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Introduction et présentation des
résultats

Le sujet principal de cette thése de doctorat est 1’étude de diverses quantités
reliées & une famille particuliére de processus, les processus de fragmentation. Ces
processus sont destinés & modéliser un objet de masse unité se fragmentant au cours
du temps. Un exemple concret de ce phénomeéne nous est fourni par I'industrie mi-
niére, ou de gros blocs de pierre sont concassés dans une succession de broyeurs afin
de pouvoir extraire le minerai de cuivre de chacun des fragments. Cet exemple est
développé plus en détails dans [21] et les références s’y trouvant. Les fragmentations
se retrouvent aussi dans de nombreux autres domaines que ce soit en science de 1'in-
formatique (par exemple fragmentation d’un disque dur), en physique des particules
ou encore en physique nucléaire (avec la fission nucléaire). Bien d’autres champs
d’application sont explicités dans [24].

Mathématiquement parlant, les processus de fragmentation ont été introduits
par Kolmogorov [46] en 1941. Par la suite, un de ses éléves, Filippov, [3i] a donné
les propriétés de base du modéle. Ce modéle a été repris dans les années 80 par
Brennan et Durrett ([26] et [27]) qui ont donné des théorémes de convergence de
la mesure empirique dans le cas de fragmentations binaires. Depuis 2001, Bertoin
a contribué de maniére importante a la compréhension de ce modeéle et des phé-
noménes s’y rattachant, par exemple dans [14], [15], [16], et surtout a travers sa
récente monographie [17]. Dans les derniéres années, une abondante littérature s’est
développée sur ce sujet, citons par exemple les articles de Abraham et Delmas |1,
Basdevant [1], Berestycki |&], Haas [38], Ghorbel et Huillet [36], Gnedin et Pitman
[37], Miermont et Schweinsberg [59], Bertoin et Martinez [21], Bertoin et Rouault
124)].

Ce travail se compose de quatre chapitres. Le premier est consacré a I’étude de
fragments dont la taille décroit de maniére exponentielle. Il est constitué de 'article
[52] auquel j’ai ajouté la démonstration de la proposition ainsi qu'un appendice
donnant une démontration du fait que la martingale M; est bornée dans L*(PP) et
utilisant les fragmentations en partitions. Dans le deuxiéme chapitre, on construit
un processus de Markov auto-similaire qui généralise les fragmentations classiques
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autorisant en particulier la taille des descendants a étre plus grande que celle de leurs
parents. Ce travail a fait I’'objet d’un article accepté dans “Séminaire de probabilités”
[51]. Dans le troisiéme chapitre, on s’intéresse a une estimation statistique de la
mesure de Lévy du subordinateur associé & la fragmentation lorsque 1’on observe la
fragmentation uniquement a un temps d’arrét donné. Plus précisément on observe les
fragments seulement a 'instant ot ils atteingnent une taille inférieure a un seuil fixé.
Le corps de ce chapitre est 'article coécrit avec Marc Hoffmann [42|. Enfin, dans un
quatriéme chapitre, on étudie le colit énergétique d’une succession de fragmentations.
Ce dernier travail a été réalisé en collaboration avec Joaquim Fontbona et Servet
Martinez. Ces chapitres sont autonomes et rédigés en anglais.

Dans ce qui suit, nous allons dans un premier temps énoncer des définitions et
propriétés utiles a la compréhension de la suite; les principaux résultats de cette
thése seront ensuite donnés dans les parties a

0.0.1 Processus de fragmentation

Fragmentation en intervalles.

On désigne par “fragmentation en intervalles” un processus (F'(t));>o a valeurs
dans l'espace U des ouverts de (0, 1). Tout ouvert de R pouvant s’écrire de maniére
unique comme une union au plus dénombrable d’intervalles ouverts disjoints, on
peut écrire

F(t) == UJ(t),

i€l
ou [ est un ensemble d’indices fini ou dénombrable et les (J;(t));cs des intervalles ou-
verts disjoints (et donc définis de maniére unique). Les (J;(t));er sont les fragments de
notre processus de fragmentation. Dans cette partie, on va s’intéresser exclusivement
aux fragmentations en intervalles homogénes, mais il existe aussi des fragmentations
en intervalles auto-similaires (c’est-a-dire telles que le temps de fragmentation d’un
intervalle dépend de sa taille).

Une fragmentation en intervalles homogéne est un processus de Markov a valeurs
dans U qui vérifie deux propriétés clés. La premiére est la propriété de branchement :
différents fragments ont une évolution indépendante. La seconde est la propriété
d’homogénéité, qui stipule qu’a un facteur de changement d’échelle prés, la loi de la
fragmentation est indépendante de la taille du fragment initial.

Plus précisément, si P est la loi de la fragmentation F' initialisée par F(0) =
(0,1), alors pour tout s,¢ > 0, conditionnellement a l'ouvert F(t) = Y Ji(t), la

fragmentation F'(t + s) a la méme loi que F''(s) U F?(s)U... ou pour chaque 4, F(s)
est un sous ensemble de J;(t) ayant la méme loi que I'image de F'(s) par 'application
affine canonique (0,1) — J;(¢).

Basdevant a montré dans [7] que la loi de la fragmentation en intervalles F est
entierement caractérisée par deux constantes d’érosion ¢, et ¢; et par une mesure de
dislocation v sur U telle que
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v((0,1)) =0,
et

/(1 —up)v(dU) < oo,
u

ol up désigne la taille du plus grand intervalle composant 'ouvert générique U.
La fonction suivante, étroitement reliée a v, sera souvent utilisée par la suite :

k(q) == /u (1 — Zuj“) v(dU) Vg>p (0.0.1)

ou (uq,us, ...) désigne la suite des tailles réordonnée en ordre décroissant des inter-
valles ouverts composant 'ouvert U et ou p désigne le plus petit réel tel que £ soit
fini; c’est-a-dire

p := inf {p eR: /Zu?“u(d(]) < oo}.
U=

Dans le premier chapitre, on va s’intéresser aux fragmentations propres; c’est-a-
dire aux fragmentations sans perte de masse. Cette derniére condition est équivalente
a ce que les coefficients ¢, et ¢; soient nuls et

Zui =1 pour v — presque tout U € U.
i=1
Fragment marqué.

Soit x € (0,1) et I,(t) l'intervalle ouvert de 'ouvert aléatoire F(t) contenant z,
et soit |I,.(t)| sa taille. Soit V' une variable aléatoire uniforme sur [0, 1], indépendante
de la fragmentation.

Bertoin a montré dans [14| que

£(t) .= —log|Iy(t)], t=>0, (0.0.2)
est un subordinateur dont I'exposant de Laplace k(q) est défini en ([LTLT) (autrement
dit VA > p E(e"*®) = ¢=V) et la mesure de Lévy est donnée par

m(dx) =€ " Z v(—logs; € dx).
i=1

Cette propriété remarquable permet de jeter des ponts entre les processus de frag-
mentation et des objets trés classiques en théorie des probabilités, les subordinateurs.
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Elle se révelera fondamentale dans notre premier chapitre. Une des principales diffi-
cultés techniques que 'on va rencontrer dans le deuxiéme chapitre, ol ’'on construit
un processus plus général que les fragmentations, va étre de trouver un analogue a
(&(t))1>0, qui ne sera malheureusement plus un subordinateur.

En revanche dans le troisiéme chapitre, on va fortement utiliser les propriétés
de (&£(t))i>0. L'objectif y est d’estimer 1'exposant k. Dans le cas de la fragmentation
binaire cela est équivalent a l’estimation de v, mais pas dans le cas général.

Fragmentation de masse.

On s’intéresse ici aux fragmentations a valeurs dans I’ensemble des partitions de

Sl = {3:(51782,...) | S1 232 Z ZO 7zsi§ 1}
=1

Si on considére

masse

X(t) = (T O, oo [ TaD)] )

le réarrangement en ordre décroissant de la taille des fragments d’une fragmentation
en intervalles de mesure de dislocation v, on obtient une fragmentation de masse de
mesure de dislocation |v|! 'image de v par 'application U — |U|!. Inversement a
partir d’une fragmentation de masse X = ((X;(t), ..., X,,(t), ...)i>0), on peut toujours
construire une fragmentation en intervalles F' tel que

F(t) = (0, X1(1)) U (Xa(2), Xa(t) + Xa(1)) U (Xa(2) + Xa(F), Xa(t) + Xao(t) + X3(t))
U U (X1 (8) 4+ oo+ X0 (8), X0 () + oo+ X0 () + X1 (B) U

On peut aussi se référer a l'article de Basdevant dans [7] pour les bijections existantes
entre les différents types de fragmentation, celles entre les fragmentations de masse
et celle de partition, ainsi que la bijection entre les fragmentations en intervalles et
celles en composition.

Dans la suite, nous nous intéresserons aux fragmentations de masse auto-
similaires (et non pas seulement homogénes). Un formalisme qui se révélera par-
ticuliérement fructueux est celui des arbres marqués. Pour ceci on va reprendre
I'approche de Bertoin dans |17] afin de construire une famille de variables aléatoires
qui va permettre de définir la fragmentation.

!Comme Datteste 'exemple suivant : la mesure de dislocation de la loi (VU, (U — VU),1 —
U,0,0,....) avec U et V deux lois uniformes indépendantes va avoir le méme k que la mesure
de dislocation qui avec une probabilité 1/2 va donner (U,1 — U, 0,0, .....) et avec une probabilité
1/2 va donner (VU,(U —VU), WU - U),1 - WU,0,0,.....) avec U, V et W trois lois uniformes
indépendantes. En effet, il est facile de voir que dans les deux cas, on a

12
T p+1 0 (p+1)?

Vp > —1.
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Définition 0.1. Soit v une mesure de probabilité sur S' et soient deux familles
indépendantes de variables i.i.d. indexées par les noeuds de ['arbre de Ulam-Harris
T := UpenN" : (€, u €U) et (ey,u €U), ot pouru €U £, = (Em)ieN a pour loi v,
et (eui)ien est une suite de variables exponentielles i.i.d. de paramétre 1. On définit
par récurrence

=1, ap:=0, Gp ==z “ep,

et pouruel etv e N :

wi = SuiSus wi -— Ay w) wi ;Z‘aeui-
§ §ui§ a ay + G G §

© (E12,a12,C1a) : (€22, a22, C22) © (€32, a3z, Ca2)
(é11,a11,¢11) (€21, a21,C21) (€31,a31,¢31)
(1,a1,¢1) (€2, a2, ¢2) (€3,a3,¢3)
o (§p,9,¢p)

Fi1G. 1 — Arbre généalogique.

Ici &, représente la taille du fragment, a, représente son temps de naissance et (,
sa durée de vie. On peut observer que le paramétre d’auto-similarité n’a d’incidence
que sur la durée de vie du fragment. Ainsi, pour o > 0, ce sont les gros fragments qui
vont avoir tendance a se fragmenter le plus vite. Il est aussi important de noter que
ce sont les lois exponentielles qui sont utilisées pour la durée de vie ce qui garantit le
caractére Markovien du processus. On définit le processus X = (X(t),t > 0) comme
étant le processus qui vérifie 1’égalité suivante entre mesures ponctuelles sur (0, 00) :

Z OX,(t) = Z Ler,yoe,,t > 0,
i—1

ueU

avec I, = [ay,a, + (,) Vintervalle de vie du fragment indexé par u. X () est un
processus de fragmentation de masse, de mesure de dislocation v.

On va donner un exemple explicitant le lien entre ces deux points de vue avec
I'exemple d’'une fragmentation ayant pour mesure de dislocation

v(ds) = = (8(1/2,1/2,00...)(ds) + 61/3.1/3.1/3.00,..)(dS) + 8(2/3.1/3.00,..)(ds)) -

Wl

Soit (7});>1 une suite de v.a. i.i.d. de loi commune la loi exponentielle de parameétre
1. La figure 2 ci-dessous représente un exemple d’arbre marqué défini précédemment
pour un tel v, pour lequel on a simplifié les notations : Ly =T} + 15, Ly =T + T,
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Lys=T\+Ty+T,et Ly =T, + 15+ T5. La figure 3 représente une version continue
de la fragmentation.

(1/9, L3, T11) I I (2/9, La, Th3)

(1/9, L3, Ty) (1/9, Ly, T12)
(1/9, 43, T1o) (1/6, L3, Ts)
(1/3,L1,Tyq) (1/3,L1,Ts) (1/6, L2, Ts)
(1/6, 42, T7)
(2/3,T1,T2) (1/3,T1,T3)

o (1,0,Ty)

F1G. 2 — L’arbre marqué associé a la fragmentation.

111.
I -
hd T3

T4 I ™
4

_ lnjni Te

F1G. 3 — Fragmentation en temps continu.

Ces deux points de vue vont nous étre utile afin de généraliser le processus de
fragmentation en un processus auto-similaire autorisant les descendants a étre plus
grands que leurs parents dans le chapitre 2.

0.0.2 Spectre multifractal et taux précis de décroissance
d’une fragmentation homogéne

Dans ce premier travail, on considére des fragmentations en intervalles homogénes
et on va généraliser un résultat de Berestycki [9] qui avait étudié 'ensemble :

1
G, = {x €(0,1) : tlim ;log\]x(t)\ = —v}

pour un v > 0, afin d’en déterminer la dimension de Hausdorff. On rappelle que,
pour s > 0, la s-mesure de Hausdorff d’'un ensemble F' C R est

H(F) := lim inf {Z \L|*, || <6, F C U, J dénombrable} :

i€
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La dimension de Hausdorfl de F' est alors
dim(F) :=1inf{s > 0: H*(F) =0} =sup{s > 0: H*(F) = oo}.

Ici, nous déterminons celle de Gy ) :

Gap) = {x €(0,1) : a< ligninf e’ I(t)] < limsup e”| ()] < b} ,
o0 t—o0
pour un v > 0, 0 < a < b fixés, avec I,(t) l'intervalle ouvert de F(t) contenant x.
Pour cela, nous allons d’abord étudier celle de ’ensemble

Awap = {z € (0,1) : ae™ < |L(t)] < be " Vt >0},

pour 0 < a < 1 < b. On utilise aussi le subordinateur £(¢) (défini en ({IILZ)) qui
est naturellement associé a la fragmentation et plus précisément on s’intéresse au
processus Y; = vt — £(t) qui est un processus de Lévy sans saut positif ayant pour
exposant de Laplace () = vA — k(\), avec k défini en ((LILTl). Pour ce processus,
on introduit les notations suivantes : pour # > 0, on note le premier temps de sortie
de Y; de lintervalle (0, 3) :

Ty =inf{t: Y, ¢ (0,8)}).

On définit W : R, — R, la fonction d’échelle comme étant I'unique fonction conti-
nue ayant pour transformée de Laplace :

/000 e MW (x)dx = ﬁ , A > (0),

oil ¢(s) est I'inverse a droite de (). Pour ¢ € R, soit W@ : R, — R la fonction
continue telle que pour tout x € R

W) = 3 g W),
k=0

ou W* = W x ... x W est le n-itme produit de convolution de la fonction W. On
définit
pg = inf{g > 0; WE9(3) = 0}.
Soit (F;)i>o la filtration naturelle associée a la fragmentation et soit la filtration

G = Fi Vo(ly(t)) on V est une variable uniforme sur (0,1) indépendante de la
fragmentation. D’apres I'article de Lambert [56], on obtient que, sous une hypothése
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technique, le processus

W(—pﬁ)(Y)
. ppt t
D, :=ef? 1{t<Tg} W(_pﬁ)(x)

est une martingale pour la filtration (G;);>¢. Pour simplifier les notations, on intro-
duit
P = Plog(b/a)
et
h(t) == WP (t — log a)Lite(ogalog b))
pour tout t € R, et h(—o0) = 0.

En projetant la martingale D; (pour x = log(1/a) et 5 = log(b/a)) sur la sous-
filtration (F;):>0 on obtient la martingale

M, — W S (vt +og |1 (0)1) 1 (0)

associée aux fragments {.J;(t)T}. Ici {J;(t)"} désigne les bons fragments, c’est-a-dire
les intervalles appartenant a G(t), avec

G(t) ={L,(t): ©€(0,1) et ae™™ <|L(s)] <be™™ Vs <t}

Il est clair que §G(¢) est fini pour tout temps ¢. Soit ¢ = inf{t : G(¢t) = 0}. On a
alors le :

Théoréme 0.1. Siv > p et sous 'hypothése (LZA) , on a :
1. La martingale M; est bornée dans L2(PP).

2. De plus, conditionnellement a ( = 0o, on a : limy_.. M; > 0.

De maniére heuristique, on voit que M, se comporte comme #{G(t)} e~ quand
t est grand, si bien que pour montrer le deuxiéme point du théoréme ci-dessus on
doit avoir au moins e*~”* bons intervalles au temps ¢. En fait, il s’agit bien du bon
ordre de grandeur comme le montre la proposition suivante :

Proposition 0.1. Sous l'hypothése ([(LZA) et si v > p alors conditionnellement a
{{=00}, 0na:

1
lim n logtG(t)= v—p  p.s.

t—o00

Ce résultat généralise celui de Bertoin et Rouault (Corollaire 2 dans [22]). I
donne aussi une idée de la dimension de Hausdorff de I’ensemble A(, 4. Pour cela,
on introduit la dimension de boite ("box-counting") de cet ensemble qui va étre la
limite quand 0 tend vers 0 de log N(9)/log(1/d) on N () désigne le nombre minimal
d’intervalles de taille au plus ¢ qu’il faut pour recouvrir A, qp). Intuitivement, ce
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nombre est assez proche de §G(¢) si bien que la dimension de boite de A, ) est
1 —wv/p. On verra que c’est aussi la dimension de Hausdorff de cet ensemble.

Il est aussi a noter qu’'un autre corollaire de la proposition précédente concerne
la mesure aléatoire

ert
%= o) S h (m +log | (1) y) T 1 Grags o ot 108 1 0
€N

associée a la configuration Ji(t) = {|J(¢)|} de la taille des bons intervalles, ainsi
que la mesure moyenne associé¢e o;. Cette derniere est définie par la formule

/f z)o; (dzr) = /f Yo, (dx)

pour toute fonction continue et a support compact f. Comme M; est une martingale,
o; est une mesure de probabilité. On obtient alors le résultat suivant :

Corollaire 0.1. Sous [’Hypothése (LZ1A) et avec v > p on obtient :

1. La mesure o} converge faiblement quand t — oo, vers la mesure de probabilité
o(dy) := ch(y + log a)h(log(b) — y)dy

2. Pour toute fonction mesurable bornée f :

_tliglo/ f(z)oy(dz) = M/f

La proposition nous permet de déterminer la dimension de Hausdorff de
I'ensemble A, 4. Plus précisement, on a :

Proposition 0.2. Supposons (LZA) et 0 <a<b<1 :
e Sip>w, alors :
A(v,a,b) - @ b.s.

o Sip<w, alors : P(Apap # 0) >0, et conditionnellement a Ay qp) # 0,
dim(Aap) =1 —p/ov.

Ce qui peut paraitre surprenant au premier abord c’est que c’est ce résultat
permet de calculer facilement la dimension de Hausdorff de I'ensemble G, ). A
priori ce dernier ensemble pourrait sembler beaucoup plus grand que le précédent
mais il n’en est rien. Plus précisement on obtient :

Théoréme 0.2. : Spectre Multifractal. Supposons (LZ1) :
e Sip>w, alors :
Guap =0 p.s.
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e Sip<w, alors :
dim(Guap) =1—p/v p.s.

0.0.3 Chaine de branchement Markovienne auto-similaire

Dans ce deuxiéme travail, on va construire un processus de Markov auto-similaire
assez général. On veut lever 'hypothése que les enfants doivent avoir une taille infé-
rieure ou égale a celle de leurs parents (hypothése toujours présente dans le cas des
fragmentations classiques). Cette hypothése peut sembler a priori assez peu impor-
tante, mais en fait elle implique de profonds changements dans les démonstrations.
Par exemple, on perd le fait que la taille des fragments décroit avec le temps et donc
ainsi le fait que le processus restreint aux fragments de taille supérieure ou égale a
€ reste un processus Markovien.

Introduisons les notations et les définitions dont nous aurons besoin. Une mesure
ponctuelle finie sur R est une somme finie de masses de Dirac s = """ | d;, ou les
s; sont appelés les atomes de s et oil n est un entier naturel. On note §s = n = s(R?%)
le nombre d’atomes de s et M, (R ) pour I'espace des mesures ponctuelles finies sur
R%. Soit & > 0 et v une mesure de probabilité sur M, (R% ). Le but de cette partie
est de construire une chaine de branchement Markovienne X = ((fol(t) dx,(1))t>0)
a valeurs dans M, (R?% ), dont l'indice d’auto-similarité est o et ayant pour loi de
reproduction v. Comme pour les fragmentations, I'indice d’auto-similarité va jouer
un role dans la vitesse avec laquelle les particules vont se reproduire. En fait on
va supposer que ’on vérifie les hypothéses de Malthus c’est-a-dire qu’il
existe py := inf{p: k(p) =0} > 0, tel que

k(p) >0 pour un p > po.

De plus on suppose que

| sy
My (®?)

est fini pour un p > 1.

Voici un exemple d’une mesure vérifiant les hypothéses de notre travail sans
étre la mesure de dislocation d’une fragmentation. Il est basé sur la loi de Dirichlet
(confére le livre de Kingman [45]). Soit n > 2, (v, ...,v,) n nombre réel positifs et
soit v = )" | v;. On définit le simplexe A,, par

An = {(p17p27 7pn) € Ri? sz = 1} .

j=1
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Le loi de Dirichlet de paramétre (vy, ..., v,) sur le simplexe A,, a pour densité :

I'(v) viel o
f(ph “'7pn) = WPf 1"‘pnn 1]1{(p17p27---7pn)€An}'

On introduit la constante a := v(v+1)/(> -, vi(v;+1)) > 1. On définit la mesure
v comme ayant pour loi (aXj,...,aX,), ou (Xi,..., X,,) est un vecteur aléatoire de
loi la loi de Dirichlet de paramétre (vy, ..., v,). On obtient aisément

5(p) = a”

I'(v) i L(p +vi)
Mo+p & T
et il est clair que cette mesure rentre dans le cadre de ce travail (avec py = 1).

On va introduire un arbre marqué dont les noeuds contiennent la taille &,, le
temps de naissance a,, et le temps de vie {, d’un fragment d’étiquette u € T (avec
T le systeme d’étiquettes de Ulam-Harris T := U2 (N"™).

Sous les hypothéses de Malthus, il existe un ou deux réels py (défini précédem-
ment) et éventuellement p; > py tels que

Mr(lpi) = Z &in>0

|lu|=n

soit une martingale. On considére alors la martingale M,, := M. En utilisant des
résultats de Biggins [25] concernant les processus de branchement on va montrer
que cette martingale est bornée dans LP(P). Cela va nous permettre de définir un
processus continu & valeurs dans M, (R% ) :

Définition 0.2. On définit le processus X = (X(t),t > 0) par

X(t) =Y ger,ybe..t >0, (0.0.3)

ueU
avec I, := [y, ay + ) si &, > 0 et sinon I, := ().
Les premiéres propriétés de ce processus sont :

Théoréme 0.3. Sous l'hypothése (24.3), le processus X prend ses valeurs dans
lensemble M,(R?.), est une chaine de Markov, c.a.d. la loi de X(t + 1) condition-
nellement & X(r) = s est la méme que la somme S X (t) ou pour chaque i, XV (t)
est une copie indépendante de X(t) sous Ps,.

On utilise une preuve totalement différente de celle de Bertoin dans [17] (dans
le cas des fragmentations) car 1'on perd ici la propriété que la taille des fragments
décroit avec le temps et donc aussi le fait que le processus des fragments de taille
supérieure ou égale a € est Markovien.
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Dans la suite, de méme que dans [17], on va prouver un résultat de LP(P) conver-
gence de M (t) = -, Mper,3&8° 'analogue continu de M,.

Comme dans le cas de la fragmentation, on peut construire une “branche” mar-
quée et introduire x(t) la taille de ce fragment marqué au temps ¢. Il est a noter
que ce processus n’est pas nécessairement décroissant. Mais on peut tout de méme
en donner une représentation de Lamperti (confére (2257])) ce qui permet d’établir
la convergence en loi de t'/°x(t) en utilisant un résultat de Bertoin et Yor [23] sur
les processus de Markov auto-similaires (confére Proposition Z2). Comme dans la
littérature ([26], [21], [20], [17] et [52]) on s’intéresse a la configuration de masse
X(t) = {(Xi(t))1<i<gx@)} que I'on va encoder par la mesure de poids empirique

i1X(1)
O i — Z szo(t)5tl/o‘Xi(t)'
=1

Afin de démontrer la convergence de cette mesure on va d’abord démontrer celle
de la mesure moyenne associée o; définie par la formule

/O " k(2)ot(dz) = E ( /O N k(x)at(da:)> .

Théoréme 0.4. Sous les hypothéses de la proposition [Z3, on a que pour toute

On obtient :

fonction continue bornée k :

LP — lim h k(z)o,(dr) = M E(k(Y)) = %E(k’(])l‘l),

pour un p > 1 et avec My, la limite de la martingale M, et I défini en (Z01).

De plus en utilisant les résultats de Jagers [44] on donne des résultats plus pré-
cis concernant le processus intrinséque {Mg, Q C U}, Mg = >, &0 (confére
I’Appendice).

0.0.4 Analyse statistique d’une chaine de fragmentation auto-
similaire conservative.

Apreés la rédaction de mon premier article [52| ne sachant pas grand chose de la
constante p (hormis dans des cas trés spécifique qui ne vérifiaient pas les hypothéses
dans lesquelles on se plagait), je me suis demandée s’il n’y avait pas un moyen de
I’estimer via un échantillon de variable aléatoire. Je me suis donc intéressée a l'esti-
mation statistique pour les processus de fragmentation. J’ai commencé & travailler
avec Marc Hoffmann. Un premier pas a été de comprendre la bonne maniére de
poser le probléme statistique. Etant au Chili pour un échange de cinq mois au cours
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de ma thése, j'ai pu rencontrer des experts de 'industrie miniére qui m’ont expli-
qué la maniére dont on concassait les pierres afin d’avoir des fragments assez petits
pour pouvoir leur appliquer certains procédés physico-chimiques. La maniére dont
on concasse le minerai semble pouvoir étre modélisée par une fragmentation. Plus
précisément on met de grosses pierres dans une machine qui va les concasser selon
un processus de fragmentation (sans que 1’on puisse voir ce qui se passe a U'intérieur
de la machine) et qui libére les morceaux de pierre dés qu’ils ont une taille plus
petite qu’'un certain seuil £ (dans la pratique, dés qu’elles sont assez petites pour
passer a travers un tamis dont la taille des trous mesure €). Ainsi notre observable
est X, := (&, u € U.) avec

U. .= {u ceU, &_ >¢eé, < 5},

et u— le parent du fragment d’étiquette u. Pour des raisons de simplification on
va supposer que la fragmentation est conservative, c¢’est-a-dire sans perte de masse
(mais des résultats sont donnés dans des cas plus généraux (confére la sous section
BA3)). Ainsi on va considérer dans un premier temps la mesure empirique

E(9) =) &ugl&ule),
uGL{a
avec ¢(e) une fonction test.
Bertoin et Martinez ont montré dans [21] que sous des hypothéses assez faibles
sur v(s), la mesure &.(g) converge vers

_i 1@ N S vias)aa
£lg) = c(l/)/o a /Slzzl o< (ds)d

en probabilité quand € — 0, avec ¢(v) = — [, 3.7, s;log s; v(ds).
Notre but va étre d’estimer

o0
m(dx) :=e™ " Z v(—logs; € dx).
i=1
la mesure de Lévy du subordinateur £(¢) (associé a la fragmentation et défini en
(I@32)). La mesure 7 intervient explicitement dans I’énergie £(g) comme le montrent

les égalités suivantes :

E(g) = L /1 @W(—loga +00) da = L /+Oog(e_$)7r(x +00) dz.
om) Jo a ’ c(m) Jo ’
D’ailleurs sauf dans le cas binaire, 'estimation de 7 ne permet toutefois pas de
caractériser v.
Notre premier résultat précise une vitesse pour la convergence de E.(g) vers £(g),
qui allie technique de martingale et vitesse dans le théoréme du renouvellement (nous
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avons utilisé les résultats de Sgibnev [65]). On obtient :

Théoréme 0.5. Sous certaines hypothéses techniques, on a que pour tout m > 0 et
O<pu<k
Sup E[(Se(g) — 5(9))2] — 0(5H/(u+1))'

g€eC(m)

avec C(m) la classe des fonctions continues
C(m) == {g(s) : [0,1] = R, [|gll := sup|g(z)] < m},

et avec ||g]|so := sup, |g(z)|, II(k) la classe des mesures de probabilité w(dx) définies
sur [0, +00) telles que

/ ™ m(dr) < 4o0.

Dans la limite K — 0o, on trouve sans surprise la vitesse /¢ : heuristiquement,
les fragments utilisés dans la construction de la mesure empirique £.(¢g) sont (essen-
tiellement) de l'ordre de grandeur de e, leur nombre étant alors de l'ordre de 7!,
on peut s’attendre & une précision en y/c. Un point essentiel pour les applications
statistiques est de pouvoir faire dépendre la fonction test g(s) de 'asymptotique e.
On montre en fait un résultat un peu plus précis lorsque 7 est absolument continue,
ou l'on quantifie la vitesse de convergence en fonction de la taille du support de
g(e) = g-(o) lorsque cette taille est petite avec e.

On s’est aussi intéressé a une observation un peu plus fine qui correspond au
fait que I'on observe X, avec une perte d’information diie & un bruit systématique
d’intensité o petit devant ¢, c’est a dire que 'observable est X, , := ( MRS L{E,a)

avec

Uo={ucl, € > & <c},

et
& =&, F+oU,.

avec (U,,u € U) identiquement distribuées et indépendantes de X et telles que pour
tout u € U,
|U.| <1 et E[U,] =0.

L’énergie devient alors :

6&,0(9) = Z 1{552&}539(&7/5)7

’U,Eua,o'

ou t. est un seuil petit (mais pas trop petit devant € et plus grand que o)
On obtient alors

Théoréme 0.6. Sous certaines hypothéses, on a alors que pour tout m > 0 et
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O<pu<k
sup E[(E..(9) — E(9))°] = O(c%7?).

g€eC’(m)

avec C'(m) la classe des fonctions contindment différentiables g(e) telles que ¢’ €

C(m).

On s’intéresse alors a deux cas. Tout d’abord au cas paramétrique. Pour k£ > 1,
on va estimer le k-iéme moment de 7 :

On va montrer la convergence de l'estimateur my, . (défini en B23H). On obtient alors
le théoréeme suivant qui va donner une majoration de la vitesse :

Théoréme 0.7. Soit 0 < k3 < 00 et k1 > max{l, ko }.
Sous certaines hypothéses et pour 1 < u < Ky, la famille

ghra/ (1) 2z )

ﬁzkﬁ — mk(ﬂ'))

est Py tendue des que
7w € (k1) N R(k2)

3 1

et que oe~* reste borné, avec R(k) la classe des densités qui restent bornées par x"~

en lorigine.

Dans la limite k1, ks — 00, on trouve la vitesse (attendue) /e. En fait dans
le cas binaire (hypothése utilisée pour par souci de clarté) on va montrer (sous une
hypothése supplémentaire) que la vitesse 1/ est la vitesse optimale au sens minimax
de la convergence de l'estimateur my () (pour la définition précise de cela on se référe
a la définition B]).

Et enfin on s’est intéressé au cas non paramétrique et pour cela on cherche a
estimer la fonction

a~ B(a) :=a'n(—loga), ac(0,1).
En utilisant le théoréme précédent concernant ’estimation des moments, on obtient :

Théoréme 0.8. Soit 1 < k1, ky < 0.
Sous certaines hypothéses et pour 1 < p < min{l, x1/2}, et tout a € (0,1), la

famille
e/ D) (B (a) — B(a))

est tendue sous P, (avec B-(a) définie en (T34)), des que

€ X(s) NII(Kk1) NR(kK2)
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pour s < max{N, ky—1} et 0™ borné, avec 3(s) la classe des densités hildériennes
d’indice de régqularité s.

On notera que dans ce cas, la vitesse obtenue dans la limite ki, ks — 00 est
£25/(2s43) " qui s’interpréte comme la vitesse d’un probléme inverse d’ordre 1. On
conjecture que ce résultat est optimal (au moins dans la limite ki et Ky grands),
mais son étude précise dépasse le cadre de ce troisieme article.

0.0.5 La concaténation de deux processus de fragmentation.

Je me suis ensuite intéressée a un autre probléme provenant de l'industrie. En
effet comme je 'ai expliqué dans la sous-section précédente, dans I'industrie miniére
on va réussir a obtenir des fragments assez petits a partir d’une pierre en lui faisant
subir une série de transformations. On met la pierre dans une machine qui va la
concasser de maniére & obtenir des fragments plus petits qu'un certain seuil puis on
va les mettre dans une nouvelle machine afin d’obtenir des fragments encore plus
petits et ainsi de suite. Les machines existent déja et I’on ne peut donc pas modifier
les parameétres de la fragmentation. Le seul paramétre sur lequel on peut influer est
la taille du tamis que 1'on met a la sortie de la machine, c’est-a-dire le seuil & partir
duquel on fait sortir les fragments.

Ainsi une question naturelle qui se pose est pour deux fragmentations de mesure
de dislocation v et v/' (c’est-a-dire pour deux machines données) et une pierre de
masse 1, a quelle taille faut-il fixer le tamis de la premiére machine afin de minimiser
le cotit énergétique des deux fragmentations afin d’avoir au final des fragments de
tailles tous inférieures a un e fixé.

Dans ce travail, on pose les bases permettant de répondre a cette question. On ré-
écrit I’énergie de deux fragmentations successives comme la somme de deux énergies
(celle de la premiére fagmentation et celle de la deuxiéme). On va alors étre capable
d’expliciter complétement cette énergie (confére Théoréme EI) en fonction de la
mesure de Lévy et de la mesure de renouvellement de £(¢) (subordinateur associé
a la premiére fragmentation) pris sous une certaine probabilité P ainsi que celle de
¢'(t) (subordinateur associé a la deuxiéme fragmentation) pris sous une autre pro-
babilité P'. On donnera ensuite différentes pistes afin de pouvoir poursuivre 1’étude
du probléme initial.

0.0.6 Conclusion

Il est intéressant de noter que si l'on avait des résultats plus précis concernant le
comportement des processus markoviens auto-similaires, il serait possible d’appro-
fondir de nombreux résultats. En effet si 'on avait une vitesse dans la convergence
de T, = inf{t > 0: X(t) > b} (pour un processus X de Markov fort semi-stable &
valeur dans (0, c0)) de la proposition 3 de [19], on pourrait obtenir une vitesse dans
la convergence d’un estimateur de a.
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De méme si l'on voulait étendre le premier article a des fragmentations plus
générales, auto-similaires ou non conservatives par exemple, il faudrait généraliser
les résultats de Lambert |56] et trouver une martingale associée a un processus de
Lévy ayant des sauts positifs et négatifs.

Afin de répondre a la question du quatriéme article il faut arriver a pouvoi
caractériser le comportement de I'énergie en fonction du paramétre . Cela semble
assez difficile, car méme dans le cas particulier traité dans la sous-section la

réponse ne semble pas aisée.
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Chapter 1

Multifractal spectra and precise rates
of decay in homogeneous
fragmentations.

We consider a mass-conservative fragmentation of the unit interval. Motivated by
a result of Berestycki [9], the main purpose of this work is to specify the Hausdorff
dimension of the set of locations having exactly an exponential decay. The study
relies on an additive martingale which arises naturally in this setting, and a class of
Lévy processes constrained to stay in a finite interval.

Contents

The material of this chapter is appeared in SPA (cf. [52]).
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CHAPTER 1. MULTIFRACTAL SPECTRA AND PRECISE RATES OF DECAY

1.1 Introduction.

Fragmentation appears in a wide range of phenomena in science and technology,
such as degradation of polymers, colloids, droplets, rocks,... See the proceedings
[24] for some applications in physics, for example [50]| for computer science, [21] for
mineral crushing, and works quoted in [9] for some further references. This work
is a contribution to the study of the rates of decay of fragments. More precisely,
our aim is to investigate the set of locations which have an exact exponential decay
(see (LI below for a precise definition).

Roughly a homogeneous fragmentation of intervals F(t) can be seen as a family
of nested open sets in (0, 1) such that each interval component is spill independently
of the others, independently of the way that spill before, and with the same law as
that of the initial fragmentation (up to spatial rescaling). We will suppose that no
loss of mass occurs during the process.

Let z € (0,1) and I,(t) be the interval component of the fragmentation F'(¢)
which contains x, and |I,(t)| its length. Bertoin showed in [14] that if V is
a uniform random variable on [0, 1] which is independent of the fragmentation,
then £(t) := —log |Iy(t)| is a subordinator entirely determined by the fragmenta-
tion characteristics. By the SLLN for a subordinator, there exists vy, such that
&(t)

=7 — Uy a.s., which means that |Iy(t)] = e "' Berestycki [9] computed the

Hausdorfl dimension of the set
1
Gy = {x €(0,1) : thm ¥10g|lx(t)| = —v}

for all v > 0. In this article we shall rather consider for some 0 < a < b the set

Guap) = {x €(0,1) : a< ligiglfevﬂlx(t)\ < hﬂfﬁp e’ L(t)| < b} . (1.1.1)

Our goal is to compute the Hausdorff dimension of the set G, q3). Our approach
relies on some results on Lévy processes constrained to stay in a given interval.

Firstly we will recall background on fragmentations and Lévy processes. Secondly
we will consider an additive martingale M which is naturally associated to the
problem and obtain a criterion for uniform integrability. This is used in Section [l to
derive some limit theorems which may be of independent interest (see Englénder and
Kyprianou [33] for a related approach in the setting of spatial branching processes).
Finally we will compute the Hausdorff dimension of G, 4 in Section [L3l
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1.2. PRELIMINARIES.

1.2 Preliminaries.

1.2.1 Definition of fragmentation.

We will recall some facts about homogeneous interval fragmentations, which are
mostly lifted from [9] , [14] and [16]. More precisely, we will consider fragmentations
defined on the space U of open subsets of (0,1). We shall use the fact that every
element U of U has an interval decomposition, i.e. there exists a collection of disjoint
open intervals (J;);er, where the set of indices I can be finite or countable, such that
U = UjerJ;. Each interval component is viewed as a fragment.

A homogeneous interval fragmentation is a Markov process with values in the
space U which enjoys two keys properties. First the branching property: different
fragments have independent evolutions. Second, the homogeneity property: up to
an obvious spacial rescaling, the law of the fragment process does not depend on the
initial length of the interval.

Specifically, if P stands for the law of the interval fragmentation F' started from
F(0) = (0,1), then for s,¢ > 0 conditionally on the open set F(t) = Z‘LGJI J;i(t), the
interval fragmentation F'(¢ + s) has the same law as F''(s) U F%(s) U ... where for
each i, F'(s) is a subset of J;(¢) and has the same distribution as the image of F(s)
by the homothetic map (0,1) — J;(t).

1.2.2 Poissonian construction of the fragmentation.

Recall that U denotes the space of open subsets of (0,1), and set 1 = (0,1). For
Uel,
‘U‘l = (u1, uy, ...)

will be the decreasing sequence of the interval component lengths of U. For U =
(a1,b1) € U, we define the affine transformation gy : (0,1) — U given by gy(z) =
a; + x(by — ay).

In this article we will only consider proper fragmentations (which means that the
Lebesgue measure of F(t) is equal to 1). In this case, Basdevant [7] has shown that
the law of the interval fragmentation F' is completely characterized by the so-called
dislocation measure v (corresponding to the jump-component of the process) which
is a measure on U which fulfills the conditions

/(1 —up)v(dU) < oo, (1.2.1)
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CHAPTER 1. MULTIFRACTAL SPECTRA AND PRECISE RATES OF DECAY

and

Zui =1 forv—almost every U €U.
i=1

This last assumption is imposed by the hypothesis of length-conservation and means
that when a sudden dislocation occurs, the total length of the intervals is unchanged.
Specialists will notice that the erosion rates of the fragmentation ¢, and ¢; are here
equal to 0 for the same reason.

We now recall the interpretation of sudden dislocations of the fragmentation
process in terms of atoms of a Poisson point process (see [1], [€]). Let v be a
dislocation measure fulfilling the preceding conditions. Let K = ((A(¢), k(t)),t > 0)
be a Poisson point process with values in & x N, and with intensity measure v ® f,
where £ is the counting measure on N. As in [§], we can construct a unique U-valued
process F' = (F(t),t > 0) started from (0, 1), with paths that jump only for times
t > 0 at which a point (A(t), k(t)) occurs, and then F'(t) is obtained by replacing
the k(t)-interval Jyu)(t—) by gs,,,¢-)(A(t)). This point of view will be used in
Section [C3

Some information about the dislocation measure v and therefore about the dis-
tribution of the homogeneous fragmentation F' is contained in the function:

k(q) ::/M (1 — Zu?“) v(dU) Vq>p (1.2.2)

with p the smallest real number for which s remains finite :

p := inf {p eR: /Zu?“u(d(]) < oo}.
uis

We have that —1 < p < 0 (because [,,(1 — uy)v(dU) < oo and ) 7, u; = 1 for
v-almost every U € U).

This point of view is the same as in |9] and [14], which deal with ranked frag-
mentation instead of interval fragmentation. In the latter the space U is replaced
by the space of mass partitions

o0
Sti= {x = (x1,29,...) | x1 > 29> ... >0 ,in < 1}.
i=1
For the precise link between these two fragmentations see [1].

1.2.3 An important subordinator.

Let x € (0,1) and I,(t) be the interval component of the random open set F(t)
which contains x, and |I.(t)| its length. Let V' be a uniform random variable on
[0, 1] which is independent of the fragmentation.
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1.2. PRELIMINARIES.

Bertoin showed in [14] that
§() = —log |y (1)), >0, (1.23)

is a subordinator, with Laplace exponent (q) defined in (CZ2) (i.e. E(e M) =
e "M for all A > p). In order to interpret this as a Lévy-Khintchine formula, we
introduce the measure

L(dx):=e7" Z v(—logu; € dx), x € (0,00).
j=1
It is easy to check that [min(1,z)L(dz) < oo, thus L is the Lévy measure of a
subordinator, and we can check that x(q) = f(O,oo) (1 —e?) L(dx).

In this article we shall consider the Lévy process Y; = vt —£(t). In order to apply
certain results to this process, we will need to assume that its one-dimensional
distributions are absolutely continuous. Let L be the absolutely continuous part
of the measure L. Tucker has shown in [67] that

1
L (dx) = o0, 1.2.4
[t (124)

ensures the absolute continuity of one-dimensional distribution of the Lévy process
evaluated at any ¢ > 0. As [ min(1, z)L(dz) < oo, the condition (LZZ) is equivalent
to :

L*([0,e)) =00 forany € >0. (1.2.5)

Let 14 be the image of the measure v by the map U — w; (recall that wu; is the
length of the longest interval component of the open set U) and v be the absolutely
continuous part of the measure v;. Throughout this work we will make the following
assumption, which is easily seen to imply ([LZH) (in fact we can even show that the
two are equivalent):

v{([0,€)) =00 forany €> 0. (1.2.6)

In the next subsection, we will give some results about Lévy processes that will be
needed in the sequel, and apply for Y; = vt — £(¢).

1.2.4 An estimate for completely asymmetric Lévy processes.

For the next sections, we will need some technical notions about completely asym-
metric Lévy processes. Therefore we recall some facts mostly lifted from [10] and
[12]. Let Y = (Y;)i>0 be a Lévy process with no positive jumps and (&;);>¢ the
natural filtration associated to (Y;)i>o. The case where Y is the negative of a sub-
ordinator is degenerate for our purpose and therefore will be implicitly excluded in
the rest of the article. The law of the Lévy process started at x € R will be denoted
by P, (so bold symbols P and E refer to the Lévy process while P and E refer to
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the fragmentation), its Laplace transform is given by
Eo(eMt) =™ X\t >0,

where ¢ : R, — R is called the Laplace exponent.

Let ¢ : R, — R, be the right inverse of ¢ (which exists because ¥ : R, — R is
convex with lim;_., () = 00), i.e. Y(p(N)) =X VA >0.

Let us recall some important features on the two-sided exit problem (which is
completely solved in [12]). For # > 0 we denote the first exit time from (0, 3) by

Ts =inf{t: Y ¢ (0,0)}. (1.2.7)

Let W : Ry — R, be the scale function, that is the unique continuous function with
Laplace transform:

ey _ L
/0 e W(x)dx—¢(A) . A > (0).

For ¢ € R, let W@ : R, — R, be the continuous function such that for every
e Ry

W) = 3 W o),
k=0

where W*" = W % ... x W denotes the nth convolution power of the function W (for
more details about this see [10] or [12]). So that

T @) () — —
/0 e MW\ (z)dx o =g . A > 0(q).

The next statement is about the asymptotic behavior of the Lévy process killed
when it exits (0, ) (point 1 and 2), which is taken from [12], and about the Lévy
process conditioned to remain in (0,3) (point 3, 4 and 5), which is taken from
Theorem 3.1 ( ii) and Proposition 5.1 (i) and (ii) in [56] :

Theorem 1.1. Let us define the transition probabilities
Pz, A):=P.(Y; € At <Tp) for x € (0,5) and A € B((0,3)),
and the critical value
ps = inf{qg>0; W=9(3) =0}, (1.2.8)

Suppose that the one-dimensional distributions of the Lévy process are absolutely
continuous. Then the following holds:

1. ps € (0,00) and the function W =rs) is strictly positive on (0, 3)
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2. Let II(dx) := Wrs)(3 — z)dx. For every x € (0,():

lim e”' Py(x,.) = ¢W P8 (2)T1(.)

t—o0
in the sense of weak convergence, where

c:= ( / ’ W) (y)w ) (5 — y)dy)l .

0

3. The process
W=rs)(Y;)
. pppt
Dt =€ B8 1{t<TB} W(*PB)(ZE) (129)
is a (P, (&))-martingale.
4. The mapping (z,q) — WD (z) is of class C* on (0,00) X (—00,00).

5. The mapping B +— pg = inf{qg > 0 : WD(B) = 0} is strictly decreasing and
of class C* on (0,00).

Remark 1.1. The definition of pg is of course complicated, however in the simple
case when Y is a standard Brownian motion, we have:

ps=m2)F and WP (z) = b sin (zx) .
™ &)
In the case where Y is a standard stable process, the mapping of B — pg is depicted
in [11]. We also point at the more explicit lower bound (see Lemma 5 in [14]):
pa = 1/W(a),
Another lower bound will be given in Remark [I]] below.

Remark 1.2. The formula for the constant ¢ in part 2. of Theorem [l stems from
the relation

W(fpﬁ) (y)
W(*PB) (x)

ePst

Pi(x,dy) ~ W3 —y)W ) (y)dy.
Integrating over (0, ) and using the fact that D, is a martingale yields the given

€xTPTession.

We also refer to the recent article of T. Chan and A. Kyprianou [29] for further
properties of W (=rs),
Now we have recalled the background that is needed to solve our problem.
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1.3 An additive martingale.

Now we turn our attention to the main purpose of this article and consider a ho-
mogeneous interval fragmentation (F(¢),t > 0) and some real numbers v > 0 and
0 < a < b. We are interested in the asymptotic set:

Gloap) = {x €(0,1) : a < litm inf e”*| I, (t)| < limsup e”|L(t)| < b} )
—o0 t—o0
with |,(¢)| the length of the interval component of F'(¢) which contains x.
In order to do that, we will have to consider first the non asymptotic set:

Awap = {z € (0,1) : ae™ < |L(t)] < be " Vt >0},

for0<a<1<hb.

In this section and in the next we will assume that 0 <a <1 < b.

We introduce some notation, that we will need in the rest of the article: define
the set of the “good” intervals at time ¢ as

G(t) ={L,(t): x €(0,1) and ae ™ < |[.(s)| <be ™ Vs <t} (1.3.1)

Let (Fi)i>0 be the natural filtration of the interval fragmentation (F(t),¢ > 0).
Let (G¢)i>o0 be the enlarged filtration defined by G; = F; V o(Iy(t)) where V is a
uniform variable independent of the fragmentation). We can remark that for all ¢
we have G; C F; Vo{V}, and G, = Foo V o{V}.

We recall that £(t) = —log|Iy(t)| is a subordinator. More precisely we are
interested in the Lévy process with no positive jump Y; := vt — £(t) + log(1/a), and
use the results of preceding subsection for this Lévy process. We remark that its
Laplace exponent 1(\) is equal to vA—k(A), with k defined in Subsection Since
we have supposed ([CZH), the one-dimensional distributions of the Lévy process Y;
are absolutely continuous and we can apply Theorem [Tl

For this Lévy process Y let

T := Thog(v/a)

and
P = Plog(b/a)>
where Tj is defined in (CZ7) and pg is defined in  ([CZF). We stress that p depends

on v, a, b and k.
To simplify the notation, let also

h(t) = W(_p) (t - 1Og a)]-{te(log a,logb)}
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for all ¢t € R, and h(—o0) = 0.
By rewriting ([CZ9) with the new notation we get a (G;)-martingale

h(vt +log |1y (t)])
70 . t>0.

Dy = e 1yem

If I is an interval component of F'(t), we define the “killed” interval IT by IT = I if I
is good (i.e. I € G(t) with G(t) defined in ([C3))), else by IT = ). Projecting the
martingale D, on the sub-filtration (F;);>0, we obtain an additive martingale

pt

1
- hvt+log1;t dx | t > 0.
h(O)/O ( I(8)))

We notice that if y € I,(¢), then I,(t) = I,(t). Now we will consider the interval de-
composition (J;(t), Ja(t), ...) of the open F(t) (see subsection [[ZT]). We can rewrite
M; as:

M, = %§h<vt+1oguj(t)y) 1711 (1.3.2)

We will use this expression in the rest of the article.
Finally, let the absorption time of M, at 0 be

¢ := inf{t: M, =0}

= inf{t: G(t) = 0},
with the convention inf () = oo.
Our first result is:

Theorem 1.2. In the previous notation, with the assumptions (LZA) and if v > p
holds, then:

1. The martingale My is bounded in L*(PP).

2. Conditionally on ( = oo, we have: lim;_, ., M; > 0.

Remark 1.3. We stress that as p depends on v, a, b and k, the condition v > p
involves implicitly the parameters a and b. In particular it forces b > 2a, otherwise
there would never be more than one “good” interval (as a fragment of size x will split
into at least two different fragments and the smallest one will have a size at most
equal to x/2), and as a consequence we would have My, = 0 a.s., in contradiction
with the uniform integrability of M.

The proof of Theorem [L2 1. is given in the appendix.

In order to prove Theorem [L212 we will first introduce some notation, then prove
two lemmas, and after we will conclude.
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Let I be an interval of (0,1). The law of the homogeneous interval fragmentation
started at I will be denoted by P;. We remark that P;(M,, = 0| = co) only depends
on the length of I. Therefore we define

g(x) = Pr(Moo = 0[C = 00),

where [ is an interval such that |I| = z. Let N be the integer part of (20 — a)/a.
As we assume v > p, we have necessarily b > 2a (see Remark [3)), thus N > 2. Let
n:= (b—a)N~'. We remark that n < a and b—a = N7. Denote the first time when
there are at least two good intervals by

T :=inf{t : 4G(t) > 2},

with the convention inf () = co. We notice that T is an (F;) stopping time as 4G /(¢)
is Fi-adapted.

Lemma 1.1. In the previous notation, supposing that [(LZA) and v > p hold, we
get: for every open interval I

P/ (TF = co|¢ = c0) = 0.
Proof. We notice that, as the martingale M; is not identically 0 and is uniformly
integrable, we have P;(TF = co|¢ = 00) < 1 (because My, = 0 when T = o).
Let I be an open interval such that |I| € (a,b), to := log(2b/a)/v and € :=
a®/(2b*). Thus

I[(1 =€) >a/2>be ™ and |I|e < be < ae "

therefore, if the dislocation of I produces at time t; an interval of length at least
|I|(1 — €) then this interval is too large to be good and the remaining ones are too
small to be good either. As a consequence we have

Py (M, = 0) > Prog (e 10 > e 8 1(1 — €)) = P(£(ty) < —log(1 — ¢)),
by the homogeneous property of the fragmentation. Moreover since £(t) is a subor-
dinator, we get p := P(£(tp) < —log(1 — €)) > 0, therefore
Py(M,, =0) > p>0. (1.3.3)
Additionally for every open interval I such that || € (a,b):
P (3G(t) = 1Vt < to) < 1 —Py(M,, =0) <1 —p.

Using the strong Markov property of the fragmentation and (L33 we find by
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induction that for all £k € N:
P;(8G(t) = 1 Vt < kto) < (1 —p)*.
Therefore
tlim P;(G(s) =1Vs <t) =0

and as a consequence
P/ (TH = co|¢ = 00) = 0.
O

Lemma 1.2. In the previous notation, supposing that (LZA) and v > p hold, we
get:

ailigbg(fr) = max g(a + kn),

where N = |(2b —a)/a] and n = (b —a)/N.

Proof. We will prove this lemma by induction.
The hypothesis of induction is for n < N:

(H) sup g(x) = max g(a+ nk).

n :
zE€(a,a+nn) 1<k<n

« The case n = 1: let I be an open interval such that |I| € (a,a + 7). We work
under P; conditionally on “non-extinction" (which means conditionally on the event
¢ =00). Let

T :=inf{t > 0| 3J(t) € G(t) : e"|J(t)| ¢ (a,a+n)},

with G(t) defined in (C3J). The random time 7" is an (F;) stopping times. As
the quantity vt — (—log|J(t)|) creeps upwards with probability equals to 1 and as
J(t) € G(t) implies that e|J(t)| > a, we get

T'=inf{t > 0| 3J(t) € G(t) : | J(t)] = a+n}.

Moreover by the choice of n we have a + 7 < 2a, which implies that there is at most
one good interval whose length is always in (a,a + n). Recall from Lemma [ that
P (TF < 0o|¢ = 00) = 1, thus

P (T < oo|¢ = 00) = 1.
Using the strong Markov property at the stopping times T, we get
g(x) <glat+n) , xe(aa+n),
thus (H); holds.
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« The case n+ 1 (with n+ 1 < N): we suppose that the hypothesis of induction
holds for all k < n.

Let I be an open interval such that || € (a + nn,a+ (n+ 1)n). We work under
P; conditionally on “non-extinction". Let

T :=inf{t > 0| 3J(t) € G(t) : e"|J(t)] ¢ (a+nn,a+ (n+1)n)},

with G(t) defined in (C3J]). The random time 7™ is an (F;) stopping times. As
the quantity e”*|.J(t)| grows only continuously, we get

T =inf{t > 0| 3J(t) € G(t) : e"|J(t)|=a+ (n+ 1)y or e"|J(t)| € (a,a+ nn}.

Moreover by the choice of n we have a + 7 < 2a, which implies that there is at most
one good interval which length is always in (a + nn,a + (n + 1)n). Additionally by
Lemma [T}, we get Pr(TF < oo|¢ = o0) = 1, thus

P/(T" < >0|¢ = 00) = 1.

Using the strong Markov property at the stopping times 7™, we get

g(I]) < max (g(a+(n+1)n), sup g(y)>-

As this holds for every open interval I such that |I| € (a+nn,a+ (n+ 1)n), by the
hypothesis of induction, we have established (H ). O

Proof of Theorem[LA.2. With Lemma [[2 we get that there exists a integer k¢ in
[1, N] such that g(a +nko) = sup,e(,p) 9(x) (if two or more values of k, are possible,
we choose the smallest one). Let 2 be a + nko.

Additionally, with Lemma [, we get P(g ) (7" < 00| = c0) = 1. Using the
strong property of Markov for the stopping times 7%, and with n > 2 the random
number of good intervals of the fragmentation at time T and with oy, ..., a, the
length of those intervals, we get:

9(x0) < E(g(on)...g(am)) < E(g(x0)") < g(@0)”.

As g(zg) < 1 by the uniformly integrability of M;, we get that g(z¢) = 0 and finally
that ¢ = 0. O

1.4 Limit theorems.

In this section, we establish two corollaries of Theorem [[2 which will be useful in
the sequel.
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Bertoin and Rouault (Corollary 2 in [22]) proved that
1
tlim n log #{I.(t) : ae™™ < |L,(t)| < be ™} = C(v), (1.4.1)

where C(v) := (T, + 1)v — x(Y,) and T, is the reciprocal of v by & i.e, & (T,) = v
for v € (Vmin, Vmaz)-

Here we deal with the more stringent requirement: Vs < ¢, |I.(s)| €
(ae™®¥ be~*"), and the next proposition gives the rates that we find in that case.

Proposition 1.1. In the notation of the previous sections, with the assump-
tions ([(LZA) and if v > p we get that conditionally on ( = oo (i.e. M s not
absorbed at 0, or in a equivalent way A qp) # 0):

1
tlim n logtG(t) = v—p a.s. (1.4.2)

Before proving this corollary we make the following remark

Remark 1.4. [t is interesting to compare the estimate found by Bertoin and Rouault
and the present one (of course we have not considered the same set, nevertheless the
two estimates are related). For this we show that for all v € (Vpmin, Vmaz) and a
and b such that p > Uy, we have C(v) > v — p. In this direction we use results
from [9] Section 1. Let W(p) := pr'(p) — r(p) for all p > 0 with k" the derivative
of k (this function is well defined because of the definition of p in Section 2 and
because p < 0). For every p > 0, V' (p) = pr’ (p) < 0 since k is concave. As a
consequence V s decreasing. With the definition of Y,, we get that the function
UV € (Umin, Umaz) — Yo € R is decreasing, additionally Y, . > 0, therefore the
function v € (Vmin, Vmaz) — g(Ty) € R is increasing. Moreover U(Y,) = C(v) — v,
hence for all v € (Vmin, Vmaz) -

O(U) —v 2 O(Umm) — Umin = —Umin-
Additionally as p > Upn, we finally obtain:

Yo € (Vmins Vmaz) C(v) > v —p.

As a consequence, we have checked that the rate of growth of $G(t) (defined
in  (L31)) is lower that of #{1.(t) : |I.(t)] € (ae™™, be~"")}, which was of course

expected.

Proof. In this proof we work conditionally on ( = oo (i.e M is not absorbed at 0).
Applying Theorem [[2, we get My, > 0. In order to show that ([[CZ2) holds, we will
first look at the lower bound of the inequality, and then at the upper bound.

/

"Where vip, is the maximum of the function p — x(p —1)/p on (p+1,00) and vyas = K (Q"’)

(see [9] ).
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e With the definition of M, in (I33), of G(t) and of .J/ (¢) at the beginning of
Section and by the conditioning, there exists t > 0 such that for all t > ¢ :

Mo
<

. ( 3 At + 1oa (1L ) 1) 204 be™" Lnwea)

ZGN €N

with Cy as maximum of h(.) on [loga,logb]. Hence for all t > ¢ :

h(0)
20,b

and as a consequence, conditionally on ¢ = oo,

ij’(t) > e(v=p)t

hmmf log 1G(t) > v —p. (1.4.3)
e Secondly we will show the converse inequality.
Let 0 <a <a<1l<b<d,andp = Prog(v/ ja'y- Denote the set of “good”
intervals associated to @’ and b by:

G't):={L(t): 2€(0,1) and |L(s)] € (de ™ be ™) Vs<t}

Let Mt/ be the martingale defined at the beginning of Section (and denoted there
by M) associated to a,b instead of a,b. Plainly, if M, is not absorbed at 0, then a
fortiori M, is not absorbed at 0 either. Additionally, since log(h'/a') > log(b/a), and
p. is strictly decreasing (see Theorem [[CI15), we get v > p > p  and we may apply
Theorem for a',b instead of a,b. We get lim;_, Mt' = M;o > 0.

With the definition ([L32) of M, and with an analogue of the function h(t),
namely t € R

(p(t) = W(_p )(t + log(l/a/))1{t6(10ga',10gb')}7
we get:

’ €plt
M, = lim
t=o0 p(0)

Z p(ut +log | J; ()] 1igmee @y

1€EN

Therefore there exists ¢ > 0 such that for every ¢t > ¢

’ e’ t
2M, > ZSO (vt +log [ L) 1 mec @
(,0( ieN
er't

v

20 Zsovt+log|J()l) ' Lwecy-

Since (ae™", be~") C (a'e !, b'e™"), we get by Theorem [CI1, that for all z €

=
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[loga,logb]: ¢(x) > 0. Because [loga,logb| is compact and ¢(.) is a continuous
function,

inf > 0.
ace[lolgriz,log b](,O(I)

Combining this with

Cs == 2M._(0)/ (a’ inf <p(:l:)) < 00,

z€[log a,log b]

we get for all ¢t >t :

Cs > el ) Z Liwecwy
ieN

and thus /
Cse@=P )t > 4G(t).
Hence for all @',b such that 0 <a <a<1<b<b":

1 /
lim sup — logij( )<v—p.

t—o0

For ¢ — a and b’ — b we get by the continuity of p. :

lim sup — logﬁG( ) <wv—p.

t—o0

O

Now we will give an other corollary, using the same method as that of Bertoin
and Gnedin in [20]. We encode the configuration .JT(¢) = {|.J/(¢)|} of the lengths of
good intervals into the random measure

ept

52 (vt + 108 LI () 15 () By ot 1

which has total mass M,.
The associated mean measure o; is defined by the formula

[ soitan ([ roan)

which is required to hold for all compactly supported continuous functions f. Since
M, is a martingale, o} is a probability measure. More precisely the next proposition
establishes the convergence of the mean measure o}, and then of o, itself.

Proposition 1.2. In the notation of the previous sections, with the assump-
tions (LZ4), and v > p we get:
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1. The measures o] converge weakly, ast — 0o, to the probability measure

o(dy) := ch(y + log a)h(log(b) — y)dy
where ¢ > 0 1s the constant that appears in Theorem [T 5.

2. For any bounded continuous f
—thm/ f(z)oy(dr) = My / f(z (1.4.4)

Proof. 1. Firstly we prove the convergence of the mean measures o — p. Let f
be a bounded continuous function. By definition we get:

fo Ut dy)

pt

1
= E (/0 f(log(1/a) 4 vt + log |I;(t)|)h€(0)h (vt + log | I1(2)]) 1{12(“6(;@)}613;)

h(Y, +1
Eiog(1/a) (f(n)eptwl{rKT})

h(0)

with the definition of Y;. Thus by the definition of P; in Theorem [1], we get

oo log(b/a) og a
| i = [ ro) ™ TE e pog1 ). ),

By Theorem [[LT12, we get

log(b/a)
/ Fw)oi(dy) ~ e / F )y + log a)h(log(b) — y)dy.

Therefore the measure o; converge weakly to the probability measure p.

2. Now we show that the scaled empirical measures induced by J(t) converge in
the L2-sense to the random measure M.

Let fi; and fy be two continuous functions bounded from above by 1, and

pt

N fillog(1/a) + vt + log| J} ()

gy (vt + 108121 01) 17 )

t

% fa(log(1/a) + vt + log |J;(t)|)h€(p0)h (vt + dog |7/ (5)]) 1101

We need to show that
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ﬁ(/owfl( dm)(/ fo(x ) (M2) (1.4.5)

for fi and f5 positive and bounded from above by 1. Indeed, suppose ([CZH)
is shown. Denote

pt

Ay =" fillog(1/a) + vt +log | I (£)])

i no)" (vt +1og | 7} (0)]) 1] 1)

Take fo =1 to conclude from ([CZH) that
thm E AtMt / fl (M2 )
Similarly, by setting f; = f, we get

tlggoEﬁ—(/ filz ) E (M2).

Recalling that E(M?) — E(M?2) and combining the above we get the desired

(At gy /0 h fl(:zr)g(drz:))2] 0.

To prove (CAH) let us replace t by ¢ + s and condition on J& = (|.J/(s)|)ien.
We have two cases: write ¢ ~ j for the case where at time ¢+ s two coexisting
intervals J! (t + s) and J;-r (t + s) stem from the same interval at time s, and
1 ~4 j for the case these intervals are not included into the same interval

lim E

t—o00

component at time s. Therefore, with the notation

S =E (Z Sis | J1(s ) and S|}, :=E (Z Stss | J%))

i~vg] g ]

we get:

StJrs + St(is (StJrS’JT(S))'

For the studies of Sfi)s we use the homogeneous property of the fragmentation
and the notation I, = (0,log(b/a)), and get
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1
1S5

< S HPeE (Zrﬂ \eﬂ) sup (HEE B sup (o) sup (o)

x€lp x€lp z€lp

< bePC,

with

ZUT ()| E (ZUT \6”) sup h(z-+log(a))* sup | fi(w)| sup | fo( )I/h(0)*

z€lp z€lp z€lp

which is finite because

E (Z \J]T(t)|ept> =E (1y<me™) < oo
J
Thus S,ffs — 0 as s — oo uniformly in .

Now we look at Sﬁ)s. We introduce the notation yj, = |J/(s)]. Write i \, k
if the length |.J/ (¢ + s)| stems from y;. By independence, the intervals which
are included in the interval with length y, and those which are included in
the interval with length ¥, evolve independently, thus gathering the lengths
|J1(t + )| by the ancestors at time s yields

Sivs = ;( % )(E%)

On the other hand, by self-similarity and convergence of the mean measures

E (% oo (vs +]i<(>§;)(yk/ a))yk fi(wt +log(|J] (8)]) + vs + log(yx/a))

th <vt + log <|Jj(t)\) +vs +10g(yk/a)) o |

o ) ([ )

ef
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and

E (Z o UL B 4 1og(1](0)) + v+ og(un/)
INd

th (vt + log (\J;(t)]) +vs + log(yl/a))
h (vs +log (y:/a))

o h(vs+log (y1/a)) (/ fol )

Therefore by dominated convergence

B(s2) ~ ([ fwean) ([ st )& (k#h

ps

b (vs + Toa(14(6) /@) 5 (v + Tor(L {0 /) {5 )

PAOIRIPUE)

J

ef

Moreover with C7 := bsup,;, |h(z +loga)|*/h(0)?, we get

1(0)2

Ze2ﬂsh<vs+log<u’i(s>'/ D o <cm (Z epw;(s)!) -

which goes to 0 when s — 00, as a consequence

vs O TS a vs O TS a
) ;emh( +1i((0|;]k< Il ))‘Jg(s)‘emh( +1i((o|;fl<>|/ ))uﬂs)\
S:OOE(MSQ).

1.5 The Hausdorff dimension.

In this section we use the notation and definitions of the previous sections. We recall
that p = piog(v/a), Where p_is define in ([CZR). Let dim be the Hausdorff dimension.
The aim of this section would be to proof the main theorem:

Theorem 1.3. : Multifractal spectrum. Assume (LZ14):

e if p > v holds, then:
G(v,a,b) = @ a.s.
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e if p < v holds, then:

dim(Gap) =1—p/v  a.s. (1.5.1)

Remark 1.5. 1. Berestycki in 9] has computed the Hausdorff dimension of the
set

1
G, = {:1: € (0,1) | tlim Elog\lx(t)] = —v} .

He found that for v € (Vmin,Vmaz), dim(G,) = C(v)/v (with C(v) defined
at the beginning of section [I.4). In Remark we have shown that for all
v € (max(Vmin, P); Vmaz) we have C(v) > v — p and we can notice that the
inequality is strict for p > Vi, As a consequence the set G, o) has a Haus-
dorff dimension smaller than that of G, and also smaller than that one could

have infer from equality (I.Z.1).

2. In the case v > vy, we have Y;/t 2 UV —Uyp >0 a.s. and

—00

Plog(1/a)(inf{t : Y, <0} =o00) > 0.

Thus W9 (c0) = 0 for all ¢ > 0 and then lims_.o, pg = 0. Moreover using
the fact that, limg_.q pg = oo and p. is decreasing, we get that for all v > vy,
there exist a and b such that pog/ay < v and thus the fact that the set of good
intervals s not empty.

The proof of this theorem use the non-asymptotic set A, qp). In particular the
key of the proof is the next proposition:

Proposition 1.3. Assume (LZA) and 0 <a <b < 1:
e if p > v holds, then:

ANovapy =0 as.
o if p < v holds, then: P(Ag ap) # 0) > 0, and conditionally on Ay qp) # 0,

dim(Aap) =1 — p/v. (1.5.2)

Proof. 1. Let v > 0 and a and b such that v < p. We define

with G(t) defined in (C3J)). We remark that

1
1
N(t) = —1 dx.
(t) /0 1RO (Leamy (v)de
and in particular
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E(N(t)) = E( /0 lmlwmemw}(ﬂf)dﬂf)'

Additionally by (CZ3), we get

E(N(t>) = evt E (ef(t)—vt 1{v87§(s)710gaE(O,log(b/a)) v sgt}) .

With the notation Y; = vt —&(t) and P, defined in Theorem [Tl we rewrite the
previous equality as:

E(N(t)) = e” Euga/a) (€777 1yery)

1 log(b/a)
= et [T e pog(1/a), dy).
a 0

By Theorem [[T12 we get

1 log(b/a)
E(N(t)) ~ —e(”_p)tch(())/ eV I(dy),
0

t—oo
with II defined in Theorem [l

Finally as the function y — e ¥ h(log(b) — y) is continuous, the integral above
is a finite constant. Thus if p > v then lim; . E(N(¢)) = 0, from which one
concludes that lim;_oo N(t) =0, i.e. Apap) =0 a.s.

. Now we deal with the case where a and b are such that v > p. We work
conditionally on Ag,qp) 7# 0 (or, equivalently, on the event ¢ = oo, which has
a positive probability by Theorem [[Z).

e Firstly, in order to prove the lower bound of the Hausdorff dimension of
A(v,a,p), we will use the same method as Berestycki in [9] . We will divide this
proof into three steps. Each step will begin with a star (x). In the first step
we will construct a subset RQNG(; (n) of A(yqp), which will be defined latter on

(see (CRA)). In the second we shall obtain a lower bound of the Hausdorff
dimension of this subset. In order to do that we will construct an increasing

process indexed by ¢ € (0,1), which only increases on ﬂNGg(n), and which is
ne

Holder continuous. In the last step we will conclude.

* As in |9] for § > 0 we define for all n € N, Hs(n) as a multi-type branching
process with each particle corresponding to a segment of G(dn) and

Gs(n):= U I,

I€Hs(n)

with G(t) defined in ([L3ZJ)) (i.e. Gs(n) = G(dn)).
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We notice that the family (Gs(n)),en is nested and that ﬁNG(g(n) = Aw,ap)-
ne

Let € > 0, and fix € > 0 and 1 > 0 such that < min(e,v — p). By Propo-
sition [T, for this € > 0 and 1 > 0, we may find #, > max((1 + |log(1 —
)/ (e —n),1og(2)/(v — p—n)) such that for all ¢ > ty:

P(|t~" log(tG(t)) — (v = p)| > nl¢ = 00) < €.

For each t > 0, we consider a variable () whose law is given by

and

~

P(x(t) = [ ) =1~ ¢,

where |.| is the integer part and ¢’ := P(|t"'log(1G(t)) — (v — p)| > n|¢ =
00) < €. Moreover by using that for all z > 2: log(z) — 1 < log(|z]), we
notice that

[t og(E(X(1))) — (v = p)| < i+t (|log(1 — €)| + 1)

Plainly X(t) is stochastically dominated by #G(t). Exactly as in [9] we can
construct a true Galton-Watson tree H by thinning Hs where § > t,. More
precisely the offspring distribution of H is given by the law of X(8). Let m =

E(x(0)) be the expectation of the number of children of a particle. Therefore,
we get

(a)

167 logm — (v —p)| < e (1.5.3)

(b) The family
= I 1.5.4
6() =, U Daen (15.4)

is nested. The G(n) is the union of the interval of the n generation of H.

(€) NG1n) < Apap:

neN
This last point makes sense because we work conditionally on ( = oo.

* We fix € > 0. We choose § > t; as shown above and consider the tree H. We
define Z(n) as the number of nodes of H at height n. By the theory of Galton-
Watson processes, as we are working conditionally on the event A, o4 # 0, we
have that almost surely

m~"Z(n) — W > 0.

Let o be a node of our tree (thus it is also a subinterval of (0,1)). Fix an
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interval I C (0,1) and introduce

H;(n) = {o €H(n),cnI+# 0},

Zi(n) = % Hi(n).

Define
x — Ly :=lmm ™" Zgu(n), =€ (0,1).

We will now state a lemma that we will use to conclude:

Lemma 1.3. For each ¢ > 0,
(a) There exists a version L of (Lz)zefon) which is Holder continuous of order
a for any a < 1 — p/v — € for every e > 0.

(b) The process L only grows on the set ﬂNG(n).
ne

Proof of Lemma 3 (a) Exactly as in |9] , we show the first point by veri-
fying Kolmogorov’s criterium (see [64] Theorem 2.1 p.26). Let W (o) be
the “renormalized weight” of the tree rooted at o, i.e.,

W (o) := lim m™ #{c" € H(|o| +n),0 C o},

n—~oo

where |o| is the generation of o.

By the definition of L we have for all z >y € (0,1):

Ly — Ly| = lim m™"Z,(n), =€ (0,1).

n—oo

For any J open subinterval of (0, 1), let
n(J) :=sup{n € N: 7" > | J|} = |- log(|J|)/vé].
For all z,y such that x < y by the definition of L , we get:

|L:c - Ly|

= lim @bl N e € Hlo| +n —n((x,y))),0 C o}
JEH(m,y)(n((xvy)))

< m1(@y) Z W(o),

UEH(z,y) (77((5”79)))
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and by the definition of n(.):

’Lx o Ly‘ < elogm(v—l(s log(y—x)+1) Z W(O')
UEH(z,y) (77((5”79)))
< mlp—ylm Y W(o),

JEH(m,y) (77((%?!)))

by using (CBE3). Moreover by the definition of good intervals, we have
that for each n the sizes of intervals in H(n) have a lower bound given
by ae™", so alJ|e™* is a lower bound for the sizes of the intervals of
H(n(J)), and thus Z;(n(J)) < €”/a. Therefore for all v > 1 and all

J C (0,1) we have:

—vén

E(( Y W) | < E(Wi+ ..+ Wesas1))
o€t (n(J))
< E((Wl + ...+ Wn(J)JFQ)’Y) < 00,

where the W, are i.i.d. with the same law as WW. The finiteness comes
from the existence of finite moments of all orders for W (see for example
Theorem 3.4 p. 479 of Harris 39]).

(b) The second point is clear by the choice of L.

* To prove that dim ( ﬁNG(n)) >1— p/v — e, it is enough to show that
ne

> diam(U;)' "7 > 0 (1.5.5)

for any cover {U;} of ﬂNG(n), where diam(U;) is the diameter of U;. Clearly,
ne

it is enough to assume that the {U;} are intervals, and by expanding them
slightly and using the compactness of the closure of ﬂNG(n), we only need to
ne

check (CEX) if {U;} is a finite collection of open subintervals of [0, 1].
Let UN,(l;,7;) be a cover of ﬂNG(n) (where the (I;,r;) are disjoints open
ne

intervals). Therefore
N

~

Z ‘Ln’ - le‘ =W.

=1

Thus for all such covers with max;(r; — [;) small enough

N
w S k Z(TZ - li)lip/vie
=0
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and hence
dim(Ag,ap) = dim( N G(n)) >1—p/v—e.

neN

To get the lower bound of the Hausdorff dimension of A, 4, we let € tend to
0.

e Secondly, the upper bound for ([[CAZ) is an easy corollary of the fact that the
Hausdorff dimension is smaller than the box-counting dimension (see [34] p.36-
43), using the cover U U Ji(n), with 0, ,,(t) ={i e N | Ji(t) € G(t)}

>N ie@v,a’b(n)

(with G(t) defined in Section [[3J).
U

Then we have the next corollary, which deals with the general case for a and b:

Corollary 1.1. Fort >0 set
Apap(t) == {x € (0,1) : ae™® < |L(t)| < be "t VWt > t/}.
Assume (LZA), 0 < a < b and p < v, then

]P( vab( )#@) — 1,

t' o0

and

P (dim(/\(v,a,b) () =1=p/v |Apapn(t) # @) =1

Proof. 1. The first part of the proof is a consequence of the homogeneity of the
fragmentation and of Proposition [[3.

2. Fix p' > p. As limg_o pg = 00, and, by Theorem [[T15, the application 5 — pg3
is continuous and strictly decreasing, therefore there exists 5y € (1,b/a) such
that p = Plog(8y)- Let € == (Bo — 1)/(1 + Bo), d =1—¢b =1+e¢,
zo := (Bo+ 1)(a+b/5y)/4 (notice that zq € (a,b)) and

Do = P(dim(‘/\(v,a,,b,)) >1- plog(b,/a/)/v)'

By Proposition [Z3 we get that po > 0. We notice that by the choice of a’ and
of b, we have Prog(t' Ja') = Plog(Bo) = 0.

Let I be an interval of (0,1). The law of the homogeneous interval fragmen-
tation started at I will be denoted by P;. We remark that P;(dim(A ap)) >
1 — p'/v) only depends on the length of 7. Thus we define

Gap(x) = Pr(dim(Agan) > 1—p /v),

where [ is an interval such that |I| = .
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Let 2 € (zoa’, zob"). We remark that by the choice of 2y and as 1 < §y < b/a
we have that (zga’, b ) C (a,b) and thus

ga,b(l') Z gacoa/,acob/ (l‘)

Moreover by the scaling property of the fragmentation we get that

9zod b’ (ZE) = P(dim(A(v,a//ax,bI/x)) >1- plog((bl/ac)/(a//;v))/v) = Do

Therefore
inf gus() > po (15.6)

x€(zoa ,xob")

Let
B(t)={i: moa < e’|J(t)] <aob} , ny = #B(t),
where (Ji, Ja, ...) is the interval decomposition of F(t).

Fix t' > 0. By applying the Markov property at time ¢t we get that
IP>(di7n(‘/\(v,a,b) (t/)) <1l- p,/v))

<E H Py (dim (A, gyat aopy) < 1= p /0)
ieB(t)

< E((1=po)™),

by using ([L20). Therefore as pg > 0, ny — oo (see (LAI)) and with the

t —o00

first part of the proof we can conclude.

O
Now we are able to proof our main result:
Proof of Theorem[L.3. Observe that for all n € N, we have
Awap)(n) C Guap) C N U Aga—epre)(m). (1.5.7)

e>0 meN

We can notice that the second inclusion is actually an equality.

e First we consider the case where p > v. As the application 3 — pg is continuous

and strictly decreasing (see Theorem [[15), there exists ¢g > 0 such that v <
Plog((b-+e0)/(a—e0)) < p- Moreover by ([LLT)

G(U,a,b) C mL—EJNA(U,a—eo,b-‘,-eo)(m):

therefore thanks to Proposition and the homogeneous property of the fragmen-
tation, we get the first part of the proof.
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e Second we consider the case where p < v. Thanks the second inclusion and
the corollary [T], we get that: for all € € (0,a),

dim(Guap) < dim( U Apa—cpre (1)) = maxdim(Ap,o—cpre (1)) S 1= progeoeey /0.
Then by the continuity of p  (see Theorem [[115), we get the uper bound of the
Hausdorff dimension of G, 4)-
The lower bound of the Hausdorff dimension is a consequence of the first inclusion
of (CR), as dim(A,ap(n)) =1 — p/v with a probability which goes to 1 when n
goes to infinity.
]

1.6 Appendix

1.6.1 A partition fragmentation.

In this appendix we give a proof of Theorem [C2 1. (Section [[3)).

For this, we use the method of Bertoin and Rouault in [22| for fragmentation,
which goes back to Lyons and al. [5§] for Galton-Watson processes, and tools taken
from the article of Engldnder, Harris and Kyprianou [32].

We first introduce the notations that we need and we define what a partition
fragmentation II is. Let P the space of partition of N, and for every integer k, the
block {1, ..., k} is denoted by [k]. As in [22|, we call discrete point measure on the
space () := R, x P x N, any measure :

w = Z 5(t,7r,k)7

(t,m,k)eD

where D is a subset of R, x P x N such that
Vi >0 VneN ]j{(t,w,k‘) eED|t< t/,m[n] # ([n],0,0,...),k < n} < 00

and for all t € R
w({t} x P xN) € {0,1}.

Starting from an arbitrary discrete point measure w on Ry x P x N, we will
construct a nested partition IT = (II(¢),t > 0) (which means that for all + > ¢
I1(¢) is a finer partition of N than II(t')). We fix n € N, the assumption that the
point measure w is discrete enables us to construct a step path (II(¢,n),¢ > 0) with
values in the space of partitions of [n]|, which only jumps at times ¢ at which the fiber
{t} xP xN carries an atom of w, say (, 7, k), such that mp,) # ([n],0,0,...) and k < n.
In that case, TI(¢, n) is the partition obtained by replacing the k—th block of II(t—, n),
denoted II;(t—,n), by the restriction 7, ;- ) of m to this block, and leaving the
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other blocks unchanged. Of course for all ¢ > 0, (II(¢,n),n > 0) is compatible (i.e.

for every n, II(n,t) is a partition of [n] such that the restriction of II(n + 1,t) to

[n] coincide with II(n,t)), as a consequence, there exists a unique partition II(¢),

such that for all n > 0 we have II(t)|,) = II(¢,n). With the terminology of [14], it is

shown in [22| that this process Il is a (partition valued) homogeneous fragmentation.
One says that a block B C N has an asymptotic frequency, if the limit

|B| := lim n~'card(B N [n])
n—oo
exists. When every block of some partition 7 € P has an asymptotic frequency, we
write |7r| = (|m],...) and then |7|} = (Jm|!,...) € S! for the decreasing rearrangement
of the sequence |7|. In the case where some block of the partition = does not have
an asymptotic frequency, we decide that |r| = |7|' = 8, where 0 stands for some
extra point added to S'. We stress that the process of ranked asymptotic
frequencies |I1|! is a ranked fragmentation.

Moreover, let v be the dislocation measure associated to this ranked fragmenta-
tion (see Subsection [LZZ). According to Theorem 2 in [14], there exists a unique
measure g on P which is exchangeable (i.e. invariant by the action of finite per-
mutations on P), and such that v is the image of p by the map that associate the
decreasing rearrangement |m|! of the sequence of the asymptotic frequencies of the
blocks of 7, to w. Thanks to exchangeability, we get that for all measurable function
f:[0,1] — R such that f(0) = 0.

[ tmhuta) = [ S sustagwtas)

We denote the sigma-field generated by the restriction to [0,¢] x P x N by Gy(?).
So (Go(t))i>o is a filtration, and the nested partitions (II(¢),¢ > 0) are (Go(t))i>o0-
adapted. We define also the sigma-field (Fy(t)):>o generated by the decreasing re-
arrangement |II(r)|! of the sequence of the asymptotic frequencies of the blocks of
II(r) for r < t. Of course (Fo(t))s>0 is a sub-filtration of (Gy(t))s>o-

Let Gy (t) the sigma-field generated by the restriction of the discrete point measure
w to the fiber [0,¢] x P x {1}. So (Gi(t),t > 0) is a sub-filtration of (Gy(t),t > 0),
and the first block of I is (Gy(t),t > 0)-measurable. Let D; C R, be the random
set of times r > 0 for which the discrete point measure has an atom on the fiber
{r} x P x {1}, and for every r € D;, denote the second component of this atom by
().

We define the probability measure P! as the h-transform of P based on the
martingale D; (defined in Theorem [l (3)):

dPlle, = D,dP,le,. (1.6.1)

To simplify the notation, as in the section we define for all t € R h(t) =
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WP (t + log(1/a)) 1 se(og(a)tond)))- This function is well defined thanks to Theo-

rem [[T]
Let P;(t) the block of I1(¢) which contains ¢ at time ¢. Similarly as in Section [3]
for a homogeneous fragmentation, we define the killed partition

T () = T1;(6) 1 q3iene| 11,(6)=P,(0); Vet |Pu(s)]€(ac—s be—2))

When we project the martingale D, of ([CLZY) on the sub-filtration (Gy(t)):>0,
we obtain an additive martingale

%;h(vt+log(|m(t)|)) il (t)]

As |I1] is a ranked fragmentation with dislocation measure v, this martingale is the
same as this of Section From now on, we denote this martingale by M, too.
Observe that the projection (LEJ]) on the sub-filtration Gy(t) give the identity:

dPLlgyy = MidP, o).

Like in lemma 8 (ii) [29], with the probability measure P! we get:

Lemma 1.4. Under P!, the restriction of w to Ry x P x {2,3,...} has the same
distribution as under P and is independent of the restriction to the fiber R, xP x{1}.

It follows immediately from Theorem [Tl that
Remark 1.6. Forz € [0,log(b/a)], let F,(t) :=E, ( e 1{p=yy) fort € [0,00), then
F,(t) converges when t — oo to a finite limit, and F,(.) : [0,00) — [0, 00) is cadlag.

In particular we have

sup  sup |F(t)| < 0.
z€[0,log(b/a)] t=>0

Remark 1.7. We have for allt > 0:

b2
M B M ~ < e(p_v)t— Sup h €T a.s.
| t ¢ | - ah(O) z€|log a,log b] ( )

If v > p, there exists 0 < C' < oo such that

sup |[M; — My_| < C' a.s.

Let ot
o= gt (v + gD ) I (0)
and
= i S (vt tog (101 i)
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Now we have the background that we need to study

M = ¢ + dy,
and we will show that M is bounded in L*(P). In order to do that, as E(M?) =
EL(M,), it is enough to prove that
lim E}(M,) < oo

t—o0

1.6.2 The proof of Theorem [T.2.1.

e [irst we show that lim,_, El(ct) =0.

With the subordinator £(t) := —log(|II;(¢)|), whose Laplace exponent is s
(exactly the same as this defined in Subsection [LZ3), with the Lévy Process
Y, = vt — &(t) + log(1/a), and T := Tiogp/a) defined in ([C2Z) associated to this

‘ ! )
Lévy Process, under Plog(1 Jay WE get:
e(p—U)t

G = h(O) W(*P)(}/}) eygi 1{t<T}'

As a consequence,

WER(Y,) g WEP(Y;)? :
Elog(1/a ( 7(0) e Liery | = Eioga/a) O et e 1ery

b
< h ’ FO a t
a xeufguaplogb]( (z)) ah(0)2 log(1/ )( )

which is bounded by a constant independent of ¢ by Remark [CH and as p < v, we
have lim;_,o, e»~"* = 0. Therefore:
lim El(¢,)=0. (1.6.2)
e Now we consider d;. As shown in [22] with B(r,j) = {i > 2 : II;(t) C
m;(r) NI (r—)}, we get, for every r € [0,t] and j > 2, conditionally on r €
Dy, IIi(r—) and 7;(r), the partition (II;(¢) : ¢« € B(r,j)) can be written in the
form I1U) (¢ — T)jm,(rnin (r—)-  Here (H(j))jeN is a family of i.i.d. homogeneous frag-
mentations distributed as IT under P and independent of the sigma-field G; (). As a

consequence:

UILE) = U U T90¢ = 1)t (o)
i>2 (*) 7>2 ref0,4nD; (t = Pims )

Moreover |m;(r)||II;(r—)| is G1(t) measurable, and we have that for all i € N

L (= 1)y oy | = T (= 1) () [T ()|
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so that we get:

EY(di]Gi(1) < Y Z 175 (M T =)Wy oy (e
Ot}ﬂ'Dl 7j=2
! 4 _ .
ZE <’HZ (t r>ﬂ{a<|ﬁ-<7>(t/—r)|ev<t’—r>|7rj(r)\\n{(r Yevr<b vt €[r,1]} |G:(t )>
<

5D Z!% M)W oy e <

0 t}l"lDl ] =2

9 - _
ZE <|HZ (t T)ﬂ{a/bg\ﬁiu)(t/fr)\e”(t/*r)gb/a Vt/E[T,t}} |g1(t)) ;
=1

with Cg the maximum of h(t) on the compact [log(a),log(b)]. As II is independent
of the sigma-field G (¢), IT has the same distribution under P as under P!, 1) is
also distributed as Il under P. Thus,

2/ ! ,

E (‘H = 8,9 ¢ et - <ba el ’gl(ﬂ)
! .

N ZE <‘H )‘ {a/b< 9 (¢ —r)|ev( =0 <bja Vit €[rt]} ) ’

Now we have by size-biased sampling:

=) |1TT.(+ _ !
> E <ep R Vt/e“’t”)
=1

_ (et
= E( Lt rcint(s: mlg (e bws)}})

= Elog(l/a) < ep(tir)]-{Tg log(b/a)>t*7”}}> )

as p. is decreasing paiog(b/a) < p, thus

(t—r)ml
Z ep E <’H ( ) {a/b<|T; (' —r)\e“(t —m<b/a Vit G[rt}’ ’ gl(t))
S EIOg(l/a) < 6p2 tos(®/e) ( )1{T2 log(b/a)>t T}})

Therefore with Fx/(t) = E;v(692log(b/a)tl{TQlog(b/a)>t}}> and since |H§(7’_)| =

ae¥r-—vr I — <7y under P!

log(1/a)7 W€ get:

EN(di|Gi (1)) < Z Zm e’ sup  sup|F(1)].

€[0,4jNDy1 j=2 x€[0,log(b/a)] t>0
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Moreover we have by definition e¥- I cry < b/a. We let

Co:= sup sup|F,(t)[bCs/h(0)

x€[0,log(b/a)] t>0

according to Remark we have Cy < oco. Thus

ENdGi(1)) < Co D D e |m(r)].

ref0,4)nDy j=2

Under P, the Gy(t—) predictable compensator of

A= ) D e my(r)]

rel0,t)NDy j=2
Is
t 00
N, ::/ dr/ u(ds)e(p_”)TZ|7Tj|.

Additionally

/Pu(ds)z:oyﬂﬂ = /S V(ds)isi [(Z Sj) — Sz‘] :

i=1 j=1

o _ . .
As > s; =1v—a.s., we achieve:

[ a3l < [ vz,

=2 S
which is finite by (IC2ZTI). Moreover as p < v, the term e(’~)" is integrable on [0, 00),

so that we have lim;_,., V; < o0.

As both X, := A; — N, and M, are martingales, by Theorem 4.50 of [43], we get
that

XM —[X,M] is alocal martingale.

A sequence (7, = (T'(m,n))men)nen of adapted subdivisions is called a Riemann
sequence if sup,, [T’ (m~+1,n)At—=T(m,n)At] — 0 for allt € R,. By Theorem 4.47
of 43|, for any Riemann sequence {7, = (T'(m, n))men }nen of adapted subdivisions,
the processes S;, (X, M) defined by

Sm (X7 M)t = Z(XT(m+1,n)At - XT(m,n)At)(MT(m+1,n)At - MT(m,n)/\t)

meN

converge to the process [X, M], in measure, uniformly on every compact interval.
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We will now bound S, (X, M); uniformly in ¢. As

STn (X7 M)t < Slulg |MT(l+1,n)/\t - MT(l,n)/\t| Z |XT(m+1,n)At - XT(m,n)At| (1‘6‘3)
€

meN

we will first focus on > ¢ | X1(m+1,ma8 — Xmmael:

Z | X mt1)nnt = X1(momadl
meN
00 T(m4+1,n)At

-y > > o))+

meN \ re[T(m,n)At,T(m+1,n)At)JND1 j=2 T(m,n)At

< X T+ [ dr [ e Y )
j=2

TE[O,t]ﬂDl 7j=2

dr [ ulds)er 3 x|

Therefore by the previous study of A; and N; we get that there exist Cjy < oo
independent of ¢ such that:

lim E (Z |XT(m+1,n)/\t — XT(m,n)/\t|) S 010 for all t.

n—00
meN

Moreover
lim sup |MT(Z+1,n)At - MT(l,n)/\t| < sup |Mr - Mr—|
r<t

n—0 [eN

is a.s. bounded by C’ (see remark [7) independently of . Consequently by (IC6.3)

lim E([X, M],) < oo.

t—o00

Thus as XM — [X, M] is a local martingale, we get that lim,_., E(d;) < oo .
Finally according to (CE2), we get

lim E}(M,) = lim ENENd, 4 ¢|Gi(t))) < oo,

t—o00
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Chapter 2

Self-similar branching Markov chains

The main purpose of this work is to study self-similar branching Markov chains. First
we will construct such a process. Then we will establish certain Limit Theorems
using the theory of self-similar Markov processes.

Contents

The material of this chapter is an article to appear in “Séminaire de probabilités”.
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2.1 Introduction.

This work is a contribution to the study of a special type of branching Markov
chains. We will construct a continuous time branching chain X which has a self-
similar property and which takes its values in the space of finite point measures
of R%. This type of process is a generalization of a self-similar fragmentation (see
[17] ), which may apply to cases where the size models non additive quantities as
e.g. surface energy in aerosols. We will focus on the case where the index of self-
similarity « is non-negative, which means that the bigger individuals will reproduce
faster than the smaller ones. There is no loss of generality by considering this model,
as the map x — z~! on atoms in R?% transforms a self-similar process with index «
into another one with index —a (and preserves the Markov property).

In this article we choose to construct the process by bare hand. We extend
the method used in |[17] to deal with more general processes where we allow an
individual to have a mass bigger than that of its parent. We will explain in the
sequel, which difficulties this new set-up entails. There exists closely related articles
about branching processes, like among others [53], [54] from Kyprianou and [30)],
[31] from Chauvin. However notice that the time of splitting of the process depends
on the size of the atoms of the process.

More precisely we will first introduce a branching Markov chains as a marked tree
and we will obtain a process, indexed by generations (it is simply a random mark on
the tree of generation, see Section 222). Thanks to a martingale which is associated
to the latter and the theory of random stopping lines on a tree of generation, we will
define the process indexed by time. After having constructed the process, we will
study the evolution of the randomly chosen branch of the chain, from which we shall
deduce some Limit Theorems, relying on the theory of self-similar Markov processes.
In an appendix we will consider the intrinsic process and give some properties in
the spirit of the article of Jagers [44]. By the way we will show properties about the
earlier martingale.

2.2 The marked tree.

In this part we will introduce a branching Markov chain as a marked tree, which
gives a genealogic description of the process that we will construct. This terminology
comes from Neveu in [62] even if here the marked tree we consider is slightly different.
First we introduce some notations and definitions.

A finite point measure on R is a finite sum of Dirac point masses s = > | ds,,
where the s; are called the atoms of s and n > 0 is an arbitrary integer. We shall
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often write s = n = s(R? ) for the number of atoms of s, and M,,(R? ) for the space
of finite point measures on R’ . We also define for f: R} — R measurable function

and s € M, (R%)
fis
<f7 S> = Z f(Si)a

by taking the sum over the atoms of s repeated according to their multiplicity and
we will sometimes use the slight abuse of notation

fis
(). i= D f(5)

when f is defined as a function depending on the variable x. We endow the space
M, (R?%) with the topology of weak convergence, which means that s, converge to
s if and only if (f,s,) converge to (f,s) for all continuous bounded functions f.
Let a > 0 be an index of self-similarity and v be some probability measure
on Mp(R%).The aim of this work is to construct a branching Markov chain X =
((Zfi(l(t) dx,(1))e=0) With values in M, (R% ), which is self-similar with index a and
has reproduction law v. The index of self-similarity will play a part in the rate
at which an individual will reproduce and the reproduction law v will specify the
distribution of the offspring. We stress that our setting includes the case when

v(F s >1)>0, (2.2.1)

which means that with a positive probability the size of a daughter can exceed that
of her mother.

To do that, exactly as described in Chapter 1 section 1.2.1 of [17] , we will
construct a marked tree.

We consider the Ulam Harris labelling system

with the notation N = {1,2,...} and N = {}}. In the sequel the elements of T
are called nodes (or sometimes also individuals) and the distinguished node ) the
root. For each u = (uy,...,u,) € T, we call n the generation of u and write |u| = n,
with the obvious convention || = 0. When n > 0, v = (u1,...,u,) € N" and
i € N, we write ui = (u1, ..., un,7) € N*! for the i-th child of u. We also define for
u = (uq, ..., u,) with n > 2,

mu = (U, ..., Up_1)

the mother of u, mu = () if u € N. If v = m™u for some n > 0 we write v < v and
say that u stems from v. Additionally for M a set of T, M < v means that u < v
for some u € M. Generally we write M < L if all z € L stem from M.

Here it will be convenient to identify the point measure s with the infinite se-
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quence (Si, ..., S, 0, ...) obtained by aggregation of infinitely many 0’s to the finite
sequence of the atoms of s.

In particular we say that a random infinite sequence (&;,7 € N) has the law v, if
there is a (random) index n such that § = 0 < ¢ > n and the finite point measure
>, 0¢, has the law v.

Definition 2.1. Let two independent famailies of i.1.d. wvariables be indexed by the
nodes of the tree, (€,,u € T) and (e,,u € T), where for each u € T, €, = (Eu)ien
is distributed according to the law v, and (ey;)ien S a sequence of i.i.d. exponential
variables with parameter 1. We define recursively for some fixed x > 0

§o:=x, ap:=0, Cp ==z “ey,

and foru € T and 1 € N:

wi +— SuiSus ui -— Ay w) wi ;Z‘aeui-
3 §ui§ a ay + G G §

To each node u of the tree T, we associate the mark (&, ay, C.) where &, is the size,
a,, the birth-time and (, the lifetime of the indiwidual with label uw. We call

T, = ((&u Qs gu)uGT)

a marked tree with root of size x, and the law associated is denoted by P,. Let Q be
the set of all the possible marked trees.

The size of the individuals (§,,u € T) defines a multiplicative cascade (see the
references in Section 3 of [18]). However the latter is not sufficient to construct the
process X, in fact we also need the information given by ((ay,(,),u € T).

Another useful concept is that of line. A subset L C T is a line if for every
u,v € L, u = v = u =wv. The pre-L-sigma algebra is

HLzza(gu,eu;ElleL:ujlorﬂlEL:lju).

A random set of individuals

j:Q—)P(T)

is optional if {J < L} € Hy, for all line L C T, where P(T) is the power set of T
. An optional line is a random line which is optional. For any optional set J we
define the pre-7-algebra by:

AceHs< VL line CT:AN{J 2L} € H,.

The first result is:

Lemma 2.1. The marked tree constructed in Definition [Z1 satisfies the strong
Markov branching property: for J an optional line and o, : Q — [0,1], u € T,

Page 64



2.3. MALTHUSIAN HYPOTHESES AND THE INTRINSIC MARTINGALE.

measurable functions, we get that,

IE1 (H Pu OT&M

ueJ

HJ) = H Eﬁu(gpu)a

ueJ

where T is the marked tree extracted from Ty at the node (&, ay, ). More precisely

Tfu = ((Euv, Ay — Qo Cuv)v€T>'

Proof. Thanks to the i.i.d properties of the random variables (Eu, u € T)and (e,,u €
T), the Markov property for lines is of course easily checked. In order to get the
result for a more general optional line, we use Theorem 4.14 of [44]. Indeed, the tree
we have constructed is a special case of the tree constructed by Jagers in [44]. In
our case the Jagers’s notation p,, 7, and o, are such that the type p, of u € T, is
the mass of u: &,, the birth time o, is a, and 7, is here equal to (,,, (because the
mother dies when she gives birth to her daughters). We notice that all the sisters
have the same birth time, which means that for all v € T and all ¢« € N, we have
that 7,; is here equal to (,. O

2.3 Malthusian hypotheses and the intrinsic martin-

gale.

We introduce some notation to formulate the fundamental assumptions of this work:

pi= inf{pER:/ <xp,s)1/(ds)<oo},
- My(R2.)
and

Poo = inf {p>p:/ <Ip,S>l/(dS):OO}
= Iy

(with the convention inf () = co) and then for every p € (p, poo):
W)= [ ) o),
My(R?)

Note that x is a continuous and concave function (but not necessarily a strictly
increasing function) on (p, pso), as p — | Mp(Ri)@p’ s)v(ds) is a convex application.
By concavity, the equation x(p) = 0 has at most two solutions on (p, p). When a
solution exists, we denote by pg := inf{p € (p, pso) : £(p) = 0} the smallest, and call
po the Malthusian exponent. -

We now make the fundamental:
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Malthusian Hypotheses. We suppose that the Malthusian exponent py exists,
that po > 0, and that
k(p) >0 for some p > py. (2.3.1)

Furthermore we suppose that the integral
/ ((zP,s))’ v(ds) (2.3.2)
Mp(RY)

is finite for some p > 1.

Throughout the rest of this article, these hypotheses will always be
taken for granted.

Note that (3] always holds when v(s; < 1 for all i) = 1 (fragmentation case).
We stress that x may not be strictly increasing, and may not be negative when p is
sufficiently large (see Subsection EZ6.1] for a consequence of this fact.)

We will give one example based on the Dirichlet process (see the book Kingman
[45]). Fix n > 2, (vq,...,0,) n positive real numbers and v = > v;. We define
the simplex A,, by

An = {(p17p27 7pn) € Ri? sz = 1} .

J=1

The Dirichlet distribution of parameter (vy,...,v,) over the simplex A, has the
density (with respect to the (n — 1)-dimensional Lebesgue measure on A,,):
F(U) v1—1 Up—1
f(pla 7pn) - F(Ul)F(Un)pl Dy
Let a := v(v+1)/(>°", v;(v;+1)). Note that a is strictly larger than 1. Let the
reproduction measure be the law of (aXj,...,aX,), where (X3, ..., X},) is a random
vector with Dirichlet distribution of parameter (v, ..., v,). Therefore

K(p) = &pr I'(v) Zn: I'(p+ Ui)’
(v+p) = T(w)
p = —v, pop = 1 and the Malthusian hypotheses are verified.

In this article we will call extinction the event that for some n € N, all nodes u
at the n-th generation have zero size, and non-extinction the complementary event.
We see that the probability of extinction is always strictly positive whenever v(s; =
0) > 0, and equals zero if and only if v(s; = 0) = 0 (as we have suppose [Z32); see
p.28 [17] ).

After these definitions, we introduce a fundamental martingale associated to
(€u,u €T).
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Theorem 2.1. The process

is a martingale in the filtration (Hy, ), with L, the line associated to the n-th gener-
ation (i.e. L, :=={u € T : |u] =n}). This martingale is bounded in LP(P) for some
p > 1, and in particular is uniformly integrable.

Moreover, conditionally on non-extinction the terminal value My, 1s strictly pos-
itive a.s.

Remark 2.1. As k is concave the equation k(p) = 0 may have a second root p, :=
inf{p > po, k(p) =0}). This second root is less interesting: even though

Ti=>) & neN,

lul=n

is also a martingale, it is easy to check that for all p > 1 the p-variation of M) is
infinite, i.e. (D" 7 | Mpy1 — M,|P) = o0).

We can notice that for all p € (po,py) (M,(l ))nGN = (Zlu\ EP)pen 1S a super-
martingale.

The assumption (ZZA) means actually that E(M7) < oo

Proof. « We will use the fact that the empirical measure of the logarithm of the
sizes of fragments

ZM =" bige. (2.3.3)

lul=n

can be viewed as a branching random walk (see the article of Biggins [25]) and use
Theorem 1 of [25]. In order to do that we first introduce some notation: for 6 > p,

m(e)::E(/ e’ 7MW (d ) > & =1-k(0)

lul=1

we define

and

w™(g) = m(é’)"/e@‘”Z(")(dm) (1— k(6 Z €.

lul=n

We notice that M, = W (p,). Therefore in order to apply Theorem 1 of [25] and
to get the convergence almost surely and in pth mean for some p > 1, it is enough
to show that

E(W® (p)?) < o0

for some 7 € (1, 2] and
m(ppo)/[m(po)l” <1

for some p € (1,v]. The first condition is a consequence of the Malthusian assump-
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tion. Moreover the second follows from the identities

m(ppo)/|m(po)[’ = (1 = k(ppo))/|1 — K(po)|” = 1 — K(ppo)

which, by the definition of py, is smaller than 1 for p > 1 well chosen.

e Finally, let us now check that M, > 0 a.s. conditionally on non-extinction.
Define ¢ = P(M,, = 0), therefore as E(M.) = 1 we get that ¢ < 1. Moreover, an
application of the branching property yields

E(¢”) =g,

where Z, is the number of individuals with positive size at the n-th generation.
Notice that Z, = (Z(™ 1). By the construction of the marked tree and as v is a
probability measure: (Z,,,n € N) is of course a Galton-Watson process and it follows
that ¢ is its probability of extinction. Since M., = 0 conditionally on the extinction,
the two events coincide a.s. O

2.4 Evolution of the process in continuous time.

After having defined the process indexed by generation and having shown that the
martingale M, is L?(IP) bounded, we are now able to define properly the main objet
of this paper. In order to do this, when an individual labelled by u has a positive size,
&, >0, let I, := [ay, ay + () be the interval of times during which this individual is
alive. Otherwise, i.e. when £, = 0, we decide that I, = (). With this definition, we
set:

Definition 2.2. We define the process X = (X(t),t > 0) by

X() =) Mperybe,,t > 0. (2.4.1)

u€eT

In particular we have for f: R, — R measurable function

(FX(0)) = f(6) ey

u€eT

For every x > 0, let P, be the law of the process X starting from a single individ-
ual with size . And for simplification, we denote P for Py, and let (F;):>o be the nat-
ural filtration of the process (X(t),t > 0). We use the notation (X (%), ..., Xix)(2))
for the sequence of atoms of X(¢). In the following we will show that this sequence
is almost surely finite. Of course the set (Xi(t), ..., Xyx()(t)) is the same as the set
((&4);t € 1,); but sometimes it will be clearer to use the notation (X;(t)).
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We define for u € R, :

F(u) = / u*v(ds).
My(R%)

We notice that F(u) is the generating function of the Galton-Watson process
(Zyyn>0)=({ueT: & >0and |ul=n},n>0).
From now on, we will suppose that for every ¢ > 0

! du
/1 Tl —a = > (2.4.2)

—€

Of course if F'(1) = E(Z;) < oo this last assumption is fulfilled. Therefore we get
the first theorem about the continous time process:

Theorem 2.2. The process X takes its values in the set M,(R%). It is a branching
Markov chain, more precisely the conditional distribution of X(t + r) given that
X(r) = s is the same as that of the sum >_ XO(t), where for each index i, XD (t) is
distributed as X(t) under P, and the variables X (t) are independent.

The process X also has the scaling property, namely for every ¢ > 0, the distri-
bution of the rescaled process (¢X(c®t),t > 0) under Py is P..

In the fragmentation case, the fact that the size of the fragments decreases with
time entails that the process of the fragments of size larger than or equal to € is
Markovian, and which leads easily to Theorem This property is lost in the
present case.

Proof. e First we will check that for all ¢ > 0, X(¢) is a (random ) finite point measure.
By Theorem BTl and the Doob’s LP-inequality we get that for some p > 1:

sup M,, = sup Z g e LP(P).

neN neN lul=n
As a consequence:
sup &0 e LP(P) (2.4.3)
uelY

and then by the definition of the process X, writing X (), ... for the (possibly infinite)
sequence of atoms of X(t)

sup sup X;(t)* € LP(PP).
i teRy
Recall that pg > 0 by assumption. We fix some arbitrarily large m > 0. We now
work conditionally on the event that the size of all individuals is bounded by m, and

we will show that the number of the individuals alive at time ¢ is almost surely finite
for all ¢ > 0.
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As we are conditioning on the event {sup, &, < m}, by the construction of the
marked tree, we get that the life time of an individual can be stochastically bounded
from below by an exponential variable of parameter m®. Therefore we can bound the
number of individuals present at time ¢ by the number of individuals of a continuous
time branching process denoted by GW in which each individual lives for a random
time whose law is exponential of parameter m® and the probability distribution of
the offspring is the law of fs V 1 under v (we have taken the supremum with 1 to
ensure the absence of death). For the Markov branching process GW, we are in the
temporally homogeneous case and, we notice that

/ W V(ds) = (F(u) — w)v(ng £ 0) + u
MP(R*)

therefore as we have supposed ([ZZ2), we can use Theorem 1 p.105 of the book of
Athreya and Ney [6] (proved in Theorem 9 p.107 of the book of Harris [40]) and get
that we are in the non-explosive case for the GW. As the number of the individuals
is bounded by that of GW we get that the number of individuals at time ¢ is a.s.
finite.

Therefore conditioning on the event {sup,.r &, < m}, we have that for all ¢ > 0,
the number of individuals at time ¢ is a.s. finite, i.e. X(t) is a finite point measure.

e Second we will show the Markov property. Fix » € R,. Let 7, be equal to
{ueT: rel,}. Wenotice that 7, is an optional line. In fact for all lines L C T
we have that

{2 L}={r<a,+( YuelL}eH.

By definition, we have the identity

X (t+r)
Z H{Xj(t+r)>0}5Xj(t+r) = Z ]1{t+relu}5£u-
i=1 u€T

Let X(r) = >0, 0, € M,(R%) with n = §X(r) and (v1, ..., v,) the nodes of T.
Define for all i < n,

T(i) = ((fviua Ay — Aoy, Cviu - ]l{u:@}(T - avi))ueT) = ((gu ) ~§1)7 C( ))u ’]I‘)
I = [&q(f), a4+ &(f)[ and

X(Z Z]l{teﬂ”} £

u€eT

Then

X(t+r) ZX()

By the lack of memory of the exponential variable, we have that for v € T, given
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s € I, the law of the marked tree 7@ is the same as that of

Tévi = ((gviuu Ayu — Qo C’Uzu)ueT) ((gu’ CLu, g )UET)

Thus we have the equality in law:

Z ]l{tel(z)} & = Z Lgter;yOc;

u€eT u€eT

with I' := [a!,al + C'].
Let 7/ :={vu € T: r e I.}. Moreover for all lines L € T we have that

{78 <L} = {r < ay,u + Cou Yosu € L} € Hy.

Therefore 7! is an optional line and by applying Lemma 1] for the optional line 77,
we have that the condition distribution of the point measure

Z Ui reriyde

u€eT

given H,, is the law of X(¢) under P,,. We notice that H,, = o(gu, e, :a, <s)is
the same filtration as F, = 0(X(s') : s < s). Therefore (XM, X® . X®) is
sequence of independent random processes, where for each i, X (t) is dlstrlbuted
as X(t) under P,,. We then have proven the Markovian property.

e The scaling property is an easy consequence of the definition of the tree T,. [

Remark 2.2. For every measurable function g : R}, — R, define a multiplicative
functional such that for every s = Zfil ds, € Mp(R%):

pg(s) = exp(—(g,s)) = exp(— Zg

Then the generator G of the Markov process X(t) fulfills for every y = Zﬁy 0y, €
M,(RY):

Gogly Zy e~ 2z 95) / (€*<g(wy¢)75> — efg(yi)),/(ds)‘ (2.4.4)
Mp(RY)

The intrinsic martingale M,, is indexed by the generations; it will also be conve-
nient to consider its analogue in continuous time, i.e

M(t) == (@, X(1)) = > Nper &

u€eT

It is straightforward to check that (M (t),t > 0) is again a martingale in the natural

filtration (F);>0 of the process (X(t),t > 0); and more precisely, the argument
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Proposition 1.5 in [17] gives:
Corollary 2.1. The process (M(t),t > 0) is a martingale, and more precisely
M(t) = E(Mx|F2),

where My, is the terminal value of the intrinsic martingale (M,,n € N). In partic-
ular M(t) converges in LP(P) to My, for some p > 1.

Proof. We will use the same argument as in the proof of Proposition 1.5 of [17] .
Netherless, we have to deal here with the fact that sup, ., §, may be larger than 1.
Therefore we will have to condition. We know that M, converges in L?(PP) to M,
as n tends to oo, so

By Theorem 71l as already seen in (43]), we have sup, g, 7° € LP(P), so that we
fix m > 0 and we now work on the event B,, := {sup,, & < m}.
By applying the Markov property at time ¢ we easily get that

X (1)
E(M,|F) = > XP(0) Woxan<ny + D 0 Nayrcueny (2.4.5)
i=1 |u|=n

where o(,) stands for the generation of the individual v (i.e. 0(&,) = |v|), and
ay + ( is the instant when the individual corresponding to the node u reproduces.
We can rewrite the latter as

Ay, + Cu = g—a € + E;Lﬁ‘_luel + ...+ §;O‘e‘u|

mluly,

where ep,... is a sequence of independent exponential variables with parameter 1,
which is also independent of &,. We can remark that in the first term of sum ([ZZ3H)
we sum over the sizes of the individuals which belong to the n-th generation and
are alive at time ¢, and in the second term we sum over those belonging to the n-th
generation and are dead at time .

[}

As « is nonnegative, and as we are working on the event B,,: § ¢

u

have that for each fixed node v € T , a, + (, is bounded from below by the sum of

> m~® we

|u| + 1 independent exponential variables with parameter m® which are independent
of &,. Thus

lim E Z E o vcucty gy | =0,

n—o0
lu|l=n

and therefore by (ZZH) on the event {B,}, we get that for all m > O0:
E(Moo|Fi) g,y = M(t)lp,,), and then by letting m tend to co we get the re-
sult. O
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2.5 A randomly tagged leaf.

We will here (as in [17] ) define what a tagged individual is by using a tagged leaf.

We call leaf of the tree T an infinite sequence of integers [ = (uy,...). For each n,
™ := (uq, ..., u,) is the ancestor of [ at the generation n. We enrich the probabilistic
structure by adding the information about a so called tagged leaf, chosen at random
as follows. Let H,, be the space of bounded functionals ® which depend on the mark
M and of the leaf [ up to the n-th first generation, i.e. such that ®(M,1) = &(M', 1)
if " = 1" and M(u) = M (u) whenever |u| < n. For such functionals, we use the
slightly abusing notation ®(M,l) = ®(M,[™). As in [17] for a pair (M, \) where
M :T — [0,1] x Ry x R, is a random mark on the tree and X is a random leaf of
T, the joint distribution denoted by P* (and by P if the size of the first mark is x
instead of 1) can be defined unambiguously by

EY(@(MN)=E [ Y oM uer|, ocH,

|u|=n

Moreover since the intrinsic martingale (M,,n € Z,) is uniformly integrable (cf.
Theorem [ZT]), the first marginal of P* is absolutely continuous with respect to the
law of the random mark M under P, with density M.

Let A, be the node of the tagged leaf at the n-th generation. We denote x,, := &,
for the size of the individual corresponding to the node A, and x(¢) for the size of
the tagged individual alive at time ¢, viz.

X(t) = Xn if ay,, <t< ay, + C)\n,

because in the case considered sup,cyay, = o0o. We stress that, in general the
process x(t) is not monotonic. However as in [17] , Lemma 1.4 there becomes:

Lemma 2.2. Let k: Ry — Ry be a measurable function such that k(0) = 0. Then
we have for everyn € N

B ((x) = E | S emnie) |
|u|=n

and for everyt > 0
E*(k(x(1))) = E ((z"k(z), X (1)) .

Proposition 1.6 of [17] becomes:

Proposition 2.1. Under P*,

Spi=Inx,, ne€ezZ,
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1s a random walk on R with step distribution
P(In x,, — In x,11 € dy) = v(dy),

where the probability measure v is defined by

k(y)v(dy) = 2P k(In(x)), s)v(ds).
/W@)(y)/ (27 k(In(z)), s)v(ds)

My (R

Equivalently, the Laplace transform of the step distribution is given by
E*(e?™) =E*(x{) =1 = K(p+p0), p>0.

Moreover, conditionally on (xn,n € Zy) the sequence of the lifetimes ((ny, Qs ---)
along the tagged leaf is a sequence of independent exponential variables with respective
parameters xq, X7, -

We now see that we can use this proposition to obtain the description of y(¢)
using a Lamperti transformation. Let

nt::SONty tZOa

with N a Poisson process with parameter 1 which is independent of the random
walk S; for probabilities and expectations related to n we use the notation P and E.
The process (x(t),t > 0) is Markovian and enjoys a scaling property. More precisely

under P; we get that
(d)
X(t) = exp(nr(a—)), t >0, (2.5.1)
where 7 is the compound Poisson defined above and 7 the time-change defined
implicitly by

7(t)
t= / exp(ams)ds, t>0. (2.5.2)
0

2.6 Asymptotic behaviors.

2.6.1 The convergence of the size of a tagged individual.

Let
K (py) = — /M L ). sjv(as)

denote the derivative of xk at the Malthusian parameter pg.

In this part we focus on the asymptotic behavior of the size of a tagged individual.
In this direction, the quantity w; = e plays an important role, as it appears at
the time change of the Lamperti transformation (see ([Z52)), as we see in the next
proposition:
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Proposition 2.2. Suppose that o > 0, that the support of v is not a discrete sub-
group v7Z for any r > 0 and that 0 < k' (py) < co. Then for every y > 0, under P,
t/ox(t) converges in law ast — oo to a random variable Y whose law is specified

by

E(k(Y®)) = —— E(k(I)[),

ATy

for every measurable function k : Ry — R, with [ := fooo exp(ans)ds and my =
E(m) = =& (po)-

Proof. As —k'(po) is the mean of the step distribution of the random walk S,, (see
Proposition EZTI), therefore &' (pg) > 0 imply that £(—n;) > 0 thus the assumption of
Theorem 1 in the works of Bertoin and Yor [23] is fulfilled by the self-similar Markov
process x(#)~!, which gives the result. O

We could also try to use the same method as the one used in [20] for which we
need Proposition 1.7 [17] . But in this latter we needed E({z?, X(¢))) to be finite
when p is large, and its derivative to be completely monotone. But here neither of
these requirements is necessarily true as x is not necessarily positive when p is large.
This explains why we have to use a different method.

Remark 2.3. In the case k' (po) = 0 we can extend this proposition. More precisely
if fMP(R1)<xpO‘ In(z)],s)v(ds) < oo,

J = /loo zv~((x,00))dx

L+ [ dy [7 v (=00, —2))dz =

(where v~ is the image of U by the map u — —u and v is defined in Proposition[Z1)
and E <log”L fOTl e*”Sds) < 0o (with T, := inf{t : —n, > z}) hold then, for anyy > 0
under P, tYox(t) converge in law as t — oo, to a random variable Y whose law is
specified by

for any bounded and continuous function k and fort > 0:

E(K(V™)) = lim 1+ (75 (1),

where

I, = / exp(ans — As)ds. (2.6.1)
0

The proof is the same as the previous one using Theorem 1 and Theorem 2 from
the works of Caballero and Chaumont 28] instead of [2].
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2.6.2 Convergence of the mean measure and LP-convergence.

We encode the configuration of masses X (t) = {(X;(t))i<i<zx)} by the weighted
empirical measure

1X(t)
Ot -= Z X7 (t)0psa x, 1)
i=1

which has total mass M (t).

The associated mean measure o; is defined by the formula

/0 " k(2)or(dz) = E ( /0 N k(x)at(da:))

which is required to hold for all compactly supported continuous functions k. Since
M(t) is a martingale, o} is a probability measure. We are interested in the conver-
gence of this measure. This convergence was already established in the case of binary
conservative fragmentation (see the results of Brennan and Durrett [26] and [27]). A
very useful tool for this is the renewal theorem, for which they needed the fact that
the process x(t) is decreasing; here we no longer have such a monotonicity property.
See also Theorem 2 and 5 of [20], Theorem 1.3 of [17] and Proposition 4 of |52] for
Theorems about empirical measures which have the property v(s; <1 Vi e N) = 1.
Nonetheless, with Proposition and Lemma 22 we easily get:

Corollary 2.2. With the assumptions of Proposition[Z3 we get:

1. The measures o} converge weakly, ast — oo, to the distribution of Y i.e. for
any continuous bounded function k: Ry — Ry | we have:

E ((a7k(tV/*z), X (1)) — E(k(Y)).

t—o00

2. Forallpy >p > py:

t(p_pO)/aE«xp,X(t))) — E(YPPo).

t—o0

We now formulate a more precise result concerning the convergence of the em-
pirical measure:

Theorem 2.3. Under the same assumptions as in Proposition [Z2 we get that for
every bounded continuous function k:

L — tlgglo h k(z)oi(dr) = M E(k(Y)) = %E(k([ﬂl),

for some p > 1.

Remark 2.4. A slightly different version of Corollary[ZA and Theorem [Z23 exists
also under the assumptions in Remark [Z3.
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See also Asmussen and Kaplan [4| and [5] for a closely related result.

Proof. We follow the same method as Section 1.4. in [17] and in this direction we
use Lemma 1.5 there: for (A(¢))i>0 = (Mi(t),7 € N);>¢ a sequence of non-negative
random variables such that for fixed p > 1

sup E ((i )\Z-(t)> ) < oo and tlirgloE (i )\i(t)> =0,

t>0

and for (Y;(t),7 € N) a sequence of random variables which are independent condi-
tionally on A(t), we assume that there exists a sequence (5_/“2 € N) of i.i.d variables

in LP(P), which is independent of A(t) for each fixed ¢, and such that |Y;(¢)| < Y,
for all i € N and t > 0.

Then we know from Lemma 1.5 in [17] that

lim » Ai(t)(Yi(t) — E (Yi(£)[A(#))) = 0. (2.6.2)

i=1

Now, let k£ be a continuous function bounded by 1 and let
Ay = (aPk(tVz), X (1)).

By application of the Markov property at time ¢ for A, and the self-similarity
property of the process X we can rewrite A, as

X (1)
Z Ai(t)Yi(t, s)
where \;(t) := X?°(t) and
Yi(t, s) i= (2P°k((t + s)V*X;(t)x), X; (5)),

with X , Xo , ... asequence of i.i.d. copies of X which is independent of X(?).
By Theorem Tl we get that

£X(t) P

sup E Ai(t) < 00.
1

>0 —
1=

By the last corollary we also obtain that

1X(t)
E| X0 | ~ 1 RERI (W) — 0,
i=1
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as t — o0.
Moreover the variables Y;(¢, s) are uniformly bounded by

Y; = sup(2?, X, (s)),

s>0

which are i.i.d. variables and also bounded in L?(PP) thanks to Doob’s inequality (as
(@p,, X, (s)) is a martingale bounded in L?(PP)).
Thus we may apply ([Z6.2), which reduces the study to that of the asymptotic

behavior of:
1X(t)

Z A(DEYi(, 5)[X (1)),

as t tends to co. On the event {X;(t) =y}, we get
E(Y;(t,s)[X(t)) = E ((«"k((t + s)Yey), X(s))) -
Then by Lemma

E (e k(1 + )"ye), X, (5)) =B (k (¢ + 9 yx(s))).
With Proposition 22, we obtain

lim E* (k ((t+ s)yx(s))) =E (k(Y)).

t—o00

Moreover recall from Corollary 1] that Zﬁx D \i(t) converges to M, in LP(P).
Therefore we finally get that when ¢ goes to infinity:

1X(¢) X (t)

Z X (OE(Y;(t, )| X (£)) ~ Z A k(Y)) My.

O

2.7 Appendix: Further results about the intrinsic
process

We will give more general properties about the intrinsic process {Mg, @ C T},
Mg =3 ,cp &P For aline Q, {Mp} is adapted to the filtration {#}. We use the
abuse of notation that M, stand for the process My , with L, ={u € T : |u| =n}
the labels of the n-th generation. We introduce new definitions, we say that a line )
covers L, if () > L and any individual stemming from L either stems from ) or has
progeny in ). If ) covers the ancestor it may simply be called covering. Let Cy be
the class of covering lines with finite maximal generation. We denote the generation
of Q: |Q| = sup,q |u|. The origin of the intrinsic martingale comes from real time
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martingale of Nerman [6(].
Also for r € R7, let 9, be the structural measure:

U.(B) =E,(f{ueT:¢ € B}) = iy(rsi € B) for B C B,

=1
where B is the Borel algebra on R’,. Let the reproduction measure p on the sigma-
field B ® B be such that for every r > 0:
p(r, dv x du) := r* exp(—r®u)dud,(dv)
and for any A € R
pa(r, dv x du) := e pu(r, du x dv).

The composition operation * denotes the Markov transition on the size space R
and convolution on the time space R, , so that: for all A € B and B € B,

w3 (s, Ax B) = pux*u(s,Ax B) = / p(r, A x (B —u))u(s,dr x du).

R+ XR+

With the convention that the x-power 0 is Ijaxpy(s,0) which gives all the mass to
(s,0). We define the renewal measure as

Yy = Z /f;"-
0

Let

o =inf{\ : ¥y(r,R. xR,) < oo for some r e R,}.
Moreover as
mr*/(r*+ X)) if A > —r

pa(r, Ry x Ry) = {
00 else,

thus
UA(r, Ry x Ry) < oo if and only if A < (r/(m — 1))/«

therefore we get o' = 0. For A € B, let

7(A) = lim p™(1, A x R,) (2.7.1)

which is well defined as (1, A xR, ) is a decreasing function in n and nonnegative.
Let h(s) := sP for all s € Ry and  := 1. These objects correspond to those defined
in [44].

Recall that the Galton-Watson process (Z,,n > 0)) is equal to (f{u € T : &, >
0 and |u| =n},n >0).
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We suppose that
m :=E(Z;) < oo,

iLe. [ My (RY) tsv(ds) < oo this assumption is slightly stronger than ZZ2), therefore
+
we get that:

Proposition 2.3. 1. If L X Q are lines, then

E(Mg|Hy) < M.

If Q wverifies |Q| < oo and covers L, then

2. For all s >0, {Mp; L€ Cy} is uniformly Ps-integrable.

3. There is a random variable M > 0 such that for m-almost all s > 0

M, = E(M[Hy)
and M, L&) M, as L € Cy filters (R). If ¢, = Guy1 € Co and to any z € T

there is an s, such that x has progeny in <,, M., — M, as n — oo, also a.s.
P,.

A consequence of the first and second points applied for L, = {u € T : |u| = n}
and L,, ={u € T : |u| =m} with m >n > 0, is that M, is a martingale and the
uniform P,-integrability of this martingale. The third point applied for the lines 7
gives the convergence of M(t) in L'(P,) and almost surely.

Proof. First the conditions of Malthusian population, as defined by Jagers in [44] ,
are fulfilled, thus by Theorem 5.1 therein we get the first point.

Let & = fR+XR+ h(s)rée=" dtd,(ds) = > ju=1 &0 and E; be the expectation
with respect to fR+ Ps(dw)m(ds). Therefore,

E(€log" &) = /R E, (Z e (log*Zﬁ?O)) m(dz),
+ i=1 j=1

and it follows readily from the Malthusian hypotheses and the fact that Zm‘:n EPPo is
a supermartingale, that this quantity is finite. Therefore the assumption of Theorem
6.1 of [44] are check, which gives by Theorem 6.1 of [44| the second point and by
Theorem 6.3 of [44| we get the third point. O
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Chapter 3

Statistical analysis of self-similar
conservative fragmentation chains

We address statistical inference in self-similar conservative fragmentation chains,
when only (aproximate) observations of the size of the fragments below a given
threshold are available.

This framework, introduced by Bertoin and Martinez, is motivated by mineral
crushing in mining industry.

The underlying estimated object is the step distribution of the random walk
associated to a randomly tagged fragment that evolves along the genealogical tree
representation of the fragmentation process. We compute upper and lower rates of
estimation in a parametric framework, and show that in the non-parametric case,
the difficulty of the estimation is comparable to ill-posed linear inverse problems of
order 1 in signal denoising.
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3.1. INTRODUCTION

3.1 Introduction

3.1.1 Motivation

Random fragmentation models, commonly used in a variety of physical models, lay
their theoretical roots in the works of Kolmogorov |46] and Filippov [35] (see also
[2, 117, 48, 49] and the references therein). Informally, we imagine an object that falls
apart randomly as time passes. The resulting particles break independently of each
other in an independent and self-similar way. A thorough account on random frag-
mentation processes and chains is given in the book by Bertoin [17], a key reference
for the paper.

In this work, we take the perspective of statistical inference. We focus on the
quite specific class of self-similar fragmentation chains. The law of the fragmentation
is then entirely determined by its dislocation measure and its index of self-similarity,
which govern the way and the rate at which the fragments split. If one is allowed to
observe the whole fragmentation process up to some fixed time, then the statistical
problem is somehow degenerateﬁ. We postulate a more realistic observation scheme,
motivated by mining industry, where the goal is to separate metal from non valued
components in large mineral blocks by a series of blasting, crushing and grinding.
In this setting, one rather observes approximatively the fragments arising from an
initial block of size m only when they reach a size smaller than some screening
threshold, say n > 0. Asymptotics are taken as the ratio ¢ := n/m vanishes. See
Bertoin and Martinez |21l and the references therein.

3.1.2 Organization and of the paper

In Section 2, we recall some well known facts about the construction of conservative
fragmentation chains, following closely the book by Bertoin [17]. For statistical
purposes, our main tool is the empirical measure &, of the size of fragments when
they reach a size smaller than a threshold ¢ in the limit ¢ — 0. We highlight the
fact that & captures information about the dislocation measure through the Lévy
measure 7 of a randomly tagged fragment associated to the fragmentation process.

In Section 3, we give a rate of convergence for the empirical measure £, toward its
limit in Theorem Bl extending former results (under more stringent assumptions)
of Bertoin and Martinez [21]. The rate is of the form /2™ where £(7) > 0 can
be made arbitrarily small under adequate exponential moment conditions for 7. We
add-up the more realistic framework of observations with limited accuracy, where
each fragment is actually known up to a systematical stochastic error of order ¢ < €.

In Section 3, we construct estimators related to functionals of 7 in the absolute
continuous case. In the parametric case (Theorem B), we establish that the best

lin the sense that it can be mapped into relatively standard equivalent inference problems such
as probability distribution estimation from independent observations, see Section B2
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achievable rate is £'/2 in the particular case of binary fragmentations, where a particle
splits into two blocks at each step exactly. We construct a convergent estimator in a
general setting (Theorem ) with an error of order !/2=¥(™  for another ¢/(7) > 0
that can be made arbitrarily small under appropriate assumptions on the density
of m near 0 and +o0o. In the non-parametric case, we construct an estimator that
achieves (Theorem B4)) a rate of the form (£!='(™)/(2s+3) where s > 0 is the local
smoothness of the density of 7, up to appropriate rescaling. Except for the factor
¢"(m) > 0, we obtain the same rate as for ill-posed linear inverse problems of degree
1. We suggest a simple interpretation of this result in terms of the asymptotic form
of £ in the discussion Section 4, appended with further remarks about Theorems
B and B4

An appendix (Section 6) recalls sharp results on the key renewal theorem from
Sgibnev [67] that are used to derive Theorem Bl

3.2 Statistical model

3.2.1 Fragmentation chains

Let X = (X(t),t > 0) be a fragmentation chain with state space

St= {S:(Sl,SQ,...), 1> 89> ...>0, Zsigl}.
i=1

We assume that X has self-similar parameter @ > 0. For well-definiteness, see e.g.
Bertoin |[17], the following mild assumptions on the dislocation measure v(ds) of X
are in force throughout the paper:

Assumption A. We have 1/((1,(), . )) =0 and u(51 € (0, 1)) > 0. Moreover, for
every e > 0: [ 327, 1is,5epv(ds) < oo.

We denote by P, the law of X started from the initial configuration (m,O0,...)
with m € (0,1]. Under P,,, X is a Markov process and its evolution can be described
as follows: a fragment with size x lives for an exponential time with parameter
7°v(S') and then splits and gives rise to a family of smaller fragments distributed
as x&, where £ is distributed according to v(e)/v(S'). Under P,,, the law of X is
entirely determined by a and v(e).

We will repeatedly use the representation of fragmentation chains as random

U:= [OJON"

denote the infinite genealogical tree (with N” := {()}) associated to X as follows: to
each node u € U, we set a mark

infinite marked trees. Let

(&L?auv C’u)a
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where &, is the size of the fragment labelled by u, a, is its birthtime and (, is its
lifetime. We have the following identity between point measures on (0, +00):

; 1{Xi(t)>0}6xi(t) - UEZU 1{te[au,au+cu)}6§“’ t=20,
with X (t) = (Xi(t), X5(t),...), and where &, denotes the Dirac mass at z. Finally,
X has the following branching property: for every fragment s = (s1,...) € St and
every t > 0, the distribution of X (¢) given X (0) = s is the same as the decreasing
rearrangement of the terms of independent random sequences XM (t), X3 (¢),...
where, for each i, X (¢) is distributed as X (t) under P,,.

3.2.2 Observation scheme

For simplicity, we assume from now on that v(S') = 1. Keeping in mind the moti-
vation of mineral crushing, we consider the fragmentation undei P := Py, initiated
with a unique block of size m = 1 and we observe the process stopped at the time
when all the fragments become smaller than some given threshold € > 0, so we have
data &,, for every u € U,, with

U. = {u ceU, &_ >¢, &, <5},

where we denote by u— the parent of the fragment labelled by u. We will further
assume that the total mass of the fragments remains constant through time:

Assumption B. (Conservative property). We have: V( o s = 1) =1.
We next consider the empirical measure

E(9) =) &ugl&u/e),

ue Z/{a

where g(e) is a test function. Indeed, under Assumption B, we have

Z & =1 P —almost surely, (3.2.1)

u€e Ue

so &.(g) appears as a weighted empirical version of g(e). Bertoin and Martinez show
in [21l] that under mild assumptions on v(s), the measure £.(g) converges to

E(g) = %/0 @ /sl Zsi Lisi<ayv(ds)da

2We often need to accomodate further random variables independent of X. Abusing notation
slightly, we will still use the notation P without further notice, working tacitly on an appropriate
enlargement of the original probability space.
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in probability, as e — 0, with ¢(v) = — [5, >°72, s;log s; v(ds), tacitly assumed to
be well-defined. This suggests a strategy for recovering information about v(e) by
picking suitable test functions g(e).

3.2.3 First estimates

From now on, we assume we have data
X = (& ue l) (3.2.2)

and we specialize in the estimation of v(e). Clearly, the data gives no information
about the self-similar parameter « that we consider as a nuisance paramete
Assumptions A and B are in force. At this stage, we can relate £(g) to a more
appropriate quantity by means of the so-called tagged frament approach.

The randomly tagged fragment. Let us first consider the homogenous case a = 0.
Assume we can “tag" a point at random —according to a uniform distribution— on
the initial fragment and imagine we can follow the evolution of the fragment that
contains this point.

Let us denote by (X(t), t> 0) the process of the size of the fragment that contains
the randomly chosen point. This fragment is a typical observation in our data set
X., and it appears at time

T.:=inf{t >0, x(t) <e}.

Bertoin 17| shows that the process £(t) := —log x(t) is a subordinator, with Lévy
measure: N
m(dx) =€ " Z v(—logs; € dx). (3.2.3)
i=1
We can anticipate that the information we get from X, is actually information about
the Lévy measure m(dx) of £(t) throughout (7). The dislocation measure v(ds)
and 7(dx) are related by (B2Z3)) which reads

/S l Zs f(s)v(ds) = /(0+ | fle™®)m(dx), (3.2.4)

for any suitable f(o) : [0,1] — [0, +00). In particular, by Assumption B and the fact
that v(S') = 1, 7(dx) is a probability measure hence £(t) is a compound Poisson
process. Informally, a typical observation takes the form £(7;), which is the value
of a subordinator with Lévy measure m(dz) at its first passage time strictly above
—loge. The case a # 0 is a bit more involved and reduces to the homogenous case
by a time change.

3See however Section 24 for auxiliary results about the inference on .
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In terms of the limit of the empirical measure £.(g), we equivalently have

_L I@W_Oa 00 a—i o e )z, +o0)dr
£00) = gy T lose 0)da = 5 | gl et o)

with ¢(m) = [,

(0,400)
approach will prove technically convenient and will be detailed later on. Except in

xm(dr), the two representations being useful either way. This

the binary case (a particular case of interest, see Section BZTl), the knowledge of
7(s) does not allow to recover v(e) in general.

Measurements with limited accuracy. It is unrealistic to assume that we can
observe exactly the size &, of the fragments. This becomes even more striking if the
dislocation splits at a given time into infinitely many fragments of non zero size, a
situation that we do not discard in principle. Therefore, we replace (B2Z2) by the

more realistic observation scheme X, , := ( &U), u € L{M) with

Uy ={uecld, &7 >¢ e <e},

and
&) =&+ ol (3.2.5)

The random variables (U,,u € U) are identically distributed, and account for a
systematic experimental noise in the measurement of X., independent of X.. We
assume furthermore that, for every v € U,

U] <1 and E[U,] = 0.

The noise level 0 < 0 = o(e) < ¢ is assumed to be known and represents the
accuracy level of the statistician.

The observations &, + oU, are further discarded below a threshold o < t. < ¢
beyond which they become irrelevant, leading to the modified empirical measure

Ss,a(g) = Z 1{5136)2%} 51(7) g(&(f)/g).

ueus,a'

In the sequel, we take t. = vpe for some (arbitrary) 0 < v < 1.

3.3 Main results

We first exhibit explicit rates in the convergence E.(g) — £(g) as € — 0, extending
Proposition 1.12 in Bertoin] [17]. We then turn to the estimation of 7(e).

4See also Bertoin and Martinez |21].
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3.3.1 A rate of convergence for the empirical measure

For k > 0, we say that a spread—outﬁ probability measure 7(dz) defined on [0, +00)
belongs to I1(k) if

/ e™ m(dr) < 400,

appended with II(co) = [, II(xk). For m > 0, define the class of continuous
functions

C(m) = {g(s) : [0,1] = R, |glloc := sup |g(z)| < m},
and C'(m) the class of continuously differentiable functions g(s) such that ¢’ € C(m).

Theorem 3.1. Grant Assumptions A and B. Let 0 < k < oo and assume that
7 € II(k).

o For everym >0 and 0 < p < k, we have

sup E [(E-(g) — 5(9))2} = 0(5“/(““)). (3.3.1)

geC(m)

e The convergence (B3 remains valid if we replace E.(e) by E. ,(s) and C(m)
by C'(m), up to an additional error term:

sup E [(E-0(9) — Ea(g))Q} = O(c?%c7?). (3.3.2)

g€eC’(m)

3.3.2 Statistical estimation

We study the estimation of 7(e) by constructing estimators based on &.(e) or rather
E:o(s). We need the following regularity assumption:

Assumption C. The probability measure w(dx) is absolutely continuous.

We denote by z ~ m(x) its density function. We distinguish two cases: the
parametric case, where we estimate a linear functional of 7(e) of the form

+o0o
my(m) = / 2*n(x)dr, for some k > 1,
0

and the non-parametric case, where we estimate the function z ~ 7(x) pointwise.
In that latter case, it will prove convenient to assess the local smoothness properties
of m(e) on a logarithmic scale. Henceforth, we consider the mapping

a~s B(a) :=a'n(—loga), ac(0,1). (3.3.3)

5We recall some properties on spread-out measures in the Appendix.
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In the non-parametric case, we estimate (3(a) for every a € (0,1).

3.3.3 The parametric case

For k > 1, we estimate

my(m) = /0+0<> 2* 7(x)dr = /01 log(1/a)*B(a)da

by the correspondence ([B33) and implicitly assumed to be well-defined. We first
focus on the case k = 1. Pick a sufficiently smooth test function f(s) : [0,1] — R
such that f(1) = 0 and let g(a) := —af’(a). Plainly

E(g) = T;) /1 %a)w(—loga, +00) da
1 ! , ¢ — 1 1 a)B(a)da
s | @) [ stnda = —— [ j(a) (@i

Formally, taking f(s) = 1 would identify 1/m;(7) since (3(s) integrates to one, but
this choice is forbidden by the boundary condition f(1) = 0. We then consider
instead the following approximation. Let f,(s) : [0,1] — R with 0 < v < 1 be a
smooth function such that

o f(a) =1fora<1—~and f,(1)=0.
o Ifyllo=1and ||f][lo <y, for some ¢ > 0,

a choice which is obviously possible. For a parametrization v := 7. — 0, we set
9+.(a) := —af! (a) and define

1

RO (3.3.4)

miye :=

More generally, for £ > 1, we define successive moment estimators as follows. Set
hy(a) = f,.(1 —a)log(1/a)* and g, (a) := —ah/,_(a). Let

(3.3.5)

Mpe = Eealdre) (9)
Gre

Eeor(9r)
We can describe the performances of m; . under an additional decay condition of
7(e) near the origin. For x > 0, we sayll that the probability m(e) belongs to the
class R(k) if

lim sup "7 (z) < 400

z—0

In the notation, we identify the probability measure 7(dx) and its density function x ~ 7(x)
when no confusion is possible.
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appended with R(00) := ()., R(x). We obtain the following upper bound:

Theorem 3.2. Grant Assumptions A, B and C. Let 0 < k1, ko < 00 with k1 >
max{1, rka}.
For 1 < p < Ky, let My, be specified by . = e/ W40 - The family

w2/ (pt1)(2r2+1) (mk .- mk(ﬂ))
18 tight under Py as soon as
e H(KZl) N R(/‘ig)

and o3 remains bounded.

Some remarks: the convergence of My to my(m) is of course no surprise by
(B3T). However, the dependence in ¢ in the test function g.(e) (in particular g.(e)
is unbounded as ¢ — 0) requires a slight improvement of Theorem Bl This can
be done thanks to Assumption C, see Proposition Bl in the proof Section BZRA
The requirement e = O(1) ensures that the additional term coming from the
approximation of & (e) by &, - (e) is negligible. This condition is probably not optimal,
see Section 4.

Our next result shows that the exponent pry/(+ 1)(2k2 +1) < 1/2 in the rate

of convergence is nearly optimal, to within an arbitrarily small polynomial order.

Definition 3.1. Let m(e) satisfy the assumptions of Theorem [ZA. The rate 0 <
ve — 0 is a lower rate of convergence for estimating my(m) if there exists a family
me(e) satisfying the assumptions of Theorem [ZA and a constant ¢ > 0 such that

liminfinf max P [v Y F. —mg(m)| > ¢] >0, 3.3.6
minfinf max P loctIF —mi(m]| 2 ] (3:3.6)
where the infimum is taken (for every ) over all estimators constructed with X ,
at stage €.

Definition Bl expresses a kind of local min-max information bound: given mg(e),
one can find an opponent 7.(s) such that no estimator can discriminate between
mo(e) and 7.(e) at a rate faster than v..

We further restrict our attention to binary fragmentations, see Section B41l In
that case, the dislocation measure satisfies v(s; + s2 # 1) = 0, and, because of the
conservation Assumption B, can be represented as

v(ds) = p(dsy1)d1—s, (ds2), (3.3.7)
where p(e) is a probability measure on [1/2,1].

Assumption D. (Binary case.) The probability measure p(e) associated to 7(e) is
absolutely continuous and its density function is bounded away from zero.
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Theorem 3.3. Assume that the fragmentation is binary and grant Assumption D.

1/2

In the same setting as in Theorem [Z2, the rate €'/* is a lower rate of convergence

for estimating my(7).

The restriction to the binary case is made for technical reason and is inessential.
Theorem presumably holds in a more general setting.

3.3.4 The non-parametric case

Under local smoothness assumptions on the parameter [((s), we estimate ((a) for
every a € (0,1). Given s > 0, we say that ((e) belongs to the Holder class X(s) if
there exists a constant ¢ > 0 such that

8™ (y) — 8™ (2)] < cly — x|,

where s = n + {s}, with n a non-negative integer and {s} € (0,1]. We also need
to relate (3(e) to the decay of its corresponding Lévy measure 7(s). Abusing again
notation, we identify II(x) with the set of 3(e) such that e*G(e~*)dx € II(k), thanks
to the inverse of (B33). Likewise for R(k).

We construct an estimator of 3(s) as follows: for a € (0,1) and a normalizing
factor 0 < . — 0, set

Prerals) == '75_190((’ - a)/%)a

where () is a smooth function with support in (0, 1) that satisfies the following
oscillating property: for some integer N > 1,

1 1
/ pla)da =1, / a*ola)da =0, k=1,...,N. (3.3.8)
0 0

Our estimator then takes the form

~

Be(a) =M1 Eo(— o), 4(s)) a€(0,1), (3.3.9)

where M . is the estimator of my(7) defined in (B32]). We then have the follow-
ing

Theorem 3.4. Grant Assumptions A, B and C. Let 1 < Ky, kg < 0.
For1 < pu < min{l, k1 /2}, let B.(s) be specified by ~y. := e/ HFVEH3) - For every
a € (0,1), the family
c—hs/(n+1)(25+3) (Bs(&) B ﬂ(a))

15 tight under Py, as soon as
B € X(s) NI(k1) NR(k2)

for s < max{N, ky — 1} and 0e=3 remains bounded.
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A proof of the (near)-optimality in the sense of the lower bound Definition B
and in the spirit of Theorem is presumably a delicate problem that lies beyond
the scope of the paper. More in Section

3.4 Discussion

3.4.1 Binary fragmentations

The case of binary fragmentations is the simplest, yet an important model of random
fragmentation, where a particle splits into two blocs at each step (see e.g. [34], [27]
). By using representation ([B3), if we assume further that p(ds;) = p(s1)ds; is
absolutely continuous, so is 7(dz) = 7(x)dx and we have

m(x) = e (p(e™") o102 () + (1 = €7) L (0g2,+00)(2)), (3.4.1)

for = € [0,400) and

B(a) = a(pla)lpjzy(a) + p(1 —a)lp/z(a)), a < (0,1].

In particular, the regularity properties of (3(s) are readily obtained from the local
smoothness of p(s) and its behaviour near 1/2. For instance, if p(a+1/2) = O(a"1)
near the origin, for some x > 0, then

m e (k) NR(k).

3.4.2 Concerning Theorem [B.1]

Optimal rate of convergence. First, Theorem Bl readily extends to error mea-
surements of the form E [|€.(g) — E(g)['] with 1 < p < 2. The rate becomes
e~ #P/2 D) in (B) and 0P~ in (B32) under the less stringent condition p < x/2p.

Generally speaking, we obtain in (3] the (normalized) rate #/2(“+1 for any

u < k. Intuitively, we have a number of observations that should be of order e7%, so

the expected rate would rather be gl/2 1/2

. Why cannot we obtain the rate ¢
g®/2(++1)? The proof in Section B5.1l shows that we loose quite much information
when applying Sgibnev’s result (see Proposition B2 in Appendix) on the kew renewal

theorem for a random walk with step distribution 7(e) in the limit log(1/e) — +o0.

or simply

Proposition ensures that if m(e) has exponential moments up to order &,
then we can guarantee in the renewal theorem the rate o(e#) for any p < k with
some uniformity in the test function, a crucial point for the subsequent statistical
applications. It is presumably possible to improve this rate to O(g*) by accomo-
dating Ney’s result [63]. However, a careful glance at the proof of Theorem Bl
shows that we would then loose an extra logarithmic term when replacing e#/2(#+1)

by €%/@5+h)  More generally, exhibiting exact rates of convergence in Theorem
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B remains a delicate issue: the kew renewal theorem is sensitive to a modifica-
tion of the distribution outside a neighbourhood of +00, see e.g. Asmussen [3], p.196.

Uniformity in 7(e). A slightly annoying fact is that convergence B31l) is
not uniform in 7(e), which can become a methodological issue for the statistical
applications of the subsequent Theorems and B4l in particular if min-max
results are sought. An inspection of the proof in Section B:2dl shows that we loose
information about the uniformity in 7(e) when applying Proposition again. A
glance at the proof of Sgibnev’s result suggest that uniform results in 7(s) could
presumably be obtained over classes of 7(e) defined in terms of appropriate bounds
on their Stone decomposition [66].

The non—conservative case. If Assumption B is dropped, we define p_ = inf {p >
0, [o > mysiv(ds) < —l—oo} and make the so-called Malthusian hypothesis: there
exists a (unique) solution p* > p_ to the equation

/811—25 v(ds) = 1.

=1
The empirical measure now becomes

=) & g(&ufe).

ue Z/{a

The choice of the weights &P is motivated by the fact that the process
(Zlu\= & n > 0) is a positive martingale. We denote by M, its terminal value.
Note that under Assumption B, we always have p* = 1 and M., = 1. Bertoin and
Martinez |21] prove the convergence of £2(g) to

. M " g(a) =
gy = 2o [ R[N
£77(9): c(v) /0 a /si Pt % Moo ()de

in probability, as e — 0, with now c¢(v — o>
Theorem Bl becomes

"log s; v(ds). In this setting,

zlz

Corollary 3.1. Grant Assumptions A, C and the Malthusian hypothesis. Let 0 <
k < o0 andm > 0. For every 0 < u < Kk, we have

sup E [(gs(p*)(g) _ g(p*)(g))Q} _ 0(€u/(u+p*))'
g€C(m)
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3.4.3 Concerning Theorems and 3.4

The parametric case. We obtain the rate

(gli/(li+1))’€2/(2“2+2)’ for all u <
which can be made arbitrary close to the lower bound £'/2 by assuming #; and &,
large enough. The factor /(4 1) comes from Theorem Bl whereas the factor
Ka/(2Ko + 1) arises when using the technical assumption 7 € R(k2). We do not
know how to improve it.

Also, the condition oe™3 = (1) is fairly restrictive, and can be readily improved
by assuming that x, is large. Indeed, if ko > 1, which only amounts to require that
7(s) is bounded near the origin, a glance at the error term (BAI0) in the proof
Section shows that the condition drops to oe™2 = O(1). In the limit £y — o0,
we obain oe7%/2 = O(1).

The non-parametric case. The situation is a bit different than in the parametric
case: we obtain now the rate

(5“/(“+1))s/(23+3), for all p < Ky

for the estimation of ((a) for any a € (0,1). In the limit k; — 400 it becomes
e%/(2543) which can be related to more classical models: consider the apparently
different problem of recovering a function (3(e) in the integral white noise model

dY, = Kp(a)da + £/2dW,, a € [0,1], (3.4.2)

from the observation of (Y,,a € [0,1]). Here, (W,,a € [0, 1]) is a standard Brownian
motion and K3(a) := [ B(u)du is the integration operator. Model ([BZZ) serves
as a toy representation for the problem of recovering a signal in white noise at level
/2 when the observation is obtained from the action of a smoothing linear operator
with unbounded inverse (here K'). The difficulty of the problem is quantified by the
degree of ill-posedness of the operator (equal to v for v-fold integration; here v = 1).
The well-known optimal rate (see e.g. [47]) of pointwise recovery for a function

B e X(s) is

8s/(2$+21/+1) s/(2s+3)

=& .

The factor 2v is a futher penalty in the rate of recovery quantifying the smoothing
action of K. The same phenomenon seems to occur in the setting of fragmentation

chain. Put o := 0 here for simplicity. For a test function g(e), we can form the
observation .
1
E.(g)~E(g) = / w) K B(u)du
(9) ~ E(9) ey . 9EB@)

2

up to an error of (near)-order £¥/2. If we discard the pre-factor m; () (which can
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be estimated at a fast rate when ky is large) we obtain the same kind of statistics

in Model (BZ32) by considering

/ ' gla)dy, - / ' g(u) K Blu)du + N (g),

where N (g) is centred Gaussian with variance fol g(a)?da. Note that the order of
the variance in the noise term N (g) is consistent with the improvement obtained in
Proposition Bl in the proof Section BEZ if g € Gy, (m), we have fol g(a)?da < b..

This suggests the (near)-optimality of the result in the sense of Definition Bl
but a complete proof lies beyond the scope of the paper.

3.4.4 Other statistical issues

Observation of the whole path of X. Suppose we observe continuously in time
the sample path of X up to some fixed time 7" > 0. Asymptotics are taken as
T — oo. Equivalently, we observe all triples (&, a,,(,) for every u in the random
set

UT)={uel, a, <T}

with the restriction that ¢, is set to 7' — a,, when a, + ¢, > T'. We denote by U(T-)
the subset of U(T") such that a, + ¢, < T'. In this setting, statistical inference about
the the self-similar parameter o > 0 and the dislocation measure v(ds) is relatively
straightforward:

Estimation of a: conditional on (fu, uelU(T ,)) the sequence of random variables
(Cu, ueld (T)) are independent and follow exponential distributions with parameters
¢*. Conditional on CardU(T) = n and since the law of the (&,,u € U) does not
depend on « we are in the setting of estimating a one-dimensional parameter from
n independent random variables with explicit likelihood ratio

o~ H & €XD (531 Cui), (3.4.3)

=1

where the u; range through U(T). The main difficulty remains that the law of
CardU(T) usually depends on a.

Estimation of v(s): for u— € U(T_), when the fragment of size &, splits,
conditional on &, = x, it gives rize to the observation of the rescaled size of its
offsprings (7' &,;,7 € N) which is a realization of the law v(ds). As a consequence,
conditional on CardU(T) = n, we observe a sequence of n independent and
identically distributed random variables with law v(ds). We are back to the
classical problem of estimating a probability distribution from an n-sample.

More about estimating «. We cannot estimate the index of self-similarity «
from the data X.. However, if we add the possibility to “tag" a point at random
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on the initial fragmentﬁ and if we can observe the random time 7. when the tagged
fragment becomes smaller then ¢, then identifying o from the sole observation of 7.
is possible.

In the case a > 0, if x(¢) denotes the size of the tagged fragment at time ¢, then

T.={t>0, x(t)<e}.

Applying Proposition 3 of [19], the distribution of £*7. under P, is tight as ¢ — 0.
Therefore, the rate —1/loge is achievable for estimating o and it is attained by the

estimator log(7%)/loge. More precise results about limit laws can be obtained from
[19].

3.5 Proofs

We will repeatedly use the convenient notation a. < b, if 0 < a. < cb. for some
constant ¢ > 0 which may depend on m(e) and m only, any other dependence on
other ancillary quantities being obvious from the context. A function g € C(m) is

tacitly defined on the whole real line by setting g(a) = 0 for a ¢ [0, 1].

3.5.1 Proof of Theorem 3.1

Step 1: A preliminary decomposition. We first use the fact that for n > ¢,
during the fragmentation process, the unobserved state X, necessarily anticipates
the state X.. The choice n = n(e) will follow later. This yields the following
representation:

£0)= 2 602 Yo, e} 9(6E0/2),

vel, wel

where, for each label v € U, and conditional on X, a new independent fragmentation
()

chain (&,”,w € U) is started thanks to the branching property, see Section B2l
Define now

An(v) = L, >ne,<npéo
and

Vel 9) = D g qe e} 9(6E0/2).

wel

We obtain the decomposition of &.(g) — £(g) as a sum of a centred and a bias term:

56(9) - 5(9) = Me,n(g) + Ba,m

"in physical terms, we must be able to identify the mass or length of the fragment.
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with

Me,n(g) = Z /\T](U) (YVE(Uvg) —E [YVE(Uvg) | /\TI(U)})

veld

and

Bém(g) = Z )‘n(v)(E [YE(v,g) | /\n(v)} - g(g))y

vel

where we used (B2ZT]) in order to incoporate the limit term £(g) within the sum in v.

Step 2: The term M.,(g). Conditional on the sigma-field generated by
(1{§u_2n}§u,u— € Z/I), the variables (Yz(v, g),v € U) are independent. Therefore

E [Me(9)] < SOE (o) BYa(v,9)° | Ay (0)], (35.1)

velU

thus we first need to control the conditional variance of Y.(v, ¢)? given \,(v) = u,
for 0 < u <7, since P-almost surely, A, (v) < 7. Moreover, we have Y.(v, g) = 0 on
{A\;(v) < e}, hence we may assume ¢ < u <7).

To this end, we will use the following representation property:

Lemma 3.1. Let f(o) : [0,4+00) — [0, +00). Then

E[ Y 6 £6)] =E [F(uB)]. (35.2)

veE Uy

where x(t) = exp (—&(t)) and (£(t),t > 0) is a subordinator with Lévy measure (s)
defined on an appropriate probability space (Q*,P*), and

T, :=inf {t >0, £(t) > —logn}.

The proof is given in Appendix B.6.Il In order to remain self-contained, we elab-
orate in particular on the construction of the randomly tagged fragment following
the presentation of Bertoin [17].

We now plan to bound the right-hand side of (B2l thanks to Lemma Bl For
0 <e<u<mn, we have

E [Y;(v,g)2 | \p(v) = u} =E [( Z g&”)g(su_lgg’))y } Ap(v) = u]

’wEZ/{E/u
<E[ Y &gl &) | M) =]
wEUE/u

where we used Jensen’s inequality combined with (B2Z1]). Applying Lemma BJl we
derive
E [Yo(v,9)* | \y(v) = u] <E* [g(ua’le’f(TE/“))Q}. (3.5.3)

Let U(e) denote the renewal function associated with the subordinator (£(¢),¢ > 0).
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By Proposition 2, Ch. IIT in [10], the right-hand side of ([BR3]) is equal to

/ dU(s)/ g9(u 5_16_“"_5)27T(dx),
[0’, log(s/u)) (—log(e/u)—s,+00)

dU(s)/ Silig cou-1esy g(suc™te™ 2u(ds)
/[ —loge/u) Sl; bris ' ( )

< 1
~e(m)

where we successively used the representation (B224) and the upper bound U(s) S
s/c(m), see for instance Proposition 1, Ch. T in [10]. Therefore, for ¢ < u <,

9115 log(u/e),

B [Y.(0.9)° | \o(0) =] S <l lox(a/).

Going back to (BRI, since \,(v)? < n\,(v) and using (BZI) again, we readily

deri
erive 1

E [Me(9)’] S gy llallentos(n/e) S mlog(n/e). (3.5.4)

Step 3: The bias term B, ,(g). Note first that

E [Y.(v,9) | A(0)] = &7 Eq, [E(9)].

P-almost surely, henceforth

9) =Y M) (& Ee, [E:(9)] — £(9))- (3.5.5)

veld

Conditioning on the mark of the parent u— = w of u and applying the branching
property, we get that E, [Ea(g)} can be written as

Ee, [U% 1{Ew>€}gu/81 ;ill{gwsi<g}5ig(gw 51‘5_1)]

where the (Ew, w € U) are the sizes of the marked fragments of a fragmentation chain
with same dislocation measure v(s), independent of (&,,v € U). Set

N /Sl zzl 1{s¢<e—a}sig(siea)y(ds)a a > 0.

It follows that E¢, [£-(g)] is equal to

[ Z Z { log§w>log5}£w 10g Ew log 6)]

n=0 [w|=n
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=&k [Z Z 1{10ggw210g(€/p)}Hg(logg" - log(a/p))}

n=0 ‘w‘:n P—é'u

by self-similarity, with the notation |w| = n if w = (wy,...,w,) € U. Using Lemma
1.4 in [17], we finally obtain

Efv [ge(g)] =& Z E [1{Sn§10g(p/s)}Hg(1Og(p/6) - Sn)}p:&)a

where S, is a random walk with step distribution 7 (dz). We plan to apply a version
of the renewal theorem with explicit rate of convergence as given in Sgibnev [65],
see Proposition in Appendix B.6.2, with rate function p(a) := exp(ua) for some
arbitrary 4 < /2 and dominating function r(a) := e~*l%. Indeed, for a < 0:

Hy(—a) = 1{ g(e" ) (dz),

aSO} (—a,400)
by (BZ4). Since g(e) has support in [0,1] and 7 € II(k),
o< [ gl )ndn) S e
(70‘74’00)
Therefore [1,<0yHy(—a)| < r(a) for all a € R.

Since k > 2u, Assumption F of Proposition is readily checked. Let A > 0
(depending on k, m and 7(e) only) such that, if log(,/e) > A, then

1 +oo N
-1 L €
&' g, [E:(9)] — 57, Hy(a)da| < ( @,) . (3.5.6)
We next note that
1 Foo

B [s)] J, Hy(a)da = E(g).

Introducing the family of events { log(¢,/¢) > A} in the sum (BRJ), we obtain the
following decomposition:
Bey(9)* ST +11,

with
[i= 3 60 e mon} (67 Be [E9)] = €(9))

ve Uy

and

1= Z gvl{bg(sv/a)g}(qul Ee, [E-(9)] — 5(9))2'

veE Uy
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By [B3h4), we have

I < 52M Z 1{710g§v<7A+10g(1/5)}§v exXp (2M(_ logév))

veUy

Integrating w.r.t. P and applying Lemma B and in the same way as in Step 2, we
have

E [[} < R [€2u€(Tn)]

252”/ dU(s)/ HFD ()
[0,— log ) (= logn—s,+00)

< o /[ ) S (en™)* log(1/n)
,—logmn

for small enough ¢ and where we used 7 € II(x) with 2u < k. For the term 1, we
first notice that by (BZZ1]) and self-similarity,

Ee, [ Z Eu} =&y, P¢, —almost surely,

ue Z/ls

hence
(&' Ee, [E-(9)] - 8(g))2 < 4|g||%,, P¢, —almost surely.

In the same way as for the term I, we derive

E[II] SE| Z fvl{—log§1;Z—A+10g(1/5)}:|

veE Uy

=P* [£(T) > —A +log(1/e)]
< / dU(s) / 7(dx)
[0,— logn) (—A+log(1/e)—s,+00)
< €log(1/n)
for small enough . Putting all the estimates together, we conclude
E [Be,(9)°] < (" + (en™")*) log(1/n). (3.5.7)
Step 4: Proof of (B31]). Putting the estimates (854 and ([BA7), we have

E [(£.(9) — £(9))°] SE[M.y(9)*] +E [B.,(9)?]
< nlog(n/e) + (en 1) log(1/n).

The choice n(g) := e2%/@+1) yields the rate e2#/2#+) 1og(1/e). Since p < K/2 is
arbitrary, the conclusion follows.
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Step 5: Proof of ([B32). We plan to use the following decomposition:
Eeolg) —E(g) =T+ 11,
with

I = Z <1{£1(:r_)267£1(:7)<6} - 1{§u,25,§u<a})§(f) g(éq(f)/é)u

uel

11:= 3" (E79(€7/2) — €ugl&u/2)).

u€EU:

and

where we have set £ = ¢{71 Clearly,

{7 >t}

<1

‘1{E£@ze,§&”><e} ~ e ze i< Sl o oo Pl g

H{fufze,si‘ike} + 1{§u<e,§ff>ze}'

Let § > o/e and w = u or u—. Since |U,| < 1 for every w, we readily check that

(9 >c ¢, <l c{1-0e<e, <&

and

{€,>6, &0 <e} c{e <& < (140}
It follows that |I| < II1 + IV, with

117 = Z 1{(1_5)€§5u,§a(1+5)}}gq(f) 9(51(7)/6)}

ueU

and

1V = Z L{1=6)e<eu<1+6)e} ’gz(f) g(éz(f)/g) ’

uel

By picking ¢ is small enough, we may (and will) assume that ES’) < &, By BZ),
conditioning on the mark of the parent u— = w of v and applying the branching
property, E [IIIQ} is less than

E [Z ]-{ 1-6)e<&y<e( 1+5)}§v/ Z Si g gvsz +aU, ))QI/(dS)i|

velU

=E [ Z Li=s)e<en<c(146)} 6w G (&u)] )

weu
with

/SZSZ @sl+aU))] (ds)

lzl
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and U distributed as the U,. Likewise,

E[IV)]SE [Z 1{(1—5)essus€<1+a>}5uGz(é“u)],

ueU

with
Gy(a) :=E[g(e " (a+ UU))2}.

For i = 1,2, the crude bound |G;(a)| < |lg||2, and the genealogical representation
argument used in Step 3 enables to bound either E[IT1%] or E[IV?] by

lgllZ ZIP’* —log(1+0) < S, —log(1/e) < —log(1 —0)]

where S, is a random walk with step distribution 7(s). We proceed as in Step 3 and
apply Proposition The above term converges to

1
() og (15 50

uniformly in §, as soon as ¢ is bounded, at rate ¢ for any 0 < p < &, and thus is of
order § + e*.
We now turn to the term /7. We have II :=V +VI+ VII, with

vim > a(a(60/2) — 9(6u/?)).

uEU ¢
VI:=0 Z Uul{&(f)zts}g(fq(f)/’f)a
u€l ¢
VII = — Z €u1{§£0)<t5}g(€1(10)/€)'
UEU ¢

From g € C'(m), BZ1) and Jensen’s inequality we derive
E[V?] < |lg'll50%e ™.

From |U,| <1 and the inclusion {&SU) >t} C {& >t. — o} we derive

EWﬂ<HW( [Z@}s%

uEU:

where we used that . = e with 0 < vy < 1. Likewise, the inclusion {&(f) <t} C
{&, <t.+ o} and Lemma Bl yield

E [VIF?] < |g]|%P* [ — log x(Tz) > —log(t- + 0)] < &"log(1/e)
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for any p < k, in the same line as for the bound of the right-hand side of ([B53) in
Step 2.

Putting all the estimates together with, for instance, 0 := 0/2¢ we obtain (B31]).
The proof of Theorem Bl is complete.

3.5.2 Proof of Theorem

Preliminaries. Let 0 < b. — 0 as ¢ — 0. For m > 0, define the class

Cy. (m) == ={geC(m ’supp( (.))} < mb. }.

We have the following extension of Theorem Bl

Proposition 3.1. Grant Assumptions A, B and C. In the same setting as Theorem
[T, if in addition, we assume k > 1, then, for every u < K

sup E[(E-(9) = £(9))"] = o("/*Vb.).

g€Cy, (m)

Proof. We revisit carefully Steps 2 to 4 of the proof of Theorem Bl under the
additional Assumption C, and we write g(s) = g.(e) to emphasize that g(s) may now
depend on the asymptotics.

In Step 2, the right-hand side of ([BE3) is now bounded by the following chain
of arguments:

—log(e/u) +oo 5
/ dU(s)/ g-(ue™'e™ %) 1(2)dx
0

—log(e/u)—s
—1_s

—log(e/u) eu"te 9
:/ dU(s)/ g-(zue'e™®) () dx
0 0
1
§||ﬁ]|oou_15/ eSdU(s)/ gg(x)2dx,§b€ log(u/e)
[0,—log(e/u)) 0

where we used that |supp(ge)| < b. and U(s) S s/c(m) again. Note that |G/ <
since k; > 1 and ko9 > 1. Therefore

E [Yz(v,9)* | Ag(v) = u] S b,

Hence
E [M.,(9)?] < bon.

In Step 3, we replace g(e) by g.(s) in E.(g) and E(g). We have, for any 0 < p < &,

(g /|g€ a) m(x)dx da
log(1/a)
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1
< / ge(a)|a"'da < b,
0

for ;1 > 1 and since 7 € II(k) with k > 1. By Cauchy-Schwarz, for a < 0,

“+00

. (-a)| <( [ ey (o) 1/2</_

a

1 1/2
56“/2< / gs(y)2ﬂ(y€“)dy> era/?

0
S bi/Qea(lJrn)ﬂ’

1/2

7r(x)dx>

a

using again that ||3|lc < 1. Therefore &' E, [Eg(gg)] < b ? and we can apply

Proposition B2 with rate function ¢(a) = exp(pa) and dominating function r(a) :=
—(14x)lal /2
e :

The terms I and I are bounded in the same way. We obtain

E [B.(9)"] S b-(en7") log(1/n)

for ;1 < min{r/2, (1 + x)/2} = x/2, uniformly over the class C,_(m). The trade-off
between M, ,(g.) and B, ,(g.) yields the result. O

Completion of proof of Theorem We first write

&) = mi(m) " = = [ () = DB

my (7T) —Ye
We have
1 —log(1—7e)
[ Ge@-nsa@dd <2 [ r@de 5
1—ye 0

since m € R(kg) and —log(1l — x) < z for small enough x > 0. We derive
[€(g7.) = ma(m) ™ S 722 (3.5.8)

Next, by construction, 12g,. € C~%(1), hence for any 0 < p < ki1, Proposition B
entails
E [|€-(9.) — E(9,.)]] Szt (3.5.9)

Moreover, since 7.g,. € C'(1), we have, by (B32) in Theorem Bl

E [|€(9.) — Eeolgy.)|] S 207 (3.5.10)

The specification v, = e#/(#+1)2x2+1) vields the correct rate for (ERX) and E2).
The assumption that oe~3 is bounded ensures that the right-hand side in (B5.10) is
asymptotically negligible. The conclusion readily follows for m; ..

We now turn to higher moment estimators. Thanks to the proof for the case
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k =1, it suffices to show that

1
(e @.) — [ lox(1/a)Bla)da
0
in probability with the correct rate as ¢ — 0. Note first that
Gr.(a) = —alog(1/a)*f; (1 — a) + kf,. (1 — a)log(1/a)*~"

is a sum of a function in 5% (¢1) and a function in C'(cz), for some positive ¢; and
o, hence we may apply Proposition Bl and Theorem Bl to each term respectively.
Next

o(M)E @) = - / (. (1= a)tog(1/0)")’ [ Blududa
/ £,.(1 - a) log(1/a)"B(a)da,

since k£ > 1 and 7 € II(k;) so that the boundary terms vanish when integrating by
part. We conclude by noticing that by Hélder’s inequality, for any 7 > 0, we have

} / f% (1— a)) log(l/a)kﬁ(a)da‘

<2 [ wtwn) ([ nteyn)” £
—log e 0

This term also has the right order since the choice of 7 is free and k1 > kg by
assumption. The proof of Theorem is complete.

3.5.3 Proof of Theorem

With no loss of generality, we consider the homogeneous case with o = 0. We may
also assume that ¢ = 0, since adding experimental noise to the observation of the
fragments only increases the error bounds.
Step 1: An augmented experiment. In the binary case, the dislocation mea-
sure v(ds) is equivalently mapped by a probability measure on [1/2, 1] with density
function a ~ p(a), see (B31).

We prove a lower bound in the augmented experiment where one can observe all
the sizes X ¢ of the fragments until they become smaller than ¢, namely

Xo={&, &>t ult, uecl)

Clearly, taking the infimum over all estimators based on )~(5 instead of X, = X,
only reduces the lower bound.
For every u € U., we have £,_ > . By the conservative Assumption B, there are
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L such &, so CardU. < 2e~!. For every node u € U, the fragmentation

at most ¢~
process gives rize to two offsprings with size £,U and &,(1 —U), where U is a random
variable independent of £, with density function p(e). Therefore, the process of the

sizes of the fragments in the enlarged experiment can be realized by less than
2671+ 3+ .. 4+ 5m) < [4e7' ] +1=:n(e)

independent realizations of the law p(e), where k() := log,(2/¢), assumed to be
integer with no loss of generality.

In turn, Theorem B33 reduces to proving that £'/2 is a lower rate of convergence
for estimating my () based on the observation of a n(e)-sample of the law p(s). The
one-to-one correspondence between p(s) and 7(e) is given in (BZT).

Step 2: Construction of 7.. We write p,(e) to emphasize the dependence upon
7T(o). Let

oi(a) = a(log(1/a)* + (1 —a)log (1/(1 —a))*, a e [1/2,1].

From (B4T]), we have
1
malm) = [ erl@)pfa)da
1/2
Let 0 < 7 < 1. Pick a function 9 (e) : [1/2,1] — R such that

1

Yr(a)da =0, r(k) = / ox(a)y(a)da # 0,
/2

[9k]loe < 7inf pry(a),
a 1/2

1

a choice which is obviously possible thanks to Assumption D. For ¢ > 0, define

pr.(a) = pry(a) +€%i(a), a € [1/2,1].

(And so (BZ)) defines 7.(s) unambiguously.) By construction, p,_(e) is a density
function on [1/2, 1] and has a corresponding binary fragmentation with Lévy measure
given by 7. (s). Moreover,

mi(mz) = my(mo) + (k).

Step 3: A two-point lower bound. The following chain of arguments is
fairly classical. We denote by Iﬁ’,r the law of the independent random variables
(Ui,i=1,...,n(e)) with common density p(e) that we use to realize the augmented
experiment.

Let F. be an arbitrary estimator based on X.. Put ¢ := |r(k)|/2. We have

max P, [5_1/2]17’8 — my(m)| = ]
me{mo,me }
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> (ﬁ)m [»3_1/2|F€ —my(mo)| > c] + IFFE [5_1/2|F€ — my(me)| > c])

1
2
1B [Liem1r2 +1,.- ] - LP,, — Po |

9 =m0 [ H{e V2| Fo—my(mo)|>c} {e=1/2|Fe—my (72)| >c} 2 11t mo T I TV

v

where ||o||71 denotes the total variation distance between probability measures. By
the triangle inequality, we have

e 2|2 — mi(mo)| 4 |Fe — mu(m2)]) > [r(k)] = 2c.

so one of the two indicators within the expectation above must be equal to one with

full P -probability. Therefore

max P, [e V2| FL — my(m)| > ] > 11— |Pry — Pr.[|1v),

me{mo,me}

and Theorem is proved if

limsup ||Pr, — Pr. ||l7v < 1. (3.5.11)

e—0

By Pinsker’s inequality

~ ~ V2 o/~ dP, 1\1/2
IBry = Brlry < 5 (B[ log 222 )

and

~ n(e)

= dP = pr.(Ui)
E, [10 JO} - _SE. {10 me AV ]
o[l 5 ; o [log

n(e)
== En, [log (14205 (U3)pry (U) 1) = 290U pry (U:) 7'

i=1

where we used )
Eﬂ'o W)k(Ui)pﬁo(Ui)_l} - ) 1Z)k(a)da = 0.
1/2
We also have £'/2[ty (U;) pro (Us) 7| < 7'/2 hence for small enough 7,
| —log (1+ 51/2¢k(Ui)P7ro(Uz‘)_l) + 61/2¢k(Ui)pﬁo(Ui)_1} < 7.

Therefore [Py, — Py |lrv < Y27e'/2n()Y/? < 1 by picking 7 small enough, and
(BXT11) follows. The proof of Theorem B3 is complete.
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3.5.4 Proof of Theorem 3.4

We plan to use the following decomposition
B(a) — B(a) = M. (= o, o(s)) = Bla) = [+ T+ ITT+ 1V,
with
Iim e (Eon( = 2@ u(e) = &= o u(0)))
1T 1= i (&= 2@ (0)) = E( = o0(4) )

11 := (i —my(1)) E(— o), o)),
IV = my(m) E( = o), o(+) = B(a).

Considering I and II, the term m, . is bounded in probability by Theorem B2
By (B332) in Theorem BTl together with the fact that 72¢! € C'(]|¢'||), we have

E[[E(—e@a() = Eeo(— o9 ale)|] S7P0e
By construction, we have 72e!_,(s) € C~%(HapHoo), therefore, by Proposition Bl
2
E[(&(=o@hnle) = E(= o u(@)) | S 7cten/0n), (35.12)

Considering III, using (B53), we have |€(—e¢!_,(e))]|
conclude that IT1% has order

< 4. By Theorem B2 we

~ 15

,7;252un2/(u+1)(2ﬂ2+1) (3.5.13)

in probability. For IV, we first notice that

1

ma(m) E( = o gl o(+)) = / oo a(0) B(ut)du,

hence 1
1V = ([ ereawBudu— pa)* 2 (3.5.14)
0

by a Taylor expansion and using that the terms up to order s — 1 vanish by the
cancellation property ([B238) of ¢(e) since s < N.

Putting together (B2T2), (E5T3) and (BRI, we see that the specification

ve = e/t D2s43) vields the correct rate for 1T and IV, as well as for 111 as soon
as kg > s+ 1. Finally, the term I proves asymptotically negligible in the same way
as (B2I0) thanks to the assumption that oe? is bounded. The proof of Theorem
B4 is complete.
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3.6 Appendix

3.6.1 Proof of Lemma 3.1

First, we enrich the structure of the genealogical tree representation of Section
by adding a random mark M : U — [0,1] x [0, +00) x [0, +00) on the tree together
with a random branchE B of U and define unambiguously the law P* of (M, 3) by
setting
E* [0,(M,8)] :=E[ > ®u(M,u)s], n>1,
|u|=n

where ®,, is a bounded functional which depends on the mark M and the branch 3
up to the n-th generation only. If 3, is the node of the random branch at the n-th
generation, we set x,, := &g, and x(t) for the size of the tagged particle at time ¢:

Xn if ag, <t<ag, +(s,,
X)i=§ s Sa T
0 if t>lim,_.xag,,

where ag, and (g, denote respectively the birth-time and lifetime of the particle
labeled by the tagged node (3,. We then have

E[D QA& =E[> > 1r, 0 &f(6)]

veEU: n=0 |v|=n
- ;E [1{xn_12n,xn<n}f(xn)]'

By Proposition 1.6 in [17], — log X, is a random walk under P* with step distribution
7(dx). In particular, the last term above is independent of «.

Consider now a homogeneous fragmentation process with same dislocation mea-
sure v(e) living on the same (possibly enlarged) probability space for simplicity.
Applying the same construction above, we obtain a process (X(O) (t),t > O) that
can be expressed in the form x(9(t) = exp ( — £©(¢)) where (£9(t),t > 0) is a
compound Poisson process with jump intensity 1 and jump distribution 7(s). By
construction, we have y(® (T, 750)) = ¥ on the event {Xﬁf’ll >, W< n} therefore

B [f (@] = 2B [l o, 01 067)]
n=0

The conclusion follows by identifying the right-hand sides of the last two equalities.

8A branch is an infinite sequence of positive integers which we can think of as the line of
ancestors of some leaf of the tree.
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3.6.2 Rates of convergence in the key renewal theorem

We give a version of Sgibnev’s result [65] on uniform rates of convergence in the key
renewal theorem, which is proved in a more general setting.

Let F'(dx) be a probability distribution with positive mean m and renewal func-
tion H = >0  F™, with F% :=§y, F'* := F and FOtDx .— [y > > (),

We assume that F' is spread-out, that is, for some n > 1, " has a non-zero
absolutely continuous component. Stone [66] shows that then there exists a decom-
position H = Hy + Hy, where H, is finite measure and H, is absolutely continuous

~L and

with bounded continuous density function h(e) such that lim, . h(z) = m
lim, . h(z) = 0.

We denote by T'(F') the o-finite measure with density function

| Pawtem@ - [ Pl
(z,400) (—o0,x]

and T?(F) := T(T(F)). Let () : R — [0,+00) be a submultiplicative function,
i.e. such that p(0) =1

Section 6)

o(x+y) < p(x)e(y). Then we have (see for instance [41],

]
o log o(x)

=11y < 400,
+00 T

1
oo <= Tim 08P

r——00 X x

Assumption E. We have r; < 0 < ry and there exists r(s) : R — R an integrable
function and such that the following conditions are fulfilled:

sup [r(z)|e(z) < +oo , Iim r(z)p(z) =0,

|z =00

lim gp(a:)/ r(u)du = lim @(x)/ r(u)du = 0,
[z,400) (—o0,z]

T——400 T——00

and

/Rgo(x)T2(F)(dm) < 0.

Sgibnev’s result takes the form:

Proposition 3.2. (Theorem 5.1 in [64]). Grant Assumption E. Then
lim p(t)  sup gx H(t) —m™ / g(x)dx’ = 0.
R

|tl—oc0 9:l9(x)[<|r(2)]

We call ¢(s) a rate function and r(s) a dominating function.
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Chapter 4

On the concatenation of two
fragmentation processes

We establish the base for the study of a problem emanated from the mining
industry. We estimate the energy used to reduce a unit-size fragment into
fragments of size not larger than a fixed threshold #’ € (0, 1], by consecutively
using two different fragmentation processes, representing two different machines or
“crushers”. More precisely, each mass fragment evolves in the first fragmentation
process until the instant it first becomes smaller than or equal to n € (1//, 1], and
then immediately enters the second fragmentation process, where it evolves until it
first becomes smaller that or equal to ', when it exists the system. Assume that in
both fragmentation processes, each sudden dislocation has a given (known) energy
cost, which depends on the size of the fragment that breaks, and on the mass
partition it gives raise to.

Contents

The material of this chapter is an article en progress with Joaquim Fontbona
and Servet Martinez.
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4.1 Introduction

Consider an homogeneous fragmentation process as introduced by Bertoin in [17].
This is a homogeneous Markov process X = (X (¢, x));>o with values in

St.= {x: (1,22, ...) |21 > 29> ... >0 ,Z]}i < 1}
i=1

which satisfies the two fundamental properties of homogeneity and branching.
The parameter x = (21, 7y, ...) is an element of S standing for the initial condi-
tion: X (0,x) =x a.s., and if x = (1,0,...) we shall simply write

X(t) = X(t,x), t > 0.

It is known that in this case, the process X is entirely characterized by an erosion
coefficient ¢ > 0 and a dislocation measure v, which is a measure on S' satisfying
the conditions

v({1,0,0,...}) =0,
and
/31(1 —s1)v(ds) < oo, with s=(sq,52,...) (4.1.1)

We shall suppose moreover that we are in the dissipative case,

(o]
Zsi <1 a.s.
i=1

and we assume absence of erosion (¢ = 0).

Inspired by a problem arising in the mining industry, we are interested in the
following question:

Suppose we need to reduce a unit-size fragment into fragments of size not larger
than a fixed threshold 1’ € (0, 1], by using consecutively two different fragmentation
processes, representing two different machines or “crushers”. More precisely, each
mass fragment evolves in the first fragmentation process until the instant it first
becomes smaller than or equal to n € (7, 1], and then immediately enters the second
fragmentation process, where it evolves until it first becomes smaller that or equal
to ', when it exists the system. Assume that in both fragmentation processes, each
sudden dislocation has a given (known) energy cost, which depends on the size of
the fragment that breaks, and on the mass partition it gives raise to. Can we
determine the optimal 7 € (1/,1], in order to minimize the expected cost
of reducing the unit-size fragment into fragments of size not larger than

n 7
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4.2 Preliminaries

We recall the construction of a homogeneous fragmentation process in terms the
atoms of a Poisson point process (see [§]). Let v be a dislocation measure ful-
filling conditions ([EIT). Let K = ((A(t),k(t)),t > 0) be a Poisson point pro-
cess with values in S' x N, and with intensity measure v ® #, where f is the
counting measure on N. As in [§], we can construct a unique S'-valued process
X = (X(t,x),t > 0) started from x with paths that jumps only at instants ¢ > 0
at which a point (A(t) = (A, Ag, ....), k(t)) occurs. Plainly, X (¢,x) is obtained by
replacing the k(t)-term X (t—,x) by the decreasing rearrangement of the sequence
Xi(t—, %), ooy X1 (t—, %), Xp(t—, %) Ay, Xp(t—, %) Ao, ooy Xpr1(t—, %), ...

Define

p::inf{pGR: / Zs?u(ds)<oo}
- SL =
7j=2

and for every ¢ € (p, 00),

k(q) == / 1-— Z s§ | v(ds).
In all the sequel, we assume the Malthusian hypothesis, that is

there exists a unique a > p such that x(a) =0,

which is called the Malthusian exponent.

Following Bertoin and Martinez [21l|] , we shall assume that the energy needed

to split a fragment of size = € [0, 1] into a sequence z; > x9 > ... is given by the
formula
8 1 To
ol —,—, ... ),
Tz

where # > 0 is a fixed constant and ¢ : § — R is a measurable “cost function” such
that ¢((1,0,...)) = 0.

We are interested in the total energy €*(n) used in splitting the fragments until
each of them has reached, for the first time, a size that is smaller than or equal to
1. That is, the quantity given by

E(X) (n) = Z ]]'Xk(t)’x(t—)anllf(t) (t_7 X)(IO(A(t))

t>0

We shall simply write ¢(2%)(n) = €(n)
The following consequence of the homogeneity property will be useful:
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Lemma 4.1. Let x = (11, 7,...) € S and n € [0,1]. We have

() =1y "y sl €(n /), (4.2.1)

where for each i > 1, €;(s) is the energy of a fragmentation process X* issued from
(1,0,...) with same characteristics as X and with the (X*);>1 being independent.

Proof. Let (X (“))izl be independent homogeneous fragmentation processes
with same characteristics a X, each of which starting from (z;,0,---), and
((ki(t), Ay(t)),t > 0,72 > 0) be the Poison point processes giving raise to each
of them. From the branching property of X, we have the identity

x (@) x;
) = DD el s, (Ki) ()0 (A1),

i t>0

By homogeneity we then get

x (d) i i
6( )(77) = Z Z ﬂxi>17]lxinii(t)(t_)znxiﬁ(in(t))ﬁ(t*)(p(A (t))a

i 1>0

and the statement follows. O

To formulate our problem, introduce a second Poisson point process K' =
((A'(t),K'(t)),t > 0) with values in St x N, and with intensity measure v/ @, where
V' is a dislocation measure satisfying the same type of assumptions as v. We can then
simultaneously define a family of fragmentation processes (X'(t,x));>0 independent
of X, indexed by the initial condition x = (z1, za, ...).

We denote by o the Malthus coefficient of ©/. The energy used in the second
fragmentation process is assumed to take the same form as for the first, in terms of
(possibly different) parameters 3 and ¢'.

For each 1 € (0, 1] let now x7 € S! be the mass partition given by the “output” of
X when each of the fragments reaches for the first time a size smaller that or equal
to n. More precisely, each fragment is “frozen” at that time, while other (larger than
n) fragments continue their independent evolutions. We write

X = (ol )

for the decreasing rearrangement of the (random) sizes of all fragments once each of
them has been “frozen”.

We assume in all the sequel that X is issued from the unitary fragment (1,0, ...).
Let 1 > n > n" > 0. Recall that we let each mass fragment evolve in the first
fragmentation process until the instant it first becomes smaller than or equal to
n € (1',1]. Then it immediately enters the second fragmentation process, and then
it evolves until it first becomes smaller that or equal to n’. By the homogeneity
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and branching properties, if E(n,n') denotes the total energy spent in reducing the
unit-size fragment by these procedure, we have the identity

iy (d) ik /
E(n,n) == ¢ () + €(n)

with € ®)(s) the energy of the second fragmentation X’ when starting from x.

4.3 The expected total energy

We next compute the expectation of E(n,1'). A key tool will be the tagged fragment
associated with the fragmentation processes X. For the precise definition, we refer
the reader to Bertoin [14]. We shall keep the following facts in mind: the tagged
fragment is a process defined by

X(t) == Xk(t)

where K(t) is a random integer such that, conditioned on X (t), P(K(t) = i|X(t)) =
X;(t) for all i > 1, and P(K(t) = 0|X(t)) = 1 — >, X;(t). By assumption, we
have Xy = 0.

Is is shown by Bertoin (Theorem 3 in [14]) that

£(t) = —log x(t)

is a subordinator. Moreover, its Laplace exponent ¢ given by ¢(q) := k(¢ + 1) for

qg>p—L
Since p(a — 1) = 0, exp((1 — a)&(t)) is a nonnegative martingale, and we can
then define a probability measure P on the path space by

dB\z, = exp((1 - a)&(t))dPi,,

where (F;)i>o denotes the natural filtration of . It is well known that under this
“tilted” law, £ is a subordinator with Laplace exponent @(q) = ¢(q¢+ a + 1).

The notation &, P, and so on, will be used for the analogous objects associated
with the fragmentation process X'.

Theorem 4.1. Assume that ¢ € L*(v) and ¢’ € L'(v') We have

log 1/n log(1/n') , log(1/n')+2 RN - -
= / / elo=F )Z/ &P (da)I(dz — y) | U(dy)
1 0

og(1/n)

log(1/m)
+C / e (dy),
0
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where: C' = [, p(s)v(ds), C' = fsgo ) (ds), IT and U respectively stand for the
Lévy measure and the renewal measure ofﬁ(t) under P, and U’ is the renewal measure

of & under P'.

Proof. By the compensation formula for the Poisson point process (A(u), k(u)) as-
sociated with the first fragmentation process X, we get that

B =& ([ Lm0 at) [ olsivtas

=CE ( / T (o)<togr/me’’ ™ )S(t)dt)
0

o0

E(e(n)) = CE (/ ﬂ&(t)<log(1/n)e(a_ﬁ)g(t)dt)

log?I/n) 5
- o[ ey,
0

For the second term we have, with similar notations as before,

(4.3.1)

Thus

S0 = 8 (S )

- Z]l i>n EHE (n//xn,i)‘xn,i)>
= B (Lo (L) E ) mrie).

where L, := inf{t > 0: x(t) < n} and € (.) is the energy of the second fragmentation
which is independent of the first one. Then with T, := inf{t > 0 : £(¢) > log(1/n)},
it holds

/

E(5) () = E<]15(Tn)<log(1/n/)e(aiﬁ SR (¢ (n efzmzzf@’)'

According to Lemma 1.10 of [13] the distribution of £(7},) under P is given by

log(1/m) .
P(£(T,) € dz) = /0 L5 10g(1/m H(dz — y)dU (y).

Therefore

, o log(1/n) -
E(e(xn)(n ) = / ﬂz<1og(1/n')e(a_ﬁ )ZE(E (/) /0 leotogymtHldz = y)aU(y).

By similar arguments as in the first part of the proof we finally get:
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E(e (xn) ))
log(1/m) [ plog(1/n) ,oplestm)Hz 3
=C / / ela=h)z / &Py (da)I(dz — y) | dU (y).
1 0

og(1/n)

4.4 Some trails to continue.

4.4.1 A Lemma

Knowing the localization of the minima of the total energy would allow us to compute
the total energy cost. The following lemma is a first step towards this goal. Denote

/ log(1/n") -
F(z) = e 8 (€ (1 e5)) = (el / =D ().
0

Lemma 4.2. Consider 1 >m >n >n'> 0. We have

, , log(1/n) 5
E(E(n.n') — E(n,1)) =C / P (dy)

og(1/m)

log(1/n)  rlog(1/n')— . .
Pl )i E)
lo

log(1/m1) (1/m-y
log(1/m1) plog(1/n)—y 5 5
/ L, PR
lo 1/771

Proof. Since E(E(n,1') = E(e(n))) + E(¢ ®)(n")), the first integral corresponds to
E(e(n) — e(n1)) and its value follows from the computations in the proof of the
previous result. Now, we have

/

E(e ) () — € () )
(]1 £(Ty)<log(1/n' )F(ﬁ( ))) (ﬂgT <10g(1/n/)F(§Tn1))
(5( ))ﬂTn >Tyy ) E(ﬂg(ﬂ71 )<1og(1/n/)F(f(Tm )) ]lTn >Ty, )

since T,, > T,,, a.s. Observe also that

= &=h

(]lg(Tn )<log(1/n') F

{T, > T} = {&(T;—) > log(L/m)} = {e*T) <}
= {&(T) < log(1/m)} = {e~*Tn) >y}
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We deduce that

E(El(xn)(ﬂ/) - 6,(%)(7},)) :E(ﬂ<1og(1/m)<ng,gg(T,,)<1og(1/n/)F(f(Tn)))
— E(llg(z,,)<1080/m F(E(T))

The statement follows from Lemma 1.10 of |13], which implies that
H}(E(Te) S dzag(Ta_) < dy) = ﬂOSySeSz-}—yﬁ(d'Z)U(dy)

for all € > 0. 0

4.4.2 The limit of the energy when 7 goes to zero.

By ([E3), we get that

E(e(n)) = CE (/ ]lf(t)<log(1/77)e(l_ﬁ)g(t)dt) .
0

Therefore, by the theorem of monotone convergence we get that

lim E(e(n)) = CE ( / e<1ﬁ>f<t>dt> =C / U=t = C/k(2 - B),
n— 0 0

by the definition of the Laplace exponent of the subordinator of £(t).

4.4.3 A particular case

As the general problem seen to be complicate, we will consider a special case: the
stable case. In the case where we consider a fragmentation process for which there
exists 0 <a <1

o(q) = (¢ —a—1)"

Therefore £(t) under P is a stable subordinator with parameter a. Thus by using
Exercice 5.6 P.135 of the book of Kyprianou [54], we get that

—(1+4a) a—1
ff(—a)dx and U(dx):x

) dz.

II(dz) =
First we recall the generalised gamma function for 6 > 0 and = < 0

(b, x) :/ e tdt.
0
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Using this notation, it is obvious that;

log(1/n) a—1
E(e(n)) = C / (0 dy = O (o, ToB(1/)(3 = ) /T(a)

which goes to 0 when 7 goes to 1.
By doing the same we get that

F(z) = ey (d', (log(1/n +2)(5 = ).

and thus
F'(0) = (ji(; ; 65l g1 o) + %(ﬁ — o) (log(1/7 )"
If o(s1,589,...) = >, 57 — 1, then
C= | lo)lds) =5
If ' (51, 52,.) = 5, 87 — 1, then
C' = [ ¢ (ds) = (5)
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Quelques développements récents en théorie des
fragmentations.

Résumé : Le sujet principal de cette thése de doctorat est I’étude de diverses
quantités reliées aux processus de fragmentation. Ces processus sont destinés &
modéliser un objet de masse unité se fragmentant au cours du temps.

Ce travail comporte quatre chapitres. Le premier chapitre est consacré a I'étude
de la dimension de Hausdorff de I’ensemble des points ayant une décroissance ex-
ponentielle dans une fragmentation homogéne en intervalles. Dans le deuxiéme
chapitre, on construit un processus de Markov auto-similaire qui généralise les
fragmentations classiques autorisant en particulier la taille des descendants a étre
plus grande que celle de leurs parents. On établit ensuite certains théorémes
limites en utilisant la théorie des processus auto-similaires. Dans le troisiéme
chapitre, on s’intéresse a un probléme statistique provenant de l'industrie miniére
avec |’estimation statistique de la mesure de Lévy du subordinateur classiquement
associé a la fragmentation. Plus précisément, on observe les fragments seulement a
I'instant ou ils atteignent une taille inférieure & un seuil fixé. Enfin, dans un qua-
triéme chapitre on étudie le colt énergétique d’une succession de fragmentations.

Mots-clés : Processus de branchement, Chaine de Markov a paramétre continue,
LP Théoréme limite, Processus auto-similaire, Echangeabilité, Estimation, Processus
de Markov: estimation.

Some recent developments in the theory of fragmentation

Abstract: The main subject of this PHD thesis is the study of various quantities
related to fragmentation processes. These processes are designed to modelize a unit
mass object which fragments with time.

This work is composed of four chapters. The aim of the first one is to study the
Hausdorff dimension of the set of locations having exactly an exponential decay. In
the second chapter, we construct a self-similar Markov process which generalizes the
classical fragmentation by allowing in particular the size of the descendants to be
bigger than the one of their parents. Then we show some Limit Theorems using the
theory of self-similar Markov processes. In the third chapter, we are interested by the
statistical estimation of the Lévy measure of the classical subordinator associated
to the fragmentation. More precisely, we observe the fragments only when their size
reach a size smaller than a given threshold. Finally, in the fourth chapter, we study
the energy cost of a succession of fragmentations.

Keywords: Branching processes, Markov chains with continuous parameter, LP-
limit theorems, Self-similar processes, Exchangeability, Estimation, Markov pro-
cesses: estimation

AMS Classification: Primary: 60J80. Secondary: 60G18, 60F25, 60J27
60G09,62G05, 62MO05.
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