢ {Hpmaz = ho}, le superprocessus Z sous N a méme loi que Z(ho) =
(Zt(ho),t > 0) défini par :
zM = Yzl t>0
j€J, 85<t

Il s’agit d’une décomposition de la loi du superprocessus par rapport a son temps d’extinction
Hppax. Conditionnellement & { Hyax = ho}, les superprocessus greffés a la hauteur s ne peuvent
excéder la hauteur hg du fait de la restriction & { Hpax < ho — s} de la mesure de Poisson définie
dans (1.30).

1.4.4 Le Q-processus d’un superprocessus inhomogéne

L’objectif est maintenant de passer a la limite en h dans le théoréme précédent. Ceci ne pose
pas de difficultés en ce qui concerne la loi des superprocessus que 'on greffe : la restriction a
{Hmax < ho — s} dans I’énoncé du théoréme s’en trouve simplement levée. La difficulté concerne
la convergence du mouvement spatial P("). Pour cela, on a besoin de la notion de valeur propre
généralisée, et ceci nous amene a nous restreindre aux deux cas ou nous savons que cette valeur
propre est bien définie, a savoir les cas ol Y est une chaine de Markov a espace d’état fini ou
une diffusion dans R¥. Notons D le domaine du générateur £. La valeur propre généralisée Ao
de opérateur 5 — L est définie dans ces deux cas par :



20 1 Introduction générale
Ao =sup{l €R,JuecD(L),u>0 telle que (8 — L)u =¥ u}-
Une interprétation plus probabiliste de cette quantité est fournie par la relation suivante :

1 t
Ao = — sup lim -~ logE,[e” o ds B(Y:)

ACEt_)OO t 1{TAC >t}] )

ol le supremum est pris sur les sous-ensembles compacts A de E, et A¢ désigne le complémentaire
dans E de I'ensemble A. On renvoie au livre de Pinsky [107] lorsque Y est une diffusion sur R,
et au livre de Seneta [121] lorsque Y est une chaine de Markov a espace d’état fini. Dans ce cas,
la valeur propre généralisée correspond a la valeur propre de Perron Frobenius.

Nous définissons maintenant I’hypothese de "product-criticality” d’apres Pinsky [107]. L’opérateur
(8= Xo) — L est dit critique lorsque I'espace des fonctions harmoniques positives associées est non
vide, mais la fonction de Green est infinie. Dans ce cas, 1’espace vectoriel des fonctions harmoniques
positives pour opérateur (8 — A\g) — L est de dimension 1, engendré par une fonction notée ¢
appelée vecteur propre généralisé. De plus, ’ensemble des fonctions harmoniques positives de
Popérateur adjoint de (8 — A\g) — £ est de dimension 1, engendré par une fonction notée bo. Si
en outre [y dx ¢o(x) ¢o(x) < 00, Popérateur (3 — Ag) — L est dit "product-critical’, et la mesure
de probabilité P?0, donnée par :

%0
o dPCp,  do(¥h) o Jods (BY)=H0)

dPx | Dy ¢0 (Yb)

définit alors un processus de Markov récurrent au sens ou il existe une mesure de probabilité v
sur E telle que :
sup B[] = v(f)l o O,
FEbE | fllee<1 feo

avec bE les fonctions mesurables de E dans R et || f||oc = sup,cg |f(z)| la norme infinie de f,
voir le Théoreme 9.9 p. 192 de Pinsky [107]. Ainsi, la notion d’opérateur "product-critical" est
étroitement liée a la notion de récurrence positive. Nous énoncons maintenant un résultat de
convergence des superprocessus Z (ho) | sous cette hypothese de "product-criticality".

Théoréme. [31]. Supposons que la valeur propre généralisée est positive ou nulle, Ao > 0, que
le vecteur propre généralisé ¢g est minoré et majoré par des constantes strictement positives,
que lopérateur (8 — Ng) — L est "product critical”. Supposons enfin « et 5 continues bornées et
a € C* bornée inférieurement par une constante positive dans le cas de la superdiffusion.

Soit Y de loi P2, et, conditionnellement a 'Y, soit > et (5(Sj’Zj)(dS, dZ) une mesure de Poisson
d’intensité :
2 1g+(s)ds a(Ys)Ny, [dZ].

On considére le processus Z(>°) = (Zt(oo),t > 0), défini par :
7= % Z] . t>0,
jed, s;<t

et on note N sa distribution. Alors le processus (Zého), s € [0,t]) converge en loi vers (Z§°°), s €

[0,t]) lorsque hqy tend vers +o00.
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On précise, pour faire le lien entre les hypotheses des deux théoremes précédents, que le caractere
positif ou nul de Ay associé au fait que ¢y soit minorée et majorée par deux constantes positives
implique la propriété d’extinction presque siire, d’apres un argument de couplage explicité au
lemme 2.6.1. En outre, ce théoréeme énonce un résultat sur le Q-processus, puisqu’on vérifie au
lemme 2.5.1 que Ng(coo) correspond encore a la limite en loi de N?h”) = N, [ |Hmax > ho) lorsque
ho tend vers 400, ce qui constitue la définition du @-processus. Ce théoreme s’inscrit dans la
littérature comme suit. Il permet de préciser la remarque 2.8 de Champagnat et Roelly [25],
dans laquelle, apres avoir défini le ()-processus en terme de h-transformée, les auteurs précisent
qu’une construction de celui-ci en terme d’une “immigration interactive” est envisageable. Un
processus similaire & Z(°°) avait été défini auparavant dans Engliander et Kyprianou [43], et, &
la discussion 2.2, les auteurs suggéraient que ce processus devait coincider avec le (Q-processus.
Notre Théoréme confirme donc cette suggestion.

Nous 'avons expliqué, notre intérét dans ce travail réside principalement dans la fagcon dont le
mouvement de la lignée généalogique la plus longue se trouve affecté par le caractére inhomogene
du mécanisme de branchement. Englénder et Pinsky [44] s’intéressent a des superprocessus avec
des mécanismes de branchement inhomogeénes qui ne vérifient pas la propriété d’extinction presque
stire. Ils montrent que les lignées généalogiques infinies forment un arbre de Galton-Watson a
temps continu, et que la loi de ces lignées infinies est P* définie par (1.27) avec w une fonction
positive telle que £L(w) — 1(w) = 0. Ainsi, la loi P* de ces lignées infinies dépend de L, § et «,
alors que la loi P?0 de I'unique lignée infinie du Q-processus ne dépend que de £ et 3.

Un dernier résultat concerne le superprocessus Z sous Ng«h) vu depuis l'instant d’extinction h.

Son énoncé nécessite l'introduction de P(—") la loi de Y sous P translatée de h :
P ((Ya, s € [=h,0]) € o) = PP (Viys, 5 € [D,0)) € 0).

L’hypothese de “product criticality” associée a Ag > 0 implique alors I'existence d’une mesure de
probabilité P(=°) telle que pour tout z € E, t > 0 :

PN (Y, s € [~1,0]) € o) ——— P (Y, s € [~1,0]) € o).
h—400
Théoréme. [31]. On suppose Ao > 0, ¢g minorée et majorée par deuxr constantes strictement
positives, et (— No) — L de type “ product critical”. De plus, on suppose « et 3 continues bornées
et o € C* bornée inférieurement par une constante positive dans le cas ot Y est une diffusion.

Soit Y de loi P(=) et, conditionnellement 4 Y, soit jes 6(sj7zj) une mesure ponctuelle de
Poisson d’intensité :

2 1scopalYs) ds 1y, .. (x)<—sy Ny, [dZ].

On considére le processus (ZS(_OO), s <0), défini pour s <0 par :

Z§_OO) = Z Zg—Sj'
JjeJ, 5;<s

Z(hO)

hots: S € [—1,0]) converge en loi vers (Zs(_oo), s € [—t,0]) lorsque hy tend

Alors le processus (
Vers +00.

Du fait de I'indépendance entre structure généalogique et mouvement spatial dans la construction
du superprocessus homogene explicitée en section 1.3.3, le Q-processus d’un superprocessus
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homogene peut étre défini a partir du @-processus du CB, comme nous ’avons déja remarqué. La
condition de récurrence que nous imposons sur le mouvement spatial pour obtenir le ()-processus
peut donc sembler superflue dans ce cas. En revanche, cette condition est naturelle pour obtenir
la convergence depuis le “sommet” énoncée dans le dernier Théoreme

On définit enfin la mesure de probabilité ngB’t) suivante :
(B.t) _rt
dP:c 2 e fO ds B(Ys)

dPx | D¢ B Ez’ |:e fot ds ,B(Ys):|

Cette mesure de probabilité peut étre vue comme la loi de la lignée ancestrale d’un individu
choisi au hasard dans la population a l'instant ¢, voir la formule (2.44). Il s’agit également d’une
pénalisation de “Feynman Kac” du mouvement spatial P,, selon la terminologie de Roynette et
Yor [115]. On prouve dans [31] que si ¢ est minorée et majorée par deux constantes strictement
positives, et si lopérateur (8 — \g) — L est “product -critical”, alors Pﬁg)s

P?’ID pour s > 0 fixé lorsque t — oo. Ceci peut aussi étre interprété comme un état globulaire

dans un modele de polymere aléatoire, voir Cranston, Koralov and Molchanov [27].

converge en loi vers

1.4.5 Ouverture

En conclusion du travail [31] avec Jean-Frangois Delmas :

— une extension possible : La limitation aux mécanismes de branchement quadratiques du type
(1.23) tient au fait que nous voulions définir une généalogie. Cette limitation nous a permis de
prouver nos résultats par “transport” a partir du superprocessus homogene comme expliqué en
section 1.4.2. Cependant, pour ce qui est des résultats présentés dans cette introduction, formulés
en terme de processus a valeurs mesures, on pourrait envisager une démonstration classique
par l'analyse des équations différentielles partielles vérifiées par les cumulants u:(f), comme
fait dans [43]. Cette approche permettrait d’envisager une généralisation & des mécanismes de
branchement plus généraux du type :

Y(x,\) = B(@)A + a(x)\? + ( )(e*)‘“ —1 4+ Muly<i)v(z, du).
0,00

Dans ce cas, les formules exprimées en terme de 1, comme (1.29), seraient inchangées.

— une ouverture : Les superprocessus inhomogénes modélisent de (grandes) populations dans
lesquelles les individus se reproduisent encore indépendamment, mais plus identiquement : la
loi de reproduction dépend en effet, comme on I’a vu, d’une coordonnée spatiale. On aurait
pu imaginer des individus se reproduisant identiquement, mais plus indépendamment : par
exemple, dans le modele logistique, la loi de reproduction subit une rétroaction négative de la
part de la population totale. Ce modele, qui rend compte d’une population avec ressources
limitées, a été étudié par Lambert [84], 'existence du Q-processus est un cas particulier du
travail de Cattiaux et al. [24], et une généalogie a été définie par Pardoux et Wakolbinger [91].
On renvoie aussi au cours [104] de Saint-Flour de Perkins pour des modeles avec interactions
plus générales. On peut encore se poser la question de la généalogie du @Q-processus dans ces
cas.
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1.5 Généalogie : le systéme de particules look-down

Cette section fournit une seconde approche de la généalogie, valable pour des populations
échangeables qui ne satisfont pas nécessairement la propriété de branchement, via un systeme de
particules appelé look-down. Les principales applications que nous en avons tirées sont détaillées
dans les deux sections suivantes, numérotées 1.6 et 1.7.

1.5.1 Construction du systéme de particules

Les processus de branchement apparaissent comme limite d’échelle de processus de Galton-
Watson convenablement renormalisés, comme ’a établi Jifina [70]. Pour établir la convergence
jointe de la généalogie, une possibilité consiste a définir le processus de contour des processus
de Galton-Watson, ce qui meéne a la définition de la généalogie via les arbres réels. Une autre
possibilité consiste & classer les individus dans le modeéle discret en fonction de la persistence de
leur descendance. A tout instant ¢ > 0, on donne un niveau (dans N) & chaque individu : 1 pour
celui qui a la descendance la plus pérenne, 2 pour le suivant, etc... Donnelly et Kurtz appliquent
cette idée dans [35] et prouvent ainsi la convergence de I'arbre généalogique restreint aux n
premiers niveaux pour des modeles de populations neutres (c’est-a-dire composée d’individus
identiques) tres généraux. Ces modeéles comprennent les processus de branchement, mais ne
sont pas restreints a ces processus. De plus, les systémes de particules limites sont compatibles
quand n croit : on obtient alors un systéme de particules échangeable discret apte a décrire une
population continue. Ce systeme de particules a été nommé look-down par Donnelly et Kurtz, en
référence & un premier modele [34]. Nous ne détaillerons pas les questions de convergence, et
présentons maintenant la construction du systeme de particules limite.

On se donne deux processus cadlag a valeurs dans Rt : X = (X4, ¢ > 0) le processus de masse
totale, 79(X) = inf{t > 0,X; = 0}, et U = (Uy,t > 0) le processus de "rééchantillonage". On
suppose Uy = 0 et U croissant, et on décompose U comme suit :

Uy =Ul + Y AU, Urcontinu, AU, = Us — U,_.

s<t

Le point 0 sera supposé absorbant pour X. Enfin, pour pouvoir définir le modele, on a besoin
que AU; < X? pour tout t > 0. Conditionnellement & U et X, on définit alors deux mesures
ponctuelles de Poisson N? et N* sur [0, 79(X)) X Pao, 011 P représente 'ensemble des partitions
de N :

- NP = > d(t,m (dt, dm) ot les partitions échangeables 7 sont i.i.d. selon la loi p,(d)
0<t<70(X), AU #0

pour x = \/AU;/X;. Pour 0 < z < 1, p, désigne la loi de la partition aléatoire échangeable
7 qui comprend un unique bloc non trivial de fréquence asymptotique . On la construit
simplement comme suit : chaque entier fait partie du bloc non trivial de 7 avec probabilité z,
indépendamment des autres entiers.

- Nk = > O@m(dt,dm) est une mesure de Poisson, indépendante de N”, d’intensité
0<t<10(X)

(dUF /(X¢)?) x ¥, ott p* est la mesure sur P, qui donne une masse 1 & toute partition avec un
unique bloc non réduit a un singleton composé de deux entiers, et une masse nulle aux autres.
Conditionnellement & (X, U, N*¥, N*), on définit ensuite un systéme de particules

E=(&(n),0 <t <719(X),neN),
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avec &(n) le type de l'individu au niveau n & l'instant ¢. La construction de ce systéme suit les

regles suivantes :

— (&(n),n € N) est une suite i.i.d. de loi uniforme sur [0, 1].

— A chaque atome (¢, 7) de la mesure N := N k 4+ NP, on associe un événement de reproduction :
soit j1 < jo < ... les élements de I'unique bloc de 7w qui n’est pas un singleton. C’est ou bien
une paire si (¢,7) est un atome de N k auquel cas on conviendra de poser j, = oo pour j > 3,
ou bien un ensemble infini si (¢, 7) est un atome de N”. Les individus aux niveaux j; < ja < ...
a linstant ¢ sont considérés comme étant les enfants de I’individu au niveau j; a l'instant ¢t—,
qui joue le role du pere. Celui-ci leur transmet son type & (j1), tandis que les autres types sont
distribués aux individus restants comme suit : pour tout entier ¢, & (jy) = &—(j1) et pour tout
k¢ {ji, 0 € N}, & (k) = &—(k — #Jy) avec #Ji le cardinal de I'ensemble Jj, := {¢ > 1,j, < k}.

Ceci définit un systéme de particules ¢ sur [0, 79(X)). On pose ensuite & (j) = lim,_, (x) &s(4)

pour ¢t > 79(X). Avec cette définition, conditionnellement a (X,U), la suite (&(j),7 € N) est

échangeable pour tout ¢t > 0, voir la Proposition 3.1 de [35], et 'on note R; sa mesure de de

Finetti :

T
Ry(dz) = lim_ ¥ ;aﬁ(n)(dm).
Une version cadlag de ce processus a valeurs mesures de probabilité existe d’apres [35], Théoréme
3.2. Ce processus est encore appelé processus du ratio.

(1)

Figure 1.4: Les 7 premiers niveaux d'un systéme de particules look-down a deux types, symbolisés par les
traits pleins ou les traits pointillés. On observera la facon dont sont transmis les types au moment d’'un
événement de reproduction. L'individu 1 a I'instant s est un ancétre de l'individu 6 a I'instant ultérieur ¢ :
une fleche permet en effet de passer du niveau 1 au niveau 3, puis un autre évenement de reproduction
peu avant l'instant ¢ envoie le niveau 3 au niveau 6.

Le processus d’intérét, noté Z(dz) = (Z;(dx),t > 0), est alors défini comme suit :
(Ze(dz),t > 0) = (Xt Re(dz),t > 0). (1.31)

La mesure finie Z;(dz) sur [0, 1] représente donc une population dont la masse totale est donnée
par X; et dont les types sont rééchantillonnés selon le processus U. L’approche look-down consiste
en une factorisation polaire (1.31) de la mesure Z(dx) : les deux facteurs sont la taille totale X de



1.5 Généalogie : le systéeme de particules look-down 25

la population d’une part et le ratio R d’autre part, qui comprend l'information de la généalogie.
L’idée d’une telle factorisation remonte au moins a Shiga [124].

1.5.2 Superprocessus homogénes et processus de A-Fleming-Viot
Superprocessus homogénes

Lorsque X est un CB(%) pour ¢ de la forme (1.4) conservatif, et U = [X] est sa variation
quadratique, le processus Z(dx) est le superprocessus homogene, ou processus de Dawson-
Watanabe, sans déplacement spatial sur [0, 1], déja introduit en section 1.3.3. Ce résultat non
trivial est prouvé dans [35], Section 4, voir également Birkner et al. [18]. Les mesures N et N*
prennent alors la forme suivante :

— NP(ds,dr) est une mesure ponctuelle de Poisson de compensateur prévisible :

X ds [ ok, ()(dr) prldm),
(0,1)

avec py 1 v — x/(x +y) et ¢y (v)(dr) la mesure image de v par ¢, qui est donc une mesure
sur (0,1).
— N¥(ds,dn) est une mesure ponctuelle de Poisson, indépendante de N”, de compensateur

prévisible :
Q@

ds pi* (dn)
5
pour 0 < s < 7p(X).
On notera que le drift 5 qui apparait dans (1.4) ne joue de role qu’au travers de Xs_ dans les
expressions des deux compensateurs.

On notera également que si les éveénements de reproduction sont clairement identifiables dans le
modele look-down, les événements de mort sont possibles, et se font par poussée du niveau a
Iinfini. Dans le cas du processus de Dawson-Watanabe, les évenements de morts surviennent si
et seulement si la condition de Grey est vérifiée.

Mentionnons qu’il est difficile de trouver la généralisation du systéme de particules look-dwon
apte a représenter des superprocessus inhomogenes, voir néanmoins [78].

Processus de A-Fleming-Viot

Lorsque X = 1 et U est un subordinateur, le processus Z(dz) = R(dz) est appelé processus
de A-Fleming-Viot, (ou plus simplement A-Fleming-Viot) sans déplacement spatial sur [0, 1],
pour A une mesure finie sur [0, 1] liée a 'exposant de Laplace cA + f(071](1 —e WY (dz) du
subordinateur U comme suit :

| s@adn) = cgo)+ [ gl (da). (1:82)
[0,1] (0,1]

voir la section 3.1.4 de [35]. Lorsque A(dz) = dp(dz), on parle simplement de processus de
Fleming-Viot. Posons v(dx) = x_2/1|(0’1] (dz). Les mesures N” et N* prennent alors la forme
particuliéerement simple suivante :
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— N”(ds,dm) est une mesure ponctuelle de Poisson d’intensité ds [ v(dx)z2p,(dr).

— N*(ds,dr) est une mesure ponctuelle de Poisson d’intensité ¢ ds p*(dn), indépendante de N”.
Lorsque ¢ = 0, la dynamique du A-Fleming Viot Z(dz) = R(dx) est particuliérement simple a
décrire. On se donne une mesure de Poisson d’intensité dt z=2 v(dz), puis pour chaque atome
(t,z) de cette mesure, on ajourne comme suit la valeur du processus :

Ri=(1—2z) R— +x 0y avec U de loi R;_.

ou les différents choix de U sont indépendants les uns des autres, et sont indépendants de la
mesure de Poisson.

Le systéme de particules donne un acces direct aux propriétés dynamiques des processus de
Fleming-Viot. On consultera Pfaffelhuber et Wakolbinger [106] et Delmas, Dhersin et Siri-Jégousse
[32] pour des travaux sur le MRCA dans un cadre a population constante, & comparer avec ceux
mentionnés en Section 1.2.4 pour des populations branchantes.

On peut se demander quel est le lien entre la notion de généalogie définie par le systeme de
particules look-down et celle définie par les arbres continus dans les cas ol les deux constructions
ont du sens, c’est-a-dire pour des processus de Dawson-Watanabe homogéenes construits a partir
de CB ou de CBI. Ou encore quel est le lien avec la notion de généalogie définie par les flots de
ponts (dans le cas des processus de A-Fleming-Viot) ou par les flots de subordinateurs (dans
le cas des CB), ainsi que les ont définies Bertoin et Le Gall [14, 15]. Berestycki, Berestycki et
Schweinsberg [8] et, plus récemment, Labbé [81, 82] font le lien entre ces différentes approches.

Notre contribution consiste en deux nouvelles applications [55, 65]. Notons cependant que 'article
[55] avec Clément Foucart a finalement fait 'objet d’une rédaction qui ne fait pas appel a ce
systeme de particules. La fin de cette section détaille quelques applications immédiates du systéme
de particules look-down.

1.5.3 M-Fleming-Viot

Donnelly et Kurtz considérent une population d’individus tous identiques (au sens ou ils ont
la méme loi de reproduction), et classent ces individus en fonction de la perennité de leur
descendance (en “regardant dans le futur”). L’ajout du niveau différencie implicitement les
individus : en effet, 'individu de niveau 1 doit heuristiquement mieux se reproduire que I'individu
de niveau 2, pour assurer le fait que sa descendance est plus pérenne; de méme, 'individu de
niveau 2 doit mieux se reproduire que l'individu de niveau 3 et ainsi de suite.

Un calcul simple permet de confirmer ce fait rigoureusement dans le cadre d’'un A-Fleming-Viot.
Supposons pour simplifier que A{0} = 0. On rappelle que v(dz) = a:*QAKo’l](dx). Soit ¢ > 1 un
entier. Un événement de reproduction qui génere une fraction x de la population advient a taux
v(dx), et, conditionnellement & la donnée d’un tel évenement, I'individu de niveau ¢ est choisi
comme pére avec probabilité (1 — x)*1x. L’individu de niveau i engendre donc une fraction x de
la population a taux

z(1—2) ty(de) = 2711 — z)" L A(dx).

Ainsi, le taux de reproduction v(dx) d'un individu “moyen” se trouve biaisé par z(1 — z)*~!, qui
est une fonction décroissante de i pour tout x € [0, 1].

Nous profitons de I'occasion pour introduire la notion de processus de M-Fleming-Viot, définie
par Clément Foucart dans [54], et que nous étudions plus avant dans I’article [55]. Si 'on congoit
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les immigrants comme étant les fils d’un individu immortel membre de la population, étant
donnée la construction du modele look-down, cet individu doit étre I'individu au niveau 1 (sous
réserve qu'il existe un unique individu immortel dans la population). Soit un couple de mesures
M = (Ag, A1), avec Ay et Ay deux mesures finies sur [0, 1]. Supposons pour simplifier que Ay et
A1 n’ont pas d’atome en 0. Le M-Fleming-Viot peut étre défini & partir d’une modification du
modele lookdown usuel :
— L’individu de niveau 1 se comporte comme dans le systeme de particules look-down d’un
Ap-Fleming-Viot usuel, c’est-a-dire qu’il génere une fraction x de la population avec intensité

1 Ag(dx).

— Les individus aux niveaux supérieurs {2,3,...} se comportent comme dans le systéme de
particules look-down d’un A;-Fleming-Viot dont les niveaux commenceraient & 2, et non a 1.
Ainsi, I'individu de niveau i > 2 génere une fraction x de la population avec intensité

- 1Ay (dx
1 =) 2 Ay (dr) = 2711 - x)1111().
—x

En comparant les taux de reproduction, un A-Fleming-Viot apparait comme un cas particulier

de M-Fleming-Viot avec M = (A, (1 — z)A). Ceci fait 'objet du lemme 4.4.1 dans le cas général.

On notera que le modele des M-Fleming-Viot ne donne plus lieu en général & un systéme de

particules échangeable.

1.5.4 Superprocessus homogeénes et dp-Fleming-Viot : un premier lien

Le modeéle look-down consiste en une description de la généalogie conditionnellement a la taille
totale de la population X et au processus de rééchantillonage U. Des lors, il est tres facile de
comprendre effet sur la généalogie du conditionnement par une des deux quantités X et U.

Un tel conditionnement est dii & Etheridge et March [45], et donne un lien entre :

— les processus de Dawson-Watanabe, de masse totale des CB(¢)).

— les A-Fleming-Viot, de processus de rééchantillonage un subordinateur U.

Soit un processus de Dawson-Watanabe Z(dz) de masse totale X un CB(v) avec ¥()\) = 22,
que nous conditionnons par I’événement {X; = 1,s > 0}. Bien entendu, cet événement est de
probabilité nulle, et il faut donc définir une fagon de I'approcher. On peut par exemple fixer € et
t > 0 et conditionner par I’événement {|Xs — 1| < ¢€,0 < s < t}. Lorsque € tend vers 0, la loi du
processus ((Xs,Us),0 < s < t) conditionné converge vers celle de ((1,4s),0 < s < t). Ensuite,
par construction du modele look-down, le processus Z construit & partir de

(X5, Us),0 < s < t) = ((1,45),0 < s < t)

est un (46p)-Fleming-Viot restreint a [0, ¢]. Nous verrons un second lien entre superprocessus
homogenes et A-Fleming-Viot en section 1.7.

1.6 Changement de mesure dans le systéme de particules look-down

Cette section se rapporte au travail [65]. Elle fournit de nouvelles applications du systéme de
particules look-down. Nous définissons notamment le ()-processus pour les A-Fleming-Viot en
section 1.6.2, dont nous fournissons une construction trajectorielle par effacement de certains
évenements de reproduction.
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1.6.1 Le @Q-processus d’un superprocessus homogéne

On consideére un processus de Dawson-Watanabe Z(dz) construit comme expliqué en section
1.5.2 & partir de X un CB(%)) sous-critique ou critique qui satisfait la condition de Grey (1.6).
On sait de la section 1.2.5 que le CB X conditionné a la non extinction, noté X°° dans la suite,
est un CBI(¢,9" — 1'(0+4)). Le Q-processus associé au processus a valeurs mesures Z(dz) est le
processus a valeurs mesures Z>(dz), construit a partir de X*° et U = [X*°] comme expliqué en
section 1.5.2. Une question naturelle, sachant que X est un processus de branchement avec
immigration, consiste a se demander d’ou provient 'immigration dans le systéme de particules
look-down associé a Z*°. On suppose pour simplifier que a = 0 dans Pexpression (1.4) du
mécanisme de branchement de . De la construction poissonienne (1.12) de X°°, on déduit que
> 0<s<t O(s,Ax)(ds,du) admet pour compensateur prévisible

ds (X2 v(du) 4+ uv(du)).

Dans cette expression, le terme ds X° v(du) correspond au terme de branchement, et la
multiplication par XJ° a la transformation de Lamperti expliquée en section 1.2.2. Le terme
ds uv(du), indépendant de la taille X, de la population, correspond au terme d’immigration.
Maintenant, conditionnellement a la valeur du saut AXS° = u, ’événement {j;i(s) = 1} a pour

probabilité
U u

X* XX +u

La mesure ponctuelle

Y Os.axge(ds, du)ly, =1

0<s<t

admet donc pour compensateur prévisible :

ds (X;’°+u> (Xv(du) + uv(du)) = ds uv(du).

On en déduit le résultat suivant :

Proposition. [65]. Le processus (Zogsgt AXZ 14 (5)=1}:t = 0) est un processus de Lévy a

sauts purs, de mesure de Lévy uv(du), c’est-a-dire un subordinateur d’exposant de Laplace

P'(A) = ¢/ (04).

En d’autres termes : I'immigration provient de 'individu au niveau 1, et on retrouve le fait
que cet individu génére une fraction = de la population selon la mesure de Lévy biaisée uv(du).
(Attention a ne pas confondre ce résultat avec la loi de reproduction de la particule de niveau 1
dans le modele du A-Fleming-Viot vue en section 1.5.3.) Le méme résultat avec I'ajout d’une
composante brownienne (« # 0) est plus délicat a obtenir, et fait ’objet d’une remarque dans
larticle [65].

1.6.2 Le Q-processus d’un A-Fleming-Viot

Nous avons conditionné en section 1.2.5 un CB vérifiant {79(X) < oo} p.s. a I’événement
{10(X) = oo} par le biais d'un passage a la limite, et avons appelé le processus résultant Q-
processus. Sous une condition explicite (que nous donnons en (1.39)), le A-Fleming-Viot vérifie
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la propriété d’absorption p.s., au sens ou R; est, pour t assez grand, p.s. réduit a une masse de
Dirac en le type aléatoire £y(1). Ceci signifie que le seul type £y(1) subsiste au bout d’un temps
suffisamment long. Notre objectif est maintenant de conditionner tout A-Fleming-Viot qui vérifie
la propriété d’absorption p.s. & la non absorption. Cet objectif avait déja été menée a bien a
I’aide de techniques analytiques dans le cas de la diffusion de Wright-Fisher, on pourra consulter
Lambert [86], qui pointe lui-méme vers les travaux de Kimura [73]. Nous proposons une approche
nouvelle, basée sur le systeme de particules look-down, qui permet de calculer le générateur du
@Q-processus, et permet en outre d’expliquer la forme de ce générateur.

Nous supposons donc dans toute cette section que Z(dx) = R(dx) est un A-Fleming-Viot, et on
rappelle que 'exposant de Laplace du subordinateur U est lié & la mesure A par ’équation (1.32).
On choisit de travailler avec I'espace des types F = {1,..., K’} plutdt que [0, 1] par commodité.

Un outil important dans cette étude est le changement de filtration. On définit a cet effet les
deux filtrations d’intérét :

— (Ft = 0{(&(n),n € N),0 < s < t}) la filtration associé au systeme de particules.

— (Gt = 0{Rs,0 < s < t}) la filtration associée au processus R.

On considere le processus R conditionné a la coexistence des K premiers types a l'instant ¢, pour
K entier fixé compris entre 1 et K’ :

K
VA€ G, P(REY € A) =P(R € A|[] R{i} # 0),
=1

Il n’est pas aisé de définir la structure probabiliste du processus R(ZY) & t fixé. Néanmoins, pour
t grand, on peut en s’aidant du systéme de particules look-down prouver que R(Z?) restreint &
une fenétre de temps [0, s] prés de l'origine, admet une structure simple, qui peut étre décrite en
fonction d’un nouveau systéme de particules £*°. Un élément clef dans I’analyse est 'introduction
de L(t) le premier niveau auquel les K premiers types sont apparus dans le systeme de particules
original & :

L(t) = inf{i > K, {1,...,K} C {&(1),...,&(i)}}.

On définit le systéme de particules £€>°, semblable au systeme de particules original £, avec deux
différences majeures : les K premiers types sont forcés d’occuper les K premiers niveaux, puis
les évenements de reproduction impliquant au moins 2 des K premiers niveaux sont interdits,
de sorte que les K premiers types restent aux K premiers niveaux a tout instant ultérieur. La
définition précise est la suivante :

(i) La suite finie (£5°(j),1 < j < K) est une permutation uniforme de {1,..., K}, et la suite
(£5°(4),7 > K + 1) est une suite aléatoire indépendante échangeable, de fréquence asymptotique
Rg° de loi :

K .
P(R® € A) =E <1A(RO)Hi;1R°{Z}f> :
E(ITiZ: Rof{i})

(ii) Les événements de reproduction sont gouvernés par la restriction de la mesure de Poisson N

(définie dans a la section 1.5.1 lors de la construction de R) & ’ensemble

Vo= {(s,m),mr = {012} (K3}

ou 7|x] désigne la restriction de la partition m a {1,..., K}.
Par un argument d’absolue continuité, on montre que le systéme de particules £ ainsi construit
est bien défini, et admet une mesure de de Finetti notée R{® :
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1 N
00 s
Ry®(dx) = JMim — n§:1 Oeze (n) (d),

Notons Pk la loi du processus de Markov (L(t),t > 0) issu de K. Nous pouvons alors énoncer le
Théoreme suivant.

Théoréme. [65]. Soit s > 0 fizé. Si :

lim PK_H(L(t) < OO)

m T <) = (1.33)

alors la famille de processus (R&Zt),o < u < s) converge en loi vers le processus (R°,0 < u < s)
quand t tend vers oo.

Noter que la condition (1.33) implique l’absorption p.s. En effet, on a Py (L(t) < co) — 0
de (1.33), et donc L est infini p.s. en temps fini. Des conditions suffisantes sous lesquelles la
condition (1.33) vaut sont explicitées dans l'article. On introduit, pour i > 1, les quantités :

c+ /(071] v(dz) (1 —(1—2) —iz(l - l’)i_1> .

Elles représentent le parametre de la variable aléatoire exponentielle qui gouverne le temps passé
par une particule au niveau ¢ dans le syteme de particules look-down original £. On a alors
I’égalité suivante :

Proposition. [65]. Soitt >0, et A€ G, :

K .
P(R® c A) =E <1A(R) m eth> : (1.34)
i=1 ¢

Noter que cette Proposition vaut sans faire ’hypothése d’absorption p.s..

Placons nous désormais dans le cas K = K’ = 2. La population compte donc deux types, et
nous conditionnons le processus a la survie de ces types en temps long. Dans ce cadre simple, le
A-Fleming-Viot est maintenant assimilable au processus (R;{1},t > 0) & valeurs dans [0, 1], et
Bertoin et Le Gall donnent dans [15] son générateur infinitésimal :

v(dy) [ (2(1=y) )~ @)+ (1=2) [ vldy)[f(a(1-g)) - (o)

(0,1]

Gf(z) = ;cx(l—:c)f"(w)—i-x/

(0,1]

de domaine f € C2([0,1]). On obtient alors le théoréme suivant, et son interprétation a suivre :

Théoréme. [65]. Supposons K = K' = 2. Définissons pour f € C%([0,1]), et x € [0,1] :

G f(z) = c(1 = 22)f'(x) + y(1 = y)v(dy)[f(z(1 —y) +y) — f(2)]

(0,1]

+ y(1 = y)v(dy)[f(z(1 —y)) = f(2)],

(0,1]

and
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G f(@) = qea(1 =) @)+ [ (1= yPuldy)[f a1 —9) +9) — S(@)]
(0,1]
+ 01— :E)/ (1= y)*w(dy)[f(z(1 —y)) - f(2)).
(0,1]

Alors lopérateur G° + G est le générateur du processus (R, t > 0).

Une preuve directe dans le cadre d’'un A-Fleming-Viot a sauts purs, c’est a dire pour lequel
A{0} =0, est la suivante. On écrit :

v(dy) = 2y(1 — y)v(dy) + (1 — y)*v(dy) + y°v(dy),

puis on interpréte comme suit les différents termes de la somme :

1. Le premier terme est la somme des deux mesures y(1 — y)v(dy) qui apparaissent dans
I'expression de G°. Chacune de ces deux mesures correspond & 'intensité des événements
de reproduction qui concernent le niveau 1 mais pas le niveau 2, ou le niveau 2 mais pas
le niveau 1, puisque ces événements ont pour probabilité y(1 — y) lorsque I’événement de
reproduction implique une fraction y de la population. Nous interprétons ces événements
comme des événements d’immigration.

2. Le second terme correspond & la mesure (1 — y)?v(dy)qui apparait dans le générateur G*
et correspond a l'intensité des évenements de reproduction qui n’impliquent ni 1 ni 2 : a
nouveau, cet événement a pour probabilité (1 — y)? lorsque ’événement de reproduction
implique une fraction y de la population. Le pere est alors de type 1 avec probabilité x la
fréquence asymptotique des particules de type 1, et de type 0 avec probabilité 1 — z. Nous
interprétons ces événements comme des évenements de reproduction.

3. Le troisitme terme de la somme n’apparait ni dans I'expression de G°, ni dans celle de G : il
correspond a l'intensité des éveénements de reproduction qui impliquent & la fois les niveaux 1
et 2, mais ces événements ont été effacés dans notre construction de R*°.

Nous donnons dans l'article une version plus générale, incluant les cas ou A{0} # 0, dont la
preuve est basée sur I'expression (1.34) de R* comme h-transformée de R. Il est intéressant de
comparer le QQ-processus du A-Fleming-Viot avec le Q-processus des processus de branchement :
alors qu’il est nécessaire d’ajouter des éveénements de reproduction lorsqu’on conditionne un
processus de branchement a la non-extinction (voir la construction de Kesten de l'arbre de
Galton-Watson conditionné & la non extinction par exemple), il faut effacer des éveénements
de reproduction lorsqu’on conditionne un A-Fleming-Viot a la non-absorption. On peut certes
interpréter £°° comme un systeme de particules ou les K premiers niveaux agissent comme K
sources d’immigration, mais alors les niveaux suivants se reproduisent selon une mesure biaisée
égale & (1 — y)X A(dy), et cette mesure est dominée par A(dy) au sens de 1’ordre stochastique.

1.6.3 Une relation d’entrelacement

Nous concluons la présentation des résultats de [65] par une décomposition trajectorielle de
la diffusion de Wright-Fisher, conséquence directe de la construction du systéme de particules
look-down.

Lorsque Z = R est un (cdp)-Fleming-Viot, le processus (R:([0,z]),t > 0) est appelée diffusion de
Wright-Fisher issue de x, de générateur infinitésimal :
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1
Gf(w) = yer(l - 2)f"(2)

pour f € C2([0,1]). Plutot que de choisir les types initiaux (£p(n),n > 1) uniformes dans [0, 1],
on prend des variables de Bernoulli indépendantes dans {0, 1}, égales a 1 avec probabilité z, de
sorte que (Ri{1},t > 0) a la loi d’une diffusion de Wright-Fisher issue de z. Ceci nous permet
d’étre en accord avec les notations de [65]. On considére alors le premier niveau occupé par une
particule de type 1 :

LYt) =inf {i > 1,1 € {&(1),...,&(i)}}

a valeurs dans N U {oo}. Par construction du systéme de particules look-down, le processus
L saute de £ & £+ 1 & taux c/(¢ — 1)/2. Ensuite, conditionnellement & {L' = ¢}, le processus
(Ri{1},t > 0) est une diffusion de Wright-Fisher avec ¢ — 1 sources d’immigration de type 0
et une source d’immigration de type 1, et on peut alors montrer que le générateur d’une telle
diffusion vaut

Gl f(z) = %cx(l ) Oaa (2, 0) + [(1— 2) — (€ — 1)2] Duf(z, ).

On en déduit que 'opérateur G défini par

0l —1)

Gf(z,0) =G f(z) + ¢ 5

pour les fonctions f qui, en tant que fonction de x, appartiennent & C2([0, 1]), est le générateur
infinitésimal du processus (R{1}, L!).

On a donc interprété la trajectoire d’une diffusion de Wright-Fisher comme la concaténation de
trajectoires de diffusions de Wright-Fisher avec immigration. Une question naturelle est alors la
suivante : Les temps de sauts du processus L sont-ils identifiables a la lecture du processus de
Wright-Fisher 7 C’est-a-dire : sont-ils mesurables par rapport a la filtration G ?

En outre, cette décomposition trajectorielle donne lieu a une relation analytique. L’espérance
conditionnelle de L sachant R{1} est donnée par le noyau K défini comme suit :

Kz, 0)=(1—-2)" e,z €(0,1],eN et K(0,00)=1.

Ainsi, le processus L peut étre vu comme une fonction aléatoire de R{1}, le noyau K jouant
le réle de fonction aléatoire. De plus, L est un processus markovien. Les fonctions (aléatoires)
markoviennes de processus markoviens ont été étudiées par Rogers et Pitman [113] (nous
rappelons leur résultat principal au Théoreme 3.2.14). Leurs générateurs vérifient des relations
dites d’entrelacemenent, dont nous donnons maintenant un exemple.

Proposition. [65]. Soit f dans le domaine de G et x € (0,1]. On a
KG(f)(x) = GK(f)(=).
ot K agit comme suit sur les fonctions f(z,0) : K f(z) = does1 K(z,0) f(z,0).

On notera enfin qu’une autre relation d’entrelacement pour les diffusions de Wright-Fisher a été
établie par Swart [126], qui lie la diffusion de Wright-Fisher et son Q-processus.
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1.6.4 Ouverture

En conclusion du travail [65], deux questions :

— Comment décrire le Q-processus d’un processus de Fleming-Viot avec sélection ? Un systéme
de particules look-down de mesure de de Finetti le processus de Fleming-Viot avec sélection a
été proposé dans [34] et, plus récemment, dans Bah, Pardoux et Sow [6]. Il est naturel de se
demander si cette représentation est encore adaptée a la dérivation du @)-processus dans ce
nouveau contexte.

— La condition (1.33) dans I’énoncé du Théoreme 3.2.6 est-elle équivalente a ’hypothese d’ab-
sorption presque stire ? S’il est possible de montrer que (1.33) implique I’absorption presque
slire, nous n’avons pas réussi a établir la réciproque. Nous pensons néanmoins qu’elle est vraie.

1.7 Superprocessus homogeénes et A-Fleming-Viot : un second lien

Nous avons vu un premier lien entre superprocessus homogenes et processus de Fleming-Viot a la
section 1.5.4 : un superprocessus homogene conditionné a avoir une masse totale constante est un
processus de Fleming-Viot. Peut-on retrouver un processus de Fleming-Viot sans contraindre la
masse totale ? On savait depuis Birkner et al. [18] que cela est effectivement possible dans certains
cas particuliers de superprocessus, liés a des mécanismes de branchement stables. Nous donnons
de nouveaux exemples dans l'article [55] avec Clément Foucart en ajoutant une immigration
supplémentaire.

1.7.1 Le processus du ratio de la diffusion de Wright Fisher

Soit Z le superprocessus homogene sans déplacement spatial construit a partir de X un CBI et
U = [X] sa variation quadratique. Notons X;(z) = Z;([0, z]) pour ¢t > 0 et pour = > 0. Notons
qu’une construction directe du superprocessus (X;(x),t > 0,z > 0) est fournie par le théoréme
de Daniell-Kolmogorov. Fixons x € [0, 1]. Peut on, moyennant un changement de temps, rendre
le processus du ratio Ri(z) = X¢(x)/X:(1) Markovien ?

La réponse est aisée dans le cas du CB() avec 1(\) = 2A2. On sait en effet que ce CB(¢) est
sous P, I'unique solution en loi de I’équation différentielle stochastique d’inconnue X :

Xy(z) = 2 +2 /Ot JX.(2)dB,,

avec B un mouvement brownien standard. Une application de la formule d’It6 assure alors que
le ratio Ry(x) = X¢(x)/ X (1) pour 0 <z < 1 défini pour 0 < ¢t < 79(X (1)), satisfait ’équation
différentielle stochastique suivante :

Ri(z) =z + 2/(: \/Rs(””)gszlfs(”“’))st, 0<t<m(X(1)),

avec B un mouvement brownien standard indépendant de X (1). On prendra soin de décomposer
X¢(1) en la somme des deux processus X¢(z) et X¢(1) — X¢(z), indépendants d’apres la propriété
de branchement, au moment d’appliquer la formule d’It6. Posons C(t) = [i ds/X,(1). Alors
C(70(X(1))) est infini p.s., d’aprés 'argument de scaling utilisé dans la preuve de la Proposition
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4.3.2 par exemple. Le processus R = Ro C~!, défini sur R*, est indépendant de (X4(1),s > 0)
et satisfait I’équation différentielle stochastique suivante :

Ri(x) = 33+2/0t VRy(@)(1 = Ry(x))dB,. (1.35)

avec B un mouvement brownien standard. Cette équation admet une unique solution en loi, qui
est une diffusion de Wright-Fisher : en particulier, la propriété de Markov est vérifiée. De plus,
le processus R(z) est indépendant de X (1). Ces résultats peuvent étre vus comme une version
simplifiée du théoreme de Perkins, voir [105].

Il est également possible de considérer le cas du CBI(v, ¢) avec () = 2A% et ¢(\) = 4\, noté
X, qui est le @-processus du CB(¢). A nouveau, on pose, pour t et > 0, X°(z) = Z°([0, z])
pour Z°° construit & partir de X*° un CBI et U sa variation quadratique. Alternativement, on
peut encore construire (X °(z),t > 0,2 > 0) & partir du théoréme de Daniell-Kolmogorov. On
considere alors R{°(x) = X°(z)/X°(1) pour 0 < x < 1. Le processus X est I'unique solution
de I’équation différentielle stochastique :

t
X7 (x :m—|—2/ XXdBg + 2ds.
Fa) =2 [

Posons C®(t) = [+ ds/X(1). Alors 79(X*°(1)) = oo et C*°(79(X>°(1))) = oo, voir a nouveau la
preuve de la Proposition 4.3.2. Avec R® = R®o(C*)~!, le méme raisonnement que précédemment
donne maintenant :

- 3 = = -
R®(z) =+ 2/ R2o(1 — R)dB, + 2(1 — B®)ds. (1.36)
0

Cette équation admet une unique solution en loi, qui est une diffusion appelée diffusion de Wright-
Fisher avec immigration : en particulier, la propriété de Markov est a nouveau vérifiée. De plus,
le processus R (x) est indépendant de X (1). Ces résultats sont mentionnés en introduction
de Warren et Yor [128]. On notera enfin que (R*,t > 0) correspond au processus (R, t > 0)
conditionné par 1’événement {7o(R) = oo}.

1.7.2 Le processus du ratio des CBIs stables

Nous étudions dans cette section quand le processus du ratio R(dx) est, & un changement de
temps pres, Markovien, pour des CBI plus généraux. Soit X un CBI(¢), ¢). Nous supposons
pour simplifier que ()\) et ¢(\) vérifient 3 = 0 dans (1.4) et d = 0 dans (1.11). A nouveau,
la construction poissonnienne (1.12) des CBI permet d’écrire le compensateur prévisible de la
mesure ponctuelle 7o, 0(s Ax,)(ds, du) comme :

ds (Xs—v(du) + n(du)).

On rappelle la définition de 'application ¢, : y — y/(z + y). Le compensateur prévisible de la
mesure > <s<; 0(s,AX,/X,)(ds,dr) s’écrit comme suit :

ds (o, (Xs—v +n))(dr) = ds (Xs—@X, (v)(dr) + ¢k, (n)(dr)), (1.37)

avec ¢4 (n) la mesure image de 7 par ¢,.
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Lemma 1.7.1 (Lemme 3.5 de Birkner et al, [18]). Les mesures images (¢5(n),x > 0) de la
mesure 1(du) par Uapplication @, sont toutes proportionelles d une méme mesure, i.e. satisfont

(@) (m)(dr) = Xon’(dr)
pour une application X et une mesure n°(dr) sur (0,1) si et seulement si

n(du) = cu™ "%du pour un certain a € (0,2),

auquel cas on a également n°(dr) = cr=2Beta(2 — o, a)(dr) et Ay = 277,
Ainsi, le second membre de (1.37) peut étre factorisé :
— lorsque

v(du) = cu™17%du pour un certain a € (0,2), et n(du) =0,

auquel cas le second membre de (1.37) s’écrit comme suit :
ds Xs—¢%._(v)(dr) = X,Z%ds cr™? Beta(2 — o, a)(dr).

Ceci permet & Birkner et al. de prouver le théoréme 1.1 de [18], que 1'on peut résumer ainsi :
Les processus de Dawson-Watanabe Z construits & partir d'un CB(9)) X (comme expliqué en
1.5.2) dont le ratio R est, a changement de temps pres, Markovien ont pour mécanisme de
branchement :

@)\ + d\* pour «a € (1,2),
Y(A) = BA+dAlog(\) pour a =1,
BX — d\* pour a € (0,1),

et B € R. Dans ce cas, le ratio changé de temps est un Beta(2 — a, a)-Fleming-Viot.
— lorsque
v(du) = cu™ "%u et n(du) = cu™*du pour un certain o € (1,2),

auquel cas le second membre de (1.37) s’écrit comme suit :

ds (Xe—p, - (v)(dr) + X, - (n)(dr)),

=ds (XS_XS__QCT’_Q Beta(2 — o, @) (dr) + X1 =%~ 2 Beta(3 — o, a — 1)(d7’))
= X7 ds er? (Beta(2 — o, a)(dr) + Beta(3 — a, a — 1)(dr))

= X7 ds er™? Beta(2 — a, o — 1)(dr)

Ceci nous permet, avec Clément Foucart, d’établir la la deuxiéme partie du théoreme 4.3.3, que
I’on énonce maintenant sous une forme compacte.

Soit X°° un CBI(¢), ¢), et 7(X*°) = inf{t > 0, X° =0}. Pour 0 < ¢ < 7(X*°), et 1 < < 2, on
introduit le changement de temps :

¢
o) = / (XY= s,
0
Théoréme. [55]. Soit Z°°(dx) le processus de Dawson-Watanabe construit a partir de X un
CBI(), ¢) et U = [X*°] sa variation quadratique.

Si
P(N) = d\Yet () = daX*"! pour 1 < a < 2,
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alors le processus (R%O_l(t),t > 0) est un processus de A-Fleming-Viot avec :

A(dr) = d mBem(z —aya—1)(dr),

ot l’on convient que Beta(2 — o, — 1)(dr) = do(dr) si a = 2.

On discute maintenant de la divergence des changements de temps. Nous avons prouvé que le
changement de temps divergeait, c’est-a-dire que C(7(X°°)) = oo p.s. Ceci découle du caracteére
autosimilaire de X°°, prouvé par Kyprianou et Pardo [80], qui s’écrit ainsi :

(X 7-ay(1),t > 0) (X (2),t > 0),

avec X °(z) la valeur a l'instant ¢ de X*° issu de x & l'instant 0.

En fait, nous avons prouvé une version plus générale de ce Théoreme, qui permet de prendre
une valeur de la constante d distincte pour ¥(A) et ¢(\), auquel cas le ratio changé de temps est
donnée par un M-Fleming-Viot. Ces processus, introduits par Clément Foucart [54], permettent
de distinguer I'individu de niveau 1 dans le systéme de particules lookdown, en lui affectant un
taux de reproduction propre. Le point remarquable du Théoréeme ci-dessus est que, pour ce choix
particulier de ¥(A) et ¢(\), nous retrouvons un A-Fleming-Viot usuel. Ceci est lié au fait que les
CBI(¢, ¢) que nous étudions correspondent aux Q-processus des CB(1)) obtenus par Birkner et
al. [18]. Nous approfondissons ce point dans la section 1.7.4 consacrée a la généalogie en temps
décroissant du ratio changé de temps. Au préalable, nous devons définir les A-coalescents.

1.7.3 Définition des A-coalescents

Les A-coalescents ont été introduits en 1999 par Pitman [108] et Sagitov [116], indépendamment.
Pitman en donne la définition suivante. On note 11}, la restriction a I'ensemble {1,...,n} de la
partition IT € P.

Théoréme. Soit (Apj,2 < k < n) des nombres réels. Il existe pour tout m € Psg un processus
(I = II;,t > 0) a valeurs dans P, issu de Ily = m, dans lequel k blocs coalescent avec tauz Ay
lorsque Il a b blocs, si et seulement si il existe une mesure finie A sur [0,1] telle que :

)

Apr = /[0’1] 2721 = 2)"* A(de). (1.38)

Dans ce cas, le processus Il est appelé A-coalescent. Le coalescent est dit standard lorsqu’il est
issu de la partition de N en singletons, c’est-a-dire ITo = {{1},{2},{3},...}.

Lorsque k blocs parmi b coalescent, alors considérant un b + 1-iéme bloc, ou bien il a pris part a
I’évenement de coalescence, ou bien il n’y a pas pris part, d’ou la relation

Ap i = Aok + Ao kg1,

qui implique que les taux de sauts s’écrivent sous la forme (1.38).

Le coalescent de Kingman pour lequel A(dz) = d¢(dz), n’autorise que les événements de coales-
cence binaire Ay = 1g,_2). On le construit trés simplement comme suit : toute paire de blocs
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coalesce indépendamment & taux constant égal a 1. Le A-coalescent associé a une mesure A telle
que A{0} = 0 peut quant a lui étre construit comme suit : on se donne N une mesure de Poisson
sur R x Py, d’intensité dt x fol A(dz)z=2p,(dr). Si (t,7) est un atome de N, et I'unique bloc
non réduit & un singleton de 7 est (j1, j2,...), alors les blocs numérotés (par ordre de leur plus
petit élément) j1, jo, ... coalescent & 'instant ¢. Enfin, la construction du A-coalescent dans le
cas ou A{0} et A(0, 1] sont tous deux non nuls s’obtient simplement par superposition, puisque
les taux de sauts sont additifs en A.

Une question naturelle consiste a se demander si le nombre de blocs a tout instant positif est
fini ou non dans un coalescent standard (dont le nombre de blocs a I'instant initial est infini par
définition). Pitman montre qu’une loi du 0 — 1 prévaut : deés lors que A{1} # 0, ou bien p.s. le
nombre de blocs est fini & tout instant strictement positif : card Il; < oo pour tout ¢ > 0, auquel
cas on dit que le coalescent descend de 'infini; ou bien p.s. le nombre de blocs reste infini a
tout instant positif : card II; = oo pour tout ¢ > 0. Dans le premier cas, tous les évenements de
coalescence n’impliquent qu’un nombre fini de blocs et dans le second cas, tous les évenements de
coalescence impliquent un nombre infini de blocs (ce qui exclut de fait les coalescences binaires).
Supposons A{1} = 0. Schweinsberg définit dans [120] le taux de décroissance moyen -y, du nombre
de blocs en présence de b blocs :

b b
= (k=1) (k) Ap i

k=2

puis obtient la condition nécessaire et suffisante suivante pour la descente de 'infini du coalescent :

> 1. 0, (1.39)

b>2 b

Bertoin et Le Gall observent ensuite que cette condition équivaut a la condition de Grey (1.6)
pour le mécanisme de branchement :

P(N) = A({0N)A% + (e —1 — Ax)z 2 A(dz).
(0,1)

Détaillons maintenant quelques exemples de A-coalescent : Pour «, 8 > 0, le choix de

A(dz) (1 - ZL‘)B_II[OJ] (z)dx

1

~ Beta(a, 3)
définit le Beta(a, 8)-coalescent. Le cas a = 8 = 1 correspond a A(dz) = 1jg1)(dz), et donne lieu
aux transitions : Ay, = (k —2)!(b— k)!/(b — 1)!. Ce coalescent, appelé coalescent de Bolthausen-
Sznitman [21], est remarquable & de nombreux égards. Il est en lien avec les arbres récursifs, voir
Goldschmidt et Martin [58]. Il décrit aussi la généalogie du ratio du CB(v)) pour 9(A) = Alog(\),
appelé CB de Neveu, sans besoin de changement de temps qui plus est, voir Bertoin et Le Gall
[14].

1.7.4 Le Beta(2 — a, a — 1)-coalescent dans le processus du ratio des CBIs stables.

Le théoréme suivant permet de donner un sens a la généalogie de certains processus de branchement
avec immigration.
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On considére le syteme de particules look-down associé & Z>° construit & partir d'un CBI(v, ¢)
et U = [X ] sa variation quadratique. On définit un processus (ﬁg, 0 < s <) a valeurs dans
I’ensemble P., des partitions de I’ensemble N des entiers naturels comme suit. Etant donné
0<s<teti,je€N, ondira que ¢ et j appartiennent au méme bloc de II ! lorsque les individus
aux niveaux ¢ et j a l'instant ¢ partagent le méme ancétre a l'instant s dans le graphe look-down
associé a Z*°. On se reportera a la figure 1.4 pour une définition de la notion d’ancétre. On
notera que ﬁf est la partition de N en singletons.

On rappelle la définition de C(t) = f(f(XSOO)lfads pour 0 <t < 7p(X).
Théoréme. [55]. Posons d=1(2—«a)/a(a—1). Si
Y(N) = dXY et ¢(\) = daX®™! pour 1 < a < 2,
alors le processus (ﬁgj((f)_s), 0 < s <t) est la restriction d’un Beta(2 — a, a — 1)-coalescent, ot
lon convient d nouveau que Beta(2 — a, a0 — 1)(dr) = do(dr) lorsque a = 2.

Appelons coalescence de fréquence x une coalescence dans laquelle chaque bloc participe avec
probabilité x. Par construction du Beta(2 — a, « — 1)-coalescent, I'intensité des coalescences de
fréquence = est 217*(1 — 2)* 2. Or on a :

CL‘l_a(l o x)cx—Q _ $2—a(1 o x)a—Q + .’L’l_a(l . x)a—l'

Le premier terme de la somme peut étre compris comme l'intensité des coalescences de fréquence
2 qui impliquent le bloc 1 et le second terme comme 'intensité des coalescences de fréquence x qui
n’impliquent pas le bloc 1. Cela découle en effet de la construction poissonienne du A-coalescent.
Ainsi, on peut voir le Beta(2 — a, & — 1)-coalescent comme la superposition de deux coalescents :
— Le premier est un Beta(3 — a, a — 1)-coalescent sur les blocs numérotés {2,3,...}, et le bloc
qui contient 1 est associé a chaque coalescence.

— Le second est un Beta(2 — «, ) coalescent usuel sur les blocs numérotés {2,3,...}.

Cela s’accorde a la description du CBI(v, ¢) comme une superposition de CB(v)) greffés selon
une mesure ponctuelle de Poisson : lues en temps décroissant, les instants de greffe (ou encore
d’immigration) correspondent aux instants de coalescence du Beta(3 — a,, @ — 1)-coalescent, et les
évenements de reproduction des CB greffés aux évenements de coalescence dans le Beta(2 — o, a)-
coalescent.

1.7.5 Ouverture

Une question ouverte pour clore la présentation du travail [55] avec Clément Foucart : La
généalogie du CB stable comme celle du CBI stable ne sont déterminées qu’a compter de I'instant
aléatoire C~1(¢), comme l'ont observé Berestycki et Berestycki [7] dans le cas du CB stable.
Hormis dans le cas @ = 2, on ne connait pas la généalogie (en terme de coalescent) des CB
stables a compter d’un instant fixé t. A cet effet, il peut étre utile de noter que Duquesne et Le
Gall déterminent au chapitre 4.6 de [37] la structure de 'arbre de Lévy associé au CB stable
conditionnellement a la non extinction en t. Plus précisément, il n’est pas difficile de déduire de
leur Théoreme 4.6.2 une description de cet arbre.
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1.8 Un subordinateur conditionné et les excursions du Q-processus

L’objectif de cette derniére section, basée sur le travail [61] avec Stephan Gufler, est de décrire le
@-processus de certains processus régénératifs.

1.8.1 L’exemple d’une chaine de Markov a espace d’état fini

Le développement suivant s’inspire de appendice M du livre d’Aldous [3]. Il s’agit d’un exemple
simple, celui d’une chaine de Markov a espace d’état fini, qui montre ’approche classique du
Q-processus. Soit une chaine de Markov (X,,,n > 0) a espace d’état fini I de matrice de transition
P;; = P(Xy = j|Xo = i) pour i et j dans I. Cette matrice P = (P;;,4,j € I) a, par définition,
tous ses élements compris entre 0 et 1 et de plus, la somme de chacune de ses lignes vaut 1 : on
Pappelle matrice stochastique. Le Q-processus X = (X°,n > 0) de X est défini comme le
processus X confiné dans I \ J au sens suivant :

PI<XOO < A) :JL%QPZ(X S A’ T; > n), Ae Fn :O'(Xl,...,Xm)

avec T = inf{n > 0, X,, € J} le temps d’atteinte de J. L’idée est alors d’appliquer le théoréme
de Perron-Frobenius & la matrice sous-stochastique P = (Pij, i,7 € I'\ J) définie simplement par
restriction comme suit : 152-]- = P;j pour 4,j € I\ J. Supposant que (la chaine tuée associée a) la
matrice P est irréductible et apériodique, on obtient I’équivalent suivant pour les coefficients de
P élevée A la puissance n :

(P”)ij =P(X,, = j|Xo = 1) ~ 0" Ba; lorsque n — oo, pour i,j € I\ J,

ou :

— 0 est la valeur propre de P pour laquelle |0| est maximal.

— 0 est réelle, égale a 1 si P est stochastique, et 0 < 6 < 1 sinon.

— « et J sont des vecteurs propres a gauche et a droite respectivement, aP = fa, 155 =60, et ont
des coefficients positifs. En outre, nous pouvons choisir o normalisé de sorte que > ;cp\ yoi =1

En conséquence, le @Q-processus X est une h-transformée de X qui s’exprime a l'aide du vecteur

propre a droite 5 et de la valeur propre # selon :

BXm

)

]P)Z(XOOEA):Ez <0—m ,X6A|Tj>m>, A€ Fp,.
En particulier, c’est encore un processus de Markov, et sa matrice de transition, désormais
stochastique, s’écrit :

Bj
Bi
On en déduit encore que P(T; > n) ~ ¢f™ quand n tend vers I'infini, c’est-a-dire que Ty a une

queue de nature géométrique. De plus, pour toute distribution initiale, on a la convergence
suivante :

P(X{ =X =i)=P; 071 =L, i,jel\J

lim P(X,, =i|T; >n) =,

n—oo

qui exprime le fait que « est la limite de Yaglom. On notera enfin que si Xy a la distribution «,
alors T’y a une distribution géométrique :



40 1 Introduction générale

P(T;=n)=(1-0)"1n>1

Voila pour 'approche classique du Q-processus. Noter que la représentation du @Q-processus
comme une h-transformée a ’aide d’un vecteur propre & droite positif, nul sur les bords du
domaine ol on cherche & confiner le processus, est un fait général : la formule (1.14) dans le cas
du CB et la formule (1.34) dans le cas du A-Fleming Viot en donnent deux nouveaux exemples.

Notre approche, qui repose sur une étude de la longueur des excursions, fait quant a elle intervenir
de facon naturelle un subordinateur conditionné, introduit en section 1.8.2. Elle nous permet
d’étudier en section 1.8.4 un nouveau processus confiné par ses excursions, dont le lien avec le
@-processus usuel est partiellement étudié dans ’article.

1.8.2 Un subordinateur conditionné a étre grand a un instant aléatoire

Soit P la loi du subordinateur o d’exposant de Laplace

s =ar+ [ (=)

pour d > 0 et 7 une mesure de Radon sur (0, c0) telle que f(o,oo)(l A z)n(dz) < co. On autorisera
les arguments négatifs pour ¢, qui sera donc vue comme une application de (—oo, +00) dans
[—00, +00). On définit P* la loi du subordinateur o conditionné a atteindre le niveau s avant un
instant e indépendant distribué selon une loi exponentielle de parametre k > 0 :

Pé(c € A) :==P(o € Aloe > s5), A€G

ou G = Up>0Gr et (G, > 0) est la filtration naturelle du processus o. Notre objectif est de
caractériser la limite en loi de la famille de mesures de probabilité P* quand s — oo sur Gy pour
£ > 0 fixé. On introduit :

p=sup{\>0,E(\) <e®} = —inf{\ < 0,p(\) > —k}.

La quantité p donne le taux de décroissance exponentielle de f(s) = P(oe > ), au sens ou :

—1
i —10876) _
§—00 S

Ceci découle de la sous-additivité de la fonction s — — log f(s), qui est elle-méme une conséquence
de la propriété de Markov. On montre que :

P>(A) = E(eP 000 A), A€ gy,

définit bien une mesure de probabilité sur G. Il s’agit d’une transformée d’Esscher de P. On
notera que o sous P> est encore un subordinateur, d’exposant de Laplace I'exposant translaté :

(A = p) = d(=p).
On définit alors les deux hypotheses suivantes :

(C) Le nombre p > 0 satisfait E(e”?) = e” et E(o; e”71) < o0.
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PY(A)A wuwr
P
L. _p -
A A
I
-1 0(—p)
—K=0(=p) —K
Figure 1.5: A gauche : un exemple d’'exposant de Laplace pour lequel ¢(—p) = —k. A droite : un

exemple d'exposant de Laplace pour lequel ¢(—p) > —k.

(R) f(s)/f(s—1t) = e ?t quand s — oo.

Nous montrons que (C) est une condition suffisante pour vérifier (R), et donnons d’autres
conditions suffisantes pour que (R) soit satisfaite quand (C) ne 'est pas nécessairement. On a le
résultat suivant :

Théoréme. [61] Nous avons :
— Sous Uhypothése (C), étant donné £ >0 :
lim P¥(A) =P>*(A), A€ Gy

§—00

— Sous Uhypothése (R), étant donné £ >0 et so >0 :

Slggo P*(A, 00 < s0) = e~ (rto(=p))t P>(A, 00 < s9), A€ Gy.

On peut interpréter comme suit ce théoréme : On demande au subordinateur de prendre une
grande valeur & un instant aléatoire indépendant. Il existe deux possibilités : faire en sorte que le
subordinateur soit plus grand, en lui adjoignant de grands sauts, ce qui est le cas sous P>, ou
augmenter la valeur de I'instant aléatoire. En général, ces deux phénomenes ont lieu simultanément,
et IPS converge en loi vers P tué & un instant exponentiel indépendent de parametre k + ¢(—p).
Puisque k + ¢(—p) < k, la variable aléatoire exponentielle de parameétre x + ¢(—p) domine
stochastiquement celle de parameétre . On notera que sous (C), on a nécessairement k+¢(—p) = 0,
et donc le processus limite n’est pas tué. Pour des travaux proches dans le cadre des processus
de Lévy, on consultera Griffin [59].

1.8.3 Les processus régénératifs

Cette section introduit la classe des processus régénératifs, suivant ’exposition du chapitre 22 de
Kallenberg [71].

Soit X = (X¢,t > 0) un processus cadlag & valeurs dans un espace polonais E, et a un point de
E. On note P, la loi du processus issu de x pour tout x € F, et simplement PP dans le cas ou
x =a, et F = (F,t>0) la filtration naturelle du processus. Le processus X est dit régénératif
en a, lorsque pour tout temps d’arrét T relatif a la filtration F :
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Py 17 © 071 =P, p.s. sur {T < oo, X7 = a},

avec 0y opérateur de shift défini par 6;(w) = w(t + ). L’ensemble Z = {t > 0,X; = a} est
appelé I'ensemble régénératif. L’intérieur de R™ \ Z peut s’écrire comme réunion d’intervalles
ouverts maximaux, et R\ Z comme une réunion d’intervalles maximaux ouverts a droite car
le processus X est continu a droite. Chacun de ces intervalles, de la forme (u,v) ou [u,v), est
associé a une trajectoire e comme suit :

€= (X(u-‘,-s)/\vv s> 0)

Ces trajectoires appartiennent a ’ensemble (2° des excursions, défini comme le sous-ensemble
suivant de I'ensemble {2 des trajectoires cadlag a valeurs dans E :

2°={we N2, (w(s) =aets>0)= w(t)=a pour tout t > s}.

On a la dichotomie suivante : ou bien, p.s., les points de Z sont tous isolés, ou bien, p.s., aucun
d’eux ne l'est.

Placons nous dans le cas ou p.s. aucun des points de Z n’est isolé. On construit un processus L
sur Rt croissant, continu et adapté, de support Z p.s., appelé temps local. On note o l'inverse
continu & droite de L, oy = inf {s > 0, Ly > (}. Le processus o, appelé temps local inverse, est
un subordinateur, issu de 0 sous P. Puisque le processus croissant L a Z comme support, il est
constant sur chacun des intervalles d’excursion et on peut poser, pour chaque instant de saut £
de o :

ee(s) == X(ag,+s)/\og- (1.40)

Enfin, on construit une mesure sigma-finie n sur £2° telle que, si N est une mesure ponctuelle de
Poisson sur R x 2¢ d’intensité d¢ x n(de), alors :

Z O(0,e0)(dl, de) est la restriction de N sur [0, Loo] x §2°. (1.41)

£>0,0¢_<op

De plus, le produit n.L est p.s. unique. Posant Tj(w) = inf {t > 0,w(t) = a}, w € 2, on peut
écrire a 'aide de n ’exposant de Laplace de o :

k4 dx + (1 —e (T, € dz) (1.42)
(0,00)

avec k = n(T, = 0o0) le taux de mort, et d > 0 qui satisfait :
p-s., / 1z(s)ds =dLy, t > 0.
[0,¢]

Noter que d = 0 dans le cas du mouvement brownien.

Placons nous maintenant dans le cas ou tous les éléments de Z sont isolés. Il existe alors une
premiere excursion, et le temps local peut étre défini simplement comme suit : soit (L;,7 > 1)
une suite de variables aléatoires exponentielles de parameétre strictement positif arbitraire et fixé.
A la i-éme excursion, on associe alors la valeur du temps local suivante : 37, ;<; L;. Le temps
local inverse est alors par construction un subordinateur. Son exposant de Laplace peut encore
s’écrire sous la forme (1.42), avec nécessairement dans ce cas d = 0, et n une mesure finie. On
définit ey comme dans (1.40) et on a encore (1.41) avec le produit n.L p.s. unique.



1.8 Un subordinateur conditionné et les excursions du Q-processus 43

1.8.4 Les excursions du processus confiné

On consideére 2 un sous-ensemble mesurable de 'ensemble 2¢ des excursions qui vérifie de plus
0 < n(2°) < o0, et n(T, = 0o, ') = 0 avec 2! le complémentaire dans 2¢ de £2°. On note

TO = inf {O’g,,eg S .QO}

I'instant ol commence la premiére excursion dans 2°. La figure 1.6 illustre la définition de Tj
dans un cas particulier. On s’intéresse a

PH(A) = P(A|IT® > t), Ae F,

ou F = Up>oF: et (Ft,t > 0) est la filtration naturelle du processus régénératif X. La famille
décroissante {T° > t} est une approximation possible de 1’événement {T" = co}, mais d’autres
approximations sont possibles comme par exemple {T° > o,} qui donne lieu & la famille de
mesures de probabilités P(0°)

Ploct)(A) = P(AIT® > 0y), A€ F.

Notre intérét réside dans la comparaison des deux approximations du conditionnement par
I'événement {T° = oo}, de probabilité nulle sous nos hypothéses sur £2°. On commence par
traiter le cas de P(oc) plus facile. On pose Gy = Fo,- Les propriétés des mesures de Poisson
assurent que le processus (e"(no)z 17050,1, ¢ > 0) est une G-martingale. On en déduit qu'il existe
une unique mesure P9 sur G telle que :

P(loc) (A) — E(en((lo)é 1{T0>U£}’ A), Ae Gy,

et on a pour chaque ¢ > 0,
PUoc)(4) = PUsD(A), A € G,.

En ce sens, les conditionnements par {70 > o/} sont consistants. On prouve que le temps local
inverse sous P9 est encore un subordinateur d’exposant de Laplace :

dA +/ (1 —e (T, € dx, 2Y). (1.43)
(0,00)

Deés lors, le lien avec la section 1.8.2 s’établit comme suit :
T9 sous P a méme loi que oe sous P(4°¢)

oil e est une variable aléatoire exponentielle de parametre x = n(§2Y), indépendante de o.

La quantité p est redéfinie comme suit :
p = sup{A > 0,El0) (M) < e"(QO)} =sup{\ > 0,E(e’, Ty > 07) < 1}.
On dira donc dorénavant que (C) est satisfaite quand :
R (toc) (eP71) = (%) ot E(ZOC)(Jl ef71) < o0,

soit encore, de facon équivalente,
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E(et,T% > 01) =1 et E(07 ", T° > 01) < oo.
On introduit alors P(°) :
P)(4) = e/ HP) B (el A TO > o)), A € Gy. (1.44)
et on vérifie que P(>) définit une mesure de probabilité. On dira que (R) est satisfaite quand

p(toc) (06 > s)/]P’(lOC) (06 >s—t) — e’ quand s — oo,

pour e une variable aléatoire exponentielle de paramétre n(£2°), indépendante de o sous ploc).

Théoréme. [61] Nous avons :
— Sous Uhypothese (C), étant donné £ >0 :

lim P®(A) = P(®)(A), A€,

t—o00

— Sous Uhypothése (R), étant donné £ >0 et so >0 :

lim PM(A, 0, < s0) = {20 +(=p)) pl(o0) (A o0 < s0), A€ Gy. (1.45)

t—o00

On notera que le préfacteur du membre de droite de (1.45) vaut 1 lorsque n(§2°) + ¢(—p) = 0, ce
qui est le cas si E(e””!,T° > o) = 1. On a alors convergence vers une mesure de probabilité.

Enfin, dans le cas ou
(H) Tl existe Ey C E tel que 2° = {e € 2°,e(s) € Ey pour un certain s > 0},

nous définissons le temps d’atteinte de Ey par T° = inf{s_> 0,Xs € Ep}. Il est naturel de se
demander quel est le lien entre le conditionnement par {70 > t} et celui par {79 > t}. Nous
faisons le lien entre ces deux conditionnements dans 'article [61], pour ¢ grand.

1.8.5 Ouverture

En conclusion, quelques questions suscitées par ce dernier travail [61] :

— Comment décrire 'excursion infinie qui apparait dans le cas ou ¢(—p) > —k sous P(e) ?
Une telle excursion apparalt par exemple lorsqu’on conditionne un mouvement brownien ou
un processus de Lévy oscillant & rester positif. On peut alors changer de point de vue et
considérer les excursions sous le supremum. Ceci nous améne naturellement a poser la question
de domaines £2°(¢) fonctions du temps local .

— Comment décrire la frontiere de Martin 7 La frontiere de Martin d’un processus correspond
a la description de toutes les fonctions harmoniques positives extrémales, voir par exemple
lintroduction au sujet par Sawyer [119]; & chacune de ces fonctions harmoniques positives
extrémales est associé un processus qui converge vers un point de la frontiere de Martin,
et ’ensemble de ces processus décrit en un certain sens ’ensemble des possibilités pour un
processus transient de quitter son espace d’état, voir Revuz [110]. La description des excursions
des éléments de la frontiére de Martin peut se révéler éclairante. On pourra relire a cette aune
Ney et Spitzer [100] et Ignatiouk-Robert et Lorée [68] pour des processus en dimension 2, ou
encore Salminen [118] et Overbeck [101] pour les processus de branchement.



1.8 Un subordinateur conditionné et les excursions du Q-processus 45

Figure 1.6: Ici, 2° correspond aux excursions depuis le point a qui visitent R\ (b,¢). En haut : une
trajectoire sous P. Au milieu : une trajectoire sous P(°, I'excursion qui atteint R\ (b, c) a été effacée
par rapport 3 la trajectoire sous . En bas : une trajectoire sous P(°), une nouvelle excursion biaisée par
la taille est ajoutée par rapport a la trajectoire sous P(‘°®) . En outre, si on supprime les excursions de
P> marquées par une étoile, on retrouve la trajectoire sous P{°?). Les étoiles sont placées aux instants
de sauts d'un processus ponctuel de Poisson de paramétre p.

— Comment généraliser le propos a d’autres pénalisations ? Dans le cas (en partie traité dans
larticle) ot £2° est de la forme (H), le conditionnement par {T° > t} est une forme de
pénalisation particuliere, par la fonction F; mesurable 1 (TO>1} / IP’(TO > t). Pourrait-on étudier
a l’aide des excursions d’autres formes de pénalisations ? La pénalisation de Feynman-Kac,
évoquée dans cette introduction a la fin de la section 1.4.3, consiste a repondérer les trajectoires
par

o= Jo ds BX.)

E(ef fot ds ,@(XS))

pour une certaine fonction [ positive. Cette pénalisation corresp(znd a un “soft killing*,
par opposition au “hard killing“ associé au conditionnement par {T° > t}, qui correspond
formellement a B(x) = 0o - 1zep, +0 - 1,¢5,- Une approche par les excursions semble encore
adaptée & cette pénalisation, voir les travaux de Najnudel, Roynette et Yor [99]. On notera
qu'une telle pénalisation a été étudiée en fin de section 1.4.3, voir la définition de P(B:1).
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A Williams decomposition for spatially dependent
superprocessus

2.1 Introduction

Even if superprocesses with very general branching mechanisms are known, most of the works
devoted to the study of their genealogy are concerned with homogeneous branching mechanisms,
that is, populations with identical individuals. Four distinct approaches have been proposed
for describing these genealogies. When there is no spatial motion, superprocesses are reduced
to continuous state branching processes, whose genealogy can be understood by a flow of
subordinators, see Bertoin and Le Gall [14], or by growing discrete trees, see Duquesne and
Winkel [38]. With a spatial motion, the description of the genealogy can be done using the
lookdown process of Donnelly and Kurtz [35] or the snake process of Le Gall [92]. Some works
generalize both constructions to non-homogeneous branching mechanisms: Kurtz and Rodriguez
[78] recently extended the lookdown process in this direction whereas Dhersin and Serlet proposed
in [33] modifications of the snake.

Let X be a non-homogeneous superprocess. It models the evolution of a large population, where
the location of the individuals is allowed to affect their reproduction law. We assume the extinction
time Hpax of this population is finite. We are interested in the two following conditionings on
the genealogical structure of X:

1. The distribution X ") of X conditioned on Hyax = ho: we derive it using a spinal decompo-
sition involving the ancestral lineage of the last individual alive (Williams’ decomposition).

2. The convergence of the distribution of X (") as hy goes to oo. This convergence is studied

from two viewpoints. On the one hand, we obtain a convergence result for (Xs(ho), s €10,t])
towards the Q-process. On the other hand, we find a convergence result for the backward
process, namely (X ,Sﬁ?gs, s € [—t,0]). We reduce both convergences to the convergence of the

ancestral lineage of the last individual alive thanks to Williams’ decomposition.

Concerning the first conditioning, we stress on the following difference between superprocesses
with homogeneous and non-homogeneous branching mechanisms, which explains our interest in
the latter model. For homogeneous branching mechanisms, the spatial motion is independent
of the genealogical structure. As a consequence, the law of the ancestral lineage of the last
individual alive does not distinguish. Therefore, in this setting, the description of X (") may
be deduced from Abraham and Delmas [1] where no spatial motion is taken into account. For
non-homogeneous branching mechanisms on the contrary, the law of the ancestral lineage of the
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last individual alive should depend on the distance to the extinction time hg. This fact will be
precised by the second conditioning.

A few lines about the terminology “Williams’ decompositions” are in order: Williams [132]
decomposed the Brownian excursion with respect to its maximum. After Aldous recognized in [4]
the genealogy of a branching process in this excursion, this name also designates decompositions
of branching processes with respect to their height.

Our second conditioning exemplifies the interest of Williams’ decomposition for investigating
the process conditioned on extinction in remote time. The convergence of the superprocess
conditioned on extinction in remote time essentially reduces to the convergence of the ancestral
lineage of the last individual alive thanks to Williams’ decomposition. Also, we may consider
the limit either on a fixed time window [0, ¢] to get the corresponding Q-process, either on an
evolving time window attached to the extinction time [hg —t, hg]. For non-homogeneous branching
mechanisms, we expect a different behaviour on these two time windows for the ancestral lineage
of the last individual: far away from the extinction time, it should favorize the fittest types;
near the extinction time, it should select the weakest types. Once again, this conditioning is
simpler for homogeneous branching mechanisms: in that setting, it goes back to Serlet [122]
for quadratic branching mechanism; for more general branching mechanisms, it reduces to the
corresponding decomposition for continuous state branching process, see Chen and Delmas [26]
and references therein. For non-homogeneous branching a first construction of the Q-process is
given in Champagnat and Roelly [25] in the particular case of a multitype Feller diffusion and
without genealogical description.

Last, we stress a rigourous analysis of the ancestral lineage of the last individual alive neces-
sitates the introduction of a genealogy for the superprocess, since the ancestral lineages are
not immediately identifiable in the context of measure-valued processes. We found out that the
previous genealogies defined for non-homogeneous branching mechanisms, see [78] and [33], were
not suited to our need. In particular, the description in [33] preserves neither the extinction
time nor the last individual alive. We thus provide a new description of the genealogy through
a modification of the Brownian snake, which codes for the genealogy of superprocesses with
homogeneous branching mechanisms. More precisely, starting with non-homogeneous branching
mechanism, we go back to an homogeneous one via two transformations:
— The first transformation relies on the non-linear h transform, or reweighting of superprocesses,
introduced in Englinder and Pinsky [44].
— The second transformation is based on a Girsanov change of measure on the law of superpro-
cesses, as described in Chapter IV of Perkins [104].
Reversing the procedure, we define the genealogy associated to a non-homogeneous branching
mechanism from the one associated to an homogeneous one. We then obtain our two conditionings
by “transfer”, using the previous knowledge for homogeneous branching mechanisms. We are
aware of the drawback of this approach: namely, we restrict ourselves to quadratic branching
mechanisms with bounded and smooth parameters.

Outline. We give some background on superprocesses with a non-homogeneous branching
mechanism in Section 2.2. Section 2.3 begins with the definition of the h-transform in the sense
of Engldnder and Pinsky, Definition 2.3.4, goes on with a Girsanov Theorem, Proposition 2.3.7,
and ends up with the definition of the genealogy, Proposition 2.3.12, by combining both tools.
Section 2.4 is mainly devoted to the proof of Williams’ decomposition, Theorem 2.4.12. By the
way, we give a decomposition with respect to a randomly chosen individual, also known as a
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Bismut decomposition, in Proposition 2.4.2. Section 2.5 gives some applications of Williams’
decomposition. We first prove in Lemma 2.5.1 that the limit of the superprocesses conditioned to
extinct at a remote time coincide with the Q-process (the superprocess conditioned to extinct
after a remote time) and actually show in Theorem 2.5.5 that such a limit exists. We also look
at the convergence of the process seen from the top (so, backward from the extinction time), see
Theorem 2.5.9. All previous results are provided with a set of assumptions: we then give in Section
2.6 sufficient conditions for these assumptions to be valid in term of the generalized eigenvector
and eigenvalue, and then check that they hold in Section 2.7 in two examples: the finite state
space superprocess (with mass process the multitype Feller diffusion) and the superdiffusion.

2.2 Notations and definitions

This section, based on the lecture notes of Perkins [104], provides us with basic material about
superprocesses, relying on their characterization via the Log Laplace equation.

We first introduce some definitions:

~ (E,¢) is a Polish space, B its Borel sigma-field.

— & is the set of real valued measurable functions and b€ C £ the subset of bounded functions.

— C(E,R), or simply C, is the set of continuous real valued functions on F, C, C C the subset of
continuous bounded functions.

— D(R*, E), or simply D, is the set of cadlag paths of E equipped with the Skorokhod topology,
D is the Borel sigma field on D, and D, the canonical right continuous filtration on D.

— For each set of functions, the superscript .= will denote the subset of the nonnegative functions:
For instance, b€ stands for the subset of non negative functions of b&.

— M (E) is the space of finite measures on E. The standard inner product notation will be used:
for g € € integrable with respect to M € Mf(E), M(g) = [ M(dz)g(x).

We can now introduce the two main ingredients which enter in the definition of a superprocess,

the spatial motion and the branching mechanism:

— Assume Y = (D, D, Dy, Yy, P,) is a Borel strong Markov process. “Borel” means that x — P, (A)
is B measurable for all A € B. Let E, denote the expectation operator, and (P, ¢t > 0) the
semigroup defined by: Pi(f)(x) = Ez[f(Y:)]. We impose the additional assumption that
P, : Cy — Cp. In particular the process Y has no fixed discontinuities. The generator associated
to the semigroup will be denoted £. Remember f belongs to the domain D(L) of L if f € Cp
and for some g € Cp,

t
fYy) — f(x) —/ ds g(Ys) is a P, martingale for all z in E, (2.1)
0

in which case g = L(f).
— The functions « and 8 being elements of Cp, with a bounded from below by a positive constant,
the non-homogeneous quadratic branching mechanism ¢ is defined by:

1/)5’0‘(36, A) = B(z)X + a(z))\?, (2.2)

for all z € E and A € R. We will just write 9 for ¢/»® when there is no possible confusion. If
a and f are constant functions, we will call the branching mechanism (and by extension, the
corresponding superprocess) homogeneous.
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The mild form of the Log Laplace equation is given by the integral equation, for ¢, f € b€,
t>0,ze L

wle) + B [ [ ds w0 us ()] = B [0+ [ s o)) (2.3)

Theorem 2.2.1. ([10}], Theorem I1.5.11) Let ¢, f € bEF. There is a unique jointly (in t and
x) Borel measurable solution u{"z)(x) of equation (2.3) such that u{’¢ is bounded on [0,T] x E for
all T > 0. Moreover, ut’¢ >0 for allt > 0.

We shall write u/ for u/° when ¢ is null.

We introduce the canonical space of continuous applications from [0, 00) to M ¢(FE), denoted by
2 :=C(R*, M;(E)), endowed with its Borel sigma field F, and the canonical right continuous
filtration F;. Notice that F = F.

Theorem 2.2.2. ([104], Theorem I1.5.11) Let u{d’(ac) denote the unique jointly Borel measurable
solution of equation (2.3) such that u{’d) is bounded on [0,T] x E for all T > 0. There exists a
unique Markov process Z = (£2, F, Ft, Zy, (]P’,(,E”&a), v € My(E))) such that:

Vo febet,  EEA) [ A fyds 20)|  rtul?) (2.4)

Z is called the (L, B, )-superprocess.

We now state the existence theorem of the canonical measures:

Theorem 2.2.3. ([104], Theorem I1.7.3) There exists a measurable family of o-finite measures

(Ngf’ﬂ’a),x € E) on (£2,F) which satisfies the following properties: If 3¢ 7 0(4i 73y is a Poisson
(£,B,cx)

point measure on E x 2 with intensity v(dz) Ny , then 37 c 7 ZJ is an (L, 3, a)-superprocess
started at v.

o o ] o (£,67Oi) (‘C7B7a)
We will often abuse notation by denoting P, (resp. N,) instead of Py (resp. Ny ), and

P, instead of Ps, when starting from J, the Dirac mass at point z.

Let Z be a (L, 3, a)-superprocess. The exponential formula for Poisson point measures yields the
following equality:

Vi ebEY, Ny [l —e %] = —logEy, [e %] = uf (), (2.5)
where u{ is (uniquely) defined by equation (2.4).

Denote Hyax the extinction time of Z:
Hpax = inf{t > 0; Z, = 0}. (2.6)

Definition 2.2.4 (Global extinction). The superprocess Z satisfies global extinction if Py, (H ey <
o00) =1 for allv € My(E).

We will need the the following assumption:

(H1) The (L, 8, a)-superprocess satisfies the global extinction property.
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We shall be interested in the function
ve(x) = Nyp[Hpax > t]. (2.7)

We set voo () = limy—yo0 | v¢(x). The global extinction property is easily stated using veo.

Lemma 2.2.5. The global extinction property holds if and only if vee = 0.

See also Lemma 2.4.9 for other properties of the function v.

Proof. The exponential formula for Poisson point measures yields:
P, (Hmax < t) = e V)
To conclude, let t go to co in the previous equality to get:
P, (Hpax < 00) = e V(veo)

O

For homogeneous superprocesses (o and § constant), the function v is easy to compute and
the global extinction holds if and only £ is nonnegative. Then, using a stochastic domination
argument, one gets that a (£, 3, a)-superprocess, with 5 nonnegative, exhibits global extinction
(see [43] p.80 for details).

2.3 A genealogy for the non-homogeneous superprocesses

We first recall (Section 2.3.1) the h-transform for superprocess introduced in [44] and then
(Section 2.3.2) a Girsanov theorem previously introduced in [104] for interactive superprocesses.
Those two transformations allow us to give the Radon-Nikodym derivative of the distribution of
a superprocess with non-homogeneous branching mechanism with respect to the distribution of a
superprocess with an homogeneous branching mechanism. The genealogy of the superprocess
with an homogeneous branching mechanism can be described using a Brownian snake, see [37].
Then, in Section 2.3.3, we use the Radon-Nikodym derivative to transport this genealogy and
get a genealogy for the superprocess with non-homogeneous branching mechanism.

2.3.1 h-transform for superprocesses

We first introduce a new probability measure on (D, D) using the next Lemma.

Lemma 2.3.1. Let g be a positive function of D(L) such that g is bounded from below by a

t
positive constant. Then, the process (% e Jods (La/9)(Ye) 4 > 0) is a positive martingale under

P,.

We set Dy(L) = {v € Cp, gv € D(L)}.
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Proof. Let g be as in Lemma 2.3.1 and f € Dy(L). The process:

((fg)(Yt) / ds L(fg)(Ys), t>0)

is a P, martingale by definition of the generator £. Thus, the process:

((fg)Yt B /d fg t20>

9(x)
is a P, martingale. We set:

M9 = = Jo @ (Cala)(¥2) Ugg()gt) )
/ds e — [y dr (Lg/9)(Yr) { (f9)(Ys) ['(9)(5/3) (fg)(Ys)
9(z) 9(Ys)  g(z)

It6’s lemma then yields that the process (Mtf 9t > 0) is another P, martingale. Notice this is
a true martingale since it is bounded from our assumptions on f and g. Remark also that the
constant function equal to 1 is in Dy(L). This choice of f yields to the result. O

(2.8)

Let PY denote the probability measure on (D, D) defined by:

g
dP Dy (Y;f) o fot ds (Lg/9)(Ys) )
dpP, |D: 9(1’)

Note that in the case where g is harmonic for the linear operator £ (that is Lg = 0), the
probability distribution P9 is the usual Doob h-transform of P for h = g.

vt > 0,

(2.9)

We also introduce the generator £9 of the canonical process Y under P9 and the expectation
operator E9 associated to PY.

Lemma 2.3.2. Let g be a positive function of D(L) such that g is bounded from below by a
positive constant. Then, we have Dy(L) C D(LY) and

L(gu) — L(g)u

Yu € Dy(L), LI(u) = ;

Proof. As, for f € Dy(L), the process (Mtf’g,t > 0) defined by (2.8) is a martingale under Py,
we get that the process:

t _
100) - ) - [ s (LI LOOI -
is a P9 martingale. This gives the result. ad

Remark 2.3.3. Let ((t,z) — g(t,x)) be a function bounded from below by a positive constant,

differentiable in ¢, such that ¢(t,.) € D(L) for each ¢ and ((¢,z) — 0:g(t,z)) is bounded from

above. By considering the process (¢,Y;) instead of Y;, we have the immediate counterpart of

Lemma 2.3.1 for time dependent function ¢(t,.). In particular, we may define the following

probability measure on (D, D) (still denoted P¢ by a small abuse of notations):
dp? D 9(t,Yy) o Jo ds ‘g%afg(s,ys)j

vt > 0, =
- dP, p,  9(0,7)

(2.10)

where £ acts on g as a function of z.
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We now define the h-transform for superprocesses, as introduced in [44] (notice this does not
correspond to the Doob h-transform for superprocesses).

Definition 2.3.4. Let Z = (Z;,t > 0) be an (L, 3,a) superprocess. For g € bET, we define the
h-transform of Z (with h = g) as Z9 = (Z{,t > 0) the measure-valued process given for all t > 0
by:

Z(dz) = g(x)Zi(dx). (2.11)

Note that (2.11) holds pointwise, and that the law of the h-transform of a superprocess may be
singular with respect to the law of the initial superprocess.

We first give an easy generalization of a result in section 2 of [44] for a general spatial motion.

Proposition 2.3.5. Let g be a positive function of D(L) such that g is bounded from below by a
positive constant. Then the process Z9 is a (ﬁg, %, ag) -SUpPerprocess.

Proof. The Markov property of Z9 is clear. We compute, for f € bE™ :

Eole 0] = By, le~#U9)] = ¢-u@/o@)
where, by Theorem 2.2.2, u satisfies:
wlx) +E. | [ L (Y, o (Y0)| = B (£ (¥0) (212)
which can also be written:
w(a) + B [ dr oV u,(0)] + B [ L U, wr(¥))] = B [(f9) (D).

But (2.12) written at time ¢t — s gives:

wsw) + B [ e (0] = Bal(F0) 0
By comparing the two previous equations, we get:
(@) + Ba| [ dr oY u (V)] = Bafuno(Y2),
and the Markov property now implies that the process:
wea (V) = [ dr (Y, i (1)
with s € [0,¢] is a P, martingale. It6’s lemma now yields that the process:
- (V) e o D0 [ I IO (4037w, (1)) — (Lo/9)(V7) i (V)

with s € [0,¢] is another P, martingale (the integrability comes from the assumption Lg € Cp,
and 1/g € Cp). Taking expectations at time s = 0 and at time s = ¢, we have:
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ug(x) —i—Em{/Ot ds e~ fos dr(Lg/9)(Yr) (ID(YS,Ut—s( Ys)) — (Lg/9)(Ys)us— S(YS))]
—E, {e_ fot dr(ﬁg/g)(Yr)(fg)()/t)]‘

We divide both sides by g(x) and expand 1 according to its definition:

x t s g(Y:S) e—fosdr([lg/g)(Yr) o Ut—s2 _@ Ut—s
)+ [ (200 + (3= D) () (1))

_ g [9QD) - [rarce/a) v
—E, { o f(n)]-

By definition of PJ from (2.9), we get that:

t
()@ + B7| [ ds ()" + (3 - S0 () (1] ) = B[]
We conclude from Theorem 2.2.2 that Z9 is a (L9, M, Qg )-Superprocess. O

g

In order to perform the h-transform of interest, we shall consider the following assumption.
(H2) 1/ belongs to D(L).

Notice that (H2) implies that a£(1/«) € Cp. Proposition 2.3.5 and Lemma 2.3.1 then yield the
following Corollary.
Corollary 2.3.6. Let Z be an (L, B, a)-superprocess. Assume (H2). The process ZV s an
(L, B, 1)-superprocess with.:

L=rY" and B=p8-aLl(l]a). (2.13)

Moreover, for allt > 0, the law P, of the process Y with generator L is absolutely continuous on
Dy with respect to P, and its Radon-Nikodym derivative is given by:

P p, _ ax) [ras (5-p)v) (2.14)
dP, 1p, a(Yy)
We will note P for the law of Z'/® on the canonical space (that is E~D~: P(E’B’l)) and N for its
canonical measure. Observe that the branching mechanism of Z under P, which we shall write ),
is given by:

Pz, A) = B(z) A+ A2, (2.15)
and the quadratic coefficient is no more dependent on z. Notice that P,,(Z € -) = P,(aZ € -).
This implies the following relationship on the canonical measures (use Theorem 2.2.3 to check it):

a(z)N,[Z € | =N,[aZ € . (2.16)

Recall that vy(z) = Ny [Hpax > t] = No[Zy # 0]. We set #(z) = Ny[Z; # 0]. As a is positive,
equality (2.16) implies in particular that, for all t > 0 and = € E:

a(z)v(x) = v¢(x). (2.17)
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2.3.2 A Girsanov type theorem

The following assumption will be used to perform the Girsanov change of measure.

(H3) Assumption (H2) holds and the function § defined in (2.13) is in D(£), with £
defined in (2.13).

For z € R, we set z; = max(z,0). Under (H2) and (H3), we define:

Bo = sup max (B(x), \/(,5’2(36) — 25(3)(m))+> and q(z) = Bo = B(z), (2.18)

zelE 2
Notice that ¢ > 0.

We shall consider the distribution of the homogeneous (Z, Bo, 1)-superprocess, which we will
denote by PV (PO = P(£:50:1)) and its canonical measure N°. Note that the branching mechanism
of Z under PV is homogeneous (the branching mechanism does not depend on ). We set 1/° for
Pl Since 90 does not depend anymore on z we shall also write ¢°(\) for °(z, \):

PO(N) = BoA + N2 (2.19)

Proposition 2.3.7 below is a Girsanov’s type theorem which allows us to finally reduce the
distribution PP to the homogeneous distribution P°. We introduce the process M = (M, t > 0)
defined by:

M= e (Zola) — 2i0) — [ s 2()). (2.20)

where the function ¢ is defined by:

p(a) = Pz, q(z)) = L(g)(x), =€ E. (2.21)

Proposition 2.3.7. A Girsanov’s type theorem. Assume (H2) and (H3) hold. Let Z be a
(L, B, 1)-superprocess. .
(i) The process M is a bounded F-martingale under P, which converges a.s. to

+o0
Mo — eZO(q)_fo ds Zs(p) 1{Hmaz<+oo}'

(ii) We have:

dP?
Y = M.
dP,
(iii) If moreover (H1) holds, then PY-a.s. we have M., > 0, the probability measure P, is
absolutely continuous with respect to PO on F:

R )

We also have: .
gz) = N0 |efo  dsZs(0) _q] (2.22)
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The two first points are a particular case of Theorem IV.1.6 p.252 in [104] on interactive drift.
For the sake of completeness, we give a proof based on the mild form of the Log Laplace equation
(2.3) introduced in Section 2.2. Notice that:

WO = P, A + q(2)) — (=, q(x)). (2.23)

Thus, Proposition 2.3.7 appears as a non-homogeneous generalization of Corollary 4.4 in [2]. We
first give an elementary Lemma.

Lemma 2.3.8. Assume (H2) and (H3) hold. The function ¢ defined by (2.21) is nonnegative.

Proof. The following computation:

p(a) = (x,q(2)) — L(a)(2) = q(2)* + Ba(z) — L(g)(x)

and the definition (2.18) of fy ensure that the function ¢ is nonnegative. O

Proof of Proposition 2.3.7. First observe that M is F-adapted. As the function ¢ also is nonneg-
ative, we deduce from Lemma 2.3.8 that the process M is bounded by eZo(a),

Let f € bET. On the one hand, we have:

B, [M; e~ 2] = |, [o1®)~Ze(at])~ Sy ds Z4(9)]  gala)=re(a)

Y

where, according to Theorem 2.2.2, r;(x) is bounded on [0,7] x E for all T' > 0 and satisfies:

re(z) + By [/Ot ds %Z(Ytsvrs(yts))}

—i [ Cds (D(Yiew a(Vis) — £@ (Vi) + (g + NV, (@2.24)

On the other hand, we have

)

E? [e*Zt(f)] — o~ wt(x)

where w(z) is bounded on [0,7T] x E for all T'> 0 and satisfies:

wy(z) + B, [ /0 s 0 (Yis, ws(ms»] = E.[f(V2)].

Using (2.23), rewrite the previous equation under the form:

wi(@) + Ba [ / s (Y, (ws + q)(i@_s))] ~ R, [ / Cds D(Vis q(Vis) + F(V)]. (225)

We now make use of the Dynkin’s formula with (H3):



2.3 A genealogy for the non-homogeneous superprocesses 57

o) = =B | [ Ea)(¥0)] + Eulavi), (2.26)

and sum the equations (2.25) and (2.26) term by term to get:

@%+@uo+a{éﬁw¢uz&wg+@a;gﬂ

:E{A%swuaﬁﬂnﬂ»—ﬁmxnﬂ»+m+fxn» (2.27)

The functions r(z) and wi(x) + ¢(z) are bounded on [0,7] x E for all T > 0 and satisfy the
same equation, see equations (2.24) and (2.27). By uniqueness, see Theorem 2.2.1, we finally get
that w; + ¢ = r¢. This gives:

E,[M; e 2] = B [e=2:(1)), (2.28)

The Poissonian decomposition of the superprocesses, see Theorem 2.2.3, and the exponential
formula enable us to extend this relation to arbitrary initial measures v:

B, [M; e~ %] = B0 [e=2:11)), (2.29)

This equality with f = 0 and the Markov property of Z proves the first part of item (i).
Now, a direct induction based on the Markov property yields that, for all positive integer n, and
fiyeo o  fn€BET, 0<51<... <5, <t

E,[M;e™ 2gizn Zsi(fi)] =l 2igizn Zsi(fi)]. (2.30)

And we conclude with an application of the monotone class theorem that, for all nonnegative
Fi-measurable random variable A:

5, (M A] = E2[A].

The martingale M is bounded and thus converges a.s. to a limit M. We deduce that for all
nonnegative Fi-measurable random variable A:

E,[MyA] = ES[A]. (2.31)
This also holds for any nonnegative Fo.-measurable random variable A. This gives the second
item (ii).

+o0
On {Hpax < +00}, then clearly M; converges to eZo@=J, ) ds Zs(#) Notice that PO(Hmax =
+00) = 0. We deduce from (2.31) with A = 15, — 1o that Py-a.s. on {Hpay = +00}, Moo = 0.
This gives the first part of item (i).

Now, we prove the third item (iii). Notice that (2.31) implies that PO-a.s. My, > 0. Thanks
to (H1), we also have that P,-a.s. My > 0. Let A be a nonnegative Fo,-measurable random
variable. Applying (2.31) with A replaced by 117 >0} A/Me, We get:

~ ~ A A A
B4 = By [ Mot ar oy 57| = B2 57| =S| |

This gives the first part of item (iii).
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Notice that for all positive integer n, and f1,..., f, € bET, 0 < 51 < ... < s,, we have

Nx 1— 62195” Zs/i(fi)} — 10g< [ Zl<z<n })

- — log (Eg [eZlgiSn Zs, (fz)+f0+oo ds Zs(p)

)+q(ﬂf)
I O P

Taking f; = 0 for all i gives (2.22). This implies:
Nx 1- ezlgign Zs;(f2) ] = [ fo ds Zs(¢ <1 — ezlﬁign Zsi(fi)ﬂ .

The monotone class theorem gives then the last part of item (iii). O

2.3.3 Genealogy for superprocesses

We now recall the genealogy of Z under P? given by the Brownian snake from [37]. We assume
(H2) and (H3) hold.

Let W denote the set of all cadlag killed paths in E. An element w € W is a cadlag path:
w : [0,n(w)) — E, with n(w) the lifetime of the path w. By convention the trivial path {z},
with x € E, is a killed path with lifetime 0 and it belongs to W. The space W is Polish for the
distance:

atw, ) = 3000}, 00)) + ) ~ )|+ [ s s o)

where d; refers to the Skorokhod metric on the space D(][0,s], E), and wy is the restriction of
w on the interval I. Denote W, the set of stopped paths w such that w(0) = z. We work on
the canonical space of continuous applications from [0, 00) to W, denoted by 2:=C (RT, W),
endowed with the Borel sigma field G for the distance d, and the canonical right continuous
filtration G, = o{Ws,s < t}, where (Ws,s € R*) is the canonical coordinate process. Notice
G = G by construction. We set Hy = n(Ws) the lifetime of Wi.

Definition 2.3.9 (Proposition 4.1.1 and Theorem 4.1.2 of [37]). Fiz Wy € W,,. There exists a
unique Wy-valued Markov process W = ((_27 G,Ge, Wy, P?,VO), called the Brownian snake, starting
at Wy and satisfying the two properties:

(i) The lifetime process H = (Hg,s > 0) is a reflecting Brownian motion with non-positive drift
—Bo, starting from Hy = n(Wy).

(ii) Conditionally given the lifetime process H, the process (Ws,s > 0) is distributed as a non-
homogeneous Markov process, with transition kernel specified by the two following prescriptions,
for0<s<és':

- Wy (t) = Ws(t) for all t < H[s,s’}; with H[&S/] = infe<, <y H,.
— Conditionally on W(Hs g1—), the path (Wy (Hs s +1),0 <t < Hy — H, o)) is independent
of Wy and is distributed as }ﬁU:H.s/*H[.s,.s/]) under f’WS(H[S’S,],).

This process will be called the By-snake started at Wy, and its law denoted by P?/VO
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We will just write PY for the law of the snake started at the trivial path {z}. The corresponding
excursion measure NY of W is given as follows: the lifetime process H is distributed according
to the It6 measure of the positive excursion of a reflecting Brownian motion with non-positive
drift —5p, and conditionally given the lifetime process H, the process (Ws, s > 0) is distributed
according to (ii) of Definition 2.3.9. Let

o =inf{s > 0; H; =0}
denote the length of the excursion under N9.

Let (I7,7 > 0,s > 0) be the bicontinuous version of the local time process of H; where [ refers
to the local time at level r at time s. We also set @ = w(n(w)—) for the left end position of the
path w. We consider the measure-valued process Z(W) = (Z;(W),t > 0) defined under N9 by:

Z,(W)(d) = /0 T dt 5y, (da). (2.32)

The [g-snake gives the genealogy of the (E, Bo, 1) superprocess in the following sense.

Proposition 2.3.10 ([37], Theorem 4.2.1). We have:

— The process Z(W) is under N9 distributed as Z under NO.

= Let 3= ;e 7 6(zi,wi) be a Poisson point measure on E x 2 with intensity v(dz) N°[dW]. Then
dieT Z(W9) is an (L, By, 1)-superprocess started at v.

Notice that, under NY, the extinction time of Z(W) is defined by

inf{t; Z,(W) =0} = sup Hs,
s€[0,0]

and we shall write this quantity Hpax or Hpmax (W) if we need to stress the dependence in W.
This notation is coherent with (2.6).

We now transport the genealogy of Z under N° to a genealogy of Z under N. In order to simplify
notations, we shall write Z for Z(W') when there is no confusion.

Definition 2.3.11. Under (H1)-(H3), we define a measure N, on (£2,G) by:

dN, dNy Z7(W 1 f+oo ds Zs(p) ]

W e R GurW) = GE(Z) = g = eh

Notice the second equality in the previous definition is the third item of Proposition 2.3.7.
At this point, the genealogy defined for Z under N, will give the genealogy of Z under N up to a
ponderation. We set
1 -
N, =——=N,. 2.33
Tar) " ( )
Proposition 2.3.12. We have:

(i) Z(W) under N is distributed as Z under N,.
(i) The weighted process ZW9" = (thelght,t > 0) with

Zweisht gy — / dylt a(W,)0y, (dz), >0, (2.34)
0 S

is under N, distributed as Z under Ng.
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We may write Z"Vight (117) for ZVi8ht to emphazise the dependence in the snake .
Proof. This is a direct consequence of Definition 2.3.11 and (2.16). O

We shall say that W under N, provides through (2.34) a genealogy for Z under N,.

2.4 A Williams decomposition

In Section 2.4.1, we give a decomposition of the genealogy of the superprocesses (£, 3, «) and
(L, ,1) with respect to a randomly chosen individual. In Section 2.4.2, we give a Williams
decomposition of the genealogy of the superprocesses (£, 3, ) and (£, 3,1) with respect to the
last individual alive.

2.4.1 Bismut’s decomposition

A decomposition of the genealogy of the homogeneous superprocess with respect to a randomly
chosen individual is well known in the homogeneous case, even for a general branching mechanism
(see lemmas 4.2.5 and 4.6.1 in [37]).

We now explain how to decompose the snake process under the excursion measure (N, or NY)
with respect to its value at a given time. Recall o = inf {s > 0, H; = 0} denote the length of the
excursion. Fix a real number ¢ € [0, ]. We consider the process H9) (on the left of t) defined

on [0,t] by HY =H_, —H, forall s € [0, t]. The excursion intervals above 0 of the process
(H§9) — info<gr<s Hg?), 0 < s <t) are denoted Ujeso (¢j,dj). We also consider the process H@
(on the right of t) defined on [0, 0 — t] by aY = Hy;,s — H;. The excursion intervals above 0 of
the process (Hs(d) — infp<g<s Hs(fi), 0 < s <o —t) are denoted Ujes@ (¢j,d;). We define the level
of the excursion j as s; = Hi if j € J@ and sj = Hiie, if j € J@, We also define for the
excursion j the corresponding excursion of the snake: W7 = (W7, s > 0) as

Wsj() = Wt7(0j+s)/\dj(' + Sj) ifj e J(g)7 and Wsj() = Wt+(c]~+s)/\dj(' + Sj) ifje J@.
We consider the following two point measures on RT x 2: for ¢ € {g,d},

R; = Y 0, wi (2.35)
jeJe)

Notice that under N? (and under N, if (H1) holds), the process W can be reconstructed from
the triplet (W3, RY, R{) as follows. If s € [0, ], then there exists j € J9) such that (t—s) € [c;, dj]
and we have:

We(u) = W/

(t—s)—c; (u—s;) if u> s; and Wi(u) = Wy(u) if u < sj.

If s € [t, 0], then there exists j € J(@ such that (s — t) € [¢;,d;] and we have:

_ j(u —s;5) if u > s; and Wy(u) = Wi(u) if v < s;.
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We are interested in the probabilistic structure of this triplet, when ¢ is chosen according to
the Lebesgue measure on the excursion time interval of the snake. Under N, this result is as a
consequence of Lemmas 4.2.4 and 4.2.5 from [37]. We recall this result in the next Proposition.

For a point measure R = 3 ;c ;0 4;) on a space R x X and A C R, we shall consider the
restriction of R to A x X given by Ra = 3" ;c;14(8;)0(s; 2;)-

Proposition 2.4.1 ([37], Lemmas 4.2.4 and 4.2.5). For every measurable nonnegative function
F, the following formulas hold:

NO[/ ds F(W, R{;,Rg)] :/ e T dr B, [F(Y[OJ),RS’ ) ﬁf)} (2.36)
0 7

Ng[ / dslt F(W,, RY Rd)] —e Mt |, [ (You, Rd) Big) |, >0, (2.37)

where under E, and conditionally on Y, RBY and RB4 are two independent Poisson point
measures with intensity 05 (ds, dW) = ds NY. [dW].
The next Proposition gives a similar result in the non-homogeneous case.

Proposition 2.4.2. Under (H1)-(H3), for every measurable nonnegative function F, the two
formulas hold:

Nm[/ ds F(WS,Rg,Rd} / dr B, { 0 % 809 Py, R4 RET)|, (2.38)
0
where under E; and conditionally on Y, Rﬁ’f) and R[%’f) are two independent Poisson point
measures with intensity

vB(ds,dW) = ds Ny, [dW] = ds a(Ys)Ny, [dW]; (2.39)

and

[/ ds o(W,)F(W,, RS Rd} —[Tar Ex[e‘fo IO F (Yo, RGS B[, (240)

where under E; and conditionally on'Y, R[B(;’f) and R[B;:g) are two independent Poisson point

measures with intensity v7.

Observe there is a weight o(W,) in (2.40) (see also (2.34) where this weight appears) which
modifies the law of the individual picked at random, changing the modified diffusion P, in (2.38)
into the original one P,.

We shall use the following elementary Lemma on Poisson point measures.

Lemma 2.4.3. Let R be a Poisson point measure on a Polish space with intensity v. Let f
be a nonnegative measurable function f such that v(ef —1) < +o00. Then for any nonnegative
measurable function F, we have:

E[F(R) D] =B [F(R)] eV, (2.41)

where R is a Poisson point measure with intensity v(dx) = e/ ®) v(dx).
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Proof of Proposition 2.4.2. We keep notations introduced in Propositions 2.4.1 and 2.4.2. We
have:

Nw[/ ds F(WS,Rg,Rg)}
0
= Ng |:efo+oc ds Zs(p) /U ds F(Ws, Rg’ Rg):l
0
= N[ ["ds PO, g, R RO

_ ’ [ ~Bg #B.d (RBf+RBf)(f)
/ —hor dr E, _F(E/[OJ),R[O,?),R[OJ)) (0.1 o,r)

o0 - T r 2 Zr (W) ()
- / e dr By | F(Yo), R[o "’ RS d)) ¢? Jo 45N, o w _1]}
0 L

_ e Bor qp Em F(}/[O,T% R 2f ds q(Ys)]

B7
0 Riom) e

=/ drE[ (Youy, BRI, B )e — [T ds (v }

where the first equality comes from (H1) and item (iii) of Proposition 2.3.7, we set f(s, W) =
0+°° Z(W)(p) for the second equality, we use Proposition 2.4.1 for the third equality, we use
Lemma 2.4.3 for the fourth, we use (2.22) for the fifth, and the definition (2.18) of ¢ in the last.

This proves (2.38).

Then replace F(Wy, RS, R%) by a(W,)F(W,, RS, R%) in (2.38) and use (2.14) as well as (2.33) to
get (2.40). O

The proof of the following Proposition is similar to the proof of Proposition 2.4.2 and is not
reproduced here.

Proposition 2.4.4. Under (H1)-(H3), for every measurable nonnegative function F, the two
formulas hold: for fized t > 0,

n - ¢ S B s s 3
U dlt F(W,, RY Rd)} = x[e Jod YY) F (Yo, R Ry (2.42)

where under E; and conditionally on' Y, RP9 and RBP4 are two independent Poisson point
measures with intensity vP defined in (2.39), and

A t
{ / dylt a(W)F(Ws, RY Rd)] {e_fo ds B(YS)F(Y[Oi),R{g:f),ng:g)], (2.43)

where under E, and conditionally on Y, RPY9 and R are two independent Poisson point
measures with intensity v5.

As an example of application of this Proposition, we can recover easily the following well known
result.

Corollary 2.4.5. Under (H1)-(H3), for every measurable nonnegative functions f and g on E,
we have:

Na [Zt(f) e~ 2(9)

_ Em[e—fé ds 0 (Vi Ny, [l =@ ]) pyy |
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In particular, we recover the so-called “many-to-one” formula (with g = 0 in Corollary 2.4.5):
t
No[Zo(f)] = Eu|e Jo % 0% gy (2.44)
Proof. We set for w € W with n(w) =t and 71, 79 two point measures on R x {2

F(’UJ, 7"1,7'2) = f(’UA)) eh(T1)+h(T‘2)7

where h(Yjer 8o, wiy) = Y <t ZEH (W), (g). We have:

[/dzt W,)F(W,, RS Rd)}

=Eo|e fo @ ) f(Y) eh(Rgif))Jrh(R[B;jf))}

N {Ztm ~2:(9)

Zwelght( )

= Em _e_ fot ds B(Ys) f(Y;g) f 2a(Ys)Ny, [1—e t=s q

o ol e 0) )|

where we used item (ii) of Proposition 2.3.12 for the first and last equality, (2.43) with F
previously defined for the second, formula for exponentials of Poisson point measure and (2.33)
for the third. O

Remark 2.4.6. Equation (2.44) justifies the introduction of the following family of probability
measures indexed by t > 0:
AP, a0
Py, g [e— Jy ds ﬂmﬂ ’

(2.45)

which can be understood as the law of the ancestral lineage of an individual sampled at random
at height ¢ under the excursion measure N, and also correspond to Feynman Kac penalisation of
the original spatial motion P, (see [115]). Notice that this law does not depend on the parameter
a. These probability measures are not compatible as ¢ varies but will be shown in Lemma 2.6.13
to converge as t — oo in restriction to Dy, s fixed, s < ¢, under some ergodic assumption (see
(H9) in Section 2.6).

2.4.2 Williams decomposition

We first recall Williams decomposition for the Brownian snake (see [132] for Brownian excursions,
[122] for Brownian snake or [1] for general homogeneous branching mechanism without spatial
motion).

Under the excursion measures Ng, Nm and N, recall that Hyax = SUup| 0] Hy. Because of the
continuity of H, we can define Tax = inf{s > 0, Hy = Hpax}. Notice the properties of the
Brownian excursions implies that a.e. Hy = Hypax only if s = Thax. We set vt ( ) = NO o [Hmax > t]
and recall this function does not depend on . Thus, we shall write v{ for v9(x). Standard
computations give:
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o
v = SBot _ 1
ePfot —1
The next result is a straightforward adaptation from Theorem 3.3 of [1] and gives the distribution
of (Hmax; W B, R, ) under NJ.
Proposition 2.4.7 (Williams decomposition under N%). We have:
(i) The distribution of Hpay under NO is characterized by: NO[H oz > h] = v%.
(ii) Conditionally on {Humaz = ho}, Wr,,, under N is distributed as Yo p,) under P,.
(iii) Conditionally on {Hpmey = holr and Wr,,,,, R}, and R%mz are under N independent
Poisson point measures on R* x 2 with intensity:

1[07h0)(8)d8 l{Hmaw(W)<hO_5} N(‘)/VT"““U(S) [dW]
In other words, for any nonnegative measurable function F, we have
N | F(H oz, WTW,RQTW,R%W)} = 7/ opvl) dh By |:F(hv}/[O,h)aéw’(thvﬁW’(h)’d) ’
o 0

where under E; and conditionally on Yio,n)s RW-M).9 gnd RW-Md gre two independent Poisson
point measures with intensity V" (ds, dW) = Lo,y (s)ds Lgp, . ow)<h—sy NY. [dW].

Notice that items (ii) and (iii) in the previous Proposition implies the existence of a measurable
family (Ng’(h), h > 0) of probabilities on (£2,G) such that N2™ is the distribution of W (more
precisely of (Wr,,,., RT, R%. ) under N9 conditionally on {Hiax = h}.

Remark 2.4.8. In Klebaner & al [74], the Esty time reversal “is obtained by conditioning a
[discrete time] Galton Watson process in negative time upon entering state 0 (extinction) at
time 0 when starting at state 1 at time —n and letting n tend to infinity”. The authors then
observe that in the linear fractional case (modified geometric offspring distribution) the Esty

time reversal has the law of the same Galton Watson process conditioned on non-extinction.
(h)

Notice that in our continuous setting, the process (Hg, 0 < s < Tpax) is under Ng’ a Bessel
process up to its first hitting time of h, and thus is reversible: (Hs,0 < s < Ty,ax) under Ng’(h) is
distributed as (h — Hr,,,,,—s,0 < 5 < Tjax) under N2 ™ Tt is also well known (see Corollary 3.1.6
of [37]) that (Hy—s,0 < s < 0 — Tinax) under Ng’(h) is distributed as (Hs,0 < s < Typax) under
N2™_ We deduce from these two points that (Z5(1),0 < s < h) under N2 s distributed as
(Zp—s(1),0 < s < h) under Ng’(h). This result, which holds at fixed h, gives a prelimiting version
in continuous time of the Esty time reversal. Passing to the limit as h — oo, see Section 2.5.2,
we then get the equivalent of the Esty time reversal in a continuous setting.

Before stating Williams decomposition, Theorem 2.4.12, let us prove some properties for the
functions vy(z) = Ny[Hmax > t] = Ny[Z; # 0] and 0y(z) = Ny[Hmax > t] which will play a
significant réle in the next Section. Recall (2.17) states that

Qv = V.
Notice also that (2.18) implies that ¢ is bounded from above by (8 + || 5 ||..)/2-
Lemma 2.4.9. Assume (H1)-(H3). We have:

q(x) +v) > te(x) > ). (2.46)
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Furthermore for fized v € E, ¥y(x) is of class C* in t and we have:
= L2 (Yie,) d
Oyie(x) = B [efo "(Yir) } o0, (2.47)
where the function X defined by:

Zi(x) = 2(vf + q(z) — B(x)) = 0’ (v]) — Aai(a, Ti(x)) (2.48)

satisfies: .
0 < Zi(x) < 2q(a) < o+ 1Bl (2.49)

Proof. We deduce from item (iii) of Proposition 2.3.7 that, as ¢ > 0 (see Lemma 2.3.8),

~ —+o0
ou(w) = No[Z0 £ 0] = N0 |1z papelo 7] > N7, 0] = of.

We also have

+oo
Lzoyelo %)

=N? [e o ds Z(g) -1

+N; { —Liz,—0y elo " o Z1(5)

=q(z) + NQ [ 1yz,— o}ef ds Zs(¢)

> q(l?) + Ng [1 — I{tho}:|
- Q(x) + Utov
where we used (2.22) for the third equality. This proves (2.46).

Using Williams decomposition under N, we get:

+
ﬁt(fli):—/ 9,00 dr NO {fo ds Zs(¢)
0

Using again Williams decomposition under N9, we have

2frd NO f0+oo dt Zi(e) 1
o ds Ny (e -D1liz,—0y

NO-(7) [efo*""ds 2] —f, |

2frd NO ( fo-‘roo dt Zi () 1
0 S Ys € - ) {Zr—s:()}

|
esl
8

e (2.50)

We deduce that, for fixed z, r — N0 () [ f ds ZS(“’)} is non-decreasing and continuous as

NO

y[Hmax = t] = 0 for t > 0. Therefore, we deduce that for fixed z, 7;(x) is of class Clin t:

+oo
Ovy(w) = N [e‘fo @2 oy
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We have thanks to item (iii) from Proposition 2.3.7:

“+oo
Ny (elo dtztm—l)l{zszo}}

_ Ng [ZS L 0] N Ng {ef(joc dt Zi(p) _1} _ NS {efo“’o dt Z(p) 1{Z57é0}

=02+ q(y) — ¥5(y) (251)
1 ~

=3 [(%\wo(vg) — 8A¢(ya@s(y))]v

where the last equality follows from (2.15), (2.18) and (2.19). Thus, with Y,(y) = o (v?) —
WY (y,0s(y)), we deduce that:

Ng,(t) [ef0+°° ds Zs(sa)] —E, [efot ds ES(YH)] .

This implies (2.47). Notice that, thanks to (2.46), X' is nonnegative and bounded from above by
2q. O

Fix h > 0. We define the probability measures P(") absolutely continuous with respect to P and
P on Dy, with Radon-Nikodym derivative:

dP(h) efoh X (Yy) dr

~.1‘ |Dh _ .
dPx |Dh Ez‘ |:ef0h ths(ys) dr:|

(2.52)

Notice this Radon-Nikodym derivative is 1 if the branching mechanism ¢ is homogeneous. We
deduce from (2.47) and (2.48) that:
(h)
dl?m D _ vy, o [ dr (O3 B (Y2)) ~0280 (0))_ )
dP, p,  Onin(x)

and, using (2.14):

(h)
dPx Dn 1 3h”2 e~ foh dr (8>\¢(Yr,vh_r(an))—(?)\wo(vgir)) ) (253)

dP, ip,  a(Yh) Opun(x)

In the next Lemma, we give an intrinsic representation of the Radon-Nikodym derivatives (2.52)

and (2.53), which does not involve 3y or v°.

Lemma 2.4.10. Assume (H1)-(H3). Fiz h > 0. The processes M") = (Mt(h),t € [0,h)) and
M® = 1" ¢ € [0, b)), with:

M® — Onon—t(Ye) — [!ds orxo(Vown—a(a) o N = 3h17h~—t(Yt) o Jo ds rEOeons(V2))
Onvon(x) Onop(x)

are nonnegative bounded Dy-martingales respectively under P, and Py. Furthermore, we have for
0<t<h:

ap™ ap™ i
z D _ Mt(h) and ——1=t e _ Mt(h). (2.54)
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Notice the limit M }(Lh) of M™ and the limit M ;Lh) of MM are respectively given by the right-
handside of (2.53) and (2.52).

Remark 2.4.11. Comparing (2.10) and (2.54), we have that P = P9 with g(t,z) = Opvp—t(z),
if g satisfies the assumptions of Remark 2.3.3.

Proof. First of all, the process M is clearly Ds-adapted. Using (2.47), we get:

D [e O“Ehtr(mdr]  Outni(y)
Yy

ahvl?—t
We set: .
> (h) eJo Zn-r(¥r) dr
My~ = k )
£, {e S Sha(va) dr}
We have:

t
efo Ehfr(YT) dr

Em |:efoh Zn—s(¥s) dr]

Y - h—t
E‘T [Mlsh) ’Dt] = EYVz |:ef0 Ehftfr(y'r) d?”:|

_ Onon—t (Y1) Opv) efotzh,r(y,«) dr
ahﬁh(x) ahv}ol_t

_ Onn=t (Y1) — [ ond (Yon- (1) ds amé,? o0 (wg_,) ds
Onon () Opvy,_,

In the homogeneous setting, v° simply solves the ordinary differential equation:
By = =4 (vp).

This implies that

Oy, log (F0?) = O _ —00(vY)
8hv2
and thus 0
O frosu (o) ds _ (2.55)

6hv2_t
We deduce that

B, (170 py] = 0=t — [T ar o0 in () _ (),
a: h 8h17h(x) t

Therefore, M) is a D;-martingale under P, and the second part of (2.54) is a consequence
of (2.52). Then, use (2.14) to get that M" is a D;-martingale under P, and the first part of
(2.54). O

We now give the Williams’ decomposition: the distribution of (Hpax, Wr,,.., Rngax, RdTmax) under
N, or equivalently under N, /a(z). Recall the distribution P defined in (2.52) or (2.53).

Theorem 2.4.12 (Williams’ decomposition under N,). Assume (H1)-(H3). We have:
(i) The distribution of Hygey under Ny is characterized by: Ny[H ey > h] = vp(2).
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(i) Conditionally on {Hma: = ho}, the law of Wr,,,,, under Ny, is distributed as Y|gp,) under
ho)
po),

(iii) Conditionally on {Hpay = ho} and Wr,,,,, R}, and R%maz are under N, independent
Poisson point measures on RT x 2 with intensity:

L0,h0) (8)d5 L, 0n(Wy<ho—s} & (Woo(8)) Ny, () [dW].

In other words, for any nonnegative measurable function F', we have

Tma,a:

N | F(Humazs Wy, RS, RS )] - — / Opvn(z) dh EM | F(h, Yo py, R0, Ry |
0

where under E&h) and conditionally on Yo ), RW::9 gnd RW-(M:d gre two independent Poisson

point measures with intensity:

VW (ds, dW) = 119 y(5)ds 1ip,,..cw)<hsy(Ys) Ny, [dW]. (2.56)

Notice that items (ii) and (iii) in the previous Proposition imply the existence of a measurable
familly (N;(Bh), h > 0) of probabilities on (£2,G) such that N is the distribution of W (more
precisely of (Wr,,,., R, R%. ) under N, conditionally on {Hpyax = h}.

Proof. We keep notations introduced in Proposition 2.4.7 and Theorem 2.4.12. We have:

Nx |:F(HmaX7 WTmaX’ R%max’ Rd )

Tmax

= |: fo ds ZS 4,0) F(Hmax7 WTmax’ R%max’ Rd )

Tm ax

Tm ax

Ng [F(Hmaxa W Rg“ ) R§ ) (RTmaX+R%maX)(f) :|
- / " 040l dh By | F(h, Yoy, B9, R04) emw’(h)’”ﬁw’(“'dﬂﬁ]
0 I )

+oo
~ o 2fh ds NOS [(efo dt Zy(¢) 1)1{275_0}]
‘/ v dh By | F(h, Yig py, RV (W9, RV ) o 70 }
0 L

= [ 0ol B[ F(h, Yig g, B8, R0 ofy 510
0 L

_ /OO ahU2 dh Ex -efoh Yhos(Ys) ds ] Egh) [F(h, )/[0 " RW’(h)’g, RW’(h)’d):|
0 I ,
— [ oninle) dn D [ F(h,Yig g, RV, R0,

where the first equality comes from (H1) and item (iii) of Proposition 2.3.7; we set f(s, W) =
Jo7°° Z,(W)() for the second equality; we use Proposition 2.4.7 for the third equality; we use

Lemma 2.4.3 for the fourth with R"W:":9 and R"W-(")¢ which under E( ) and conditionally on
Yo,n) are two independent Poisson point measures with intensity W) we use (2.51) for the

fifth, definition (2.52) of EY) for the sixth, and (2.47) for the seventh. Then use (2.33) and (2.17)
to conclude. O
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The definition of N&") gives in turn sense to the conditional law N&") = Nz (.|Hmax = h) of the
(L, B, ) superprocess conditioned to die at time h, for all A > 0. The next Corollary is then a
straightforward consequence of Theorem 2.4.12.

Corollary 2.4.13. Assume (H1)-(H3). Let h > 0. Let x € E and Y|y ) be distributed according

to Pgh). Consider the Poisson point measure N' = djes 5(51_723-) on [0, h) x 2 with intensity:
2110,1)(8)ds 1{g1,00(2)<h—sy(Ys) Ny, [dZ].

The process Z) = (Zt(h),t > 0), which is defined for allt >0 by:

h .
Zt( ) = Z Zg—8j7

Jj€J, s;<t

(h)

is distributed according to Ny .

We now give the superprocess counterpart of Theorem 2.4.12.

Corollary 2.4.14 (Williams’ decomposition under P,). Assume (H1)-(H3).
(i) The distribution of Hpey under Py, is: Py(Hpey < h) = e v(vn),
(ii) Conditionally on {H ey = ho}, the distribution of Z under P, is that of the sum of 7'+ 7o)
where:
(iii)  Z"0) has distribution:
8hvh0 (x)
u(@hvho)
(iv) Z' is independent of Z(0) and has distribution P, (.|Hpaz < ho).
Then the measure-valued process Z' + Z0) has distribution P,,.

v(dz) N{o),

o

In particular the distribution of Z’ + Z(") conditionally on hq (which is given by (ii)-(iv) from

Corollary 2.4.14) is a regular version of the distribution of the (£, 3, &) superprocess conditioned

to die at a fixed time hg, which we shall write ]P’l(,ho).

Proof. Let p be a finite measure on R* and f a nonnegative measurable function defined on
RT x E. For a measure-valued process A = (A, t > 0) on E, we set A(fu) = [ f(t,z) Ai(dz)p(dt).
We also write fs(t,z) = f(s+1t,x).

Let Z' and Z("0) be defined as in Corollary 2.4.14. In order to characterized the distribution of
the process Z' + Z(h0)  we shall compute

A =E[eZ'Um-Z"0Un),

We shall use notations from Corollary 2.4.13. We have:

Opvp(z)
E V(Opvn)

+o0o
A= —/ v(Opvp) e M dh, v(dz)
0

EM

Ele” Ljes Z1 eyt |Y[0,h)ﬂ B, [e*Z(fu) [ Himax < h}

= —/Ey(dx) /0+OO Opvn(x) dh

EM {E[e Ljes 2 Ussh) |Y[0,h)ﬂ B, [e_Z(M 1{Hmax<’l}} ’
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where we used the definition of Z” and N for the first equality, and the equality P, (Hpax < h) =
P,(Hmax < h) = e (" for the second. Recall notations from Theorem 2.4.12. We set:

G (Z 5(51.’Wi), Z 5(si/,Wi’)) =e Zjerun ZI(W3)(fs; 1)

i€l el

and g(h) =E, {e_Z(f“) 1{Hmax<h}:|' We have:

+oo
A / v(dz) / Onon(x) dh EL) QR0 RV g(h)
E 0
- /E v(dr) Ny [G(RE™ R g(Hona)|
:/ v(dr) Ny
E

_7 .y
ZE[ZG U] e (f”)l{HzgagHzW}}

iel JeI; ji '

—E, [e—Z(fu)] :

e ZUWE, [efZ<

flu’) 1{Hmax<h}:| |h:HmaX:|

where we used the definition of G and ¢ for the first and third equalities, Theorem 2.4.12
for the second equality, the master formula for Poisson point measure ) ;c; 07 with intensity
v(dx) Np[dZ] for the fourth equality (and the obvious notation H{, = inf{t > 0;Z{ = 0}) and
Theorem 2.2.3 for the last equality. Thus we get:

E[eZ' (/m-200(m] = g, [e—Z(fu)] _

This readily implies that the process Z’ + Z(m0) is distributed as Z under P,. O

2.5 Some applications
2.5.1 The law of the Q-process

Recall ]P’,(,h) defined after Corollary 2.4.14 is the distribution of the (£, 8, «)-superprocess started
at v € My(FE) conditionally on {Hyax = h}. We consider also IP’l(,Zh) = P,(-|Hpax > h) the
distribution of the (L, 5, a)-superprocess started at v € M;(E) conditionally on {Hmax > h}.

The distribution of the Q-process, when it exists, is defined as the weak limit of ]P’(Vzh) when h
goes to infinity. The next Lemma insures that if IPl(,h) weakly converges to a limit IP’I(,OO), then this

limit is also the distribution of the Q-process.

Lemma 2.5.1. Fizt > 0. If IP’I(,h) converges weakly to IP’,(,OO) on (£2,F), then }P’(yzh) converges
weakly to Py on (2, F).
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Proof. Let A =14 with A € F; such that IP,(,OO) (0A) = 0. Using the Williams’ decomposition
under P, given by Corollary 2.4.14, we have for h > t:

E,(jzh) [A] _ el/(vh)/ El(/hl)[A] f(h/)dh/,
h

where f(h) = —v(9pvp) exp(—v(vp,)). We write down the difference:
B 1A~ BA) = o) [ (@014 — B A) 00N
h
Since P weakly converges to PY on (2, F;) and p{) (0A) = 0, we get that limy 4 EM) [A]—
ES) [A] = 0. We conclude that limp_, 4~ EZ [A] — ES) [A] = 0, which gives the result. O

We now address the question of convergence of the family of probability measures (}P’g;h), h >0).
Recall from (2.54) that for all 0 <t < h:
(h)
dP, D,

=M.
dP, p, t

We shall consider the following assumption on the convergence in law of the spine.

(H4) For all t > 0, P,-a.s. (Mt(h), h > t) converges to a limit say Mt(oo), and E, [Mt(oo)] =1.

Note that Scheffé’s lemma implies that the convergence also holds in L!(P,). Furthermore, since
(Mt(h),t € [0,h)) is a nonnegative martingale, there exists a version of (Mt(oo),t > 0) which is a
nonnegative martingale.

Remark 2.5.2. We provide in Section 2.7 sufficient conditions for (H1)-(H4) to hold in the case
of the multitype Feller diffusion and the superdiffusion. These conditions are stated in term of
the generalized eigenvalue Ay defined by

Xo =sup{f € R,3u € D(L),u > 0 such that (5 — L)u = £ u}, (2.57)

and its associated eigenfunction.

Remark 2.5.3. The family (PY, h > 0) and the family (P>, h > 0) defined in Remark 2.4.6
will be shown in Lemma 2.6.13 to converge to the same limiting probability measure.

(c0)

Under (H4), we define the probability measure P on (D, D) by its Radon Nikodym derivative,
for all t > O:

= M. (2.58)

By construction, the probability measure P;(,;h) converges weakly to ngoo) on Dy, for all t > 0.

Let v € Mf(E). We shall consider the following assumption:

(H5), There exists a measurable function p such that the following convergence holds
in L'(v):
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OnUpn
V(ahvh) h—+o0 p-

In particular, we have v(p) = 1. Let v € M(E). Under (H4) and (H5),, we set:
PO (JY) = / v(dz)p(x) PO (Y).
E

Notice then that [ v(dx) Invn(@) ph )(dY) converges weakly to pie )(dY) on Dy, for all t > 0.

v(Onvn) )
Remark 2.5.4. If v a constant times the Dirac mass ¢, for some x € E, then (H5), holds if (H4)
holds and in this case we have P,(joo) = choo).

h)

We can now state the result on the convergence of Ng;

Theorem 2.5.5. Assume (H1)-(H4). Let t > 0. The triplet (Wr,,,.)j0.0, (BT, )04 (RdTmM)[O 1)
under Ngh) converges weakly to the distribution of the triplet (Y[O’t},Rg’tg],R[o’t]) where Y has

distribution P§,,°°) and conditionally on' Y, RB9 and RB? are two independent Poisson point
measures with intensity V2 given by (2.39). We even have the slightly stronger result: for any
bounded measurable function F,

NP (W o (B0 (Rh,)00) | o B [P0, RELRED | (259)

h—+o00

Proof. Let h > t. We use notations from Theorem 2.4.12. Let F' be a bounded measurable
function on W x (Rt x §2)2. From the Williams’ decomposition, Theorem 2.4.12, we have:

W,g,(h) pW,d,(h
NP (W04, (R0 (R o) | = B [P (Vo Rl ™ B )|
= Egjh) [(ph (}/[O,t]ﬂ )
where ¢" is defined by:

W,g,(h w.d,(h
o) = B [Flupa g ™ Bt )|y = o)

-

Ap = NP F(Wr) 00 (RS, )04 (Rf.ll“max)[o,t])} — EP [F (Yo, RS Ry |-

We also set:
0> (Yjo,) = E( {F(y[(),t]a ng:tg]a Rﬁjﬁ)

We want to control:

Notice that:

Ap = E()[SO (Y[Ot]>] ()[ (Y[Ot]ﬂ
= (EM [¢" V)] — EL [0" (Yio)]) +EL (0" — %) (Yo )] (2.60)

We prove the first term of the right hand-side of (2.60) converges to 0. We have:
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Eg(ch) [‘Ph(Y[o,t]ﬂ - Eo(coo) [‘Ph(Y[oﬂ)] =E,; [(Mt(h) - Mt(oo)) @h(Y[O,t])]-

Then use that ¢" is bounded by || F'||,, and the convergence of (]\@(h)7 h > t) towards Mt(oo) in
LY(P,) to get:
lim EGY " (V)] = B2 6" (Vo)) = 0. (261)

h—o00

We then prove the second term of the right hand-side of (2.60) converges to 0. Notice that condi-
tionally on Y, Rg’g’(h) and RK}?’(h) (resp. ngzf] and Rg:f]) are independent Poisson point measures
with intensity 1j94(s) Wl (ds, dW) where v is given by (2.56) (resp. Lo (s) v5(ds,dW)
where v? is given by (2.39)). And we have:

10.q(s) VWM (ds, dW) = 1, w)<n_sy L. (s) V5 (ds,dW).
Thanks to (2.17) and (2.46), we get that:

t t
/1{Hmax(W)Zh—s}1[0,t}(5) VB(dSadW) = /0 ds a(ys)Ny, [Hmax > h —s] = /0 ds vp—s(ys) < +00.

The proof of the next Lemma is postponed to the end of this Section.

Lemma 2.5.6. Let R and R be two Poisson point measures on a Polish space with respective
intensity v and v. Assume that v(dx) = 14(x)v(dz), where A is measurable and v(A€) < +oo.
Then for any bounded measurable function F, we have:

[E[F(R)] ~ E[F(R)]| < 2| F ||, v(A%),

Using this Lemma with v given by 1o (s) v5(ds,dW) and A given by {Hmax(W) < h — s}, we
deduce that:

t
(" = ) wpa)| 4P [ ds vnslo)
We deduce that:

t
BCO(¢" — ¢®) (Yol < 4P ES | [ ds un-u(v2)].

Recall that (H1) implies that vj,_s(x) converges to 0 as h goes to infinity. Since v is bounded
(use (2.17) and (2.46)), by dominated convergence, we get:

Jim EC (" — %) (Yo)] =0. (2.62)

Therefore, we deduce from (2.60) that limj_, 1~ A = 0, which gives (2.59). O

)

We now define a superprocess with spine distribution P,(,OO .

Definition 2.5.7. Let v € M(E). Assume P,(,OO) is well defined. Let'Y be distributed according

to Pl(,oo), and, conditionally onY', let N' = Zje] (5(5],7Z]-) be a Poisson point measure with intensity:
21g+(s)ds a(Ys)Ny,[dZ].

Consider the process Z(>®) = (Zt(oo),t > 0), which is defined for allt > 0 by:

z= 3 7,

jed, 85<t
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(i) Let Z' be independent of Z() and be distributed according to P,. Then, we write P,(,oo) for
the distribution of Z' + Z(°°).
(ii) If v is the Dirac mass at x, we write N;(EOO) for the distribution of Z().

As a consequence of Theorem 2.5.5, we get the convergence of IPl(,h). We shall write ]P’g(gh) when v

is the Dirac mass at x.

Corollary 2.5.8. Under (H1)-(H4), we have that, for allt > 0:

(i) The distribution N converges weakly to N& o (2, F).

(ii) The distribution p{M converges weakly to PY) on (2, F1).

(i1i) Let v € My(E). If furthemore (H5), holds, then the distribution P converges weakly to
PY on (2, 7).

Proof. Point (i) is a direct consequence of Theorem 2.5.5, Definition 2.5.7 and Proposition 2.3.12.

Point (ii) is a direct consequence of point (i), Corollary 2.4.14 and the weak convergence of p{=")

to P, as h goes to infinity.

According to Corollary 2.4.14, under IP’,(,h), Z is distributed according to Z’ + Z(" where Z’ and

Z() are independent, Z’ is distributed according to ]P’Z(,Sh) and Z(™ is distributed according to

tdy 20n(@) )
| vtde) S Nz,

Assumption (H5), implies this distribution converges weakly to:

[ v(ds) pla) Nz
E

(because of the convergence of the densities in L'(v)) on (§2,F;) as h goes to infinity. This and

)

the weak convergence of ]P’,(,Sh to P, as h goes to infinity gives point (iii). O

Proof of Lemma 2.5.6. Similarly to Lemma 2.4.3 (formally take f = —001 4c), we have:
E [F(R)l{R(AC):O}} =K {F(R)} e—l/(AC) .
We deduce that:
[E[F(R)) - E[F(R)]| = [ELF(R)] ~ EIF(R)L(r(a0yoy] |
< ]E[F(R)] - E[F(R)I{R(Ac)zo}]‘ + ‘E[F(R)l{R(AC):O}](l N eumc))’
< || F |l (1 = P(R(A®) = 0)) + || F ||, P(R(A®) = 0) ("4 —1)
—e

= 2| F (1 —e1Y)
< 2| F [l oo v(A).

This gives the result. a
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2.5.2 Backward from the extinction time

We shall work in this section with the space D~ = D(R™, E) equipped with the Skorokhod
topology. We also consider the o-fields Dy = o(Y,,r € I) for I an interval on (—o0,0].

Let us denote by 6 the translation operator, which maps any process R to the shifted process
0y (R) defined by:

On(R). = R4, -
The process R may be a path, a killed path or a point measure, in which case we set, for
R =3 ci0s;2) On(R) =3 jcsO(hts;z;)- We also denote P(=") the push forward probability
measure of P(") by 6}, defined on D_p ) by:

P (Y € o) = PW(0,(Y) € o) = PP ((YVy1s,5 € [=h,0]) € o). (2.63)

We introduce the following assumptions.

(H6) There exists a probability measure on (D™, D(_,, () denoted P(=>) such that for
all z € E,t >0, and f bounded and D|_;, measurable:

ECM [f(Yieg)] —— EC[f(Yirg))-

h—+o00

(H7) For all t > 0, there exists a non negative function ¢ such that for all = € E, for
all A > 0:

vp(z) —vpae(z) < q(h) and /loo dr q(r) < oo.

Note that the probability measure P(=2°) in (H6) does not depend on the starting point x.

We can now state the result on the convergence of the superprocess backward from the extinction

time.

Theorem 2.5.9. Under (H1)-(H4) and (H6).

(i) The distribution of the triplet (0,(Wr,,,,)[—¢,0> eh(R?””)[—t,o], eh(RdTm”“)[_t,o]) under N con-
verges weakly to the distribution of the triplet (Y[_tm, RFth,O]’ er/’go]) where Y has distribution
P(=2) and conditionally on'Y, R"9 and RV¢ are two independent Poisson point measures
with intensity:

Liscope(Ys) ds Lip,,,(w)<—sp Ny, [dW].

We even have the slightly stronger result: for any bounded measurable function F,

N F (0r(Wr,0) (—t,0 On(RE™) 4 01, On (R5 ™) [—t,O])}

—00 w, Ww.,d
— E( ){F(Y[_t’o},R[go},R[t’o]) . (2.64)

h—+o00
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(i) If furthermore (HT) holds, then the process 0y (Z)—1 0] = (Znys,s € [—t,0]) under N

weakly converges towards Z[(:tog]) , where for s <0:
Z(=) = > Zy s,

J€J, 5;<s

and conditionally on'Y with distribution P(—), djes (5(5].723-) is a Poisson point measure with
intensity:
2 1{5<0}a(Ys) dS I{Hmaa;(Z)<—S} NYe [dZ]
Remark 2.5.10. We provide in Lemmas 2.7.3 and 2.7.6 sufficient conditions for (H6) and (H7)

to hold in the case of the multitype Feller diffusion and the superdiffusion. These conditions are
stated in term of the generalized eigenvalue Ay defined in (2.57) and its associated eigenfunction.

Proof. Let 0 < t < h. We use notations from Theorems 2.4.12, 2.5.5. Let F' be a bounded
measurable function on W~ x (R~ x 2)? with W~ the set of killed paths indexed by negative
times. We want to control d; defined by:

0 = NP | F (0, (W) (- 10); gh(Rg“max)[—t,O]aHh(R%nax)[—t,O])}

. W RV
—E( ){F<Y[t,O]’R[—f,O]’R[—tvO]) )
We set:

—o0 w, W.d
T(y[—t,O]) = E( ) F(y[—t,[)]a R[,tg,o]a R[ft,O])

Y:y}

We deduce from Williams’ decomposition, Theorem 2.4.12, and the definition of R"9 and R4,
that:

Tmax Tmax

N F (0n(Wra)(—0.0) 00 (B )—s.0) On (RS )[t,O})} =B [T (Y]
We thus can rewrite dj, as:

= B [ (Yieg)] = BO 1Y)

The function 7" being bounded by || F||oc and measurable, we may conclude under assumption
(H6) that limp_, o 6, = 0. This proves point (i).

We now prove point (ii). Let ¢ > 0 and € > 0 be fixed. Let F' be a bounded measurable function
on the space of continuous measure-valued applications indexed by negative times. For a point
measure on R™ X 2, M = 37,7 0(5, w;), We set:

F(M) =F ((ZGSZ(Z(Wl))>[—t’O]> :

€T

For h > t, we want a control of &), defined by:

o =N {F(eh(z)[—t,o])] —~E( {F(RW’Q + RW’d)].
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By Corollary 2.4.13, we have:
N F00(2) )| = N0 [ Flon(RE, ., + RS,
Thus, we get:
o = N [F(eh(R%m + R%m))] —E() [F(vag + RW)]. (2.65)
For a > s fixed, we introduce Sg, for h > a, defined by:

i = N0 | P(0(R,,,, + B, ) ao)| B |B(@Y+ 8% g (260

Notice the restriction of the point measures to [—a,0]. Point (i) directly yields that limj_, | o 6§ =
0. Thus, there exists h, > 0 such that for all A > h,,

o < g/2.

We now consider the difference ), — 5;‘:. We associate to the point measures M introduced above
the most recent common ancestor of the population alive at time —t:

A(M) =sup{s > 0;> 1y g lim . (wo>—t—s;} 7 0}
el

Let us observe that:
N as., F(0n(Ry, + R Nliacay = FOL(RS  + RS )iao)l{a<a) (2.67)
with A = A(Op(R7, + R%max)[_hvo]) in the left and in the right hand side. Similarly, we have:
P as., F(R" + RV 1400 = F((R™9 + R, 0)11a<a), (2.68)

with A = A(RW’Q + RW’d) in the left and in the right hand side. We thus deduce the following
bound on &, — Sg:

15 — 58 < 2| Fllc [Ngm [A>a] + PCX[A> g

_ 2”F||OO |:E‘(Z—h) [1 e fahdfr QQ(Y,T)(Ur,t—UT)(Y,T)] + E(_Oo) [1 e faoodr 20[(Y—7‘)('U7*7t_v7‘)(yf7‘):|

o0
< 8| Fllcllall [ dr g(r)
.

where we used (2.65), (2.66), (2.67) and (2.68) for the first inequality, the definition of A for
the first equality, as well as (H7) and the fact that 1 —e ™ < z if x > 0 for the last inequality.
From (HT), we can choose a large enough such that: |3, — 6¢| < €/2. We deduce that for all
h > max(a, hy): |0] < |65 — 6%| + |0¢| < e. This proves point (ii). O
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2.6 The assumptions (H4), (H5), and (H6)

We assume in all this section that P is the distribution of a diffusion in R¥ for K
integer or the law of a finite state space Markov Chain, see Section 2.7 and the references
therein. In particular, the generalized eigenvalue Ay of (8 — L) (see (2.86) or (2.88)) is known to
exist. We will denote by ¢g the associated right eigenvector. We shall consider the assumption:

(H8) There exist two positive constants C; and C5 such that Vo € E, C1 < ¢p(z) < Cos
and ¢y € D(L).

Under (H8), let P2 be the probability measure on (D, D) defined by (2.9) with g replaced by ¢o:

de)O
V>0, z|De  ¢0(Y2) o Jyds (BYo)=20) (2.69)

dP, p,  ¢o(Yo)

We shall also consider the assumption:

(H9) The probability measure P? admits a stationary measure 7, and we have:

sup B [f(Vy)] — 7 (f)] o O (2.70)
febe |l fllee<1 >

Notice the two hypotheses (H8) and (H9) hold for the examples of Section 2.7, see Lemmas 2.7.1
and 2.7.5.

Let us mention at this point that we will check that P‘;’O = Pg(coo) with Pﬁ,ﬁ’o) defined by (2.58), see
Proposition 2.6.8.

2.6.1 Proof of (H4)-(H6)

Notice (H9) implies that the probability measure P2 admits a stationary version on D(R, E),
which we still denote by P%0.

We introduce a specific h-transform of the superprocess. From Proposition 2.3.5 and the definition
of the generalized eigenvalue (2.86) and (2.88), we have that the h-transform given by Definition
2.3.4 with g = ¢ of the (£, 3, ) superprocess is the (£%0, \g, aupg) superprocess. We define v
forallt > 0 and z € E by:

Ufo (.’L‘) — N;ﬁ‘bo)\o,a(ﬁo)[Hmax > t] (271)

Observe that, as in (2.17), the following normalization holds between v%° and v:

v (z) = ;Z((g (2.72)
zﬁo

Our first task is to give precise bounds on the decay of v;° as ¢ goes to co.

We first offer bounds for the case Ay = 0 in Lemma 2.6.1, relying on a coupling argument. This
in turn gives sufficient condition under which (H1) holds in Lemma 2.6.2 We then enounce
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Feynman-Kac representation formulae, Lemma 2.6.3, which yield exponential bounds in the case
Ao > 0, see Lemma 2.6.4. We finally strenghten in Lemma 2.6.6 the bound of Lemma 2.6.4 by
proving the exponential behaviour of vfo in the case Ag > 0. The proofs of Lemmas 2.6.1, 2.6.2,
2.6.3, 2.6.4 and 2.6.6 are given in Section 2.6.2.

We first give a bound in the case A\g = 0. The proof relies on a coupling argument on the
construction from Dhersin and Serlet [33]. It yields bounds from below and from above for the
extinction time Hp.x.

Lemma 2.6.1. Assume \g =0, (H2) and (HS8). Then for all t > 0:

1 o 1|2
agpo(z) <t (z) < apo(r) ?%

o2, ~

-
We deduce from this lemma that assumption (H1) holds:
Lemma 2.6.2. Assume \g > 0, (H2) and (H8). Then (H1) holds.

We give a Feynman-Kac’s formula for Ug and 81}{? .

Lemma 2.6.3. Assume \g > 0, (H2)-(H3) and (H8). Let ¢ > 0. We have:

h ®
(@) = e g [em s 0 S0 o )
h [
8}1/0;?3,5(1:) — e—)\oh Edw)o |:e—2 fO ds OZ(YQ) ¢O(Y9) ’Uhisis(yvs) 8}1,[)?0 (Yh):| . (274)

We give exponential bounds for vg) and &gvg in the subcritical case.

Lemma 2.6.4. Assume \g >0, (H2)-(H3) and (HS8). Fiz tg > 0. There exists C3 and Cy two
positive constants such that, for all x € E, t > ty:

Cs < v ()M < O (2.75)
There exists Cs and Cg two positive constants such that, for all x € E, t > ty:
Cs < [0 (z)| et < C. (2.76)

As a direct consequence of (2.75), we get the following Lemma.

Lemma 2.6.5. Assume \g > 0, (H2)-(H3) and (HS8). Then (H7) holds.

In what follows, the notation oy (1) refers to any function Fj, such that limy_, o || F3 ||, = 0. We
now improve on Lemma 2.6.4, by using the ergodic formula (2.70).

Lemma 2.6.6. Assume \o > 0, (H2)-(H3) and (H8)-(H9) hold. Then for all € > 0, we have:

h @
ol (z) ot = B0 [e 2o 5«00 vL00) 9000 (¥0)] (1 + op(1)). (2.77)
In addition, for Ao > 0, we have that:

Bgo e @000 g vy

is finite (notice the integration is up to +00) and:

oo ®
Dol _(z) eroh = Edo [e—Zfo ds @ do vl (Y=2) 9,090 (Y4)] + op (1) (2.78)
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Our next goal is to prove (H4) from (H8)-(H9), see Proposition 2.6.8.

Fix © € E. We observe from (2.54) and (2.69) that P i absolutely continuous with respect to
P% on Dyg,y for 0 <t < h. We define Ml,/(h)’<Z50 the corresponding Radon-Nikodym derivative:

(h)
P, IDpo,4)

b0 ’
AP 1D 4

Mt(h)7¢0

Using (2.54), (2.69) and the normalization v(z) = v%°(z) ¢o(), we get:

a0 _ Dronst() e do(¥o) s [ as a(va) - (v2)
don(Yo)  ¢o(Yr)
Ol (Yy) et

vy (Yo)

(2.79)

o2 [ ds a(Ys) éo(Ys) v (Y) _

We have the following result on the convergence of ]\@(h)’d)O

Lemma 2.6.7. Assume (H2)-(H3) and (H8)-(H9). For Ao > 0, we have:

]\/[t(h)’¢0 —— 1 P%-a.s. and in L} (P),

h—+o00

and for A\g > 0, we have:

M,(l%’% —— 1 P%-a.s. and in LY(P?).

h—4o00

Proof. We compute:

Mo _ Oy, (V) etoh=?) o2 Jy ds a(Ya)do(Ya)up? (V%)
Brv° (Yo) edoh

Efo[e -2 fi)(hftfe) ds a(¥) do(¥s) 22, (%) v (Yo)] (1 + on(1))

E¢O[ 2fh ds oY) ¢o (Y ) )8h’U (}/())](1+0h(1))
_Egr[e 2 e a0 w000 iy

(1+o0n(1))

(1+o0n(1))
Eﬁo[ —2f he dS a Ys ¢O(Yq) S(Ye) ah’l}?o (}/E))]

=1+ Oh(1)7

where we used (2.79) for the first equality, (2.77) twice and the boundedness of « and ¢¢ as well
as the convergence of v, to 0 for the second, and Lemma 2.6.4 (if Ao > 0) or Lemma 2.6.1 (if
Ao = 0) for the fourth. Since op(1) is bounded and converges uniformly to 0, we get that the

convergence of Mt(h)’d)O towards 1 holds P%0-a.s. and in L'(P%0).

Similar arguments relying on (2.78) instead of (2.77) imply that }(L/; P =14 or(1) for \g > 0.
Since op,(1) is bounded and converges uniformly to 0, we get that the convergence of M ,(Zl/g b
towards 1 holds P%°-a.s. and in L!(P%0). 0
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The previous Lemma enables us to conclude about (H4).

Proposition 2.6.8. Assume Ao > 0, (H2)-(H3) and (H8)-(H9). Then (H4) holds with PY =

P%o.
Proof. Notice that:
(R) $o
iR b, P _ 5o dP, 1Pro,1 .
= = My
dPy IDjo,4) dP, |Dlo,4

The convergence limy,_, 4 Mt(h)’(ZSO =1 P%-a.s. and in L'(P2°) readily implies (H4). Then, use
(2.58) to get P(>) = pdo, O

Notice that (H5), is a direct consequence of Lemma 2.6.6.

Corollary 2.6.9. Assume \g > 0, (H2)-(H3) and (H8)-(H9). Then (H5), holds with p =
bo/v(d0)-

Proof. We deduce from (2.72) and (2.77) that:
Oevn(z) = f(R)o(z) (1 + op(1)) e~ ",

for some positive function f of h. Then we get:

Onpon(x)  do(x) o
v(Opun) V(¢o)(1 +on(L).

This gives (H5),, as o(1) is bounded, with p = ¢o/v(¢o). O

Our next goal is to prove (H6) from (H8)-(H9), see Proposition 2.6.12.

Observe from (2.53), (2.63) and (2.69) that P s absolutely continuous with respect to P
on D_j, o). We define L(=") the corresponding Radon-Nikodym derivative:

(=h)

(=h — Zom[fh,o] = — 1 . igvg eﬂohA h672ffh(a(ys)v_s(ys)fvgs) ds (2.80)
P a(Y0)do(Yo) apvl°(Y_p) eto

The next Lemma insures the convergence of L(=" to a limit, say L(~°°).
Lemma 2.6.10. Assume \g > 0, (H2)-(H3) and (H8)-(H9). We have:

LM 5 [0 pP_gs and in L' (P).

h——4o00

Proof. Notice that limy, 4 o 09 €% = —32. We also deduce from (2.48), (2.49) and (2.75) that
fgh(a(Ys)v_s(Yg) — Y ,) ds increases, as h goes to infinity, to fgoo(a(}@)v_s(}@) —Y,) ds which
is finite. For fixed ¢ > 0, we also deduce from (2.78) (with h replaced by h —t and ¢ by t) that
P2 a.s.:
. —2 [T ds a(Ys) do(Ye) v (Vs
hEI—EOO at,l):f() (th) e)\Oh — e)\ot Eﬁo [e f—oo (Ys) ¢o(Ys) (Ys) 8tvf)0 (Y—t)} .

We deduce from (2.80) the P2 a.s. convergence of (L= h > 0) to L(~°). Notice from (2.76)
that, for fixed t, the sequence (L(~" h > t) is bounded. Hence the previous convergence holds
also in L(P%0). O
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As B2 [LEM] = 1, we deduce that E$[L(=>°)] = 1. We define the probability measure pl oo
n (D7, D(_s)) by its Radon Nikodym derivative:

dP(—OZ;’) ;90
— TP _ p-o0), (2.81)

%o
dP |D( 0,0]

Remark 2.6.11. Assume \g > 0, (H2)-(H3) and (H8)-(H9). Define for h >t > 0:

ar
_h _ T |Di_p,—
L(—t )= E;?O[L( h)|D(—oo,—t]] 7dP¢O S
[Di—h,—1
dP( 00),
S _ D~ o,
L( ) E¢o[ ( OO)|D(—oo,—t]] qubo (=o0,—t] |
|D( 0o, —t]

Using (2.55) and Lemma 2.6.3, we get:

L(:th) _ O (Y—t) ¢o(Y-p) e—Mo(h—1) o= f ds a(Ys) v—s(Ys)
Ovn(Y-p) do(Y=t)
o2/ ds al¥s) go(¥Ya)v¥S(¥e) g (V)

E(}é(ih[ 2f ds a(Ys) ¢o(Ys)v” ()8U¢0( t)}

Using Lemma 2.6.6 and convergence of (L(:th), h >t) to L(:too), which is a consequence of Lemma
2.6.10, we also get that for ¢ > 0:

—2f ds a(Ys) ¢0(Y)U,5(Y)8,U¢O(Y t)

(=o0)
L5 = :
! e —2J L ds al¥e) 6o(¥) v g oy Yol

Those formulas are more self-contained than (2.80) and the definition of L(=>) as a limit, but
they only hold for ¢ > 0.

The following Proposition gives that (H6) holds.
Proposition 2.6.12. Assume Ao > 0, (H2)-(H3) and (HS8)-(H9). Then (H6) holds with
P(=00) — p(—00),¢0

Proof. Let 0 <t and F be a bounded and D|_; o) measurable function. For h large enough, we
have:

ECH [F(Y[—t0))]

B (B2 [F 02V ) -]

(
20 (M) B2 F(0,0(Y) )]
¢
(

h2 Y
O[ngh/ﬂ)[ (Ony2(Y)[=t0))]] + on(1)

(h/2) [F(Oh2(Y)[—t,0)] + on(1)
/2 [F(Yi—t,0))] + on(1),

E
E
E
E
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where we used the definition of P(-") and the Markov property for the first equality, Lemma
2.6.7 together with F' bounded by ||F'|| for the third, and assumption (H9) for the fourth. We
continue the computations as follows:

M F (V)] = B2 (LTI F (V0] + on(1)
=B [LE®F(Y_y0)] + on(1)
= B [F(Y_t )] + on(L),

where we used Lemma 2.6.10 for the second equality. This gives (H6) with P(-%°) = p(=).¢0 [

2.6.2 Proof of Lemmas 2.6.1, 2.6.2, 2.6.3, 2.6.4 and 2.6.6

Proof of Lemma 2.6.1. From (H2) and (H8), there exist m, M € R such that
Ve e E,0<m < agpy(zr) <M < oco.

Let W be a (C%OE, 0, M) Brownian snake and define the time change @ for every w € W by

P(w) = [3ds (%O(w(s)). As 0y®:(w) > 1, we have that t — &(w) is strictly increasing. Let

t— @gfl)(w) denote its inverse. Then, using Proposition 12 of [33], first step of the proof, we
have that the time changed snake W o ®~!, with value

W Odj_l)s = (WS(Q;I(WS))J € [0,¢_1(WS,HS)])

at time s, is a (£,0,a¢p) Brownian snake. Noting the obvious bound on the time change
@, ! (w) < t, we have, according to Theorem 14 of [33]:

(& £90,0,M)
Q‘PO(w)(s
M Oz

(Hmax < t) > P((;fabo,O,a(bo) (Hmax < t)

which implies:

ago () Nﬁ%”’oﬂvM)

i (Hmax > t) S N:(tﬁ¢070706¢0) (Hmax > t)

from the exponential formula for Poisson point measures. Now, the left hand side of this inequality
can be computed explicitly:

(a%foﬁ% 0,M)

M_ b0 0, M
e (20 .,0,0) 1

Hmax t :Nxad)o Hmax t) = —
(Hin > 1 (Hin > 1) = 7

and the right hand side of this inequality is v°(z) from (2.71). We thus have proved that:

Ozj\}ogf) < Uzbo (a:),

and this yields the first part of the inequality of Lemma 2.6.1. The second part is obtained in
the same way using the coupling with the (o%oﬁ%v 0,m) Brownian snake. O
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Proof of lemma 2.6.2. Assumption (H2) and (H8) allow us to apply Lemma 2.6.1 for the case
Ao = 0, which yields that v29 = 0, and then v, = 0 thanks to (2.72). This in turn implies that
(H1) holds in the case \g = 0 according to Lemma 2.2.5. For \g > 0, we may use item 5 of
Proposition 13 of [33] (which itself relies on a Girsanov theorem) with P(£:0:4%0) in the réle of P

and P(£7"20:0%0) in the réle of P to conclude that the extinction property (H1) holds under
IP)(;C¢O,)\0,OL¢O). O

Proof of Lemma 2.6.3. Let ¢ > 0. The function v%° is known to solve the following mild form of
the Laplace equation, see equation (2.3):

t
)+ B | [dr Qoo (1) + a6, (%)) | = B2 ().
By differentiating with respect to s and taking ¢t = ¢t — s, we deduce from dominated convergence

and the bounds (2.46), (2.47) and (2.49) on v® = v/¢y and its time derivative (valid under the
assumptions (H1)-(H3)) the following mild form on the time derivative d,v?°:

@ﬁ%@+E$L[8mw&+am oY, wtxrmmﬁxnﬂzEﬁﬁﬁwns»

From the Markov property, for fixed ¢ > 0, the two following processes:

(s, = [ dr O+ (Vo (Ve (1) w2, (%), 0 < 5 < 1)

and

(B2, ¥) = [ dr (3o + 2003, )é0(¥2ei, (V) uuf?, (12),0 < 5 < ¢
0

are Dg-martingale under P20, A Feynman-Kac manipulation, as done in the proof of Lemma
2.3.1, enables us to conclude that for fixed ¢ > 0:

(U?OS(Y) —fosdr (>\0+Oé( )P0 (Vs )Ut ~( 7-)),0 <s< t)

and
(atv;bos(yg) o~ Jy dr (Mo +2a(Yr) b0 (Yr)ol0, (Yr) 0<s< t)

are Dg-martingale under Pﬁo. Taking expectations at time s =0 and s = h with t = h 4+ ¢, we
get the representations formulae stated in the Lemma:

h s
v;’zg_a(x) — e*)‘()h Ego |:e fo ds a(Ys) ¢o(Ys) Uhg-a—s(YS) U?O (Yh):| ,

ahvh+s(33) = e M g0 {e—z Jo ds @) 6o(ve) o}y (v2) opve (Yh)} .

O

Proof of Lemma 2.6.4. Since v?° = v./¢pg = ¥./(a¢p), we can conclude from (2.46), (H2) and
(H8) that v?° is bounded from above and from below by positive constants. Similarly, we also get
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from (2.47), (2.48) and (2.49) that |0,0.| is bounded from above and from below by two positive
constants. Thus, we have the existence of four positive constants, D1, Do, D3 and Dy, such that,
for all z € E:

Dy < vf(x) < Do, (2.82)
D3 < |9 (z)| < Dy. (2.83)

From equations (2.73), (2.82) and the positivity of v?°, we deduce that:
v () < Dyeoh (2.84)

Putting back (2.84) into (2.73), we have the converse inequality Dse 0" < vfia( ) with
D5 = Dyexp{—Ds | a|l || ¢0lls /Ao} > 0. This gives (2.75).

Similar arguments using (2.74) and (2.83) instead of (2.73) and (2.82), gives (2.76). O

Proof of Lemma 2.6.6. Using the Feynman-Kac representation of 8hvh 4. from (2.73) and the
Markov property, we have:

8hvh+s($) eroh — oo {6_2 Jo' ds av) go(¥e) v, (¥2) O (V)

VR s o b v® o [PV s a(Ys) do(Ys) 070 A
:Efc’o{ 2Jo " ds adovil S(YS)E@}[e ) () 906) 0, e )8hva(Yh_\/g)] :
Notice that
/ ds o do il ()| < ol ol VAW ol =onD),  (285)

according to Lemma 2.6.4 if A\g > 0 and Lemma 2.6.1 if A\g = 0. We get:

r h—Vh
ds a(Ys s v
O (@) " = B E;*;;[ et 0 gy, ]|+ on1)

—o [V s a(Vy) do(Ye) 0°

= Eio e Vor VipemsYs) ahvgﬁo(yh_\/ﬁ)] (1+0h(1))

[ 0 S a(XYs s 'U¢O s
— B e 2 7 v ds oY) do(Y) E_S(Y)ahvgo(yo)} (14 on(1))

— E?;O [ *QI ds a(Ys) ¢>0(Ys) 020 (Ys) o ’U¢O(Yb):| (1 + Oh(l)),

where we used (2.85) for the first equality, (H9) for the second, stationarity of Y under P2 for
the third and (2.85) again for the last. This gives (2.77).

Moreover, if A\g > 0, we get that:
_o [0 %0
o072t o 0 gy oy |

is finite and that:

0 b 0 P,
lim Eio e—2f_h, ds a o v29 (Ys) ahU?O(YO):| _ Eio |:e—2f_oods adovl® (Ys) 8hU?O(Y()> .

h!—4o00

Therefore, we deduce (2.78) from (2.77). 0
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2.6.3 About the Bismut spine.

Choosing uniformly an individual at random at height ¢ under N, and letting t — oo, we will
see that the law of the ancestral lineage should converge in some sense to the law of the oldest
ancestral lineage which itself converges to Pg(coo) defined in (2.58), according to Lemma 2.6.8.

We have defined in (2.45) the following family of probability measure indexed by ¢ > 0:

dPOD o fyas

dpP, 22 a E, [e fot ds 5(Ys):|

Lemma 2.6.13. Assume (H8)-(H9). We have, for every 0 <ty < t:

(B.t) (c0)
dPiip dPy),

de |Dt0 t—+o00 sz |Dt0

P,-a.s. and in L1(P,).

Note that there is no restriction on the sign of A\g for this Lemma to hold.

Remark 2.6.14. This result correspond to the so called globular phase in the random polymers
litterature (see [27], Theorem 8.3).

Proof. We have:

(B.1) B { — Jy o ds ﬂ(m}
dPx |Dyy — e f;o ds B(Ys) Yio ¢
dP, 2 E, [e— fot ds ﬁ(Ys):|

fto ( ( ) A ) E)to |:e ft —t( ds (/C()s) -A ):|
- ds (B(Ys)—Xo
= e 0

E, [e Jo ds (B(YS)AO)]

— [T 4s (B(Ys)=No) d0(Ye—ty) 1
— [10ds (B(Y)=o) 90 (Yiy) o [e . 2o(T0) ¢°(Yt‘t0)]
(]

®0(Yo) — [Tds (B(Ys)=Xo) d0(Y2) 1
By e S ORTD

B dPY"\p, B [1/0(Yiot,)]
dP, 1p,,  EL [1/do(Y7)]

o] @
dPx0|’Dt0 W(%) i szo|Dt0
t—oo dP, Dy ﬂ(%) dP, |Dt07

where we use the Markov property at the first equality, we force the apparition of Ay at the
second equality and we force the apparition of ¢g at the third equality in order to obtain the
Radon Nikodym derivative of P£° with respect to P,: this observation gives the fourth equality.
The ergodic assumption (H9) ensures the P, -a.s. convergence to 1 of the fraction in the fourth
equality as t goes to co. Since
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((t,9) = Eg° [1/60(Yim1,)] /B [1/0(¥2)])

is bounded according to (H8), we conclude that the convergence also holds in L!(P,). Then use
Lemma 2.6.8 to get that P2 = P O

2.7 Two examples

In this section, we specialize the results of the previous sections to the case of the multitype
Feller process and of the superdiffusion.

2.7.1 The multitype Feller diffusion

The multitype Feller diffusion is the superprocess with finite state space: £ = {1,..., K} for K
integer. In this case, the spatial motion is a pure jump Markov process, which will be assumed
irreducible. Its generator £ is a square matrix (gi;)i<i j<xk of size K with lines summing up to
0, where g;; gives the transition rate from 7 to j for ¢ # j. The functions 8 and « defining the
branching mechanism (2.2) are vectors of size K: this implies that (H2) and (H3) automatically
hold. For more details about the construction of finite state space superprocess, we refer to [41],
example 2, p. 10, and to [25] for investigation of the @Q-process.

The generalized eigenvalue \g is defined by:
Ao = sup {¢ € R, Ju > 0 such that (Diag(f) — L)u = lu}, (2.86)

where Diag(f) is the diagonal K x K matrix with diagonal coefficients derived from the vector
B. We stress that the generalized eigenvalue is also the Perron Frobenius eigenvalue, i.e. the
eigenvalue with the maximum real part, which is real by Perron Frobenius theorem, see [121],
Exercice 2.11. Moreover, the associated eigenspace is one-dimensional. We will denote by ¢g and
do its generating left, resp. right, eigenvectors, normalized so that S5 | ¢o(i)do(i) = 1, and the
coordinates of ¢o and ¢g are positive.

We first check that the two assumptions we made in Section 6 are satisfied.

Lemma 2.7.1. Assumptions (H8) and (H9) hold with © = ¢o do.

Proof. Assumption (H8) is obvious in the finite state space setting. Assumption (H9) is a classical
statement about irreducible finite state space Markov Chains. g

Lemma 2.7.2. Assume A\g > 0. Then (H1), (H4) and (H5), hold.

Proof. Assumption (H2) and (H8) hold according to Lemma 2.7.1. Together with Ag > 0, this
allows us to apply Lemma 2.6.2 to obtain (H1). Then use Proposition 2.6.8 to get (H4) and
Corollary 2.6.9 to get (H5),. O

Lemma 2.7.3. Assume \g > 0. Then (H6) and (HT7) holds.

Proof. We apply Proposition 2.6.12 to prove (H6) and Lemma 2.6.5 to prove (H7). O



88 2 A Williams decomposition for spatially dependent superprocessus

Recall that P and P were defined in (2.54) and (2.58) respectively.

Lemma 2.7.4. We have:
(i) PY is a continuous time non-homogeneous Markov chain on [0,h) issued from x with

transition rates from i to j, i # j, equal to ?92227:1((5)) qij at time t, 0 <t < h.
(ii) P;OO) is a continuous time homogeneous Markov chain on [0, 00) issued from x with transition

rates from 1 to j, i # j, equal to ig(d)) ij -

Let us comment on this Lemma. The logarithmic derivative of the function x — Jpvp_¢(z) is
used to bias the rate at time ¢ of the Markov process formed by the ancestral lineage of the
oldest individual alive, given this lineage extincts precisely at h. When looking at the unique
infinite ancestral lineage in the genealogy of the ()-process instead, the same statement holds
with the map x — ¢o(z) instead. Notice that the bias does no more depend on t in this case.

Proof. The first item is a consequence of a small adaptation of Lemma 2.3.2 for time dependent
function. Namely, let g¢(x) be a time dependent function. Consider the law of process (t,Y;) and
consider the probability measure P9 defined by (2.9) with g(¢,Y;) = ¢+(Y;). Denoting by L{ the
generator of (the non-homogeneous Markov process) Y; under P9, we have that:

L - L
Yu € Dy(L), LI(u)= (g:v) p (g)u. (2.87)
t
Recall that for all vector u, £(u)(i) = ;4 ¢ij(u(j) — u(i)). Then apply (2.87) to the time
dependent function g¢(z) = svp_s(x), and note that P9 = P™ thanks to (2.54). For the

second item, observe that Proposition 2.6.8 identifies choo) with P?0. Use then Lemma 2.3.2 to
conclude. 0

Williams’ decomposition under Ngh) (Propositions 2.4.14) together with the convergence of this
decomposition (Theorem 2.5.5) then hold under the assumption Ao > 0. Convergence of the
distribution of the superprocess near its extinction time under N;(Eh) (Proposition 2.5.9) holds
under the stronger assumption \g > 0. We were unable to derive an easier formula for P(=°) in
this context.

Remark that Lemma 2.5.1, Definition 2.5.7 and Corollary 2.5.8 give a precise meaning to the
“interactive immigration” suggested by Champagnat and Roelly in Remark 2.8. of [25].

2.7.2 The superdiffusion

The superprocess associated to a diffusion is called superdiffusion. We first define the diffusion
and the relevant quantities associated to it, and take for that the general setup from [107]. Here E
is an arbitrary domain of R¥ for K integer. Let a;; and b; be in C1#(E), the usual Holder space
of order p € [0,1), which consists of functions whose first order derivatives are locally Holder
continuous with exponent s, for each ¢,j in {1,..., K'}. Moreover, assume that the functions a; ;
are such that the matrix (aij)( jyeq1.. k)2 is positive definite. Define now the generator £ of the
diffusion to be the elliptic operator:

K 1 K
E(u) = Zbl &Elu + 5 Z Qjj Omi,zju.
=1

1,j=1
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The generalized eigenvalue Ay of the operator g — L is defined by:
Xo =sup{f € R,3u € D(L),u > 0 such that (5 — L)u = u}- (2.88)

Denoting E the expectation operator associated to the process with generator £, we recall an
equivalent probabilistic definition of the generalized eigenvalue Ag:

1 t
Ao = — sup lim glogEI[e_ Jo ds B0

Sup fim, Lirgesty]s

for any x € R¥, where 74c = inf {t > 0: Y (t) ¢ A} and the supremum runs over the compactly
embedded subsets A of RX. We assume that the operator (3 — A\g) — £ is critical in the sense that
the space of positive harmonic functions for (8 — A\g) — £ is one dimensional, generated by ¢y.
In that case, the space of positive harmonic functions of the adjoint of (8 — Ag) — £ is also one
dimensional, and we denote by gb~0 a generator of this space. We further assume that the operator
(B — X\o) — £ is product-critical, i.c. [, dx ¢o(z) do(x) < oo, in which case we can normalize
the eigenvectors in such a way that [ dx ¢o(z) $o(x) = 1. This assumption (already appearing
in [42]) is a rather strong one and implies in particular that P?0 is the law of a recurrent Markov
process, see Lemma 2.7.5 below.

Concerning the branching mechanism, we will assume, in addition to the conditions stated in
section 2.2, that o € C*(E).

Lemma 2.7.5. Assume (HS). Assumption (H9) holds with w(dz) = ¢o(x) do(z) da.

Proof. We repeat the argument developed in Remark 5 of [42]. We first note that —£%0 is the
(usual) h-transform of the operator (8 — \g) — £ with h = ¢¢, where the h-transform of £(-) is
%. Now, we assumed above that (5 — \g) — L is a critical operator and criticality is invariant
under h-transforms for operators. Moreover, a calculus shows that ¢g and ¢g transforms into
$o ¢o and 1 respectively when turning from (3 — X\g) — £ to —L£%, which is thus again product
critical. We may apply Theorem 9.9 p.192 of [107] which states that (H9) holds, with ¢o replaced

by 1 and g by ¢o do. g

Note that the non negativity of the generalized eigenvalue of the operator (5— L) now characterizes
in general the local extinction property (the superprocess Z satisfies local extinction if its
restrictions to compact domains of E satisfies global extinction); see [43] for more details on this
topic. However, under the boundedness assumption we just made on « and ¢g, the extinction
property (H1) holds, as will be proved (among other things) in the following Lemma.

Lemma 2.7.6. Assume Ao > 0 and (H8). Then (H1)-(H4) and (H5), hold. If moreover Ao > 0,
then (H6) and (H'T) holds.

Proof. The assumption o € C*(E) ensures that (H2) and (H3) hold. Then the end of the proof
is similar to the end of the proof of Lemma 2.7.2 and the proof of Lemma 2.7.3. O

Recall that P and P were defined in (2.54) and (2.58).

Lemma 2.7.7. We have:
- Pg;h) is a non-homogeneous diffusion on [0, h) issued from x with generator (L + a
at time t, 0 <t < h.

VOpvn—_t
OpVp_t V)
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- Pg(coo) is an homogeneous diffusion on [0, 00) issued from x with generator (L + a%v.).

Proof. The proof is similar to the proof of Lemma 2.7.4. 0O
Williams’ decomposition under N&h) (Propositions 2.4.14) together with the convergence of this
decomposition (Theorem 2.5.5) then hold under the assumption Ao > 0 and (H8). Convergence
of the distribution of the superprocess near its extinction time under N;(Ch) (Proposition 2.5.9)
holds under the stronger assumption A\g > 0.

Remark 2.7.8. Engliander and Pinsky offer in [44] a decomposition of supercritical non-
homogeneous superdiffusion using immigration on the backbone formed by the prolific individuals
(as denominated further in Bertoin, Fontbona and Martinez [13]). It is interesting to note that the
generator of the backbone is £* where w formally satifies the equation Lw = 1(w), whereas the
generator of the spine of the Q-process investigated in Theorem 2.5.5 is £ where ¢y formally
satisfies Log = (8 — Ao)¢o. In particular, we notice that the generator of the backbone LY
depends on both § and « and that the generator £ of our spine does not depend on o.



3

Change of measure in the lookdown particle system

3.1 Introduction

Measure valued processes are usually defined as rescaled limit of particle systems. At the limit,
the particle picture is lost. It is nevertheless often useful to keep track of the particles in the
limiting process. First attempts to do that were concerned with a single particle, the most
persistent one: this generated the so called spinal decompositions of superprocesses, see Roelly
and Rouault [112], Evans [48] and Overbeck [102]. Second attempts deal with many particles,
still the most persistent, as the infinite lineages of a supercritical superprocess, see Evans and
O’Connell [50]. Most interesting is to keep track of all the particles; this can be achieved by the
following trick: ordering the particles by persistence (and giving them a label called the “level”
accordingly) allows one to keep a particle representation of the full system after taking the limit;
the measure-valued process is then represented by (a multiple of) the de Finetti measure of
the exchangeable sequence formed by the types of the particles. This program was realized by
Donnelly and Kurtz [35] with the construction of the look-down particle system.

Our aim in this article is to explain that some transformations of the law of measure-valued
processes, which belong to the class of h-transforms, admit a simple interpretation when considered
from the look-down particle system point of view.

We recall Doob h-transform refers to the following operation: given a transition kernel p;(z, dy)
of a Markov process and a positive space time harmonic function H(¢,y) for this kernel, meaning
that:

[ Htw) pie,dy) = H(O,2)

for every x and ¢, a new transition kernel is defined by p;(x, dy)H (t,y)/H (0, z), and the associated
Markov process is called an h-transform. Working with measure-valued processes, we may choose
H(t,y) to be a linear functional of the measure y, in which case the h-transform is called additive.

Our contribution is the following: we observe that the Radon Nikodym derivative H(t,y)/H (0, x)
may be simply interpreted in term of the look-down particle system in the following two cases:
— For a probability measure-valued process on {1...K'} called the A-Fleming-Viot process
without mutation, the choice H(t,y) = "K' [TX, y({i}) for 1 < K < K', y a probability
measure on {1,..., K’} and rx a non negative constant chosen so that H is harmonic, amounts
to allocate the first K types to the first K particles. The corresponding h-transform is the
process conditioned on coexistence of the first K types in remote time, the associated look-down
particle system is obtained by just “forgetting” some reproduction events in the original particle
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system, which may be understood as additional immigration. Thus, much as in the case of
a branching population conditioned on non extinction in remote time, see the conceptual
proofs of Lyons, Pemantle and Peres [97], the conditioning on non extinction of the types in a
constant size population amounts to add immigration. We also take the opportunity to present
an intertwining relationship for the Wright Fisher diffusion and explicit the associated pathwise
decomposition. This adds another decomposition to the striking one of Swart, see [126].

— For a more general measure-valued process on a Polish space E (incorporating mutation
and nonconstant population size), the choice H(t,y) = [ y(du)h(t,u) for a suitable function
h(t,u) : RT x E — RY of the underlying mutation process and y a finite measure on E, amounts
to force the first level particle to move like an h-transform of the underlying spatial motion (or
mutation process), and to bias the total mass process. This confirms a suggestion of Overbeck
about the additive h-transform of Fleming-Viot processes, see [103] p. 183. This also relates in
the branching setting to decompositions of the additive h-transforms of superprocesses found
by the same author [102] using Palm measures.

Our two examples, although similar, are independent: the first one may not be reduced to the

second one, and vice versa. We stress on the change of filtration technique, learnt in Hardy and

Harris [63], which allows us to give simple proofs of the main results.

We first recall in Section 3.2.1 the look-down construction of [35] in the case of the A-Fleming-Viot
process without mutation in finite state space. We look in Section 3.2.2 at the aforementioned
product-type h-transform, and prove in Section 3.2.3 that it may be interpreted as the process
conditioned on coexistence of some genetic types. In Section 3.2.4, we compute the generator of
the conditioned process in case the finite state space is composed of only two types, and recognize
it as the generator of a A-Fleming-Viot process with immigration. Section 3.2.4 also contains
the statement and the interpretation of the intertwining relationship. Section 3.3 starts with
the introduction of a look-down construction allowing for mutation and nonconstant population
size (also extracted from [35]). We then present in Section 3.3.2 the additive h-transform of the
associated measure-valued process. Section 3.3.3 is concerned with applications in two classical
cases: Dawson Watanabe processes and A-Fleming-Viot processes.

3.2 A product type h-transform

3.2.1 The construction of the A-Fleming-Viot Process without mutation.

Donnelly and Kurtz introduced in [35] a population model evolving in continuous time. We
present in this Section the particular case of the A-Fleming-Viot process without mutation in
which we are interested. A more general framework will be introduced in Section 3.3.

We denote by Po, the space of partitions of the set of integers N = {1,2,3,...}. We assume that
¢ > 0 and we define ;¥ as the measure on P, assigning mass one to partitions with a unique
non trivial block consisting of two different integers, and call x* the Kingman measure. We
assume that v is a measure on (0, 1] satisfying f(o,l] 22v(dz) < oo. We denote by dt the Lebesgue
measure on Ry, and by p, the law of the exchangeable partition of N with a unique non trivial
block with asymptotic frequency z: If (U;);en is a sequence of independent Bernoulli random
variables with parameter x, then the partition © whose unique non trivial block contains the
integers i such that U; = 1 has law p,. Finally, we define N(dt, dr) the Poisson point measure on
R4 X Py with intensity
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dt x p(dr) == dt x <c,uk(d7r) + I/(dl’)px(dﬂ')> .

(0,1]

Let Ry be a random probability measure on the finite state space of the types E = {1,2,..., K’}
for K’ > 2. Assume Ry is independent of N. Conditionally on (Ry, N), we define the look-down
particle system & = (§(n),t > 0,n € N):

— The initial types (§o(n),n € N) form an exchangeable sequence valued in E with de Finetti’s
measure Ry: Conditionally on Ry, ({0(n),n € N) is a sequence of independent random variables
with law Rp.

— At each atom (¢, 7) of N, we associate a reproduction event as follows: let j; < jo < ... be the
elements of the unique block of the partition 7 which is not a singleton (either it is a doubleton
or an infinite set). The individuals j; < jo < ... at time t are declared to be the children of
the individual j; at time ¢—, and receive the type of the parent ji, whereas the types of all the
other individuals are shifted upwards accordingly, keeping the order they had before the birth
event: for each integer ¢, &(js) = &—(j1) and for each k ¢ {js,¢ € N}, & (k) = &—(k — #Jk)
with #Ji the cardinality of the set Jy := {¢ > 1, j, < k}.

— For each n € N; the type &(n) of the particle at level n do not evolve between reproduction
events which affect level n.

Remark 3.2.1. The integrability condition [q 2?v(dx) < oo ensures that finitely many repro-
duction events change the type of a particle at a given level in a finite time interval.

For a fixed t > 0, the sequence (&(n),n € N) is exchangeable according to Proposition 3.1 of
[35]. This allows to define the random probability measure R; on E as the de Finetti measure of
the sequence (&(n),n € N):

Ri(dz) = lim % S b, () (3.1)

The process R = (R, t > 0) takes values in the space M f(E) of finite measures on £ (in fact, in
the space of probability measures), and we endow M ¢(E) with the topology of weak convergence.
We shall work with the cadlag version of the process R (such a version exists according to
Theorem 3.2 of [35]). The process R is called the A-Fleming-Viot process without mutation. We
stress that, conditionally given Ry, the random variables ({;(n),n € N) on E are independent and
identically distributed according to the probability measure R; thanks to de Finetti’s Theorem.
This key fact will be used several times in the following.

We will denote by P the law of £&. We now introduce the relevant filtrations we will work with:
— (Ft = o{(&(n),n € N),0 < s < t}) corresponds to the filtration of the particle system.

— (Gt = 0{Rs,0 < s < t}) corresponds to the filtration of the measure-valued process R.

Notice that £ is a Markov process with respect to the filtration F, and that R is a Markov process
with respect to the filtration G.

3.2.2 A pathwise construction of an h-transform
Results

The proofs of the results enounced here may be found in the next Subsection. Fix 1 < K < K.
We assume from now on and until the end of Section 3.2 that:
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K
E(]] Ro{i}) >0, (3.2)
=1

to avoid empty definitions in the following. Recall the definition of the particle system & associated

with R. We define from ¢ a new particle system £*° as follows:

(i) The finite sequence (£§°(j),1 < j < K) is a uniform permutation of {1,..., K}, and, inde-
pendently, the sequence (£5°(j),j > K + 1) is exchangeable with asymptotic frequencies R{,
where RY! is the random probability measure with law:

[15, Rofi} >

BT Rofi}) )

(ii) The reproduction events are given by the restriction of the Poisson point measure N
(defined as in Subsection 3.2.1) to V := {(8,7‘(‘),71"[1(] ={{1},{2},..., {K}}}, where m)(g) is
the restriction of the partition 7 of N to {1,..., K}, that is the atoms of N for which the

reproductions events do not involve more than one of the first K levels.
Remark 3.2.1 ensures that this definition of the particle system £°° makes sense.

P(RY € A)=E <1A(R0)

Remark 3.2.2. Note that the particle system (£5°(j),7 > 1) is no more exchangeable due to
the constraint on the K initial levels. Nevertheless, the particle system (£5°(j),7 > K) is still
exchangeable, and we shall view the first K levels as K independent sources of immigration. This
approach will be used in Section 3.2.4.

We also need the definition of the first level L(¢) at which the first K types appear:
L(t) =inf{i > K,{1,..., K} C {&(1),...,&(0)}}, (3.3)

with the convention that inf{@} = oo. The random variable L(0) is finite if and only if
15, Ro{i} > 0, P-a.s., thanks to de Finetti’s Theorem. The process L(t) is F; measurable,
but not G; measurable. Notice the random variable L(t) is an instance of the coupon collector
problem, based here on a random probability measure R: how many levels do we need to check
for seeing the first K types? We define, for ¢ > 1, the pushing rates r; at level i:

i(i 1) i i
5 ¢ + o v(dx) (1 —(1-2) —iz(l—x) 1) .

r; =

Notice that r; = 0 and that r; is finite for every ¢« > 1 since f(o,l] 22 v(dz) < oo. From the
construction of the look-down particle system, these pushing rates r; may be understood as the
rate at which a type at level i is pushed up to higher levels (not necessarily i 4+ 1) by reproduction
events at lower levels. Let us define a process @Q = (Qy,t > 0) as follows:

 Yow=ky
=L =K

Lemma 3.2.3. The process Q@ = (Q¢,t > 0) is a non negative F-martingale, and
VA€ F, P(E™ € A) =E(14(8) Q). (3.4)

We need the following definition of the process:
TS RA} e
E(ITi Ro{i})

By projection on the smaller filtration G;, we deduce Lemma 3.2.4.
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Lemma 3.2.4. The process M = (My,t > 0) is a non negative G-martingale.

This fact allows to define the process R = (Rt > 0) absolutely continuous with respect to
R = (Ry,t > 0) on each G;, t > 0, with Radon Nykodim derivative:

VAe G, P(RE € A)=E (14(R) M,). (3.5)

The process R is the product type h-transform of interest. Intuitively, the ponderation by M
favours the paths in which the first K types are present in equal proportion. Also notice that
equation (3.5) agrees with the definition of RJf. We shall deduce from Lemma 3.2.3 and Lemma
3.2.4 the following Theorem, which gives the pathwise construction of the h-transform R of R.

Theorem 3.2.5. Let 1 < K < K'. We have that:
(a) The limit of the empirical measure:

R
n=1

exrists a.s.
(b) The process (R®,t > 0) is distributed as (R, t > 0).

Let us comment on these results. The process £*° is constructed by changing the initial condition
and forgetting (as soon as K > 2) specific reproduction events in the look-down particle system
of £&. Lemma 3.2.3 tells us that this procedure selects the configurations of £ in which the first K
levels are filled with the first K types at initial time without any “interaction” between these first
K levels at a further time. Theorem 3.2.5 tells us that the process R> constructed in this way is
an h-transform of R and Lemma 3.2.4 yields the following simple probabilistic interpretation of
the Radon Nikodym derivative in equation (3.5): the numerator is proportional to the probability
that the first K levels are occupied by the first K types at time ¢, whereas the denominator is
proportional to the probability that the first K levels are occupied by the first K types at time
0. We shall see in Section 3.2.3 that the processes £€*° and R* also arise by conditioning the
processes £ and R on coexistence of the first K types.

Proofs

Proof of Lemma 3.2.3. From the de Finetti theorem, conditionally on R;, the random variables
(&(i),7 € N) are independent and identically distributed according to R;. This implies that:

K
P(L(t) = K|Gy) = K! [] Re{i}- (3.6)
=1

In particular, we have:
K
P(L(0) = K) = K E(]] Ro{i}),
i=1
which, together with (3.2), ensures that @Q; is well defined.

Then, let us define W = {m, mx) = {{1},{2},... . {K}}}, and V; = {(5,7),0 < s < t,m € W},
and also the set difference W¢ = Py \ W and V¢ = {(s,7),0 < s < t,m € W°}. We observe that:
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— From the de Finetti Theorem, the law of £3°, as defined in (i), is that of & conditioned on
{L(0) = K}.

— The law of the restriction of a Poisson point measure on a given subset is that of a Poisson
point measure conditioned on having no atoms outside this subset: thus N conditioned on
having no atoms in V;¢ (this event has positive probability) is the restriction of N to V;.

Since the two conditionings are independent, we have, for A € F;:

P(E™ € A) = P(€ € A{L(0) = K} n{N (V") = 0})

= LiL0)=K}n{N(ve)=0}
- IE<1A(£)IF’(L(O) = K)P(N(VF) = 0)) (3.7)

We compute:

pOVE) = et (W) & | (da) ()
= K(K-1) c + v(dz) (1 —(1—2)f - Kz(1 - :U)K_l)
2 (0.1]
=TK.
This implies from the construction of N that:
P(N(VE) = 0) = e MWt = o7xt, (3.8)
Notice that
{L(t) = K} ={L(0) = K} n{N(V) = 0}. (3.9)
From (3.7), (3.8) and (3.9), we deduce that:
1 m=xk}
P(e>® e A)=E(1 {TKt>:IE<1 )
(€ € ) = B( 1O s e A©)Q
Observe now that A also belongs to Fs as soon as s > t, which yields:
P(E>* € A) = E(14(§)@s)-

Comparing the two last equalities ensures that (Q,t > 0) is a F-martingale. O

Proof of Lemma 3.2.4. We know from Lemma 3.2.3 that (Q;,¢t > 0) is a F-martingale. Since
Gy C F; for every t > 0, we deduce that (E(Q¢|G:),t > 0) is a G-martingale. But

Vrm=K}  ptrn ) I R}
B(L(0) = K) |gt> TR, Ro{i})

using (3.6) for the second equality, so that (M, ¢t > 0) is a G-martingale.

B(Qig) =& (

= Mtv

O

Proof of Theorem 3.2.5. From Lemma 3.2.3, £*° is absolutely continuous with respect to £ on
Fi. The existence of the almost sure limit of the empirical measure claimed in point (a) follows
from (3.1). We now project on G; the absolute continuity relationship on F; given in Lemma
3.2.4. Let A € gti

P(R™ € A) =E (14(R)Q¢) = E (14(R)E(Q¢|G:)) = E (La(R)M;) = P(R” € A),

where we use Lemma 3.2.3 for the first equality and the definition of RY for the last equality.
This proves point (b). O
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3.2.3 The h-transform as a conditioned process

We gave a pathwise construction of the h-transform R¥ in the previous Subsection. We now
study the conditioning associated with this h-transform.

Let 1 < K < K'. Assumption (3.2) allows us to define a family of processes R(Z") on G by:

K
VA€ G, P(REY € A)=P(R € A|[] R{i} #0),
=1

and the associated particle system (2% on F by:
K
VA€ F, P(EEY € A) =P(¢ € A [ Re{i} #0).
i=1

The process R(Z!) thus corresponds to the process R conditioned on coexistence of the first K
types at time ¢. It is not easy to derive the probabilistic structure of the particle system &%)
on all F;. Nevertheless, for fixed s > 0, the probabilistic structure of €29 on the sigma algebra
Fs simplifies as t goes to infinity, as shown by the following Theorem, which may be seen as a
generalization of Theorem 3.7.1.1 of Lambert [86]. The latter Theorem builds on the work of
Kimura [73] and corresponds to the case v = 0. We need some notations: We write P; for the
law of L (defined in (3.3)) conditionally on {L(0) = i}. For I an interval of R* and F' a process
indexed by R*, we denote by F; the restriction of F' on the interval I.

Theorem 3.2.6. Let s > 0 be fized. Assume that

 Prai(L(t) < 00)
i T <o) = (8.10)

Then:
(i) The family of processes §[(02§]) weakly converges as t — oo towards the process f%’ o

(ii) The family of processes R%;]) weakly converges as t — oo towards the process Rﬁis].

We refer to Lemma 3.2.10 for a sufficient condition for (3.10) to be satisfied, and notice that the
case K =1 corresponds to a non degenerate conditioning since the event { R;{1} # 0 for every ¢}
has positive probability under (3.2).

Remark 3.2.7. Assume K > 2. The following property
(CDI) P(inf{t > 0,L(t) = 00} < 00) =1,

is independent of K used to define L in (3.3). (CDI) property corresponds to the Coming Down
from Infinity property for the A-coalescent associated with the A-Fleming-Viot process R, whence
the acronym (CDI).

The key points to see this connection are:

— the fact that L(0) is an upper bound on the number of blocks in the standard coalescent
started at any time greater than inf{t > 0, L(t) = oco}.

— the 0 — 1 law of Pitman, according to which the number of blocks in a standard A-coalescent
either stays infinite at each nonnegative time ¢t > 0 with probability 1, either is finite at each
positive time ¢t > 0 with probability 1.
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Remark 3.2.8. It should still be possible to interpret the processes £°° and R*° as conditioned
processes, without assuming (3.10). In that more general case, £*° corresponds intuitively to &
conditioned by the event {limsup,_, [T, R¢{i} > 0} (which has null probability as soon as
K >2).

Proof. First observation is that, from the Kingman’s paintbox construction for exchangeable
random partition, we have: [[X | Ri{i} # 0 if and only if L(t) < oo, P a.s. This gives, for any
Ae F:

K . P (A N{TTE, Ri{i} # 0})
P(ALLR #0) = =5 20
CP(AN{L(t) < oo))
ST PRI <)

Now, using the Markov property, we have:

P(AN{L(t) < c0})
=PAN{L(s) = K} N{L(t) < oo}) + P(AN{L(s) > K+ 1} Nn{L(t) < oo})

=P(AN{L(s) = K})Pr(L(t — 5) < 00) + E(Lsngr(s)>K+1} Pr(s)(L(t — 5) < 0)),

where L is an independent copy of L.

Let £ € N. We can couple the processes L under Py and L under Py, ; on the same look-down
graph by using the same reproduction events. More precisely, imagine that we distinguish the
particles at level £ and ¢ 4 1 at initial time, giving each of them a special type shared by no
other particles. Then the first two levels L(t) and Ly;1(t) at which these two types may be
found at time ¢ yield the required coupling, in that: L, is distributed as L under Py and Ly is
distributed as L under Pyy;. By the ordering by persistence property of the look-down graph, we
have that, for every t > 0:

Ly(t) < Loy (t),

whence:
Pri1(L(t) < 00) < Py(L(t) < 00) (3.11)

for every integer £. Therefore, we have:
E(lAﬂ{L(s)zKJrl}PL(s) (Z—/(t - S) < OO)) < P(A N {L(S) > K+ 1}) PK_H(L(t — S) < OO)

Our assumption (3.10) now implies:

P(AN{L(t) < co}) B
Pr(L{t— 5) < o0) toe DANL(s) = K}).

Setting A = {2, this also yields:

Pr(L(t —s) < 00) 00

Taking the ratio, we find that:
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P(AN{L(®) <o0}) _ PAN{L(s) = K})
BL{t) <o0) 1o B(L(s) = K)

We also have that P(L(s) = K) = P(L(0) = K)e "¥* since  is a G-martingale from Lemma
3.2.3. Altogether, we find that:

K
Jim PO TT R} # 01 = B (100 LKL o) —p(e € 4)
i=1

where the last equality corresponds to Lemma 3.2.3. This implies the convergence in law of £(2%)

towards £*° as t — oo, and proves (i). The proof of (ii) is similar to the one for (i). O

Remark 3.2.9. Having introduced in the previous proof the coupling (Lx, L +1), we may complete
the Remark 3.2.7: It is possible to prove that, if (CDI) holds and for each t > 0,

(j = P(Lk+1(t) < oo|Lk(t) < j)) is non increasing
then (3.10) holds.

We now give a sufficient condition for (3.10) to be satisfied.

Lemma 3.2.10. If 3", ¢ i] < o0, then (3.10) holds.

Proof. A lower bound for P (L(t) < 00) is easily found:
e Kt = Pr(L(t) = K) < Pg(L(t) < 00). (3.12)

We now look for an upper bound for Pg1(L(t) < 00). Recall the non decreasing pure jump
process L jumps with intensity r; when L = j.

We may write, under Px41:

sup {t, L(t) < o0} = Z T;
JEE+1

where, conditionally given the range {L(t),t > 0} = {LE+1 LE+2 .} of the random function
L, the sequence (7},j > K + 1) is a sequence of independent exponential random variable with
parameter r7;. Since (7;)j>xk+1 forms an increasing sequence and the function L has jumps

greater than or equal to one, we have for each j > K + 1,
Tri 2Ty (3.13)

Let (T},j > K + 1) be a sequence of independent exponential random variables with parameter
(rj,j > K). We compute, for 0 < A < rgq :
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Prp1(L(t) <oo) =P( Y Tj>t)

<exp (—At) E(exp (A Z 7))
JERH
r;

=exp (—At) H T

K41 T

=exp(— At + Z log (1 +
JSEA
1

<exp(— M+ A Z r<—)\)’
J>K+1 7

A
T‘j — )\))

where we use (3.13) for the first inequality and the Markov inequality for the second inequality.
From the assumption, 37, jc1 1 1/7; is finite, which implies also that 37~ 11 1/(r; — A) is finite.
Taking A = (rx + rx+1)/2, we obtain that:

(3.14)

Pri1(L(t) < 00) < Cexp (—Wt)

2

for the finite constant C' = exp A3~ 1/(rj — A) associated with this choice of A. Using (3.12)
and (3.14), we have that:

]P’K_H(L(t) < OO) TK+1 —TK
0< Pre(L{t) < o) < Cexp (—t).

Letting ¢ tend to oo, we get the required limit. a

The following Corollary ensures that (3.10) is satisfied in the most interesting cases.

Corollary 3.2.11. Ifc¢ > 0, or ¢ = 0 and there exists o € (1,2) such that v(dx) = f(x)dx with
liminf, o f(2)2%" > 0, then (3.10) holds.

Remark 3.2.12. Notice that, for 1 < a < 2, the Beta(2 — «, a)-Fleming-Viot, associated with
v(de) = 27171 — 2)* 11 1) (x)dx, satifies this assumption.

Proof. If ¢ > 0, r; > ¢j(j — 1)/2, and thus 37,5, 1/r; < oo. Assume now ¢ = 0 and
liminf, o f(z)z**! > 0 for some 1 < a < 2. From Lemma 2 of Limic and Sturm [96], we
have the equality:

rimri= [ 90 2P )

We deduce that there exists an integer n, and a positive constant C' such that:

rit1—rj > C jA—z)y el de > C/ jA—z)y el dr = gj Beta(2—a, j+a—1),
(0,1/n] nJ(0,1] n
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using the definition of lim inf at the first inequality, and the fact that the map x +— (1 —x)/~1z1=¢
is non-increasing at the second inequality. Let us define a sequence (sj,j > K) by:

C
sg =0and sj11 —s; =— jBeta(2—a,j+a—1) for j > K.
n
Since:
Beta(2 —a,j+a—1) ~ I(2-a)j*?,
]—>OO
we deduce that:

Sj o~ 9F(2—a) /.

j—oo N

By definition of the sequence (s;);>k, we have the inequality r; > s; for j > K, and we deduce

that
S 1r; <) 1/s5 < o
J>K J>K
Lemma 3.2.10 allows to conclude that (1.33) holds in both cases. O

3.2.4 The immigration interpretation

We develop further the two following examples:

(i) K = K’ = 2: this amounts (provided condition (3.10) is satisfied) on conditioning a two-type
A-Fleming-Viot process on coexistence of each type.

(ii) 1 = K < K’ = 2: this amounts (provided (3.10) is satisfied) on conditioning a two-type
A-Fleming-Viot process on absorbtion by the first type.

We regard the K (=1 or 2) first level particles in £ as K external sources of immigration in

the population now assimilated to the particle system ({*°(n),n > K + 1) and decompose the

generator of the process R> accordingly. We refer to Foucart [54] for a study of A-Fleming-Viot

processes with one source of immigration (KX = 1 here).

Since K’ = 2, the resulting probability measure-valued process R = (R;,t > 0) and R® =
(Rg°,t > 0) on {1,2} may be simply described by the [0, 1]-valued processes R{1} = (R:{1},t > 0)
and R"{1} = (R°{1},t > 0) respectively. For the sake of simplicity, we will just write R for
R{1} and R* for R>*{1} respectively. We recall that the infinitesimal generator of R is given by:

GI() = jea(i=a)" @yt [ wdfe-y)+y)—f@+1-2) [ uldg)[f-y)-f ()
2 (0,1

(0,1]

for all f € C%(]0,1]), the space of twice differentiable functions with continuous derivatives, and
z € [0, 1], see Bertoin and Le Gall [15].

We assume K = K' = 2
We define, for f € C?([0,1]), and = € [0, 1]:
G°f(x) = o1 = 20)f'(z) + / v(dy)f (1~ ) +y) - ()]
y(1 = yv(dy)[f(x(1 —y)) = f(2)],

(0,1]
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and

G f(a) = en(l=a)f" @) +a [ (1= yPuldy)f (@1 =) + 1)) - (@)

(0,1]

Hl-2) [ (1= yPulf e - ) - @)
(0,1]

Proposition 3.1. Assume K = K' = 2. The operator G° + G' is a generator for R>.

Remark 3.2.13. When the measure v is null, the process R is called a Wright Fisher diffusion
(WF diffusion in the following). In that case, the process R* may be seen as a WF diffusion
with immigration, where the two first level particles induce continuous immigration (according
to GY) of both types 1 and 2 in the original population (which evolves according to G' = G in
that case).

When the measure v is not null, the process R* is a A-Fleming-Viot process with immigration,
but the generator G is no more that of the initial A-Fleming-Viot process G: the two first level
particles induce both continuous and discontinuous immigration (according to G°) of types 1
and 2 in a population with a reduced reproduction (the measure v(dy) is ponderated by a factor
(1-y)?2<1inGh).

Proof. Let us denote by G™ the generator of R*. The process R" is the Doob h-transform of R
for the following function H:
H(t,z) = 2(1 —x)e™".

Since (H(t,R;),t > 0) is a G-martingale according to Lemma 3.2.4, the nonnegative function H
is (by definition) space time harmonic. From the definition of the generator, for f € C%(]0,1]),
and z € [0,1]:

F(R)H(t, Ry) — f(Ro)H(0, Ro) / ds G(H / ds OH (., Ry)(s) f(Rs)

is G martingale, where in the first integrand G acts on z — f(x)H (s, x). Therefore, on { H(0, Ry) #
0}, the process

H(t, Ry) G ) _ ", 1 H(s, R,)

(ORU)f( F(Ro) = /d‘g ORO H(s, R,) (sR)f(R)

is again G martingale under P. This implies that:

(S’ )(ROO) t &fH(S? Rgo) 00
f(RE?) / ds H(s R>) /0 ds Wf(Rs )
is a G martingale under P. We thus have:
Goo]c(x) — (G(H(t> )L}fl)(:)atH(tv )f) (x) (315)
G(H(L,.)f)

A simple computation ensures that this last expression does not depend on t and completes the
proof of the proposition. O
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Using the particle system £°°, we also have the following intuitive interpretation of the generator
G in the case of a pure jump A-Fleming-Viot process (¢ = 0). Let us decompose the measure v
as follows:

v(dy) = 2y(1 — y)v(dy) + (1 — y)*v(dy) + y*v(dy).

1. The first term is the sum of the two measures y(1 — y)v(dy) appearing in each integrand of
the generator G and each of these measures corresponds to the intensity of the reproduction
events involving level 1 and not level 2, or level 2 and not level 1 (these events have probability
y(1 — y) when the reproduction involves a fraction y of the population). We interpret them
as immigration events.

2. The second term is the measure (1 — y)?v(dy) appearing in the generator G' and corresponds
to the intensity of the reproduction events involving neither level 1 nor level 2 (this event
has probability (1 — %)? when the reproduction involves a fraction y of the population). We
interpret them as reproduction events.

3. The third term does not appear in the generators G° and G': it corresponds to the intensity
of the reproduction events involving both level 1 and 2, and these events have been discarded
in the construction of £*°.

We assume K =1, K’ =

Note that the case K =1 differs from the case K = 2, since the event {R; # 0 for every ¢} has
positive probability under (3.2). Let us define, for f € C2([0,1]), and z € [0, 1]:

If(x) =c(l —a)f'(z) + yv(dy)[f (z(1 —y) +y) — f(2)]

(0,1]

and

1) = ger(t =) f"@) +o [ Q=)0 —y) +9) - f@)

(0,1]

Hi=a) [ 0@ )~ f@)]

We can then prove the analog of Proposition 3.1 in that setting.

Proposition 3.2. Assume K =1, K’ = 2. The operator I° + I' is a generator for the Markov
process R°.

In particular, we recover the well known fact that a WF diffusion conditioned on fixation at 1
(that is, Ry = 1 for ¢ large enough) may be viewed as a WF process with immigration, see [39]
for instance.

Proof. The proof is similar to that of Proposition 3.1. Here we use an h-transform with the
function
H(t,z) =z.

This function is space time harmonic according to Lemma 3.2.4 (recall r; = 0). O
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Here again, we have the following intuitive interpretation of the generator I° + I' in the case
¢ = 0. We decompose the measure v as follows:

v(dy) = yv(dy) + (1 —y)v(dy).
1. The first term is the measure yv(dy) appearing in the generator I°. This is the intensity of

the reproduction events involving level 1 particle. We interpret them as immigration events.

2. The second term is the measure (1 — y)v(dy) appearing in the generator I'. This is the
intensity of the reproduction events not involving level 1 particle. We interpret them as
reproduction events.

3. Summing the two measures yv(dy) and (1 — y)v(dy), we recover this time the full measure
v(dy) since no reproduction events are discarded in the case K = 1.

Intertwining

Let us recall the following piece of intertwining theory. Given a Markov process (A, B), or more
precisely its generator, we ask wether A is a Markov process on its own and, in that case, what is
his generator. The following Theorem, due to Rogers and Pitman [113], answers by the affirmative
under an algebraic relationship (3.16), that we shall call the intertwining relationship.

Theorem 3.2.14. Let ((As, By),t > 0) be a Markov process with state space S X T and with
generator G, let K be a probability kernel from S to T'. Define the operator K by

Kf(z) =Y K(z,y)f(x,y).

yeT

Let G be the generator of a Markov process in S and assume that, for each f: S xT — S,
KG(f)(z) = GK(f)(x), z € S. (3.16)

Then:
P(Bo = ylAo) = K(Ao,y) a.s.

tmplies that for each t > 0
P(B, = y|(A45,0 < 5 < 1) = K(As,y) @
and (A¢,t > 0) is, on its own, a Markov process on S with generator G.

In this Subsection, we shall prove the intertwining relationship is satisfied with (A, B) where
B is a process related to L, and A is a Wright-Fisher diffusion with immigration driven by B.
This will add another path decomposition for the Wright-Fisher diffusion to the striking one of
Swart, see [126], which does not seem to admit a clear interpretation from the look-down particle
system.

We assume K’ =2 and v = 0 (for the sake of simplicity). In fact, we find it more convenient to
work with L' rather than L, where:

LYt) =inf {i > 1,1 € {&(1),...,&3)}}
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is the first level occupied by a type 1 particle. The process L' is a Markov process valued in
NU {oo}, and jumps by 1 at rate ¢(¢ — 1)/2 when at £ € N, and has oo as an absorbing point.
Notice that also 1 is an absorbing point for L'. In fact, the process R" studied in Subsection
3.2.4 is the process R conditioned on {L! = 1}.

Let us define the following kernel:
Kz, 0)=(1-2)"12, ze(0,1],eN.
acting on function f(z,¥) as follows:

Kf(z) =Y K(z,0)f(z,0).

£>1

We slightly abuse of notation, still denoting by G the generator of the Wright-Fisher diffusion:
1
Gf(x) = Jer(l = 2)[" ()

acting on f € C2([0, 1]). We denote by G the generator defined for £ € N and z € (0,1] by:

CF(e.0) = Lea(l-2)he f (2,0 +e (1~ 2) — (£~ D] 0 (o, O+ L

This generator acts on functions f such that f, as a function of x, belongs to C%(]0,1]). The
intertwining relationship reads as follows.

[f((l),f-i—l) _f(xvg)]

Proposition 3.3. Let f be in the domain of G and x € (0,1]. The kernel K intertwins the
generators G and G in the sense that:

A

KG(f)(x) = GK(f)(=).

The proof consists in a long but simple calculation and is eluded. A similar intertwining relation
also holds for v # 0, but the generator G is then more complicated (because L' and R may
jump together in that case). The intertwining relation implies that the first coordinate of the
process with generator G is an autonomous Markov process with generator G, i.e. a Wright-Fisher
diffusion.

The generator G is in fact the generator of (R, L") up to the hitting time of 0 by R. Let us
explain why. The process L' is plainly Markov in its own filtration and jumps from ¢ to ¢ + 1
at rate cf(¢£ — 1)/2. Then conditionally on the value of L' = ¢, we view the £ first particles as £
sources of immigration, £ — 1 sources of type 2 and one source of type 1, whence the drift term
c[(1 —z) — (¢ — 1)z] thanks to similar calculations as in 3.2.4. The process R may be seen as a
WEF diffusion with multitype immigration, We thus obtain the following pathwise decomposition
of a Wright-Fisher diffusion, which is another way to express the intertwining relationship:

— Conditionally on {Ry = z}, the initial value L'(0) has law:

P(L'(0) =€) = (1 — )" "2 + 1o} (O 10y (), £> 1.
— Conditionally on (Rg, L'(0)), the process L' is a pure jump Markov process, which jumps from
¢ to £+ 1 at rate cl(£ — 1)/2 if £ < oo, and has +oo as an absorbing point.
— Conditionally on (Rg, L'), the process R is a Wright-Fisher diffusion with immigration, with
generator given by:

%cw(l —x)f"(x) + Lo € [(1 —x)— (L' - l)x} f'(z).
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3.3 The additive h-transform

In this Section, we derive another example of an h-transform (of measure-valued processes)
admitting a simple construction from the look-down particle system.

3.3.1 The general construction of the look-down particle system

We first present a more general construction of an exchangeable particle system, which allows to
deal with type mutation and nonconstant population size. We recall this model was defined (in
greater generality) in [35].

Let E be a Polish space. We consider a triple (Rp,Y,U) constructed as follows. Ry stands
for a probability measure on E, Y = (Y;,t > 0) and U = (U, t > 0) for two non negative
real valued processes. We assume that Uy = 0 and U is non decreasing, so that U admits a
unique decomposition U; = UF + 3" ., AUy where U is continuous (with Stieltjes measure
denoted by dU*) and AU, = U, — U,_. We assume that 0 is an absorbing point for Y, and
set 7(Y) = inf {t > 0,Y; = 0} the extinction time of Y. We also assume that for each ¢ > 0,
AU < Y2, Conditionally on U and Y, we define two point measures N” and N Fon Ry x Ps,
where P, denotes the set of partition of N:

- Nf = > d(t,x (dt,dm) where the exchangeable partitions 7 of N are independent
0<t<7(Y),AU#0

and have a unique non trivial block with asymptotic frequency /AU;/Y;.

- NfF= % d(t,m (dt,dm) is an independent Poisson point measure with intensity
0<t<7(Y)

(AU /(Y2)?) x ",

and the Kingman measure p* assigns mass one to partitions with a unique non trivial block
consisting of two different integers, and mass 0 to the others.

Conditionally on (Rp,Y,U), we then define a particle system & = (&(n),0 <t < 7(Y),n € N) as

follows:

— The initial state ({o(n),n € N) is an exchangeable sequence valued in E with de Finetti’s
measure Ry.

— At each atom (t,7) of N := N¥ 4+ NP, we associate a reproduction event as follows: let
J1 < ja2 < ... be the elements of the unique block of the partition m which is not a singleton
(either it is a doubleton if (¢,7) is an atom of N* or an infinite set if (¢, 7) is an atom of N”).
The individuals j; < jo < ... at time t are declared to be the children of the individual j; at
time t—, and receive the type of the parent ji, whereas the types of all the other individuals
are shifted upwards accordingly, keeping the order they had before the birth event: for each
integer ¢, & (j¢) = &—(j1) and for each k ¢ {jy, ¢ € N}, & (k) = &—(k — #Jx) with #J; the
cardinality of the set Jy := {¢ > 1,7, < k}.

— Between the reproduction events, the type &;(n) of the particle at level n mutates according to a
Markov process with cadlag paths in E and without fixed discontinuities, with law (P,,z € E)
when started at x € E, independently for each n.

This defines the particle system £ on [0, 7(Y")). The process £;(j) admits a limit as s goes to 7(Y")

for each j, and we set & (j) = lim,_,,(y)&s(j) for t > 7(Y). The sequence (&(j),j € N) is still

exchangeable for ¢ > 7y according to Proposition 3.1 of [35]. Conditionally on (Rp,Y,U), the
sequence (&;(n),n € N) is well defined for each ¢t € Rt exchangeable, and we denote by R; its de

Finetti measure:
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N
1
— lim —
Ry(dz) = lim — ;%m)(dw%
The probability measure-valued process R = (R;,t > 0) has a cadlag version according to
Theorem 3.2 of [35]. We shall work with this version from now on. We finally define the cadlag
M (FE) valued process of interest Z by:

(Zi,t > 0) = (Y; R, t > 0). (3.17)

The finite measure Z represents the distribution of a population distributed in a space E, the
process Y corresponds to the total population size, and U tracks the resampling inside the
population. We stress that, conditionally given Ry, the random variables ({;(n),n € N) on E are
independent and identically distributed according to the probability measure R; thanks to the
de Finetti Theorem.

We will denote by P the law of the triple (Y, U, §). We introduce the relevant filtrations:

- (Fe=0((Ys,s <t),(&,s <t))) corresponds to the filtration of the particle system and the
total population size.

— (G = 0(Zs,s < t)) corresponds to the filtration of the resulting measure-valued process.

— Dy is the filtration induced by the canonical process under P.

We shall use the classical notation u(f) = [ p(dz)f(x) for a non negative map f: F — R and

p € M. Note that Y; = Z;(1), and thus Y is G-measurable.

3.3.2 A pathwise construction of the additive h-transform

We call a nonnegative function H on [0,00) X My a space-time harmonic function for P when
the process (H(t, Z;),t > 0) is a martingale under P. The h-transform Z of Z associated with
H is then defined by:

H(t, Zy)

vA € G B(Z" € A) = g 7))

P(Z € A). (3.18)

for every ¢ > 0. Furthermore, an h-transform is called additive if there exists a nonnegative
function (h¢(z),t > 0,z € E) such that H(t,Z;) = Z;(ht). An additive h-transform intuitively
favours the paths for which the population (represented by the measure-valued process) is large
where h is large.

Statement of the results

Let £ be the canonical process under P,. We assume there exists a deterministic positive function
m such that (Y;/m(t),t > 0) and (m(t)hi(&),t > 0) are martingales in their own filtrations. We
also assume from now on that

E(YoRo(ho)) > 0.

Under this assumption, we define (the law of) a new process
(", uhgh)

by the following requirements:



108 3 Change of measure in the lookdown particle system

(i) The initial condition satisfies:

YoRo(ho)
VA e G, P(Y, R e A :E<1 Yo, R )
LB R € )= B (ot o)
(ii) Conditionally on (Yg*, R}), and provided RE(hg) > 0, £4(1) is distributed according to:
ho(§0(1))

VA € Do, P(EL(1) € A|RL = y) = E ( 14(60(1)|Ro = u) ,

p(ho)

and (&(n),n > 2) is a random sequence with de Finetti’s measure R.
(iii) Conditionally on (Y{*, RE, £l(1)), the process (Y", U") is distributed according to:

VAe G, P(Y' UM e AlY) =2)=E @:’;((%) 14(Y,U)|Ys = :c> . (3.19)

(iv) Conditionally on (Y* U" RE ¢h(1)), £"(1) is distributed according to:

VA € D, BE) € Algf() = x) = (240D 10

LEWI&M =), (320)

(v) The rest of the definition of " is the same as the one given for &, namely:

— for n > 2, between the reproduction events, the type §f(n) of the particle at level n
mutates according to a Markov process in E with law (P,,xz € E) when started at x € F,
independently for each n.

— at each atom (¢, 7) of N = NF4+ NP with N* and NP derived from U" and Y", a reproduction
event is associated as previously.

Note that the law of the initial condition Z specified by (i) possibly differs from that of Zy only
for random Zj. Also, notice that items (iii) and (iv) are meaningful since both (Y;/m(t),t > 0) and
(m(t)h(&(1)),t > 0) are assumed to be martingales. Last, observe from (3.19) that P(Y,* = 0) = 0
for each ¢ > 0, which implies P(7(Y") = 0o0) = 1 since 0 is assumed to be absorbing. We will
assume that (Y, U, &) and (Y?, U", ) are defined on a common probability space with probability
measure P, and denote the expectation by E.

Let us define a process S = (S, t > 0) by:

g — hi(&:(1)) Vi
"7 E(Zo(ho))

Lemma 3.3.1. The process (S = Si,t > 0) is a non negative F-martingale, and

VAc Fi, P(" € A) =E (14(¢) Sy). (3.21)
We then define the process T
T — Zi(hy)
" E(Zo(ho))

Using Lemma 3.3.1, and projecting on the filtration G;, we deduce Lemma 3.3.2.

Lemma 3.3.2. The process T = (Ty,t > 0) is a non negative G-martingale.
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This fact allows to define the process Z := (ZH,t > 0) absolutely continuous with respect to
Z = (Z,t > 0) on each G, t > 0, with Radon Nykodim derivative:

VAe G, P(ZH c A)=E(14(2) T}).
We deduce from Lemma 3.3.1 and Lemma 3.3.2 the following Theorem, which gives a pathwise

construction of the additive h-transform.

Theorem 3.3.3. We have that:
(a) The limit of the empirical measure:

RlMdz) := lim —Z5§h(n (dz)

N—oco N

exrists a.s.
(b) The process (Z]' := Y*R} t > 0) is distributed as (ZF ,t > 0).

We may interpret Theorem 3.3.3 as follows. The effect of the additive h-transform factorizes in
two parts, according to the decomposition of the Radon Nikodym derivative:

Zt(ht) = Y;g Rt(ht)

The first term Y; induces a size bias of the total population size Z"(1) = Y'", see formula (3.19),
whereas the second term R;(h:) forces the first level particle to follow an h-transform of P, see
formula (3.20).

The sequence (£/(n),n € N) is not exchangeable in general, which contrasts with the initial
sequence (&(n),n € N). The following Proposition shows that, loosely speaking, the first level
particle is precursory.

Proposition 3.3.4. Conditionally on {R} = u}, E/(t) is distributed according to:

hi ()
p(he)

and (£}(n))n>2 is an independent exchangeable random sequence with de Finetti’s measure fu.

P(¢(1) € dz) =

p(dz),

Proofs

Proof of Lemma 3.3.1. It is enough to observe that, by construction, the law of (Y, U", ") is
absolutely continuous with respect to the law of (Y, U, ) on F, with Radon Nykodim derivative
given by:

_ YoRo(ho) ho(&6(1)) Y m(0) he(&(1)) m(t)

VAS T BYTUNE € 4) = (E%Romo)) Ro(ho) Yo m(d) ho(& (1) m(0)
_E (Yt hy(&(1))

E(Zo(ho))

This also yields (the obvious fact) that (S¢, ¢ > 0) is a F-martingale, arguing as in the proof of
Lemma 3.2.3. O

]-A(Yv U, f))

LAY, U.6))
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Proof of Lemma 8.3.2. Since G; C F; and S is a F-martingale, the projection E(S¢|G;) is a
G-martingale. We also have that:

g (Yehda) Y A
B(SiG) = B (a6, = goas — 1,

where we used that & (1) has law R; conditionally on G; for the third equality. Thus (73,¢ > 0) is
a G-martingale. O

Proof of Theorem 3.3.3. From Lemma 3.3.1, the law of £" is absolutely continuous with respect
to the law of &. The existence of the a.s. limit of the empirical measure of ¢ follows from that of
¢ (but not the exchangeability of the sequence) and yields point (a). We prove point (b) now.
Take A € gt.

P(Z" € A) =E(S;14(2))
= E(E (5:|9:) 14(2))
=P(T; 14(2))
=P(z" € A),
where we use Lemma 3.3.2 at the third equality and the definition of Z# for the last equality.
O

Proof of Proposition 3.3.4. Let n € N be fixed, and let (¢;)(1<i<n) be a collection of bounded
and measurable functions on E.

he(
( H ¢z fz ) - (1/75 t (1 H (251 gt )
1<i<n 1<i<n

1
— mﬂi (Yt E (ht(ét )o1(&(1) T ¢i(&(i) \Qt))

2<z<n
1
"Bz (Y e on 11 Flo) )
B Zy(hy) he 91
=B (E(Zo(ho)) (Rt he) >2<lenRt g )

B he o1 A
3 (R?( ) 2<1;[<nR?<¢z>) ,

where we use Lemma 3.3.1 at the first equality, the de Finetti Theorem at the third equality,
and Theorem 3.3.3 at the last equality. Since functions of the type [[;<;<,, ¢i characterize the
law of n-uple, this proves the Proposition. O
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3.3.3 Applications

Overbeck investigated in [103] h-transform of measure-valued diffusions, among which the Dawson
Watanabe process (with quadratic branching mechanism) and the Fleming-Viot process (which is
the A-Fleming-Viot process for ¥ = 0) using a martingale problem approach. He also provided a
pathwise constructions in the first case, see [102]. We shall see in this last Section how Theorem
3.3.3 applies in both cases and sheds new light on Overbeck’s results.

A-Fleming-Viot processes

The A-Fleming-Viot process (with mutation) is the process Z constructed in Section 3.3.1 when
setting:

-Y =1,

— U is a subordinator with jumps no greater than 1,

It corresponds to the process R introduced in Section 3.2.1 when allowing for mutations. We
denote by ¢ the Laplace exponent of the subordinator U:

d(A) =+ (1 —e )WY (dx)
(0,1]

where ¢ > 0 and the Lévy measure vV satisfies Joq® VY (dz) < oo. The genealogy of the
look-down particle system is by construction described by the A-coalescent of Pitman [108]. The
finite measure A is related to v and ¢ by :E_ZA‘(OJ](d:n) = v(dx) and A{0} = ¢, and may be
recovered from ¢ through the identity:

/[0 . g(x)A(dz) = cg(0) + g(Vz)zY (dz),

(0,1]
see Sections 3.1.4 and 5.1 of [35].

Since Y; = 1, Y is a martingale and we may apply results of Section 3.3.2 for any nonnegative
space time harmonic function (h:(z),t > 0,2 € E) for the spatial motion P, that is any function

such that (hi(&),t > 0) is a nonnegative martingale where £ stands for the canonical process

l
under P. Notice the construction of the particle system ¢ simplifies here since (U",Y") (fa)

(U,Y)=(U,1).

Overbeck suggested in [103] that in the particular case of the Fleming-Viot process (which is
the A-Fleming-Viot process for v¥ = 0), an additive h-transform looks like a FV process where
“the gene type of at least one family mutates as an h-transform of the one particle motion”. This
suggestion was made “plausible” by similar results known for superprocesses, see [102] or the next
Subsection, and a well known connection between superprocesses and Fleming-Viot processes
which goes back to Shiga [124]. We did not attempt to derive the pathwise construction of the
additive h-transform of A-Fleming-Viot processes in this way, since the connection between
superprocesses and A-Fleming-Viot processes is restricted to stable superprocesses and Beta-
Fleming-Viot processes, see Birkner et. al [18]. The construction is provided by Theorem 3.3.3.
This Theorem allows us to see at first glance that the family which “mutates as an h-transform”
is the family generated by the first level particle in the look-down process. Notice also that our
Theorem applies for A-Fleming-Viot processes.
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Remark 3.3.5. If vY = 0 (or, equivalently, A(dz) = A{0} &o(dz)), the truncated processes
obtained by considering the first N particles:

1
zZN( Z d¢,(n)(dz) and zN (dx) =

1<n<N 1<n<N

S )

correspond respectively to the Moran model with N particles (see [35]) and its additive h-
transform. This proves our approach is robust, in the sense that we can also consider discrete
population.

Finally, we may interpret the h-transform as a conditioned process. For fixed s > 0, the additive
h-transform of the A-Fleming-Viot process on [0, s] may be obtained by conditioning a random
particle chosen at time ¢, t large, to move as an h-transform. For other conditionings on boundary
statistics in the context of measure-valued branching processes this time, we refer to Salisbury
and Sezer [117].

The Dawson Watanabe superprocess

Recall a continuous state branching process is a strong Markov process characterized by a
branching mechanism v taking the form

1
d&A)::502A2+—6A—% (™M —1 4+ Muly<1)vY (du), (3.22)
(0,00) -

for ¥ a Lévy measure such that J10,00)(1 Au)vY (du) < oo, B € R, and 02 € RT. We will denote
it CB(%) for short. More precisely, the CB(v) process is the strong Markov process Y with
Laplace transform given by:

E(e—)\Yt ‘YE) _ .%') _ e—:cu(A,t)’

where u is the unique nonnegative solution of the integral equation, holding for all ¢ > 0, A > 0:
t

maw+/}ﬁ¢@uJ»=A. (3.23)
0

We assume from now on that ¢'(0+) > —oo, so that the CB(%)) has integrable marginals, and
(Y; e (00t 4 > 0)

is a martingale. The Dawson Watanabe process with general branching mechanism given by 1 is
the measure-valued process (Z;,t > 0) constructed in Section 3.3.1 when:

- (Y3,t > 0) is a CB.

— (Ut,t > 0) is the quadratic variation process of Y, U = [Y](t). Therefore, AU; = (AY;)? < Y2
Since the process (Y; ¥’ (0H)t ,t>0)isa martingale we may apply our results for any nonnegative
function (h¢(z),t > 0,2 € E) such that (hy(&)e ¥ (OP) ¢ > 0) is a martingale.

We now link our results with the literature:

1. When Y is a subcritical CB process, meaning that ¢/(0+) > 0, setting m(t) = e~ ¥ O and
hi(z) = e?'(0H)t e recover from Theorem 3.3.3 part of the Roelly & Rouault [112] and Evans
[48] decomposition. This h-transform may be interpreted as the process conditioned on non
extinction in remote time, see Lambert [85].
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2. When Y is a critical Feller diffusion and P the law of a Brownian motion, if we assume we
are given hy(x) a space time harmonic function for P and set m(t) = 1, we get from Theorem
3.3.3 the decomposition of the h-transform of the Dawson Watanabe process provided by
Overbeck in [102].

Recall the two effects of the additive h-transform: the total population is size biased and the
first level particle follows an hA-transform of P. We shall now concentrate on the first effect, and
explain how a “spinal” decomposition may be partly recovered from Theorem 3.3.3: Lemma
3.3.6 identifies the size biased total mass process Y = Z"(1) with a branching process with
immigration, and Lemma 3.3.7 recognizes the first level particle as the source of this immigration.

Let ¢ be the Laplace exponent of a subordinator. Recall a continuous state branching process
with immigration with branching mechanism ¢ and immigration mechanism ¢, CBI(1),¢) for
short, is a strong Markov process (Y}',¢ > 0) characterized by the Laplace transform:

]E(e—kyti |YOZ _ .’E) _ e—a;u()\,t)—fot ds ¢d(u(N,s)) ]

We recall for the ease of reference the following well known lemma, and we stress that this Lemma
also holds in the supercritical case ¢'(0+) < 0.

Lemma 3.3.6. The process Y defined by (3.19) with m(t) = e~ ¥ ONt 4s o CBI(),¢) with
immigration mechanism given by ' (\) — ' (04).

The proof is classical and relies on computation of the Laplace transforms. Notice that in the
case where the CB process Y extincts almost surely, the CBI process Y may also be interpreted
as the CB process Y conditioned on non extinction in remote time, see Lambert [85].

The total mass process Y = Z"(1) is thus a CBI process. We may wonder “who” are the
immigrants in the population represented by the particle system ¢?. The following Lemma
shows that the offsprings of the first level particle are the immigrants when ¢ = 0 (see the
following Remark for the general case). Recall j; refers to the first level sampled in the look-down
construction. Let us denote ji(s) instead of j; for indicating the dependence in s.

Lemma 3.3.7. The process (Zogsgt AY] 1, (s)=1}1 = O) is a pure jump subordinator with

Lévy measure uvY (du).

Proof. By assumption, the process Y is a CB(¢)) and from Lemma 3.3.6, Y is a CBI(¢,¢/(+) —
¥'(0+)). From the Poissonian construction of CBI, we have that the point measure

Z 5(S,AYSh) (dS, dU)
0<s<t

has for predictable compensator
ds (Y v (du) + uv” (du)).

The expression of the compensator may be explained as follows. The term ds Y. v¥' (du) comes
from the time change of the underlying spectrally positive Lévy process, called the Lamperti time
change (for CBs). The term ds urY (du) is independent of the current state of the population and
corresponds to the immigration term. Then, conditionally on the value of the jump AYSh = u,
the event {j1(s) = 1} has probability
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uwu
Y Yh +u

independently for each jump. Therefore, the predictable compensator of the point measure

Y O aym(ds, du)ly, -1
0<s<t

is

ds (YS}LU—HL) (Y0¥ (du) + uvY (du)) = ds uvY (du),

This ends up the proof. a

Remark 3.3.8. Understanding the action of the continuous part of the subordinator requires to
work with the discrete particle system generated by the first N particles. Namely, it is possible
to prove that the family of processes

0<s<t

#{1 <i < N,ji(s) < N}
( > v N L (@)=152()<n}: 8 2 0

converges almost surely as N — oo in the Skorohod topology towards a subordinator with
Laplace exponent ¢/(\) — ¢'(04).
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him know about the intertwining relationship found by Jan Swart, to Vlada Limic for stimulating
discussion and to Jean-Frangois Delmas for careful reading.
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Stable CBI and Beta-Fleming-Viot

4.1 Introduction

The connections between the Fleming-Viot processes and the continuous-state branching processes
have been intensively studied. Shiga established in 1990 that a Fleming-Viot process may be
recovered from the ratio process associated with a Feller diffusion up to a random time change,
see [124]. This result has been generalized in 2005 by Birkner et al in [18] in the setting of
A-Fleming-Viot processes and continuous-state branching processes (CBs for short). In that paper
they proved that the ratio process associated with an a-stable branching process is a time-changed
Beta(2 — o, a)-Fleming-Viot process for a € (0,2). The main goal of this article is to study such
connections when immigration is incorporated in the underlying population. The continuous-state
branching processes with immigration (CBIs for short) are a class of time-homogeneous Markov
processes with values in R . They have been introduced by Kawazu and Watanabe in 1971,
see [72], as limits of rescaled Galton-Watson processes with immigration. These processes are
characterized by two functions @ and ¥ respectively called the immigration mechanism and
the branching mechanism. A new class of measure-valued processes with immigration has been
recently set up in Foucart [54]. These processes, called M-Fleming-Viot processes are valued in
the space of probability measures on [0, 1]. The notation M stands for a couple of finite measures
(Ap, A1) encoding respectively the rates of immigration and of reproduction. The genealogies
of the M-Fleming-Viot processes are given by the so-called M-coalescents. These processes are
valued in the space of the partitions of Z, denoted by PY.

In the same manner as Birkner et al. in [18], Perkins in [105] and Shiga in [124], we shall
establish some relations between continuous-state branching processes with immigration and
M-Fleming-Viot processes. A notion of continuous population with immigration may be defined
using a flow of CBIs in the same spirit as Bertoin and Le Gall in [14]. This allows us to compare
the two notions of continuous populations provided respectively by the CBIs and by the M-
Fleming-Viot processes. Using calculations of generators, we show in Theorem 4.3.3 that the
following self-similar CBIs admit time-changed M-Fleming-Viot processes for ratio processes:
— the Feller branching diffusion with branching rate 02 and immigration rate 3 (namely the CBI
with @(g) = Bq and ¥(q) = 302¢*) which has for ratio process a time-changed M-Fleming-Viot
process where M = (3dg, 026),
— the CBI process with @(q) = d'ag®~! and ¥(q) = dq® for some d,d’ > 0, a € (1,2) which has
for ratio process a time-changed M-Fleming-Viot process where the couple of measures M

satifies M = (¢Beta(2 — a,a — 1), cBeta(2 — a, a)), ¢ = ?Eg:i)) d and ¢ = j’i((;‘:i)) d.
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We stress that the CBIs may reach 0, see Proposition 4.3.1, in which case the M-Fleming-Viot
processes involved describe the ratio process up to this hitting time only. When d = d’ or
3 = 02, the corresponding CBIs are respectively the a-stable branching process and the Feller
branching diffusion conditioned to be never extinct. In that case, the M-coalescents are genuine
A-coalescent viewed on PJ.. We get respectively a Beta(2 — o, @ — 1)-coalescent when a € (1,2)
and a Kingman’s coalescent for o = 2, see Theorem 4.4.4. This differs from the a-stable branching
process without immigration (already studied in [18]) for which the coalescent involved is a
Beta(2 — a, a)-coalescent.

Last, ideas provided to establish our main theorem have been used by Handa [62] to study
stationary distributions for another class of A-Fleming-Viot processes.

Outline. The paper is organized as follows. In Section 4.2, we recall the definition of a continuous-
state branching process with immigration and of an M-Fleming-Viot process. We describe briefly
how to define from a flow of CBls a continuous population represented by a measure-valued
process. We state in Section 4.3 the connections between the CBIs and M-Fleming-Viot processes,
mentioned in the Introduction, and study the random time change. Recalling the definition of
an M-coalescent, we focus in Section 4.4 on the genealogy of the M-Fleming-Viot processes
involved. We establish that, when the CBIs correspond with CB-processes conditioned to be
never extinct, the M-coalescents involved are actually classical A-coalescents. We identify them
and, as mentioned, the Beta(2 — o, & — 1)-coalescent arises. In Section 4.5, we compare the
generators of the M-FV and CBI processes and prove the main result.

4.2 A continuous population embedded in a flow of CBIs and the
M-Fleming-Viot

4.2.1 Background on continuous state branching processes with immigration

We will focus on critical continuous-state branching processes with immigration characterized by
two functions of the variable ¢ > 0:

1 o)
(o) = 50%+ [ (™ =1+ qui(du)

2(q) = fa+ | (1 - e (du)

where 0,8 > 0 and 1, ) are two Lévy measures such that [;°(1 A u)vy(du) < oo and
JoZ (uAu?)v (du) < oo. The measure 7y is the Lévy measure of a spectrally positive Lévy process
which characterizes the reproduction. The measure vy characterizes the jumps of the subordinator
that describes the arrival of immigrants in the population. The non-negative constants o and 3
correspond respectively to the continuous reproduction and the continuous immigration. Let P,
be the law of a CBI (Y3, ¢t > 0) started at x, and denote by E, the associated expectation. The
law of the Markov process (Y;,¢ > 0) can then be characterized by the Laplace transform of its
marginal as follows: for every ¢ > 0 and =z € Ry,

Bale ) = exp (aula) ~ [ #es(a))ds)

where v is the unique non-negative solution of %Ut(q) = —¥(14(q)), vo(q) = q.
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The pair (¥, ®) is known as the branching-immigration mechanism. A CBI process (Y, ¢ > 0) is
said to be conservative if for every ¢ > 0 and x € [0, 0o, P,[Y; < oo] = 1. A result of Kawazu and
Watanabe [72] states that (Y;, ¢ > 0) is conservative if and only if for every ¢ > 0

€ 1
| e ==

Moreover, we shall say that the CBI process is critical when ¥/(0) = 0: in that case, the CBI
process is necessarily conservative. We follow the seminal idea of Bertoin and Le Gall in [15] to
define a genuine continuous population model with immigration on [0, 1] associated with a CBI.
Emphasizing the role of the initial value, we denote by (Y;(x),t > 0) a CBI started at € R;.. The
branching property ensures that (Y;(xz +y),t > 0) o (Yi(z) + X¢(y),t > 0) where (X¢(y),t > 0)
is a CBI(¥,0) starting from y (that is a CB-process without immigration and with branching
mechanism ¥) independent of (Y;(x),t > 0). The Kolmogorov’s extension theorem allows one
to construct a flow (Yi(x),t > 0, > 0) such that for every y > 0, (Yi(z + y) — Yi(z),t > 0)
has the same law as (X;(y),t > 0) a CB-process started from y. We denote by (Z;,t > 0) the
Stieltjes-measure associated with the increasing process x € [0, 1] — Y;(z). Namely, define

Zi(Ja,y) == Yi(y) — Yi(a), 0<a<y<Ll
Z:({0}) = Yi(0).

The process (Y;(1),t > 0) is assumed to be conservative, therefore the process (Z;,t > 0) is
valued in the space M of finite measures on [0,1]. By a slight abuse of notation, we denote
by (Yz,t > 0) the process (Y;(1),t > 0). The framework of measure-valued processes allows us
to consider an infinitely many types model. Namely each individual has initially its own type
(which lies in [0,1]) and transmits it to its progeny. People issued from the immigration have
a distinguished type fixed at 0. Since the types do not evolve in time, they allow us to track
the ancestors at time 0. This model can be viewed as a superprocess without spatial motion (or
without mutation in population genetics vocable).

Let C be the class of functions on M of the form

F(n) =G ({(f1.n)s s (frsm)) »

where (f,n) := f[o i f(x)n(dz), G € C%(R") and fi, ..., fn are bounded measurable functions on
[0, 1]. Section 9.3 of Li’s book [95] (see Theorem 9.18 p. 218) ensures that the following operator
acting on the space My is an extended generator of (Z;,¢t > 0). For any n € My,

LF(y) = 022 /O 1 /0 1(da)d, (db) F" (n: a. b) (4.1)
+ BF'(n;0) (4.2)
1 ')
+ /0 n(da) /0 DL (dR)[F(n + hé) — F(n) — hF'(5,0)] (4.3)
4 /0 " Uo(dR)[F(n + héo) — F(n) (4.4)

where F'(n;a) := lime_,0 2[F(n + €0,) — F(n)] is the Gateaux derivative of F' at 7 in direction
da, and F"(n;a,b) := G'(n;b) with G(n) = F'(n;a). The terms (1) and (3) correspond to the
reproduction, see for instance Section 6.1 p. 106 of Dawson [30]. The terms (2) and (4) correspond
to the immigration. We stress that in our model the immigration is concentrated on 0, contrary
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to other works which consider infinitely many types for the immigrants. For the interested reader,
the operator £ corresponds with that given in equation (9.25) of Section 9 of Li [95] by setting

H(dp) = [y~ Do(dh)dps, (dp) and n = Bdo.

For all n € My, we denote by |n| the total mass || := n([0,1]). If (Z;,t > 0) is a Markov
process with the above operator for generator, the process (|Z;|,t > 0) is by construction a CBIL

This is also plain from the form of the generator L: let ¢ be a twice differentiable function on R
and define F : n — ¢(|n|), we find LF(n) = 2Gpy(z) + Gry(z) for z = |n|, where

o? ©
Gib(z) = T () + [+ h) = () — b ()1 () (45)
Gri() = B/(2) + [ (= + 1) = w2 (). (46)

4.2.2 Background on M-Fleming-Viot processes

We denote by M the space of probability measures on [0, 1]. Let cg, ¢1 be two non-negative real
numbers and v, v1 be two measures on [0, 1] such that fol zvp(dr) < oo and fol 2?v(dz) < 0.
Following the notation of [54], we define the couple of finite measures M = (Ag, A1) such that

Ag(dx) = codo(dz) + zvo(dz), Ai(dx) = c1do(dx) + 2%vy (dx).

The M-Fleming-Viot process describes a population with constant size which evolves by re-
sampling. Let (p;,t > 0) be an M-Fleming-Viot process. The evolution of this process is a
superposition of a continuous evolution, and a discontinuous one. The continuous evolution can
be described as follows: every couple of individuals is sampled at constant rate ¢i, in which case
one of the two individuals gives its type to the other: this is a reproduction event. Furthermore,
any individual is picked at constant rate cp, and its type replaced by the distinguished type 0
(the immigrant type): this is an immigration event. The discontinuous evolution is prescribed
by two independent Poisson point measures Ny and N; on Ry X [0, 1] with respective intensity
dt ® vp(dx) and dt ® vy (dz). More precisely, if (¢, x) is an atom of Ny + Nj then ¢ is a jump time
of the process (p,t > 0) and the conditional law of p; given p;_ is:

- (1 —2)pi— + xdy, if (¢,x) is an atom of N, where U is distributed according to p;—

— (1 = x)pi— + xdy, if (t,x) is an atom of Njy.

If (t,x) is an atom of Ni, an individual is picked at random in the population at generation t—
and generates a proportion x of the population at time ¢: this is a reproduction event, as for the
genuine A-Fleming-Viot process (see [15] p. 278). If (¢,z) is an atom of Ny, the individual 0 at
time t— generates a proportion x of the population at time ¢: this is an immigration event. In
both cases, the population at time t— is reduced by a factor 1 — x so that, at time ¢, the total
size is still 1. The genealogy of this population (which is identified as a probability measure on
[0, 1]) is given by an M-coalescent (see Section 4.4 below). This description is purely heuristic (we
stress for instance that the atoms of Ny + IV} may form an infinite dense set), to make a rigorous
construction of such processes, we refer to the Section 5.2 of [54] (or alternatively Section 3.2 of
[53]).

For any p € N and any continuous function f on [0, 1]?, we denote by G the map

p € My = (f, p®P) ;:/

[0,1]»

F(2)p®P (da) = / F(@1, s zp)p(dar ). p(day).

[0,1]»
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Let (F, D) denote the generator of (ps, ¢ > 0) and its domain. The vector space generated by the
functionals of the type Gy forms a core of (F,D) and we have (see Lemma 5.2 in [54]):

Farp)=a 3o [ 16— 191 @ ™)

1<i<j<p

va Y[ 17689 = 10l 2)

1<j<p 710117
+ [untar) [ oo - rip+ 1) - Grlp) @)
+ [ onlan)G o = -+ 7o) = Gy (o). (@)

where x denotes the vector (z1,...,x,) and
— the vector x%J is defined by x%] = xy, for all k # j and X?’] =0,

— the vector x*J is defined by XZ’j = xy, for all k # j and X;’J = ;.

4.3 Relations between CBIs and M-Fleming-Viot processes

4.3.1 Forward results

The expressions of the generators of (Z;,t > 0) and (p¢, t > 0) lead us to specify the connections
between CBIs and GFVIs. We add a cemetery point A to the space M; and define (R, t > 0) :=
(%, t > 0), the ratio process with lifetime 7 := inf{t > 0; |Z;| = 0}. By convention, for all ¢ > 7,
we set R, = A. As mentioned in the Introduction, we shall focus our study on the two following
critical CBls:
(i) (Y;,t > 0) is CBI with parameters 02,3 > 0 and 99 = ©; = 0, so that ¥(q) = %QqQ and
P(q) = Bq.
(i) (Y;,t > 0)is a CBI with 02 = 8 =0, jy(dh) = ¢ h~*13>0dh and v1(dh) = ch~'~%1;,~dh for
1 < a < 2,so0 that ¥(q) = dg® and &(q) = d'aq® ! with d' = %c’ and d = géi:‘fgc
Notice that the CBI in (i) may be seen as a limit case of the CBIs in (ii) for a = 2. We first
establish in the following proposition a dichotomy for the finiteness of the lifetime, depending on
the ratio immigration over reproduction.

Proposition 4.3.1. Recall the notation 7 = inf{t > 0,Y; = 0}.
- If% > 1 in case (i) or £ > 2L in case (ii), then Pl = oo} = 1.
— If% < L in case (ii), then P[r < oco] = 1.

in case (i) or & < 9=

NI N
o%a |

d

We then deal with the random change of time. In the case of a CB-process (that is a CBI
process without immigration), Birkner et al. used the Lamperti representation and worked on
the embedded stable spectrally positive Lévy process. We shall work directly on the CBI process
instead. For 0 <t < 7, we define:

¢
C(t) :/ Yl mds,
0

in case (ii) and set a = 2 in case (i).
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Proposition 4.3.2. In both cases (i) and (i), we have:
P(C(1) = 00) = 1.
In other words, the additive functional C' maps [0, 7] to [0, o0l

By convention, if 7 is almost surely finite we set C(t) = C(7) = oo for all t > 7. Denote by C~!
the right continuous inverse of the functional C. This maps [0, co] to [0, 7], a.s. We stress that in
most cases, (R, t > 0) is not a Markov process. Nevertheless, in some cases, through a change of
time, the process (Ry,t > 0) may be changed into a Markov process. This shall be stated in the
following Theorem where the functional C' is central.

For every =,y > 0, denote by Beta(x,y)(dr) the finite measure with density

o1 (1-— r)y_l Lio,1) (r)dr,

and recall that its total mass is given by the Beta function B(x,y).

Theorem 4.3.3. Let (Z;,t > 0) be the measure-valued process associated to a process (Yi(x),x €
[0,1],¢ > 0).
- In case (i), the process (Rc—1(1))i>0 is a M-Fleming-Viot process with
Ag(dr) = Béo(dr) and Ay(dr) = a250(dr).
- In case (ii), the process (Ro—1(4))i>0 i a M-Fleming-Viot process with
Ao(dr) = d Beta(2 — a,« — 1)(dr) and Ay(dr) = c¢Beta(2 — «, «)(dr).

The proof requires rather technical arguments on the generators and is given in Section 4.5.

Remark 4.1. - The CBIs in the statement of Theorem 4.3.3 with 0® = B in case (i) or ¢ = ¢
in case (it), are also CBs conditioned on non extinction and are studied further in Section 4.4.

— Contrary to the case without immigration, see Theorem 1.1 in [18], we have to restrict ourselves
to o € (1,2].

So far, we state that the ratio process (R, t > 0) associated to (Z;,t > 0), once time changed by
C~1, is a M-Fleming-Viot process. Conversely, starting from a M-Fleming-Viot process, we could
wonder how to recover the measure-valued CBI process (Z;,t > 0). This lead us to investigate
the relation between the time changed ratio process (Rg-1(),t > 0) and the process (Y3,t > 0).

Proposition 4.3.4. In case (i) of Theorem 4.3.3, the additive functional (C(t),t > 0) and
(Rc-1(1),0 <t < 7) are independent.

This proves that in case (i) we need additional randomness to reconstruct M from the M-Fleming-
Viot process. On the contrary, in case (ii), the process (Y;,¢ > 0) is clearly not independent of
the ratio process (R, t > 0), since both processes jump at the same time.

The proof of Propositions 4.3.1, 4.3.2 are given in the next Subsection. Some rather technical
arguments are needed to prove Proposition 4.3.4. We postpone its proof to the end of Section 4.5.

4.3.2 Proofs of Propositions 4.3.1, 4.3.2

Proof of Proposition 4.3.1. Let (X;(x),t > 0) denote an a-stable branching process started at
z (with a € (1,2]). Denote ( its absorption time, ¢ := inf{¢t > 0; Xy(z) = 0}. The following
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construction of the process (Y;(0),¢ > 0) may be deduced from the expression of the Laplace
transform of the CBI process. We shall need the canonical measure N which is a sigma-finite
measure on cadlag paths and represents informally the “law” of the population generated by one
single individual in a CB(¥), see Li [95]. We write:

(Y;(0),t > 0) <2Xt " +,t>0> (4.7)

€T

with 37, 6, xi) a Poisson random measure on Ry x D(Ry,R;) with intensity dt ® p, where
D(R4,Ry) denotes the space of cadlag functions, and p is defined as follows:

— in case (i1), p(dX) = [o(dx)Py(dX), where P, is the law of a CB(¥) with ¥(q) = dg¢*.
Formula (4.7) may be understood as follows: at the jump times t; of a pure jump stable
subordinator with Lévy measure 1jy, a new arrival of immigrants, of size X(i), occurs in the
population. Each of these "packs', labelled by i € Z, generates its own descendance (X7}, t > 0),
which is a CB(¥) process.

— in case (i), u(dX) = B N(dX), where N is the canonical measure associated to the CB(¥)
with ¥(q) = %QqZ. The canonical measure may be thought of as the “law” of the population
generated by one single individual. The link with case (ii) is the following: the pure jump
subordinator degenerates into a continuous subordinator equal to (¢t — (t). The immigrants
no more arrive by packs, but appear continuously.

Actually, the canonical measure N is defined in both cases (i) and (ii), and we may always write

pu(dX) = &(N(dX)). The process (Y;(0),t > 0) is a CBI(¥, @) started at 0. We call Z the set of

zeros of (Y;(0),t > 0):

Z:={t > 0;Y;(0) = 0}.

Denote (; = inf {t > 0, X} = 0} the lifetime of the branching process X*. The intervals |t;, t; + ;[

and [t;, t; + (;[ represent respectively the time where X' is alive in case (i) and in case (ii) (in

this case, we have Xti > 0.) Therefore, if we define Z as the set of the positive real numbers left
uncovered by the random intervals |¢;,t; + ([, that is:

Z = Rj_ \ U ti, ti + G-
1€l
we have Z C Z with equality in case (i) only.
The lengths ¢; have law u(¢ € dt) thanks to the Poisson construction of Y'(0). We now distinguish

the two cases:
2
— Feller case: this corresponds to a = 2. We have ¥(q) := %¢ and ®(q) := ¢, and thus

281

pl¢ >t =B N[>t = P

see Li [95] p. 62. Using Example 1 p. 180 of Fitzsimmons et al. [52], we deduce that
5 . . 20
Z =10 as.ifand only if — >1. (4.8)
o

— Stable case: this corresponds to a € (1,2). Recall ¥(q) := dq®, ®(q) := d'aq®~ . In that case,

we have,
1

N(C > t) = d a1 [(a — 1) aT.
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Thus, p[¢ > t] = P(N(( > t)) = %%’%. Recall that %’ = %/ Therefore, using reference [52],
we deduce that

/

Z =0 a.s. if and only if ¢ >
c a

This allows us to establish the first point of Proposition 4.3.1: we get £ C Z = (), and the
inequality Y;(1) > Y;(0) for all ¢ ensures that 7 = oo.

a1 (4.9)

We deal now with the second point of Proposition 4.3.1. Assume that %/ < O‘T_l or % < % By
assertions (4.8) and (4.9), we already know that Z # (). However, what we really need is that Z
is a.s. not bounded. To that aim, observe that, in both cases (i) and (ii),

ul¢ > 5] = BN > 8)) = =

withﬁ:ﬁ%’zic—/<1if1<a<2andli:i—§<1ifa:2.Thusfluu[(:>s]ds:/{ln(u)

a—1 ¢
and we obtain Y N
exp (—/ wl¢ > s]ds> = <> .
1 U

/100exp (—/1u,u[C > s]ds) du = oo,

which implies thanks to Corollary 4 (Equation 17 p 183) of [52] that Z is a.s. not bounded.

Therefore, since k < 1,

Since Z = Z in case (i), the set Z is a.s. not bounded in that case. Now, we prove that Z is
a.s. not bounded in case (ii). The set Z is almost surely not empty and not bounded. Moreover
this is a perfect set (Corollary 1 of [52]). Since there are only countable points (¢;,¢ € Z), the set
Z = Z\ U;es{t:} is also uncountable and not bounded.

Last, recall from Subsection 4.2.1 that we may write Y;(1) = Y;(0) + X;(1) for all ¢ > 0 with
(X¢(1),t > 0) a CB-process independent of (Y;(0),t > 0). Let £ := inf{t > 0, X;(1) = 0} be
the extinction time of (X¢(1),¢ > 0). Since Z is a.s. not bounded in both cases (i) and (ii),
ZN (& 00) #0, and 7 < oo almost surely.

Proof of Proposition 4.3.2. Recall that Y;(z) is the value of the CBI started at = at time ¢.
We will denote by 7%(0) := inf {t > 0, Y;(x) = 0}. With this notation, 7}(0) = 7 introduced in
Section 4.3.1. In both cases (i) and (ii), the processes are self-similar, see Kyprianou and Pardo
[80]. Namely, we have

(@Yp1-ap(1), > 0) "2 (Yy(x),t > 0),
where we take o = 2 in case (i). Performing the change of variable s = x'~%t, we obtain

T 1

7(0) 71(0)
/ dt Yy(x)'—o ' / ds Y, (1) (4.10)
0 0

According to Proposition 4.3.1, depending on the values of the parameters:
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— Either P(7%(0) < oco) = 1 for every z. Let > 1. Denote 7%(1) = inf {t > 0,Y;(x) < 1}. We
have P(7%(1) < o0) = 1. We have:

(0) Bt ) -~
/ dt Yi(z) a:/ dt Yi(z) a+/ dt Yi(z)' ™
0 0 (1)

By the strong Markov property applied at the stopping time 7%(1), since Y has no negative
jumps:
7*(0) 1o law o) 1
[ arvi@ie [T vate,
77(1) 0
with (Y;(1),¢ > 0) an independent copy started from 1. Since

(1) .
/ dt Yi(z)'™* >0, a.s.,
0

the equality (4.10) is impossible unless both sides of the equality are infinite almost surely. We
thus get that C'(7) = oo almost surely in that case.
— Either P(7%(0) = o0) = 1 for every z, on which case we may rewrite (4.10) as follows:

(e} law [ee]
/ dt Yy(z) o = / ds Yy(1)17.
0 0

Since, for z > 1, the difference (Y:(z) — Y;(1),¢ > 0) is an a-stable CB-process started at
x —1> 0, we deduce that C(7) = oo almost surely again.
This proves the statement.

Remark 4.2. The situation is quite different when the CBI process starts at 0, in which case the
time change also diverges in the neighbourhood of 0. The same change of variables as in (4.10)
yields, for all 0 < x < k,

(k) o law [P/ .
/ dt Yy(z)' :/ dt Yy(1)7,
0 0

with 1*(k) = inf{t > 0,Y;(z) > k} € [0,00]. Letting x tend to 0, we get 1*(k/x) — oo and the
right hand side diverges to infinity. Thus, the left hand side also diverges, which implies that:

(k) .
P / dt Y(0)" = 00| = 1.
0

4.4 Genealogy of the Beta-Fleming-Viot processes

To describe the genealogy associated with stable CBs, Bertoin and Le Gall [16] and Birkner et al.
[18] used partition-valued processes called Beta-coalescents. These processes form a subclass of
A-coalescents, introduced independently by Pitman and Sagitov in 1999. A A-coalescent is an
exchangeable process in the sense that its law is invariant under the action of any permutation.
In words, there is no distinction between the individuals. Although these processes arise as
models of genealogy for a wide range of stochastic populations, they are not in general adapted
to describe the genealogy of a population with immigration. Recently, a larger class of processes
called M-coalescents has been defined in [54] (see Section 5). These processes are precisely those
describing the genealogy of M-Fleming-Viot processes.
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Remark 4.3. We mention that the use of the lookdown construction in Birkner et al. [18] may
be easily adapted to our framework and yields a genealogy for any conservative CBI. Moreover,
other genealogies, based on continuous trees, have been investigated by Lambert [83] and Duquesne

[36].

4.4.1 Background on M-coalescents

Before focusing on the M-coalescents involved in the context of Theorem 4.3.3, we recall their
general definition and the duality with the M-Fleming-Viot processes. Contrary to the A-
coalescents, the M-coalescents are only invariant by permutations letting 0 fixed. The individual
0 represents the immigrant lineage and is distinguished from the others. We denote by P2 the
space of partitions of Z, := {0} UN. Let 7 € PY,. By convention, we identify 7 with the sequence
(7o, 71, ...) of the blocks of m enumerated in increasing order of their smallest element: for every
i < j, min7; < min;. Let [n] denote the set {0,...,n} and PY the space of partitions of [n]. The
partition of [n] into singletons is denoted by 0Of,. As in Section 2.2, the notation M stands for a
pair of finite measures (/Ag, A1) such that:

Ao(dz) = codo(dz) + zvo(dz), Ai(dx) = c10p(dx) + 2?11 (dzx),

where ¢y, ¢; are two non-negative real numbers and v, v; are two measures on [0, 1] subject

to the same conditions as in Section 4.2.2. Let Ny and N7 be two Poisson point measures with

intensity respectively dt ® vy and dt ® v1. An M-coalescent is a Feller process (I1(t),t > 0) valued
in PY. with the following dynamics.

— At an atom (¢, x) of Ny, flip a coin with probability of "heads" x for each block not containing
0. All blocks flipping "heads" are merged immediately in one block. At time ¢, a proportion z
share a common parent in the population.

— At an atom (¢, x) of Ny, flip a coin with probability of "heads" x for each block not containing
0. All blocks flipping "heads" coagulate immediately with the distinguished block. At time ¢, a
proportion z of the population is children of immigrant.

In order to take into account the parameters cg and ¢, imagine that at constant rate ¢y, two

blocks (not containing 0) merge continuously in time, and at constant rate cg, one block (not

containing 0) merged with the distinguished one. We refer to Section 4.2 of [54] for a rigorous
definition. Let m € PY. The jump rate of an M-coalescent from Opn) to m, denoted by gr, is given
as follows:

— If 7 has one block not containing 0 with k elements and 2 < k < n, then

1
qr = )\n,k = / xk72(1 - 517)n7k/11(d.73)
0
— If the distinguished block of 7 has k + 1 elements (counting 0) and 1 < k < n then

1
Or = Tnk = / xk_l(l — ac)"_k/lo(d:):).
0

The next duality property is a key result and links the M-Fleming-Viot processes to the M-
coalescents. For any 7 in PY., define

ar : k — the index of the block of 7 containing k.
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We have the duality relation (see Lemma 4 in [53]): for any p > 1 and f € C([0, 1]P),

E [/{071]%1 f(:can(t)(l), ...,xan(t)(p))éo(dxg)dxl...dxp] =FE l/[o,l]P f@1, ., zp)pe(dxr)...pe(day) |

where (p,t > 0) is a M-FV started from the Lebesgue measure on [0, 1]. We establish a useful
lemma relating genuine A-coalescents and M-coalescents. Consider a A-coalescent taking values
in the set PY; this differs from the usual convention, according to which they are valued in
the set Py, of the partitions of N (see Chapters 1 and 3 of [9] for a complete introduction to
these processes). In that framework, A-coalescents appear as a subclass of M-coalescents and the
integer 0 may be viewed as a typical individual. The proof is postponed in Section 4.4.3.

Lemma 4.4.1. A M-coalescent, with M = (Ag, A1) is also a A-coalescent on P2, if and only if
(1 — .%')Ao(dl‘) = /11 (d.’L‘)

In that case A = Ay.

4.4.2 The Beta(2 — a, o — 1)-coalescent

The aim of this Section is to show how a Beta(2 — a,a — 1)-coalescent is embedded in the
genealogy of an a-stable CB-process conditioned to be never extinct. Along the way, we also
derive the fixed time genealogy of the Feller CBI.

We first state the following straightforward Corollary of Theorem 4.3.3, which gives the genealogy
of the ratio process at the random time C~1(¢):

Corollary 4.4.2. Let (R;,t > 0) be the ratio process of a CBI in case (i) or (ii). We have for
allt > 0:

E [ /{07%1 f(man(t)(l),...,xan(t)(p))éo(dmo)dxl...dmp] _E l /Mp @1 2p) Rer (1), R gy ()|

where:
— In case (i), (II(t),t

, 0) is a M-coalescent with M = (38, 0%8),
— In case (ii), (I1(t),t

0) is a M-coalescent with M = (¢'Beta(2 — a, — 1), cBeta(2 — a, a)).

In general, we cannot set the random quantity C(t) instead of ¢ in the equation of Corollary
4.4.2. Nevertheless, using the independence property proved in Proposition 4.3.4, we get the
following Corollary, whose proof may be found in Section 4.4.3..

Corollary 4.4.3. In case (i), assume 5> %, then for allt > 0,

E [/[O,I]Pﬂ” f(xOéH(C(t))(l)7 ceey wan(c(t))(p))éo(dxo)dxl"'dxp] =E L/[O,l]p f(fl’l; E) xp)Rt(dxl)'”Rt(dxp) )

where (I1(t),t > 0) s a M-coalescent with M = (B0, %), (Yi,t > 0) is a CBI in case (i)
independent of (I1(t),t > 0) and (C(t),t > 0) = (fg Yisds,t > 0).
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We stress on a fundamental difference between Corollaries 4.4.2 and 4.4.3. Whereas the first gives
the genealogy of the ratio process R at the random time C'~!(¢), the second gives the genealogy
of the ratio process R at a fixed time t. Notice that we impose the additional assumption that
% > % in Corollary 4.4.3 for ensuring that the lifetime is infinite. Therefore, R; # A for all £ > 0,
and we may consider its genealogy.

We easily check that the M-coalescents for which M = (628g, 02dp) and M = (cBeta(2 — o, ¢ —
1), cBeta(2 — «, v)) fulfill the conditions of Lemma 4.4.1. Recall from Section 4.3.1 the definitions
of the CBIs in case (i) and (ii) .

Theorem 4.4.4. (i) If the process (Y;,t > 0) is a CBI such that 0> = 3 > 0, i1 = g = 0, then
the process (I1(t/o?),t > 0) defined in Corollary 4.4.2 is a Kingman’s coalescent valued in P, .

(ii) If the process (Yy, t > 0) is a CBI such that 0> = 3 = 0 and Dy(dh) = ch=%*dh, 71(dh) =
ch=*=Ydh for some constant ¢ > 0 then the process (II(t/c),t > 0) defined in Corollary 4.4.2
is a Beta(2 — o, — 1)-coalescent valued in P, .

In both cases, the process (Y;,¢ > 0) involved in that Theorem may be interpreted as a CB-
process (X¢,t > 0) without immigration (8 = 0 or ¢ = 0) conditioned on non-extinction, see
Lambert [85]. We then notice that both the genealogies of the time changed Feller diffusion
and of the time changed Feller diffusion conditioned on non extinction are given by the same
Kingman’s coalescent. On the contrary, the genealogy of the time changed a-stable CB-process
is a Beta(2 — a, av)-coalescent, whereas the genealogy of the time changed a-stable CB-process
conditioned on non-extinction is a Beta(2 — a, a — 1)-coalescent. We stress that for any « € (1, 2)
and any borelian B of [0, 1], we have Beta(2 — a,a — 1)(B) > Beta(2 — «, ) (B). This may be
interpreted as the additional reproduction events needed for the process to be never extinct.

4.4.3 Proofs.
Proof of Lemma 4.4.1. Let (IT'(t),t > 0) be a A-coalescent on P.. Let n > 1, we may express
the jump rate of (H"[n] (t),t > 0) from Op, to 7 by

0 if 7 has more than one non-trivial block

/
r =
Jio.1) 2k (1 — )" *+1=k2=2 A(dx) if the non trivial block has k elements.

Consider now a M-coalescent, denoting by ¢ the jump rate from O, to 7, we have

0 if 7 has more than one non-trivial block
@ =3 Jio] 2 (1 — 2)" %272 Ay (dx) if my = {0} and the non trivial block has k elements

f[o,l] " (1 = @) R A (da) if #mo = k.

Since the law of a A-coalescent is entirely described by the family of the jump rates of its
restriction on [n] from Oy, to 7 for m belonging to P (see Section 4.2 of [11]), the processes II
and I’ have the same law if and only if for all n > 0 and 7 € PY, we have ¢, = ¢, that is if and
only if (1 — z)Ap(dz) = Ay (dx).

Proof of Corollary 4.4.3. Since C~1(C(t)) =t,
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E V{O " f(ai, ---,fﬂp)Rt(dfm)mRt(dmp)l =E V{O " f(fm,---,fcp)Rc—l(cu))(dfvl)---Rc—l(cu))(dfvp)] :

Then, using the independence between Rs-1 and C| the right hand side above is also equal to:

/]P’ ) € ds) [/[0 ” f(x1, ~--,=Tp>Rc1(5)(d$1)---Rcl(s)(d$p)] -

Using Corollary 4.4.2 and choosing (II(t),t > 0) independent of (C(t),t > 0), we find:
[Bcweds) [ IR RL e (dxn...Rcl(s)(dmp)]
_ /IP’ ) € ds) l/[o,l]ﬁl F(@ap ) ...7xan(s)(p))5O(d$0)d.%'1...d$p‘|

=K l/[() - f('raH(C(t))(l)’ ey xaH(C(t))(p))éo(dxo)dxl...dxp] .

Remark 4.4. Notice the crucial réle of the independence in order to establish Corollary 4.4.3.
When this property fails, as in the case (ii), the question of describing the fized time genealogy of
the a-stable CB or CBI remains open. We refer to the discussion in Section 2.2 of Berestycki et.

al [7].

4.5 Proof of Theorem 4.3.3 and Proposition 4.3.4

We first deal with Theorem 4.3.3. The proof of Proposition 4.3.4 is rather technical ans is
postponed at the end of this Section. In order to get the connection between the two measure-
valued processes (R;,t > 0) and (Z;,t > 0), we may follow the ideas of Birkner et al. [18] and
rewrite the generator of the process (Z;,t > 0) using the "polar coordinates": for any n € My,
we define

= |n| and p :=

The proof relies on five lemmas. Lemma 4.5.1 estabhshes that the law of a M-Fleming-Viot
process is entirely determined by the generator F on the test functions of the form p — (¢, p)™
with ¢ a measurable non-negative bounded map and m € N. Lemmas 4.5.2, 4.5.3 and 4.5.5 allow
us to study the generator £ on the class of functions of the type F : n — m%(qﬁ, n)™. Lemma
4.5.4 (lifted from Lemma 3.5 of [18]) relates stable Lévy-measures and Beta-measures. We end
the proof using results on time change by the inverse of an additive functional. We conclude
thanks to a result due to Volkonskii in [127] about the generator of a time-changed process.

Lemma 4.5.1. The following martingale problem is well-posed: for any function f of the form:

p

(@1, .0y xp) H o(x;)

=1

with ¢ a non-negative measurable bounded map and p > 1, the process
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Gylpt) — /01t FGy(ps)ds

is a martingale.

Proof. Only the uniqueness has to be checked. We shall establish that the martingale problem of
the statement is equivalent to the following martingale problem: for any continuous function f
on [0,1]?, the process

Grlp) ~ [ FGypo)ds

is a martingale. This martingale problem is well posed, see Proposition 5.2 of [54]. Notice that
we can focus on continuous and symmetric functions since for any continuous f, Gy = G 7 with

f the symmetrized version of f. Moreover, by the Stone-Weierstrass theorem, any symmetric
continuous function f from [0, 1] to R can be uniformly approximated by linear combination of
functions of the form (x1,...,zp) — [Tt_; ¢(z;) for some function ¢ continuous on [0, 1]. We now
take f symmetric and continuous, and let f; be an approximating sequence. Plainly, we have

G (p) = Gr(P)| < Ifk = flloo

Assume that (pg,t > 0) is a solution of the martingale problem stated in the lemma. Since the
map h +— GG}, is linear, the process

t
Grlp) = | FGp(po)ds

is a martingale for each k£ > 1. We want to prove that the process

Grlpe) — /Ot FGy(ps)ds

is a martingale, knowing it holds for each f;. We will show the following convergence

FGy, (p) P FGy(p) uniformly in p.

k—o0

Recall expressions (1’) and (2’) in Subsection 4.2.2, one can check that the following limits are
uniform in the variable p

S [ ) < Al S [ ()~ 9]® e

1<i<j<p” 10117 =00 Cii<p

and

> /D o — fr(x)]p®P(dx) v > /01 — f(x)]p®P(dx).

1<i<m 1<i<p

We have now to deal with the terms (3’) and (4’). In order to get that the quantity

1 1
| vtar) [164(1 =)o+ 18.) = G (o)lptda)

converges toward

1 1
| vty [164(1 = p+ 6 — Gr(o)lplda),
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we compute
<.fk - f7 ((1 - T)p_'_ r(sa)®p> - <fk - f7p®p>.

Since the function f,— f is symmetric, we may expand the p-fold product (fy—f, (1 — 7)p 4 704)“),
this yields

(fo = . (L =7)p+16)*P) = (fi = f, p®P)
=> <p> r =) (e = £,0%77 @ 68 = (fi — £,077))

i
= pr(L =1 ((fe = £.0%771 @ 60) = (fi = £.07))
p
+> <p> PP (o= f0™ 7 @ 057 = (o= £.077)).
We use here the notation

(g, p®" " ® 65" = /g(xl, vy Ty @y oy ) po(dy) oo pt( ATy —i).-
———
i terms

Therefore, integrating with respect to p, the first term in the last equality vanishes and we get

[ o) (@550 = o+ 780) = Gy )] < 271 = Fullwr®

where || fx — f||oo denotes the supremum of the function | f — f|. Recall that the measure v; verifies
fol r2v1(dr) < 0o, moreover the quantity ||fx — f||oo is bounded. Thus appealing to the Lebesgue
Theorem, we get the sought-after convergence. Same arguments hold for the immigration part
(4’) of the operator F. Namely we have

(G (L =7)p+7d0) = Gypi(p)] < 27717 fic = flloo
and the measure vy satisfies fol rvo(dr) < oo. Combining our results, we obtain

[ FG.(p) = FGr(p)l < ClIf = frlloo

for a positive constant C' independent of p. Therefore the sequence of martingales Gy, (p¢) —
fg FGy,(ps)ds converges toward

Grlod = [ FGslpis,

which is then a martingale.

Lemma 4.5.2. Assume that vy = vy = 0 the generator L of (Zy,t > 0) is reduced to the
expressions (1) and (2):

11
LFG) =02 [ [ n(da)su(dn)F"(n:0.0) + 5F (1 0)
0 Jo
Let ¢ be a measurable bounded function on [0,1] and F be the map 1 — G(p) := (f, p®™) with
f(z1, ., zp) = [T, d(z;). We have the following identity
n|LF(n) = FGr(p),

for n # 0, where F is the generator of a M-Fleming-Viot process with reproduction rate ¢; = o2

and immigration rate co = [3, see expressions (1’) and (2°).



130 4 Stable CBI and Beta-Fleming-Viot

Proof. By the calculations in Section 4.3 of Etheridge [46] (but in a non-spatial setting, see also
the proof of Theorem 2.1 p. 249 of Shiga [124]), we get:

2 / / (da)3u(db) " (n: a,b) = In % / / apa Gf (9)[6a(db) — p(db)]o(da)
DY /m ~ F:)6°" ().

1<i<j<m

We focus now on the immigration part. We take f a function of the form f : (z1,...,2m) —
i1 ¢(z;) for some function ¢, and consider F(n) := Gf(p) = (f, p®™). We may compute:

F(n-+ hé) — i) = <¢,”++’“5> — (60"

()
(5

) ey~ @

) (z i h) [{&, p)" " b(a) — (&, )] - (4.12)
We get that: .
F(;a) = = [6(a) (@, p)" " — (6,0)"] .
Thus,
' - @m(qx
F(1:0) = ||~ Zm/ F()]p5™ (dx)
and

/ F'(n:a —0 (4.13)

for such function f. This proves the Lemma.

This first lemma will allow us to prove the case (i) of Theorem 4.3.3. We now focus on the case
(ii). Assuming that 02 = 8 = 0, the generator of (Z;,t > 0) reduces to

LF(n) = LoF(n) + L1F(n) (4.14)

where, as in equations (3) and (4) of Subsection 4.2.1,

LoF(n) = /0 ~ Go(dh)[F(n+ héo) — F ()

1 00
LuF ) = [ ntda) [T A@E@+ ko) = Fo) = hF (n,0))

The following lemma is a first step to understand the infinitesimal evolution of the non-markovian
process (R, t > 0) in the purely discontinuous case.

Lemma 4.5.3. Let f be a continuous function on [0,1]P of the form f(x1,...,xp) = [Tt_; ¢(24)
and F be the map 1 — Gf(p) = (¢, p)P. Recall the notation p :=n/|n| and z = |n|. We have the
identities:

LoF(y) = /OOO Vo(dh) {Gf ([1 _ zih]p—i- Zﬁhao) _ Gf(p)]

eir == [t [ otdo) [6r (11 - Lo+ ) - Geto)]
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Proof. The identity for Lg is plain, we thus focus on £;. Combining Equation (13) and the term
(4.12) we get

/01 Pl l’" (=% h)m_l (5 : ) 6.9 0(a) = (6,9)™) ~ hF'(n a>] —o.

We easily check from the terms of (4.11) that the map h — fol p(da)[F(n+hds)—F(n)—hF'(n,a)]
is integrable with respect to the measure 7. This allows us to interchange the integrals and
yields:

ontan) [ ot [ (L)~ Gyo)] (4.15)

ElF(n):Z/ z+h

0

The previous lemma leads us to study the images of the measures 7y and 7 by the map

¢yt h— 1= hiﬂ, for every z > 0. Denote \(dr) = 9y o ¢! and Al (dr) = 71 0 ¢ 1. The

following lemma is lifted from Lemma 3.5 of [18].

Lemma 4.5.4. There exist two measures vy, vi such that \(dr) = so(2)vo(dr) and \L(dr) =
s1(z)v1(dr) for some maps so, s1 from Ry to R if and only if for some a € (0,2),a’ € (0,1) and
c,d >0:

vi(dz) = ca™ "%z, vy(dz) = a1 da.

In this case:
51(2) = 279, vi(dr) = r~2cBeta(2 — a, a)(dr)

and

/

s0(2) = 27, y(dr) = r~1/Beta(l — o/, /) (dr).

Proof. The necessary part is given by the same arguments as in Lemma 3.5 of [18]. We focus on
the sufficient part. Assuming that gy, 1 are as above, we have

~ A(dr) = cz7r17%(1 — r)~ 1 dr = 27 2cBeta(2 — a, a)(dr), and thus s1(z) = 27°.
~Adr) = 21 (1 — )Y gy = 21 Beta(1 — o, ) (dr) and thus so(z) = 2~
The next lemma allows us to deal with the second statement of Theorem 4.3.3.
Lemma 4.5.5. Assume that 0> = 3 = 0, Dg(dh) = ch™“1,59dh and 1(dh) = ch™'"*1,50dh.
Let f be a function on [0,1]P of the form f(x1,...,xp) = [T7_; #(x;) , and F be the map n — G(p).
We have

n|* = LE () = FGy(p),
form # 0, where F is the generator of a M-Fleming-Viot process, with M = (¢'Beta(2 — a, a —
1), cBeta(2 — a, @), see expressions (3'), (4').

Proof. Recall Equation (4.14):
LF(n) = LoF(n) + L1F(n)

Recall from Equation (13) that we have fol F'(n;a)n(da) = 0 for F(n) = G¢(p). Applying Lemma
4.5.3 and Lemma 4.5.4, we get that in the case 02 = 8 = 0 and V| (dz) = ca ™' ~%dx, vo(dzx) =
da 1 dy:
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1

LFO) = £Gy(p) = s0(2) [ 17 Beta(l — o ) (@)Gy(1 = 1)p + 1) = Gy ()]
0

+ zs1(2) /01 r~2cBeta(2 — a, o) (dr) /01 p(da)[Gs((1 —=7)p+1da) — Gr(p)]-

Recalling the expressions (3’), (4’), the factorization h(z)LF(n) = FG(p) holds for some function
h if

s0(z) = zs1(2),
if o/ = a — 1. In that case, h(z) = 20~ L.

We are now ready to prove Theorem 4.3.3. To treat the case (i), replace a by 2 in the se-
quel. The process (Y;, R¢)i>0 with lifetime 7 has the Markov property. The additive functional
ct)= [y %ds maps [0,7) to [0,00). From Theorem 65.9 of [123] and Proposition 4.3.2, the
process (ch—l(t), Re-1(4))t>0 is a strong Markov process with infinite lifetime. Denote by U the
generator of (Y, Rt)t>0. As explained in Birkner et al. [18] (Equation (2.6) p314), the law of
(Y, Ry)>0 is characterized by U acting on the following class of test functions:

(2,p) € Ry x My = F(z,p) :=9(2)(¢, )"

for ¢ a non-negative measurable bounded function on [0, 1], m > 1 and 1 a twice differentiable
non-negative map. Theorem 3 of Volkonskii, see [127] (or Theorem 1.4 Chapter 6 of [47]) states
that the Markov process with generator

UF(z,p) = 2*TUF (2, p)
coincides with (Yo-1(y), Ro—1(4))1>0. We establish now that (Rg-1(),t > 0) is a Markov process
with the same generator as the M-Fleming-Viot processes involved in Theorem 4.3.3. Let
G(z,p) = Gf(p) = (p,p)™ (taking f : (x1,...,xm) — [[{2 ¢(x;)). In both cases (i) and (ii) of
Theorem 4.3.3, we have:
2 WUG(z, p) = 2 LLF(n) with F :n— Gs(p)
= FGy(p)-

First equality holds since we took @ = 1 and the second uses Lemma 4.5.2 and Lemma 4.5.5.
Since it does not depend on z, the process (Rc—l(t), t > 0) is a Markov process, moreover it is a
M-Fleming-Viot process with parameters as stated.

Proof of Proposition 4.3.4. Let (Y;)i>0 be a Feller branching diffusion with continuous im-
migration with parameters (o2, 3). Consider an independent M-Fleming-Viot (p;,¢ > 0) with
M = (B60,0%80). We first establish that (Y;po(),0 < ¢ < 7) has the same law as the measure-
valued branching process (Z;,0 < ¢ < 7). Recall that £ denote the generator of (Z;, ¢t > 0) (here
only the terms (1) and (2) are considered). Consider F'(n) := 1(z)(¢, p)"™ with z = ||, ¢ a twice
differentiable map valued in Ry and ¢ a non-negative bounded measurable function. Note that
the generator acting on such functions F' characterizes the law of (Zia-,t > 0). First we easily
obtain that

F(0) = 0/ () 6, + m P

[6(0)(¢, p)"™ " = (&, )™,
P (n:,0) = 6" (26,0 +m L [(6(8) + 6()) (6, ) = 20, )]
e

+m 2 [(m = 1)o(@)d(0) (6, p)™ 2 = m(@(a) + 6(B) (@, o)™ + (m + 1)(6, "]
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Simple calculations yield,

ert) = [+ (T + 8070 0.0

O,

om(m —1)
2

(690067 = 6.0™) + B (50)(6. 91" = (61"

We recognize in the first line the generator of (Y;,t > 0) and in the second, 1FG(p) with
f(x1, ) = 17 é(x;) and cg = B,c1 = o2. We easily get that this is the generator of
the Markov process (Yipc(),t > 0) with lifetime 7. We conclude that it has the same law as
(Zipryt > 0). We rewrite this equality in law as follows:

law
(Yi po),0 <t <71) = (|1Zt] Ro—1cpy),0 <t < 7), (4.16)

with C defined by C(t) = [J|Zs|"'ds for 0 <t < 7 on the right hand side. Since (C(t),t > 0)
and (p¢,t > 0) are independent on the left hand side and the decomposition in (4.16) is unique,
we have also (C(t),0 <t < 7) and (Rc-1(),0 <t < 7) independent on the right hand side.

Concerning the case (i7) of Theorem 4.3.3, we easily observe that the presence of jumps implies
that such a decomposition of the generator cannot hold. See for instance Equation (2.7) of [18]
p344. The processes (Ro-1(),t > 0) and (Y, > 0) are not independent.
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5

The excursions of the QQ-process

5.1 Introduction

The regenerative processes form a broad class of processes which are conveniently described in
term of the Poisson point measure of their excursions. We focus in this work on confining the
excursions of a regenerative process X with law P in a certain subset 2!, whose complement
20 has a positive and finite excursion measure, denoted by n. Assuming that £2° contains the
excursions with infinite length, we have that the probability that X has no excursion in 29 is
null, and therefore, conditioning on this event is degenerated. It is well known, after the works of
Knight [76], Bertoin and Doney [12], Hirano [67], Najnudel, Roynette and Yor [99], that different
approximations of null events may lead to different confined processes. For example, letting 7°
be the left endpoint of the first excursion in £2°, and the subordinator ¢ be the inverse local time
of X, we may either condition the process X on

{T° > 54} or on {T° >t}

and let £ and ¢ tend to oco. We denote the limiting probability measures by P9 and P(°°)
respectively.

A naive way to confine the process X would be to erase the excursions in £2°, or equivalently,
to glue together the successive excursions in £2!: this results in a sample path with law P(¢).
Consider a sample path under P(°9). Under a Cramer type assumption, we shall prove that the
insertion at rate n(f2%) in the local time scale of long excursions in 2! yields a sample path
under P(°). Conversely, from a sample path under P(®) | we recover a sample path under P(¢)
by marking the time axis at a certain rate p and erasing the marked excursions. Our study will
be focused on the inverse local time o, since the problem of conditioning on {T° > ¢} may be
reduced to that of conditioning a subordinator to reach a high level ¢ before an independent
exponential clock with parameter n(£2°).

Applications are mainly concerned with the case where £2° consists of those excursions hitting
some measurable subset Fj of the state space E. In that case, conditioning by {T° > t} with T°
the hitting time of Fy by X is more natural. Under a Cramer type assumption, we shall give a
condition on A = T° — T9 for ensuring that the conditioned process has still law P(>).

Our results may be seen as a complement of those of Glynn and Thorisson [56, 57], which already
conditioned regenerative processes under Cramer type assumptions. The originality of this work
relies on the change of filtration technique, and on the subordinator picture, which suggests a
new behaviour when the Cramer assumption does not hold.
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Let us first consider a subordinator o. Its state space will be endowed with the natural filtration
G = (G, £ > 0) generated by the process 0. We denote by ¢ its Laplace exponent. Our results
read as follows. We shall prove that the exponential rate of decay of P(oe > t) is:

M = sup{\ > O,E(eA‘”) <e}i=p

lim
t—o0
where k is the parameter of the independent exponential random variable e. Under the following
Cramer type assumption: E(e??!) = e and E(o7 e”?!) < oo, and using the renewal Theorem, we
also obtain the following reinforcement:
lim P(oe >t —s) _ o
t—oo  P(oe > 1)

This implies a functional limit theorem: The law of (0,,0 < u < ¢) conditioned on {oe > s}
weakly converges as s — oo to the restriction on Gy of the h-transformed probability measure of
P for the harmonic function hy(z) = eP*To(=)¢,

Turning now to the case of regenerative process X, we shall prove that the probability measure
P(oc) satisfies
0
Pl (4) = E(e™2), 170 > 0, A), A€ Gy

We then introduce a Cramer type assumption, ensuring that there exists a unique p > 0 such
that E(e??1, 7% > o1) = 1. Under this assumption, the limiting probability measure P() exists

and satisfies:
P()(A) = E(e?:, T > 04, A), A € Gy.

We shall deduce from these formulas that the regenerative property is preserved under P/ and
() and also that the Markov property is preserved if X is a Markov process.

Assuming that X is Markov, and letting 70 be the hitting time of Ej, with £2° consisting of
those excursions hitting Fy, we have:

PU9(A) = E(e" ™) ho(X,), T0 > 1, 4), A€ Fy

and
P (A) = E(e” hy(X,), T > t, A), Ae F,

where B -
ho(z) = Pp(T° > T,) and h,(z) = E,(e”’, T° > T,).

As a consequence, the Markov property is preserved under P(tee) and P(0).

In fact, as the notations hg and h, suggest, Poc) and P(*°) are two particular instances of a
parametrized family of probability measures, whose associated sample paths have their excursions
confined in £2'. In the Markov setting, this family consists of h-transforms of the killed process
th{TOZt} together with its local time.

The intuition why conditioning on {T" > t} favours long excursions is the following. The local
time is a measure of how much the process has regenerated. Each time the process regenerates,
it has a new chance to start an excursion in 2°. Therefore, for minimizing these chances we have
to reduce the local time and this may be done by favorizing the long excursions of 21.
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5.2 Organization of the paper

The paper is organized as follows: Section 5.3 is concerned with the conditioned subordinator. We
first derive expressions of the tail P(oe > t) of the subordinator o evaluated at an independent
exponential random time e, and use these expressions to study its asymptotic behaviour as ¢
tends to oo, first under a Cramer type assumption, then under a regular variation assumption.
Section 5.4 is an application of Section 5.3 to the problem of confining the excursions of a
regenerative process in remote time. The two conditionings, in the local and in the real time,
are introduced and studied in detail. Examples are provided in Section 5.5: we apply there our
results to the simple random walk and to the Brownian motion.

5.3 A conditioned subordinator

A subordinator is a non-decreasing R*-valued process with independent and homogeneous
increments. It is characterized by its Laplace exponent:

P(A) = d\ + (1—e)p(dz),
(0,00)

for d > 0 and n a Radon measure on (0, 00) such that [, .)(1A2)n(dx) < oo. The non-decreasing
function ¢ maps R to [—o00, +00) and we set

—py = inf{A, ¢(A) > —oo}.
Notice that ¢ is analytic on (—pg, 00). We set
0% = {AeR,p(\) > —cc}. (5.1)

Either ©% = [—pg, 00), in which case, ¢(—py) > —oc by definition, or ©¢ = (—pg, 00), in which
case, limy—,, ¢(\) = —oo by monotone convergence.

Let o be a subordinator with Laplace exponent ¢. We denote by P, the law of o started at
x > 0, and by E, the associated expectation. We will use P and E as a shorthand for Py and Eg,
respectively. The process o is the unique Markov process with marginals given by:

Ez(e—)\w) _ E(e—k(a:—kag)) _ e—)\a:—fqb()\)’ ¢>0.

The filtration (G, £ > 0) is the filtration generated by the process 0. We set G = Uy Ge. We
define P* as the law of the process o conditioned on reaching level s before an independent
exponential random time e with parameter x > 0:

Pé(oc € A) :=P(0 € Aloe > s), A€ G.

Our aim is to characterize the limit of the family of probability measures P® as s — oo on Gy for
a fixed £ > 0.

Setting f(s) := P(0e > s), we have, according to the Markov property of o, for A € Gy:

s _ Ploe >5,4)  P(oe>s,00>5,A) _wt f(s—0y)
P(A)— P(O’e>3) = P(oe > 3) —i—E(e Kif(s) ,UgSS,A). (5.2)
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This computation explains why the asymptotic behaviour of the ratio f(s —1t)/f(s) as s — oo
plays a crucial réle in the analysis. The following quantities will appear to be relevant:

p:=sup{A>0,E(e\!) < e’} = —inf {\ <0,0()\) > —x}. (5.3)

Lemma 5.3.1. We have ¢(—p) = max{p(—py), —Kk}, and the process (ep‘”_‘z’(_p)g,é > 0) is a
non-negative Go-martingale.

Proof. By the monotone convergence Theorem, ¢(—\,) decreases to ¢(—p) for an increasing
sequence )\, converging to p. Since we have ¢(—\,) > —k, also ¢(—p) > —« holds. We deduce
that E(er?t) = e ‘¢(=P) and the martingale property of the process (e’”f_d’(_p)e,ﬁ > 0) follows
from an application of the Markov property. If ¢(—py) < —k, then ¢(—p) = —~ by continuity of
the map A — @(\) on (—pg,00), to which —p belongs. If ¢(—py) > —k, then p = py < oo and
P(=p) = ¢(—py)- O

We may therefore define the h-transformed probability measure P> of P for the space-time
harmonic function h(t,z) = eP*+o(=p)t,

P®(A) := E(eP7eH90E A) A € G, (5.4)

Notice that in the special case where the subordinator ¢ under P has no exponential moments,
then p = 0, and P* merely reduces to P. The process with law P is still a subordinator with
Laplace exponent:

$=(A) = d(A = p) —d(=p) =dA + o Oo)(l — e ) e (da).

The probability measure P> is an instance of an Esscher transform of ¢ under P. When
—K < ¢(—p), the subordinator with law P> has no exponential moments.

Remark 5.3.2. Since

= (A) = o(N) + o OO)(l — e ™) (e ~1)n(d),

P> is the law of the sum o +¢?, where ¢ has law P and ¢’ an independent pure jump subordinator
with Lévy measure (e”* —1)n(dz), in fact a compound Poisson process since [, .y (e”* —1)n(dz) <
0.

5.3.1 Identities involving the potential measure

We first introduce the potential measure U on (0, c0) under P, defined by:

U™ (dx) = /( o o0 € ) (5.5)

For a measure p on R*, 05(u) will denote the push forward measure of p by the shift operator
Os : t — t + s, satisfying

0s(1)([0,t]) = p([s, s + t]) for all ¢ > 0.
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Proposition 5.3.3. Let 0 <t < s.
— Assume E(eP?1) = €", or, equivalently, ¢(—p) = —k. Then the following identity holds:

f(s) = ke P /O Te 9, (U)(da).

— Assume E(ef?') < e, or, equivalently, ¢(—p) > —k. Let € and €’ be two independent
exponential random variables, independent of o under P>, with parameter k + ¢(—p) and p

respectively. Then:
K

e PP®(s< oy < s+ €.
K+ ¢(—p) (s <o )

f(s) =

Proof. Assume that E(ef”!) = e®. We compute:

Ploe > s) = / dar /{e_”d/ P(oy € dx) = H/ e PPU>(dr) = me_ps/ e PP O,(U™)(dx),
(0,00) (s,00) (s,00) (0,00)
(5.6)

using the definition (5.4) and (5.5) of P> and U respectively, the equality ¢(—p) = —« and
the Fubini Theorem at the second equality, and performing a basic change of variable at the
third equality.

Assume now that E(e”?!) < e”. A similar computation yields that:

P(oe > s) :/

de /4{/67“/ P(oy € dx) = e*"’s/ ¢ ne*(’”‘ﬁ(*p))f/ e PPP>¥(oy — s € dx),
(0,00) 5,00 (0,00)

(0,00)

and therefore:
K

K+ ¢(—p)

KR

E(e P06 %) o, > g) meps
( ) K+ ¢(—p)

P(oe > s) =e " PP(s < 0 < s+ €").

O

5.3.2 A Cramer type assumption

In order to apply the renewal theorem to the measure U, we shall need the following Cramer
type assumption, which implies that p > 0.

(C) The number p > 0 satisfies E(e”?!) = e and E(01 €/7!) < 0.

This is equivalent to assuming that ¢(—p) = —k and ¢'(—p) < oo. Notice that assumption (C) is
a property of the couple (o, k). If there exists h > 0 such that P(o; € hN for every t > 0) = 1,
the subordinator is said to be lattice and the maximal such h is then called the span of the
subordinator. Then we set:

0 if o is non lattice,
e (ePh —1)/h if o is lattice with span h > 0.
Proposition 5.3.4. Assume that (C) holds. Then the quantity f(s) = P(ce > s) satisfies:
1 ¢(=p)
f(s)e’® - —— ,
(#) e d'(=p)

as s goes to infinity, through the set {nh,n € N} in the lattice case.
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The proof is an adaptation of that of Bertoin and Doney [12].

Proof. Let ¢ be distributed as 0., where o has law P and + is an independent Gamma random
variable with parameter 7. We notice that U°° may be expressed as follows:

gz 1
dl P> (0 € dx) :/ ey et P> (0y € dz) = Y _P¥(cW € da).
(0,00) 337 (¢ =1t i>1

U (do) = |

(0,00)

In words, the potential measure also appears as the renewal measure associated with interarrival
times with law o). Under assumption (C), oM has finite expectation under P>, equal to:

E* (o)) = E®(01) = (¢%)'(0) = ¢/(—p). (5.7)

Recall from Proposition 5.3.3 the following equality:

P P(ae > 5) = K / eP" 0,(U)(dx).
(0,00)

Now, the function x — e™”* is nonnegative, decreasing, and Lebesgue integrable. Therefore,
using 4.4.1 of Daley and Vere-Jones [28], it is directly Riemann integrable, see formula (5.8) for
a definition. Using (5.7) and the key renewal theorem, we obtain, if ¢ is non lattice:

1
sli{goeps P(Ue > S) = m = Q((ZZ)/(( ))7

and if o is lattice, the same key renewal theorem applies, but we have to restrict ourselves to
s € {nh,n € N}:

lim e”""P(o, > nh)
n—oo

) % 0¢'(—p)’

Proposition 5.3.5. Assume that (C) holds. Fiz £ > 0. We have:

lim P*(A) = P®(4), A€ G

§—00

This entails the weak convergence of the probability measures IE”'g towards Plg , as § — 00.
Proof. Let 0 < sg < s, and A € G;. We have from the definition of P?:
P*(A) ZIF’S(A,aggso):E( e s =00) ag<so>
f(s)
From Fatou Lemma, we have:

lim ianE<e_“é M, Ajop < 50> > E(G_M lim inf fls—o0)
8—00 f(S) S—00 f(S)
f(s—o¢)

From Proposition 5.3.4, we have liminf, ., ONEE eP?? a.s., in both lattice and non-lattice
case: indeed, careful inspection reveals that this limit also holds in the lattice case since oy a.s.
belongs to the set AN. This implies:

7A70-€ SS[)).
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E— S 00
lim inf P (A) > P>*(A, 0, < sp).
This inequality holds for every sg > 0, whence:

liminf P*(A) > P (A).

§—00

Considering now the complementary set of A instead of A, we obtain the converse inequality,
since P is a probability measure:

limsupP¥(A) < P>(A).

5—00

This completes the proof. O

As a straightforward corollary, we have that lim,_,o, P*(e < ) = 0. Indeed, for s > s,
0<P(e <) <P(oyp >s) <P°(oy > sg) = P>*(oy > s0) as s — o0,

using Proposition 5.3.5 with A = {0y > s¢} for the limit. We conclude using that

P>(oy > sp) — 0 as sg — oc.

A function g : R — R is said directly Riemann integrable when:

> hg"(nh) and > hg" (nh) (5.8)

nez neL

converge to a common finite limit as h — 0, where:

h . ! h /
g-(z) = inf g(x—N)and gi(z) Ogsk{zhg(fv )

Let A be a real valued random variable defined under P, independent of o. We introduce the
assumption:

(C) z— g(x) :=P(A > x)el” is directly Riemann integrable.

and the notation:
5= Ji—o0,00) P(A > z) 7% diz = E(e”?)/p if o is non lattice,
| A ez P(A > nh) e if o is lattice with span h > 0.

Last, we define:

f(s) =P(0e + A > s) and P°(A) = P(Aloe + A > s), AcG.
Proposition 5.3.6. Assume that (C) and (C’) hold. Then:

K0
' (=p)

as s goes to infinity, through the set {nh,n € N} in the lattice case.

f(s)e”® —
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Proof. We adapt the calculus (5.6) to our new context:

f(s):IP’(Ue+A>S):n/

P(A>s—x)e PP U™ (dx) :mefps/ g(s —x)U(dz).
(0,00)

(0,00)

The key renewal theorem and the equality (5.7), now yield:
Sp) [ ol = aU=(da) 6

as s — oo, through the set {nh,n € N} in the lattice case.

We deduce the following result, whose proof, similar to that of Proposition 5.3.5, is eluded.

Proposition 5.3.7. Assume that (C) and (C’) hold. Fix £ > 0. We have:

lim PS(A) = P®(A), A€ G

S5—00

This proves the robustness of our conditioning, since conditioning on the event {oe > s} or on
the event {oe + A > s} result in the same limiting distribution P> as s — oo when (C) and (C’)
are satisfied.

5.3.3 The general case

We now turn to the general case. We first enounce some remarks of general interest and then
discuss the analogue of Proposition 5.3.4.

Lemma 5.3.8. The quantity f(s) =P(oe > s) satisfies:
f(s+1t) > f(t)f(s), s,t >0.
Proof. Let s,t > 0. We denote by L the right-continuous inverse of the subordinator o,
Ly =inf{{ > 0,00 > t},
and by o™ (t) = o, — t > 0 the overshoot at level t. We then compute:
Ploe >t +s) = P(l{ge>t}P0Lt (0e >t+5)) = ]P’(l{ge>t}PO+(t) (0e > 5)) > P(oe > t)P(0e > ).
since o™ (t) > 0 by definition. 0

We now prove that p yields the exponential rate of decay of f(s) in the general case:

Proposition 5.3.9. We have:

lim —log f(s) = p. (5.9)

5—+00 S
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Proof. The function s — —log f(s) is subadditive by Lemma 5.3.8. The existence of the limit in
the left-hand side of (5.9) follows. Notice also that, under assumption (C), the identification of the
limit with p follows from Proposition 5.3.4. In the general case, we introduce ¢° a subordinator
with Laplace exponent:

FW=ar+ [ P - e ) g cynlde).

Assumption (C) is satisfied by (0¢, k). We then apply Proposition 5.3.4:

lim —logP(c5 > s) _

5—00 S

where p° is the unique solution of the equation: ¢*(—\) = —k. We also introduce an exponential
random variable f with parameter v, v < —¢(—p), independent of o. Assumption (C) also holds
for (o,7) by definition of 7 and another application of Proposition 5.3.4 yields that:

—logP(o¢ > s)

. _
B o

where p7 is the unique solution to ¢(—p?) = —. Since 0 < ¢ and e < f for the stochastic order,

we have:

P(og > s) <P(oe > s5) < P(of > s).
Notice that

_ € _ _
7 — lim logP(0g > s) > lim logP(0e > s) > lim logP(of > s) —

5—+00 S 5—+00 S 5—+00 S

We now let ¢ tend to 0. Let A < 0. By monotone convergence, we have that € — ¢(\) is a non
increasing function which converges to ¢(A) as € — 0. Therefore p® decreases to p. Similarly, as
v — —¢(—p), p7 increases to p’ satisfying ¢(—p’) = ¢(—p). This implies p = p'. 0

We consider the assumption:
(R) f(s)/f(s—1t) = e P as s — oo.

We already now that (R) is satisfied under (C), but we were unable to find general conditions
ensuring that (R) is satisfied. The following Remark enounces a particular condition for checking
(R) when (C) is not satified.

Remark 5.3.10. A function ¢ : (0,00) — (0, 00) is slowly varying at +oo if it satisfies for every
A>0:

—1ass— oo.

Assume that there exists a slowly varying function ¢ at 400 and some constant 0 < o < 1 such
that ¢(A) ~ £(1/A)A* as A — 0+ . Then we have the following asymptotic equivalence

P(oe > s) ~ ms_“ as s — 00,

and (R) is satisfied with p = 0.

This may be established as follows. First, we compute, for A > 0, the Laplace transform of oe:
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E(e e :/Oo dl ke FE(e= M) = L.
=1 = e
We then deduce that:
°° s e A 0(1/2) A
/\/O dsIP’(ae>s)e)‘:E(l—e)‘e)zﬁi(gb())\)w (/,{) as A — 0 +.

The Tauberian theorem on page 10 of [10] allows to deduce that:

t Lt
AdSP(Ue>S)NIm£Lw€t1_a as t — o0.

Then the monotone density Theorem, see [10] on page 10, gives the result:

(1 — a)l(s)
I'2—a)k

—

P(oe > s) ~ s % as s — o0.

Now, according to see [10], page 9, the slowly varying function ¢ may be represented under the

form: 0(s) = exp (C(S) + /15 du 5(uu))’

for ¢ and ¢ : (0,00) — R two bounded measurable functions admitting limits at +oo, this limit
being null in the case of €. Therefore, for any ¢ > 0,

Slgrgof(s —t)/l(s) =1,
and we may conclude that (R) is satisfied with p = 0.

The assumption (R) allows to obtain the convergence of the probability measures P° in the
following sense:

Proposition 5.3.11. Assume (R). Let £,s9 > 0. We have:

Jim P*(A, 00 < 50) = e (WPl P4 oy < 50), A€ Gy

We stress that, comparing with Proposition 5.3.5, the convergence here holds towards a defective
probability measure if k + ¢(—p) > 0. This loss of mass may be interpreted as a jump to infinity
of the subordinator.

Remark 5.3.12. We refer to Griffin [59] for a recent work on a functional limit theorem for a Lévy
process conditioned on reaching a high level at a fixed time. The behaviour of the conditioned
Lévy process bears some resemblance with that of our subordinator, but the assumption are of
different nature. Griffin indeed works under the assumption that the tail of the Lévy measure
is convolution equivalent, which allows him to get precise asymptotic on the tail P(o; > s) as
s — oo and to check that (R) is satisfied.

Proof. Let 0 < sg < s. We have from the definition of P*:

P*(A, 00 < 50) = E(GMM,A, op < so>.

f(s)
We have the following bound, deduced from Lemma 5.3.8:
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f(S - Ug) 1 1
7 = Tlon) = Tls)

The dominated convergence Theorem now implies:

on {oy < so}.

SIH&E<6_M W,A,Ug < 50> = E<e_”£SlLrgo W,A, op < so>.

Therefore, using assumption (R),

lim P°(A4, 00 < s9) = e~ (nto(=p))t P>*(A, 0 < sp).

§—00

5.4 Application to confined regenerative processes

Excursion theory gives a labelling of the excursions of a regenerative process, such that the point
measure of the excursions together with their labels builds a Poisson point measure. The label
we shall associate to an excursion is called its local time. We propose in this Section a rapid
review of the topic, based on the exposition in Kallenberg [71], see also Blumenthal [20].

Let X = (X;,t > 0) be a cadlag process with values in a Polish space E, and a € E. Since we
will need to define other random variables, we shall assume that X is a random process defined
on some abstract underlying probability space with probability measure P, and will use P, to
indicate that the process X is started at « € F, and simply P if x = a. The push forward measure
P,(X € -) is then a probability measure on the set 2 of cadlag paths on E and we shall equip {2
with the the sigma-field F; = o(Xs, s < t). We also set F = U;>q Fi-

We assume that the process X under PP is regenerative at a, in the sense that for every F-stopping
time 7', and for every x € E, A € Fr and B € F,

P(X € A,07(X) e BT <00, Xr=a) =Py(X € A,T < 00, X7 = a)P(X € B),

where 0; denotes the shift operator, acting on {2, according to 6;(w) = w(t + -) for w € 2. The
set Z ={t > 0,X; = a} is called the regenerative set. The interior of R* \ Z may be written as
the union of maximal open intervals, and R \ Z as a union of maximal intervals open to the
right since X is right-continuous. Each of these intervals is of the form (u,v) or [u,v), and is
associated with a stopped cadlag path e as follows:

€= (X(u-‘,-s)/\va s> 0)
The path e belongs to the set of excursions paths:
2°={we N2, (w(s) =aand s >0) = w(t) =a for all t > s}.

The set (2¢, as a subset of {2, will be equipped with the trace sigma algebra F¢. The excursions
(€',i € T) of X may first be labelled using a countable set. According to Proposition 22.7 of [71],
the following dichotomy holds: either a.s. all points of Z are isolated, or a.s. none of them is. Let
T, =inf {t > 0, Xy = a}, and R, = inf{t > 0, X; # a}, and define the recurrence time as follows:

Ra + 1T, OHRG-
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Fix h > 0, or h > 0 if the recurrence time is positive a.s. Then C}, = Card {i,T,(e") > h} is a
geometric random variable, and the C}, excursions e for which {7, > h} are independent and
identically distributed according to a distribution we shall denote by nj. According to Lemma
22.10 of [71], there exists a measure n on §2¢ such that n(7, > h) < oo for every h > 0 and

n(- | Tg > h) = np(-).

This measure n is unique up to a normalization constant, with finite mass if the recurrence time
is a.s. positive under P.

Assume we are in the case where a.s. none of the points of Z are isolated. Then Theorem 22.11 of
[Zl] claims that there exists a nondecreasing, continuous, adapted process L on Rt with support
Z a.s. We denote by o the right-continuous inverse of L, oy = inf {s > 0, Ls > £}. The process o,
called the inverse local time, is under P a subordinator started at 0 at initial time, with Laplace
exponent:

k+d\+ (1 —e (T, € dz) (5.10)

(0,00)

where k = n(T, = o0) is called the killing rate, and d is called the drift. It is known that the
drift of the inverse local time and the Lebesgue measure of Z are linked as follows:

1z(s)ds =dLs, t >0 a.s.
[0,1]

Since the non-decreasing process L has Z for support, it is constant on each excursion interval
and we may set, for each jump time ¢ of o:

ef(s) = X(Ug,—&-s)/\og- (5.11)

Denoting by M a Poisson point process on Rt x 2¢ with intensity measure ds n(de), it holds
that:
Z (0,e,)(ds, de) is the restriction of M to [0, Leo] X £2°. (5.12)
0>0,0¢_<op

Furthermore, the product n.L is a.s. unique.

Assume we are in the case where a.s. all the points of Z are isolated. Then there is a first
excursion, and we define the local time as follows. Let (L;,7 > 1) be a sequence of independent
and identically distributed exponential random variables with arbitrary positive parameter. Then
associate to the i-th excursion a local time equal to > ;<;<; L;j. The inverse local time is by
construction a subordinator, and we will take again (5.10) to be its Laplace exponent. Notice
that the drift d is null. Defining e, as in (5.11), we still have (5.12), with the product n.L a.s.
unique, and n a finite measure.

5.4.1 Notations

We introduce two notations: To every regenerative process X defined on RT, we associate the
point measure M (X) of its excursions as follows:

M(X) = Z 5(8,@4)‘

£>0,00—#04
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Conversely, given a Poisson point measure M = 3/~ d(z¢,) on R* x £2° and a parameter d, we
define a process Y (M, d) as follows:

op=dl+ > Tu(er) € [0,00], (5.13)
<y

and the local time L as the right-continuous inverse of o. We finally set, for ¢ > 0:

Y(M,d), = er,(t —or,—)if (Lt er,) is an atom of M,
T ) g otherwise.

In this formula, or,_ locates the left endpoint of the excursion straddling ¢ and ¢ — or,— locates
the position of ¢ in this excursion.

In general, starting from an arbitrary Poisson point measure M, the sample paths of the process
Y (M,d) do not enjoy nice properties. Nevertheless, we shall use this construction only in a very
particular setting, and we will always obtain cadlag processes.

Remark 5.4.1. Notice that for a regenerative process X with point measure of excursion M (X)

and inverse local time drift d, we have the following pathwise equality
P(Y(M(X),d)=X)=1.

Indeed, the process X satisfies:

X, — er,(t —op,—)if (Ly,er,) is an atom of M (X),
7 ) a otherwise.

Moreover, the local time L of X is the right continuous inverse of ¢ and this process ¢ may
be constructed pathwise from d and M (X) as in (5.13). Therefore, the two processes X and
Y(M(X),d) are almost surely equal.

5.4.2 A family of confined processes: the regenerative setting

Let £2° be a measurable subset of £2°, with complementary set 2 in £2°, such that
— Y has a positive and finite excursion measure: 0 < n(§2°) < co.
— Y contains the infinite excursions, in the sense that:

n(T, = oo, 21) = 0. (5.14)
We let T be the left endpoint of the first excursion in §2°.

70 = inf {ov—,er € QO}

We set:

H(N\) = dx + /(0 OO)(l — e M\(T, € dz, V).

Recall the definition (5.1) of @?. We define for p' € @ a Poisson point measure M* on Rt x 2°
with intensity d/¢ n(e/’/Ta de, £2') and construct a process X ' as follows:

X7 =Y (M ,4).

We will assume that X*' is still defined under P. Intuitively, each member of this family of
processes is a confined process in the sense that it has no excursion in 2°. We set G, = Fs, for
£>0.
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Proposition 5.4.2. We have:
P(X” € A) =E(e” 7 T0 > 6, X € A), A€ Gy, (5.15)

where o = n(2°) + ¢(—p').

Remark 5.4.3. We stress that Propositions 5.4.2, 5.4.4, 5.4.7 and Lemma 5.4.11 generalize results
contained in the first author’s master thesis [60] (written in German) which deals with the case
p =0.

Taking A = 2 and ¢ =1 in (5.15), we obtain, as an immediate Corollary of this Proposition,
that:
o € 0% if and only if IE(e”/“l,T0 > 01) < 00

Proof. Let M be a Poisson point measure on R x £2° with intensity d¢ n(de). We set Mg 4(f) =
> o<w<e f(er). Assume f and g are measurable functions on §2¢, f is non-negative and g is such
that n(1 —e™9) < co. Then the exponential formula for Poisson point measures yields:

E(G—M[o,a (F) e=Mpo,g (g)+4n(1—e_g)) — o n((1—e"F)e79) (5.16)
On the one hand, setting e 9 = e”'Ta 11, we may rewrite the left-hand side of (5.16) as follows:

E(e~Mo.a () ¢=Mp.a(@)+n(1-e"9)) _ g(e=Mpoa(f) o' D<o Taley) e+f(n((20)+n(1—eplTa,Ql)),TO > 0y)
= E(e~Moa(f) gploe L2 +6(=p") 70 & 5,y

E(e —Mio,¢(f) op' o+’ Lo o0),

using that >,y To(ep) +dl = op and —dp’ +n(1 — e”Ta Q) = ¢(—p') at the second equality,
and the definition of o/ at the third equality. On the other hand, from the definition of M*', we
may write the right-hand side of (5.16) as follows:

o—tn((1—e=T)e9) _ E(e—M{;,g](f)).
Therefore, for every bounded measurable function F,
E(F (M) = E(F (Mo ) ™", T > o).
Let A € Gy. In particular, setting F' = 14y(. a)c4}, We obtain:
P(X* € A) =P(Y(M",d) € A)
= E(e? 7 T0 > 6y, Y (M, d) € A)
= E(e? 7t T0 > 5y X € A),

noting at the third equality that Y (M,d) is distributed as Y (M (X),d), a.s. equal to X, see
remark 5.4.1. O

Lemma 5.4.4. The process X* is cadlag and regenerative.
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Proof. The fact that X? has almost surely cadlag paths follows from the absolute continuity
relationship (5.15). We now prove the regenerative property. Let T be a F-stopping time, B € Fp
and and A € Gy for £ > 0. We first observe that, from Proposition 1.3, Chapter 8, of Revuz Yor
[111], we may replace ¢ by any finite G-stopping time in the relation (5.15), and in particular by
£+ Lp:

P(Or(X*) € A, X" € B,XE =a,T < )
P(eP orrete’(HLr) 70 5 ), 0p(X) € A, X € B, Xr = a,T < o)
P(epIU@°9T+°‘l€,TO ofr > 0y,0p(X) € A, e orpte’lr 0 oLy, X € B, Xr=a,T < 0)
P(e’ ot 70 > gy X € A) P(eP 7Ll 70 > 61 X € BT > T, Xp = a,T < )
=P(X” € A)P(X*” € B,X! =a,T < ),

using the equality o, 1¢ = o1, + 0¢ 0 O at the second equality, the regenerative property of X
under P at the third equality, and once again Lemma 5.4.2 at the fourth equality . We have thus
proved the regenerative property for A € Gy. A monotone class argument allows to extend the
statement to A € Ug>00G;. O

We have the following description of the inverse local time under P(o¢)

Lemma 5.4.5. The inverse local time of X /' is a subordinator with Laplace exponent:

dX + (1 — e )n(e”Te, T, € do, V).
(0,00)

Proof. We use the notations of the proof of Lemma (5.4.2). We also denote by o the inverse
local time of X*'. Since oy is G,-measurable, we may use (5.15) and write:

E(ef)\of ) _ E(e(p’f)\)ag+a’£’T0 > UZ)
= IE(e(’JI*A
E(e(p/_A)(M[Ov’Z] (Ta, Ql)+d€)+a’ﬁ) P(M[O q (QO) _ 0)

A1)+ 5%, M (%) = 0)

— o~ =P )+ (n(2°)+p(—p")L o —n(£2°)

= e~ U(A=p")=d(=p"))

)

using the independence properties of Poisson point measures at the third equality, the exponential
formula and the definition of o’ at the fourth equality. We conclude by computing:

¢\ —p') = d(—=p') =\ + / (1— e )n(e! "™, T, € dz, 2").
(0,00)

O

Remark 5.4.6. Let p' € ©%. We choose (N;,t > 0) to be a standard Poisson process with rate

v > 0 and use it to mark the excursions of X*', that we finally erase. This may be achieved as
follows: we define a random time-change by setting

t
C(t) :/0 ds 1{N"LS—:NULS}
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where o7, = limgz, 0y and then define (C~1(t),t > 0) as the right continuous inverse of
(C(t),t > 0). Then we state that

(X2, g, t > 0) is distributed as (X[, > 0). (5.17)

()
Intuitively, the process C' serves to locate the excursions of (X! /,t > () which are not marked by
the Poisson process N, and (X g_l( " t > 0) then retains only those excursions.

We may justify (5.17) as follows. Let us note Z = {¢ > 0, X/ = a}. The interior of R* \ Z may
be written as the union of the maximal open intervals:

U  (oz.-01.),

520,00, #0L,

with o the inverse local time of X?'. These intervals are the intervals of excursions. By definition
of C~1, only those intervals may be thinned by the random time change C~!. Moreover, if s
belongs to an excursion interval with length ¢ = o1, — o1, _, the corresponding excursion is kept
with probability:

e_V(ULs —O’LS,) — e—l/Z’

independently of the other excursion intervals. As a consequence, the thinning of the Poisson
point measure of the excursions of X”, with law M?”, has law M?P~". Therefore, the process
Xr' =Y (MP,d) is time-changed into a process with law Y (M? ~”,d) = X*'~¥ by the random
time change C 1.

5.4.3 A family of confined processes: the Markov setting

Classical examples are concerned with the simple situation when £2° consists of those excursions
hitting a measurable subset Fjy:

(H) There exists Ey C F such that 20 = {w € 2°,w(s) € Ey for some s > 0}.

Notice that necessarily, we have a ¢ Ey for the assumptions on £2° enounced at the beginning
of Section 5.4.2 to be satisfied. Assuming that £2° is of the form (H), we may wonder if X*' is
a Markov process when X itself is a Markov process. It would have been possible to use It6’s
synthesis theorem to check the Markov property. Nevertheless, absolute continuity properties
allow us to obtain this property without much effort in our setting.

Under assumption (H), we may define the following quantity:
T° = inf{t > 0, X; € Fy}.
Notice that 70 < 79, and let us set, for p' € ©9:
hy(x) = Ey(e”Te, O > T,). (5.18)

Proposition 5.4.7. Assume that the process X is Markov with respect to the filtration (Fy,t > 0),
and that (H) holds. Then we have:

P(X* € A) = E(e” bt hy(X,), T >, X € A), A€ F. (5.19)
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Remark 5.4.8. Each member of the family of processes (X o P € ©%) is therefore an h-transform
on F of the killed process together with its local time (X¢1gzo-4y, Lt).

Proof. First, we can replace ¢ by any finite G-stopping time in the relation (5.15) (see the proof
of Proposition 5.4.4). Let A € F;. Notice that F; C G, and write:

P(X* € A) = E(e”7ute'le 7O 5 51 X € A).
Now, or,(X) =t + T5(0:X). Therefore, using the Markov property of X, we have P a.s.:
E(e” 78, Ty > op,|Fi) = " hy (X1)1 705y
This allows us to conclude:
P(X* € A) = E(e” Lt hy(X,), T > t, X € A).

O

The reader interested in the applications of the family of processes may skip the remainder of
this subsection at first reading. So far, the law of X#' has been defined starting at a only. We
propose the following definition of the law of X*' starting at x:

hy (Xy)

P, (X" € A) = E, <eﬂ’t+a’Lt W’TO >t X € A) , A€ F (5.20)
p'\ T

Notice that the definition of P,(X* € A) is consistent with the one given in (5.19) for the
process started at a. Indeed, from formula (5.19), the process (e”t+e'Le hy (Xe)1ggos,t > 0) is
a martingale with expectation 1, and, choosing A = {Xo} € Fy, we deduce that h,(a) = 1 since
Xo = a a.s.

Proposition 5.4.9. Assume that the process X is Markov with respect to the filtration (Fy,t > 0),
and that (H) holds. Then formula (5.20) defines a probability measure for each x € E and the
process XP' is Markov with respect to the filtration (F;,t > 0).

Remark 5.4.10. Knight and Pittenger [77] consider the general problem of the preservation of the
Markov property after deletion of excursions. See also Rogers and Williams [114] on Example 58
in Chapter 8 for an example where excursions are censored or reweighted.

Proof. Let us denote by T¢ = t + T, o 6; the hitting time of a after t. First, for u > 0, we may
replace t by the stopping time 7} in equation (5.19), which then reads, with A = {T} < oo}:

B(e Ty () TO > T3, T8 < 00) = P(TN(X7) <o0) =1, (5.21)

Notice that we may dispense ourselves on taking the intersection with {7 < oo} on the left hand
side of (5.21) since {17’ = oo} implies that u belongs to an infinite excursion, which, according
to (5.14), necessarily belongs to 2, whence {T° < oo}. We thus may write:

B(e! Ty (Xay) T0 > T2) = P(T(XP) < 00) = 1 (522

Let 0 < s <t,and A € F;. We now compute:
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E, (ep’t+a’Lt hy(X), X € A, T° > t)

/s / !/u / — —
=E, <ep firelbny g, (Tt 70 S ) X € ATO S T3 T < t)

|lu=t—
P lite'lry X e A TO S T5 T5 > t)

a’—-a
=B, (e (X)), X € ATO > ).

using the definition (5.18) of h, at the first equality and the Markov property, distinguishing
according to {T? > t}, in which case T = T! or {T? < t} and using additivity of the local
time, the regenerative property at the second equality, the relation (5.22) at the third and the
definition (5.18) of h, at the last. The relation (5.20) therefore consistently defines a family of
probability measure on (Fy, ¢ > 0).

Recall the Markov property of X reads as follows:
P0,(X)e B,X € A) =E(Px,(X € B),Xc A), Ac F,,Be F.
We then compute, for A € F;, B € F;:
P, (6:(X") € B, X" € A)

/ / hy (X -
= E$(ep (t+s)+a'Liys M TO >t 4+ 8,0t(X> c B’X c A>

hp’(x) 7
/ / h / X / ’ h / XS — —
= Em(epHaLt ”(”th<eﬂ5+a Ls M,T0 >s5,X € B),TO >t,X e A)
hy (2) hy (Xo)
=E.(P, (X" € B), X" € A), (5.23)
t

using the Markov property of X and the additivity property of local times at the second equality.
By a monotone class argument, the equality (5.23) is still valid for B € F. This proves the
Markov property of X . a

5.4.4 Confining in the real time scale and in the local time scale

We shall return in this section to the regenerative framework, and assume that X is under P the
regenerative process introduced in the introduction of Section 5.4.

We propose to approximate the null event {79 = oo} by

ﬂ{TO > oy} and ﬂ{TO >t}
>0 >0
We therefore define, for t > 0, £ > 0, and A € F,
PH(A) = P(X € AT > t) and P9 (A) = P(X € AT > oy).

We shall study the limits of these two family of probability measures, as ¢ and ¢ tend to oo, that
we will call respectively the processes confined in the real time scale and in the local time scale.
A simple computation yields:



5.4 Application to confined regenerative processes 153
Pl (A) = B @) 1110, X € A), A€ Gy (5.24)

Now, equation (5.15) with p’ = 0 shows that the probability measures P(oct) are compatible on
Gy, as L varies, £ > 3. We shall call (%) the unique probability measure such that for any ¢ > 0,

]P)(loc) (A) — P(loc,é) (A), Ae ge7

loc)

and we observe that P(9) corresponds to the law of X* with p' = 0.

We now turn to the study of P®. To that aim, it is important to understand the structure of the
process X before T°. We shall need the following key identity, which justifies the study of the
conditioned subordinator. Let us set k = n(£2°).

Lemma 5.4.11. We have that
(Xp,t < T°) under P is distributed as (Xy,t < 0e) under PU°),

where e is an exponential random variable with parameter k independent of the inverse local time

o under Poc)

Proof. The process X being regenerative under P, we have the almost sure equality X =
Y(M(X),d) where M(X) is the restriction on [0, L] x £2¢ of a Poisson point measure M on
RT x 2° with intensity d¢ n(de). The quantity Le, € [0, 00] corresponds to the local time of the
first infinite excursion (if any). We may decompose M as the independent sum of M° and M*,

M=M"+ M,

where MY is the restriction of M to RT x 20 and M" the restriction of M to the complementary
set Rt x 2'. Notice that Y (M, d) has law P(°?). By construction, we have:

(Y(M,d),t <T°) = (Y(M',d),t <TY),

where TV refers to T°(Y (M, d)) in both the right- and the left-hand side. Notice that T° may
also be written as follows:
TO = O0Lpo—>

where on the right-hand side, we may choose o to be the inverse local time of the process Y (M, d),
or the inverse local time of Y (M?!,d), since both coincide up to time L7, —. Let us assume we
make the second choice and that o denotes the inverse local time of Y (M?!,d). Since Lo is
independent of Y (M?,d), and the process o is stochastically continuous, we have the following
equality in distribution:

OLyo_ = OLyo-

We conclude the proof noticing that Lo is distributed as an independent exponential random
variable with parameter k.

O

Notice in particular that the distribution of 70 under P is that of ge under P(°9). Therefore, to
condition by {T° >t} for a large ¢, we need to understand the structure of o conditionnally on
oe to be large, which has been achieved in Section 5.3.



154 5 The excursions of the Q-process

We are now in position to connect sections 5.3 and 5.4. The quantity n(7}, € dz, £2') now plays
the role of n(dx). Therefore, we redefine the quantity p as follows:

p=sup{A > 0,E) (e 1) < e} =sup {\ > 0,E(*,T° > 01) < 1}. (5.25)
We redefine assumption (C) as follows:
(C) Eloo)(eror) = ¢ and E(°) (g eP1) < o0.
Notice (C) is equivalent to:
E(e”t, T > o1) =1 and E(oy e”?1 70 > 01) < .
In the case where Ty, is positive almost surely, we may also write (C) as follows:
E(e!Ts, T > T,) = 1 and E(T, /T, T > T,) < .

Let e be an exponential random variable with parameter x independent of o under P10, We
redefine the assumption (R) as follows:

(R) Pto9) (5o > 5)/PU) (0o > 5 — 1) — P as s — oo,

The process (e?7¢+¢(=P)¢ ¢ > 0), with ¢ defined at (5.4.2), is a G-martingale under P(°9), Therefore,
the relation
P()(4) = B0 (eroe o= A) A € G,

defines a probability measure P(°°) which also satisfies, by definition of P(t0c):
P(®)(A) = E(erretmto=n)l X ¢ AT > 0y), A€ G, (5.26)

If p defined in (5.25) satisfies E(e??!, T° > o1) = 1, then x + ¢(—p) = 0 and the expression (5.26)
simplifies. In this case, P(>) is the law of X*' for p' = p in the family of confined processes
studied in Subsections 5.4.2 and 5.4.3.

We now obtain our main Theorem.

Theorem 5.4.12. Let £ > 0 be fized. Assume (C) is satisfied. We have:

lim P (A4) = P(®)(A), 4 €g,.

t—o00

Assume (R) is satisfied, and fix so > 0. We have:

lim PO (A, 0, < s0) = e HENIPO®) (4 5, < 59), A€ Gy (5.27)

t—o00

Therefore, the two different approximations of the event {T° = oo} yield to two different
probability measures P(°¢) and P(°°). Notice this would not be the case if 70 could be infinite
with positive probability (which can not arise from our set of assumptions on 2°): in that
situation, both limits would agree.

We always have k + ¢(—p) < 0 by definition of p in (5.25). When furthermore k + ¢(—p) < 0,
the right-hand side of (5.27) defines a defective probability measure.
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Proof. Let sg < t. Using the regenerative property of P, we have, for A € Gy:

P(T° >t — u)
t t _
PO (A) > PO(A, 00 < 59) =E ([P(TOW] . , X €A,00< 80) :

Then, using Lemma 5.4.11, and in the notations of this Lemma,

P(T° >t —u) PU)(ge >t —u)

P(T0 >¢) PUoc) (g > t)

and we conclude mimicking the proof of Proposition 5.3.5. The proof of the second statement
follows the lines of the proof of Proposition 5.3.11. a

If (H) holds, the most natural approximation of the confined process is arguably through the
decreasing sequence B B

{T° > t} where T" := inf {s > 0, X, € Eq}.
and we denote by

PO(A) =P(X € AT > t), Ac F. (5.28)

the law of the conditioned process. The @-process is usually defined as the weak limit of the
probability measures P(®). The following theorem ensures that, under an appropriate set of
assumptions, P(®) is the law of the Q-process. Its proof, similar to that of Theorem 5.4.12, is
eluded.

Theorem 5.4.13. Let £ > 0 be fized. Assume that (C) is satisfied, that 2V is of the form (H)
and that (C’) holds for A =T° —T°. Then:

lim P®)(A4) = P(®)(A), A €.

t—o00

5.5 Examples

5.5.1 A random walk confined in a finite interval

We first exemplify our results on the simplest non trivial cases. We want to confine a simple
symmetric random walk X in Z in a finite symmetric interval: that means, we choose £2° satisfying
(H) with Ey = (—o0, —b] U [b, 00). This problem may be reduced to that of a random walk in Z*
reflected at 0 and Ey = [b,00). We therefore assume in the following that X takes its values in
7+ with transition probabilities:

PO(Xl:1):1andIP’n(Xl:n—I—l):Pn(Xl:n—l):l/Q, n €N,

and we will choose 0 as the regenerative point. To be coherent with the framework developed in
section 5.4, we will define X on RT by setting:

Xi=n+1-0)X,+ (t —n)Xny1, n=[t].
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Case b=3

We first take b = 3, so that only states 0, 1 and 2 are allowed, but not the states greater than or
equal to 3. The set 2° consists of those excursions from 0 for which T3 = inf{t > 0, X; = 3} is
finite and thus satisfies (H). Besides, X is a Markov process. We may therefore apply Proposition
5.4.7 with p = 0, and deduce that X under P(oc) is a Markov process. Therefore, we just have to
specify its transitions. From the construction of X under P(o9)  we have:

P (X, =1) =P (X; =1) = 1.

Computing the two last transitions Pgloc) (X1 =0) and IP’glOC) (X1 = 2) requires a bit more thought.

We use the formula (5.20):

>=

o(©) E(e™2)¢) P, (X; = 0) and P{*(X; = 2) = ho(2) Pi(X, =2), (5.29)
ho(1 ho(1)

where ho(z) = P, (T35 > Tp) according to (5.18) and e is an exponential random variable with
arbitrary parameter, 1 say. This choice implies n(§2°) = 1/3 since Po(T3 > Tp) = 1/3. We need
the values of ho(z) = Py(13 > Tp) for x = 0,1,2: since T, = inf{t > 0,X; = x} where the
infimum is on the positive time, these numbers are given by 2/3,2/3,1/3 respectively. Altogether,
we find:

P (X, = 0) =

~—

P9 (X, = 0) = 3/4 and P")(X; = 2) = 1/4,

which are just the transitions of the process conditioned on the event {75 > Tp}.

Remark 5.5.1. Of course, it would have been possible to obtain these transitions more directly.
Nevertheless, the goal of this Section is to apply the proven formulas and see how these formulas
provide a generic and unified treatment in both the discrete and continuous setting.

Remark 5.5.2. We face the following subtelty here: X is a Markov process with respect to
(Fn,n € Z1) and not (F;,t > 0). Nevertheless, we may check that the Markov property is just
used at integer time in the proof of the formula (5.29), whose derivation is therefore justified.

We now derive the transitions of the Markov process with law P(°). We first have to find
p =sup{\ > 0,Eo(e*?, Ty < T3) < 1}.
In that case, an explicit computation can be achieved:

Eo(M0, Ty < Ty) = 3 (e2¥)(1/2)% 1,
E>1

and yields to:
2
p = log(—z) and Eo(e?T0, Ty < T3) = 1. (5.30)

Therefore (or, alternatively, because we are working on a finite state space), P(*) g locally
absolutely continuous with respect to P, whence the relations:

PP (X =1) =P (X, =1) = 1.

and also:
PP (x; = 0) + PP (X, =2) = 1.
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At this point, it remains to determine the two numbers Pgoo)(Xg =0) and ]P’goo) (X1 =2). But we
know from (5.20) that, for any i, j,

Ej(epTo’ Ty < T3)

PO X, = ) = Py(Xy = §) e
( ! j) l( ! j)e Ei(epT07T0<T3)’

7

for p given in (5.30). Applying this relation with ¢ = 1 and j = 0,2, the problem reduces to find
a relation between Eq(e??0, Ty < T3) and Eq(ef?0, Ty < T3). Applying the Markov property at
time 1, we have:

Eo(epTO, Ty < Tg) = El(ep(TOJrl), Ty < Tg),

and
1
EQ(G'DTO,TO < Tg), = §E1(ep(TO+1),Tg < Tg).
which gives:
PP (X, = 0)/Pi)(x; = 2) = 2.
We conclude that:
PP (X) = 0) = 2/3 and PY™) (X, = 2) = 1/3.

We now compare P(®) with the law of the Q-process. Rather than checking (C’), we shall use
the technique explained in Section 1.8.1 to prove that the Q-process X*°, defined by

P(X>*eA)= HILHC}OP(X € A|T5 > n) (5.31)

for any A € Fy,, m fixed, has law P(>). The technique, detailed in Appendix M of Aldous [3],
consists in applying the Perron-Frobenius theorem to the transition matrix of the usual chain
restricted to {0,1,2}:

0 1 0
1/2 0 1/2
0 1/2 0

The eigenvalue of largest modulus of this substochastic matrix P is real, equal to v/3/2 = e~ < 1,
and associated to the right eigenvector 3 with entries (2, v/3, 1). This implies, see appendix M
of Aldous [3], that the Q-process has the following transition from i to j:

Bi

P ef 21
Y B

Simple computations then ensure that X has law P(°), which is therefore also the law of the
@Q-process.

Case b=4

We then take b = 4, so that only states 0, 1, 2 and 3 are allowed, but not the states greater than
or equal to 4.

We again use formulas (5.18) and (5.20) with p’ = 0 to determine the transition probabilities
under P9 and we find, by basic calculations, the following transition matrix under P(09):
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01 0 0
2/3 0 1/3 0
0 3/4 0 1/4
00 1 0

The quantity p satisfies p = log (2(2 — v/2))/2, and Eg(e?T0, Ty < Ty) = 1. We then compute,
using again (5.18) and (5.20) with p’ = p this time, the transition matrix under P(°):

0 1 0 0
2—v2 0 V2-1 0
0 Vv2/2 0 (2—-v2)/2
0 0 1 0

In both cases, it is not difficult to check that assumption (C) is satisfied and therefore Theorem
5.4.12 applies.

Last, let us notice that, using the technique explained in Section 1.8.1, we get that the Q-process
has law P(°°) again.

5.5.2 Brownian motion confined in a finite interval

We now consider the example of a standard real Brownian motion (Bt > 0) started at 0
and take 2° associated to Ey = (—o0, —b) U (b,00) for b > 0. Once again, we will choose 0
as the regenerative point. We will denote T, = inf{¢ > 0, B; = x} the hitting time of = and
Typn—p = Tp A T—p the hitting time of {—b} U {b}. We would like to identify the process with law
P(0°) first. We compute n(£2°) = 1/(2b). Then, from equation (5.20) with p’ = 0, we deduce that:

Péloc)(A) —E, (eLt/(%) }2](();;)7)( € A Typ_p > t) , A e F,
0

with L; the local time at 0 and:

It is then classical to deduce from the form of this h-transform that P9 is the law of a diffusion

in (—b,b) with generator with generator acting as follows on smooth functions f:

f(@) = () — - f(x) in (~b,0) U (0, ),

b — |z]
see Knight [76]. Formula 4.15.4(1) of Borodin and Salminen [22] yields that:
V2) )

_ 5.32
2 tanh bv/2\ (5:32)

]E(e_/\‘”",Tb/\,b > oy) = exp —/ <
Taking A = 0 in (5.32), we obtain:

E(loc) (e*)\UZ) = exp -y < \/ﬁ 1 >

2tanh byv2A 20
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loc)

so that the Laplace exponent ¢()) of o under P(toc) gatisfies:

V2 1

d(A) = 2 tanh bv/2\ 2

Mathematica provides the following identity valid for A > 0,

V2A 1 2) 1

Dtnhbvay 2 b 2= 2

The right-hand side function is furthermore analytic on (—72/(2b?), +-00), this interval being its
maximal domain of analyticity. The function ¢, also analytic with maximal domain (—pg, 00),
therefore coincides with the right-hand side function on (—pg, 00) = (—72/(2b?), +00). Assump-
tion (C) is satisfied. Mathematica also gives that p = 72/(8b?), meaning that:

2
E (eBbQW,Tb/\_b > Jg) = 1.

From (5.20), the probability measure ]P’g(goo) satisfies:

P (A) = E, <e”2t/<8b2> }Z’(();t)),X € ATy > t) , Ae T, (5.33)
p

with h,(z) = Ez (P10, Tyr_p, > Tp). Rather than computing h from its definition as we have done
so far, we notice that, taking A = 2 in (5.33), we have

Eq(hp(X3) €, Typ_p > t) = hy(x).

This relation in turn allows to compute the generator of the Brownian motion evaluated at h,:

{ shp(@) = —p hp(z) on (=b,0),
h(=b) = h(b) = 0.

But this equation has a unique solution:

h(z) = sin <7r(ac22—b)> .

From that point, it is classic to derive that P(>) is the law of a diffusion in (—b, b) with generator
acting as follows on smooth functions f:

£(@) = (@) = gy tan (57 )£/ (@) in (~b.D),

see Knight [76], where it is also proven that P(®) is the law of the Q-process.
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