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Resume

ES limites d’échelle de grands arbres aléatoires jouent un role central dans cette theése.
Nous nous intéressons plus spécifiquement au comportement asymptotique de plu-
sieurs fonctions codant des arbres de Galton-Watson conditionnés. Nous envisageons
plusieurs types de conditionnements faisant intervenir différentes quantités telles que
le nombre total de sommets ou le nombre total de feuilles, avec des lois de reproductions diffé-
rentes. Lorsque la loi de reproduction est critique et appartient au domaine d’attraction d"une
loi stable, un phénomeéne d’universalité se produit : ces arbres ressemblent & un méme arbre
aléatoire continu, 'arbre de Lévy stable. En revanche, lorsque la criticalité est brisée, la com-
munauté de physique théorique a remarqué que des phénomenes de condensation peuvent
survenir, ce qui signifie qu’avec grande probabilité, un sommet de l’arbre a un degré macro-
scopique comparable a la taille totale de 'arbre. Une partie de cette these consiste a mieux
comprendre ce phénoméne de condensation. Finalement, nous étudions des configurations non
croisées aléatoires, obtenues a partir d’un polygone régulier en tracant des diagonales qui ne
s’intersectent pas intérieurement, et remarquons qu’elles sont étroitement reliées a des arbres
de Galton-Watson conditionnés a avoir un nombre de feuilles fixé. En particulier, ce lien jette
un nouveau pont entre les dissections uniformes et les arbres de Galton-Watson, ce qui permet
d’obtenir d’intéressantes conséquences de nature combinatoire.

Abstract

CALING limits of large random trees play an important role in this thesis. We are more

precisely interested in the asymptotic behavior of several functions coding conditioned

Galton-Watson trees. We consider several types of conditioning, involving different

quantities such as the total number of vertices or leaves, as well as several types of
offspring distributions. When the offspring distribution is critical and belongs to the domain
of attraction of a stable law, a universality phenomenon occurs: these trees look like the same
continuous random tree, the so-called stable Lévy tree. However, when the offspring distribu-
tion is not critical, the theoretical physics community has noticed that condensation phenomena
may occur, meaning that with high probability there exists a unique vertex with macroscopic
degree comparable to the total size of the tree. The goal of one of our contributions is to grasp
a better understanding of this phenomenon. Last but not least, we study random non-crossing
configurations consisting of diagonals of regular polygons, and notice that they are intimately
related to Galton-Watson trees conditioned on having a fixed number of leaves. In particular,
this link sheds new light on uniform dissections and allows us to obtain some interesting results
of a combinatorial flavor.
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Introduction

~——  —

Cette introduction est articulée autour de deux parties : nous présentons d’abord nos contributions
[68, 70, 71] centrées sur les arbres aléatoires, puis celles [69, 28] portant sur des applications a I'étude
des configurations planes non croisées aléatoires. Nous insistons principalement sur les techniques et

idées utilisées et renvoyons le lecteur intéressé aux parties ultérieures pour les détails. Dans
'introduction, les résultats originaux contenus dans cette these sont encadrés.






Arbres de Galton-Watson conditionnés
T e N T N —

Arbres de la forét, vous connaissez mon dme !

Au gré des envieux, la foule loue et blame ;

Vous me connaissez, vous ! - vous m’avez vu souvent,
Seul dans vos profondeurs, regardant et révant.

— Victor Hugo, Aux arbres

1.1 Arbres de Galton-Watson

Nous commengons par introduire les définitions des objets qui nous intéresseront, puis nous
expliquons les techniques usuelles et les résultats connus apparaissant dans 1’étude des limites
locales et limites d’échelle d’arbres aléatoires, et concluons par un bref historique de cette théo-
rie. Notre contribution a I'étude des grands arbres de Galton-Watson conditionnés est présentée
en Section 1.2.

1.1.1 Arbres et foréts

Nous suivons le formalisme introduit par Neveu [88] pour définir les arbres plans enracinés.
Soit N = {0, 1, ...} 'ensemble des entiers naturels, et N* = {1, ...}. On désigne par U I’ensemble
des étiquettes :

o, par convention, (N*)® = {()}. Nous noterons < ’ordre lexicographique sur U (par exemple
0 <1 < 21 < 22). Ainsi, un élément de U est une suite w = u, - --u; d’entiers strictement
positifs. Par définition, la génération de u = u; ---u;, notée [u|, est 'entier j. Lorsque u =
Up---uj et v =v;---v sont des éléments de U, on note uv = u; - - - ujv; - - - v la concaténation
de u et v. En particulier, on a u) = fu = u. Finalement, un arbre plan enraciné T est un sous-
ensemble (fini ou infini) de U vérifiant les trois conditions suivantes :

1. D er,

2. siv € Tetv =1j pour un certain j € N*, alors u € 7,

3. pout tout u € T, il existe k, (1) € N U {oco} tel que, pour chaque j € N*, uj € T siet

seulement si 1 <j < ky (7).

13



Chapitre 1. Arbres de Galton-Watson conditionnés

Dans toute la suite, par arbre nous entendons toujours arbre plan enraciné. L'ensemble des
arbres est noté T. Nous visualiserons souvent les sommets d'un arbre T comme les individus
d’une population dont T est 'arbre généalogique. A ce titre, pour 1 € T, nous appellerons
k. (T) le nombre d’enfants de u. La taille totale de T, ou nombre total de sommets, sera noté
¢(t) = Card(t). Pour un arbre T et u € T, on note T, = {v € U; uv € 1} qui est lui méme un
arbre. La hauteur de T, notée J((T), est la plus grande génération d'un sommet de 1. Une feuille
de T est un sommet u € T tel que k,,(T) = 0. Finalement, pour j > 1, une forét de j arbres est un
élément de T'.

Insistons sur le fait que, contrairement au cadre habituel, nous autorisons ici T et k(1) a
étre infinis (cela sera en effet utile lorsque nous présenterons 'arbre de Galton-Watson critique
conditionné a survivre, et serons amenés a considérer des arbres ayant un sommet de degré
infini, voir la Section 1.3.1).

Nous rappelons maintenant la définition d"un arbre de Galton-Watson. Soit p une mesure de
probabilité sur N telle que p(1) < 1. La loi d"un arbre de Galton-Watson de loi de reproduction
p est I'unique mesure de probabilité P, sur T vérifiant les deux conditions suivantes :

1. Pylky = 3] = p(j) pourj > 0,

2. pour toutj > 1 tel que p(j) > 0, conditionnellement a {ky = j}, les arbres Ty, ..., Tyt sont

ii.d. de loi PP,.
Il s’ensuit que
Poltl =] ] olku(1)). (1.1)
ueT

Un arbre aléatoire de loi P, sera appelé arbre de Galton-Watson de loi de reproduction p, ou
plus simplement un GW,, arbre. Il est bien connu qu'un GW,, arbre est presque stirement fini
si et seulement si la moyenne de p est au plus 1. Lorsque la moyenne de p vaut exactement un,
on dira que p (et par extension un GW,, arbre) est critique.

Pour un entier j > 1, P, ; est la mesure de probabilité sur T/ qui est la loi de j GW,, arbres
indépendants.

Pour un arbre T et k > 0, on note Z,(t) = Card{u € 7t |Ju| = k} le nombre de sommets
a hauteur k. Le processus (Zx(t),k > 0) sous PP, est appelé processus de Bienaymé-Galton-
Watson.

1.1.2 Arbres de Galton-Watson conditionnés par le nombre de sommets

Fixons une loi de reproduction p. Dans toute la suite de cette Section 1.1, pour chaquen > 1
tel que P, [((T) =n] > 0, t,, désigne un arbre de Galton-Watson conditionné a avoir n sommets,
c’est-a-dire un arbre aléatoire de loi P, [- | {(T) =nl].

Une partie de cette these consiste a comprendre la structure de t,, lorsque n est grand, en
fonction des caractéristiques de p.

Arbres aléatoires vus comme arbres de Galton-Watson conditionnés

Plusieurs classes d’arbres aléatoires a n sommets (souvent appelées « classes combinatoires »)
peuvent étre réalisées comme arbres de Galton-Watson conditionnés a avoir n sommets pour
des lois de reproduction particulieres. Par exemple :

14



1.1. Arbres de Galton-Watson

FIGURE 1.1 — Une réalisation de t;363s pour une loi de reproduction critique et de
variance finie.

- lorsque p est la loi géométrique de parametre 1/2, t, est uniformément distribué sur 'en-
semble des arbres a n sommets,

- lorsque p(0) = 1/2 et u(2) = 1/2, t, est uniformément distribué sur I'ensemble des arbres
binaires a n sommets,

- lorsque p est la loi de Poisson de parametre 1, t, est uniformément distribué sur 'en-
semble des arbres étiquetés non ordonnés a n sommets.

Nous renvoyons a [59, Section 10] pour des précisions et d’autres exemples. Mentionnons fi-
nalement que la Proposition 13 établit qu'une classe naturelle d’arbres aléatoires se réalise
comme un arbre de Galton-Watson conditionné a avoir un nombre de feuilles fixé (et non pas
un nombre de sommets fixé, comme nous en avons 1’habitude).

Arbres simplement générés

On considere une suite w = (wy)>( de réels positifs telle que wy > 0 et telle qu’il existe
k > 1 avec wy > 0 (on dira que w est une suite de poids). Notons T 1’ensemble des arbres finis
ainsi que, pour tout n > 1, T,, 'ensemble des arbres a n sommets. Pour tout T € Ty, on définit
le poids w(T) de T par :

On pose alors pourn > 1:

15



Chapitre 1. Arbres de Galton-Watson conditionnés

Pour tout n > 1 tel que Z,, # 0, soit T, un arbre aléatoire a valeurs dans T, tel que pour tout
TeT,:

L’arbre aléatoire T,, est dit simplement généré (cette définition remonte a Meir & Moon [83]).
Compte tenu de (1.1), il apparait que les arbres de Galton-Watson conditionnés par le nombre
de sommets sont un cas particulier d’arbres simplement générés.

Familles exponentielles

Soit A > 0 un parametre fixé tel que Z, = } ;- miA! < oo. On pose uMN = 1AL/ Z,y pour
i > 0. En utilisant (1.1), il est aisé de voir qu’alors un GW,, arbre conditionné a avoir n som-
mets a la méme loi qu'un GW ;) arbre conditionné a avoir n sommets. On dit que p et )
appartiennent & la méme famille exponentielle. Ainsi, s'il existe A > 0 tel que Z) < oo et p)
soit critique, alors étudier un arbre de Galton-Watson non critique conditionné revient a étudier
un arbre de Galton-Watson critique conditionné (cette technique a été introduite par Kennedy
[63]). 11 est clair qu’on ne peut pas toujours se ramener a I'étude d’un arbre de Galton-Watson
critique : le cas échéant, on dit que  est non générique (par exemple si p est sous-critique
et le rayon de convergence de }_ p;z*' vaut 1). Nous verrons que dans ce cas des phénomenes
intéressants surviennent.

Finalement, en utilisant ce procédé, il est possible de montrer que si T, est un arbre simple-
ment généré associé a la suite de poids w, alors il existe une loi de reproduction p telle que T,
a la méme loi qu'un GW,, arbre conditionné a avoir n sommets si et seulement si le rayon de
convergence de ) w;z' est strictement positif (voir [59, Section 4] pour une preuve).

1.1.3 Codage des arbres de Galton-Watson

L’étude des limites d’échelle d’arbres de Galton-Watson conditionnés passe par 1'étude des
convergences de fonctions renormalisées qui les codent. L'idée d’utiliser un codage par une
fonction pour étudier des arbres aléatoires remonte a Harris [54]. L'intérét réside dans les faits
combinés que ces fonctions ont d’intéressantes propriétés probabilistes et qu’il existe de nom-
breuses stratégies disponibles permettant de prouver une convergence fonctionnelle. Nous al-
lons présenter trois différentes fonctions (la marche de Lukasiewicz, la fonction de hauteur et
enfin la fonction de contour) codant un méme arbre, tout en présentant leurs spécificités.

Codage par la marche de Lukasiewicz

Soit T un arbre fini, et considérons u(0) < u(l) < --- < u(¢(t) — 1) ses sommets rangés dans
I'ordre lexicographique. La marche de Lukasiewicz W(t) = (W,,(7),0 < n < ((7)) de T est
définie par Wy(t) =0et, pour 0 <n < ¢(1) —1:

Wn+1(T) = Wn(T) + ku(n) (T) — L

Voir Fig. 1.2 pour un exemple.
Pour tout arbre T, il est facile de voir (par exemple par récurrence) que W, (1) > 0 pour
0<n<(t)—1, etque We(r)(T) =L

16



1.1. Arbres de Galton-Watson

FIGURE 1.2 — Un arbre T dont les sommets sont numérotés dans I'ordre lexicogra-
phique, et sa marche de Lukasiewicz associée. Ici ¢(t) = 26.

La caractéristique cruciale de ce codage est le fait que la marche de Lukasiewicz d'un arbre
de Galton-Watson se comporte comme une marche aléatoire conditionnée. Plus précisément,
soit (W, ;n > 0) une marche aléatoire sur Z, issue de 0 et dont la loi des sauts est donnée par
v(k) = p(k + 1) pour k > —1. On note ¢; = inf{n > 0; W,, = —1}. La proposition suivante peut
étre trouvée dans Le Gall & Le Jan [76, Corollaire 2.2] ou Bennies & Kersting [13, Proposition 2].

Proposition 1.1.1. Supposons que la moyenne de w est au plus 1. Alors la loi de (Wy, Wi, ..., W¢,)
coincide avec celle de la marche de Lukasiewicz d'un GW , arbre. En particulier, le nombre de sommets
d’un GW , arbre a la méme loi que ;.

Il est crucial de remarquer que la marche aléatoire (W,,)n>1 est centrée si et seulement si p
est critique.

Quand bien méme le codage par la marche de Lukasiewicz d'un arbre T est une bijection,
certaines caractéristiques naturelles de T ne peuvent pas lues « simplement » sur W(t) (par
exemple le nombre d’individus présents a une génération donnée). Mentionnons tout de méme
que des exceptions existent : par exemple, pour trouver le nombre maximal d’enfants d'un
sommet de 7, il suffit d’ajouter un au saut maximal de W(t).

Marche de Lukasiewicz d’un arbre de Galton-Watson conditionné et transformée de Vervaat

Un corollaire extrémement utile de la Proposition 1.1.1 permet d’identifier la loi de la marche
de Lukasiewicz d'un arbre de Galton-Watson conditionné & avoir un nombre de sommets fixé.
Plus précisément, soit n > 1 tel que P, [((T) =n] > 0 et notons t, un GW, arbre condi-
tionné a avoir n sommets. Alors la loi de (Wy(tn), Wi (tn), ..., W (t.)) coincide avec la loi de
(Wo, W4, ..., W, ) sous la loi conditionnelle P[- | {; = n].

En utilisant un procédé appelé transformation de Vervaat, que nous allons maintenant dé-
crire, il est possible de se ramener a étudier la loi de de (W, W1,..., W, ) sous la loi condi-
tionnelle plus simple P[-|W,, = —1]. [l n’y a plus de condition de positivité sous ce nouveau
conditionnement, ce qui simplifie dans une grande mesure plusieurs points techniques. Pour
définir la transformée de Vervaat, nous avons d’abord besoin d’introduire quelques notations.
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Chapitre 1. Arbres de Galton-Watson conditionnés

Six = (X1,...,%Xn) € Z™ et i € Z/nZ, on note x'') le i-iéme translaté cyclique de x dé-
fini par x](f) = Xitk modn pour I < k < m. Soient n > 1 un entier et x = (xq,...,Xn) €
Z™. On pose wj =x; +---+x; pour 1 < j < n et on note i,(x) I'entier positif défini par
i.(x) =1inf{j > 1; wj; = min;ci<n Wi}. La transformée de Vervaat de x, notée V(x), est par dé-
finition x( ™)1l est également possible de définir la transformée de Vervaat d’une fonction
de D([0,1],R) (voir Définition 4.6.6). La propriété évoquée au début de ce paragraphe est la
suivante (il s’agit d"un fait bien connu, voir par exemple [90, Section 5]) :

Proposition 1.1.2. Soit (W,,,n > 0) la méme marche aléatoire que dans la Proposition 1.1.1 et po-
sons Ry = Wy — Wy pour k > 1. Soit n > 1 un entier tel que P[W,, = —1] > 0. Alors Ia
loi de V(Ry,...,R,) sous P[-|W,, = —1] coincide avec la loi de (Ry,...,R,) sous la loi conditionnée
P[-[C; =nl

En particulier, d’apres la Proposition 1.1.1, la loi de V(R4,...,Ry) sous P[-|W,, = —1] coin-
cide avecla loi de (Wi (tn), Wa(tn) — Wi(tn),... . Wa(tn) — Wh_1(tn)).

Codage par la fonction de contour

Pour définir la fonction de contour d'un arbre T, imaginons une particule qui explore 1’arbre
en partant de la racine a vitesse unité (on suppose que toutes les arétes de 1’arbre sont de lon-
gueur unité), de la fagon suivante : lorsque la particule quitte un sommet u, celle-ci se dirige, si
possible, vers le premier enfant de u qu’elle n’a pas encore visité, sinon elle revient au parent de
u. Pour 0 < t < 2(¢(1)—1), C¢(7) est alors défini comme étant égal a la distance entre la particule
et la racine de 1. Pour des raisons techniques, on pose C(1) = 0lorsque t € [2({(T) — 1), 2¢(T)].
La fonction C(T) est appelée fonction de contour de 'arbre T (voir Fig. 1.3 pour un exemple).
Si la particule se trouve a un sommet u € T a l'instant t € [0, 2(¢(T) — 1)], on dit que u est visité
par la fonction de contour a I'instant u.

0 10 20 30 40 50 0 5 10 15 20 25 30

FIGURE 1.3 — Respectivement les fonctions de contour et de hauteur de I'arbre T de
la Fig. 1.2.

Donnons une définition plus formelle de C(T). A cet effet, pour u,v € T,notons uw/Av1’ancétre
commun de plus grande génération parmi tous les ancétres communs de wet v. Si ly,...,1,
désignent les feuilles de 1, C(1) est définie comme étant la fonction affine par morceaux sur
R, dont les pentes sont —1 ou +1, et dont les valeurs des extremas locaux sont successivement
O) “vll) |11 AN 12|) |12|» R “’pfl A\ 1p|) |lp|> 0.
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1.1. Arbres de Galton-Watson

Utiliser le codage par la fonction de contour présente certains avantages : certaines proprié-
tés se lisent plus aisément sur C(1) que sur W(t) (par exemple la hauteur de T est simplement
le supremum de C(t)) et nous verrons dans la section 1.1.5 qu'une convergence des fonctions
de contour renormalisées implique une convergence au sens de Gromov-Hausdorff des arbres,
vus comme espaces métriques compacts.

Finalement, une propriété trés importante dont jouit la fonction de contour d"un arbre de
Galton-Watson est celle d’invariance par retournement du temps. Plus précisément, sous P,,,
les deux fonctions (C¢(T),0 < t < 2¢(1) —2) et (Caor(r)—2-1(T),0 < t < 2¢(1) — 2) ont méme loi.
Expliquons comment cette propriété sera appliquée. Considérons (B )n>1 une suite de réels

strictement positifs divergeant vers +oo, (t,,n > 1) une suite d’arbres aléatoires et C (M) Ja

fonction définie sur [0, 1] par C{™ = 2-Cae(0,) 2t

Proposition. Supposons que, pour tout a € (0,1), (C™Mo<t<a) converge en loi lorsque n — oo

dans I'espace C([0, a],R). Alors (c™ o<t < converge en loi lorsque n — oo dans 'espace
C([0, 1, R).

Pour démontrer ce résultat, il suffit de remarquer que la convergence des marginales fini-
dimensionnelles est une conséquence immédiate de I'hypothese et que la tension au point a = 1
provient de l'invariance par retournement du temps évoquée précédemment.

Cependant, la fonction de contour d’un arbre de Galton-Watson ne satisfait pas en général
a la propriété de Markov (sauf dans le cas particulier d"une loi de reproduction géométrique),
ce qui rend son étude complexe.

Codage par la fonction de hauteur

La fonction de hauteur H(t) = (H,(7),0 < n < (¢(7)) est définie par H, (1) = [u(n)| pour
0 < n < (7). Pour des raisons techniques, on pose Hy (1) = 0 pour k > (7). On prolonge alors
H(t) a R, par interpolation linéaire en posant H(t) = (1 —{t})H ¢, (T) +{t}H |11 (T) pour t > 0,
ou {t} =t — |t] (voir Fig. 1.3 pour un exemple).

L'étude de la fonction de contour se fera par le truchement de la fonction de hauteur. En
effet, d'une part il est possible d’exprimer de maniere exploitable H(t) en fonction de W(1),
et d’autre part C(t) en fonction de H(t). Précisons cela. La proposition suivante, obtenue in-
dépendamment par Le Gall & Le Jan [76, Corollary 2.2] et Bennies & Kersting [13, Section 5],
exprime le fait que (Hy(T), ..., Hn(T)) est une fonction mesurable de (Wy(T),..., Wy (7)) pour
tout entier 0 < n < (1) — 1.

Proposition. Pour tout entier 0 <n < ¢(t) —1,0na:
H,. (1) = Card {j ; 0<j <n, W) = <1{1£ WL(T)} ) (1.2)
]\ \n

Ainsi, bien que H(T) ne satisfasse pas en général a la propriété de Markov sous P,,, la fonc-
tion de hauteur est intimement liée a la marche de Lukasiewicz, qui elle est markovienne.

Afin de préciser le lien entre H(t) et C(7), il est nécessaire d'introduire quelques notations.
Pour 0 < p < ((7), notons b, = 2p — H,(7), de sorte que b, représente le premier temps d’at-
teinte par la fonction de contour du (p + 1)-iéme sommet de T dans l'ordre lexicographique (en
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Chapitre 1. Arbres de Galton-Watson conditionnés

effet, a cet instant-la la fonction de contour aura visité deux fois toutes les arétes constituant le
sous-arbre formé par les (p + 1) premier sommets de 7, sauf les arétes de 1'unique chemin re-
liant la racine au (p+1)-ieme sommet, qui sont au nombre de H, (T)). Posons b () = 2({(T) — 1).
Alors pour 0 <n < (1) —lett e (by,bpy1):

Cole) — Hp(t)— (t—b,)  sit€ [bp,bys—1)
¢ t—bpy + Hpaa(1) site by —1,by 1),

et C¢(T) = Hepry—1(T) = (t = ber)—1) sit € [beiry—1, bern).

1.1.4 Limites d’échelle d’arbres de Galton-Watson critiques

Soit u une loi de reproduction critique, et comme précédemment, t,, désigne un GW,, arbre
conditionné a avoir n sommets pour chaque n > 1 tel que P, [((T) =n] > 0. Dans cette partie,
nous présentons les résultats connus concernant les limites d’échelle des différentes fonctions
introduites codant t,,. Avant cela, nous introduisons les différents espaces fonctionnels mis en
jeu.

Espaces fonctionnels

Soit I un intervalle. On note C(I, R) 'espace des fonctions continues de I dans R muni de la
topologie de la convergence uniforme sur tous les compacts de I, qui en fait un espace polonais,
c’est-a-dire un espace métrique complet et séparable. On note aussi D(I,R) 'espace des fonc-
tions continues a droites et ayant des limites a gauche en tout point (cadlag) de I dans R, muni
de la topologie J; de Skorokhod, qui en fait un espace polonais (voir [20, chap. 3], [57, chap. VI]
pour les définitions et les propriétés usuelles de la topologie de Skorokhod).

Variance finie : le théoréme d’Aldous

Commencons par rappeler la définition de I’excursion brownienne normalisée (e)o<i<i. A
cet effet, considérons un mouvement brownien réel (B()>o. Notons g; = sup{t < 1; B =0} et
d; =inf{t > 1; By = 0}. Il est clair d; — g; > 0 presque stirement. Pour 0 < t < 1 on pose alors

Cr = Bgl+t(d1*91)/\/ di — gi.

Rappelons que o° désigne la variance de p.

Théoréme 1.1.3 (Aldous). On suppose que w est critique et que 0 < 0 < oo. Alors la convergence

o (d)
0<t L
(QﬁCQnt(tn)a 0<t< 1) sl

a lieu en loi dans 'espace C([0, 1], R).

Un exemple d’application intéressante de ce théoreme concerne la hauteur H(t,,) de t,, : en
remarquant que H®(t,) est le supremum de C(t,), il découle immédiatement du Théoreme
1.1.3, que H(tn)/+/n converge en loi, lorsque n — oo, vers 2 sup e. La fonction de répartition
de sup e est une fonction de Jacobi (voir [18]). Avec une hypothese supplémentaire, Marckert &
Mokkadem prouvent la convergence jointe suivante.
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1.1. Arbres de Galton-Watson

Théoréme (Marckert & Mokkadem [79]). Soit w une loi de reproduction critique vérifiant 0 < 0* <
co. On suppose de plus qu'il existe oc > 0 tel que 3, e*'1; < oo. Alors :

o (0

1
<G—ﬁWLntJ(fn)>mHnt(fn)> Qﬁc2nt(tn)) = (et ey et)ogi<i-

0<t<1

Domaine d’attraction d’une loi stable : le théoreme de Duquesne

Une généralisation substantielle du théoréme d’Aldous au cas ou p est dans le domaine
d’attraction d’une loi stable a été obtenue par Duquesne. Rappelons que si 0 € (1, 2], on dit que
i est dans le domaine d’attraction d’une loi stable d’indice 0 si 6 = 2 et la variance de p est
strictement positive et finie, ou bien si p([j, 00)) = L(j)/j® pourj > 1,ou L: R, — R, estune
fonction telle que L(x) > 0 pour x suffisamment grand et lim,_,, L(tx)/L(x) = 1 pour tout t > 0
(une telle fonction est dite a variation lente). Dans la suite de cette partie, 0 € (1, 2] est fixé.

Dans le cas stable, la version continue de la marche de Lukasiewicz est 1’excursion norma-
lisée d’un processus de Lévy particulier. Plus précisément, soit (X)¢>o un processus de Lévy
strictement stable spectralement positif d’indice 0 (voir [15] pour des détails concernant les
processus de Lévy). En d’autres termes, E [exp(—AX)] = exp(tA®) pour t > 0 et A > 0 (lorsque
0 = 2, X est simplement V2 fois le mouvement brownien réel). En revanche, lorsque 0 € (1,2),
la version continue des fonctions de hauteur et contour est un autre processus, appelé le pro-
cessus de hauteur d’indice 6, que nous allons décrire (nous renvoyons a [37, Chapitre 1]) pour
les détails). Pour 0 < s < t, on pose I = inf,c <t X;. Soitt > 0.Si 0 = 2, on pose Hy = Xy — I,
Sinon, on pose

t
Hy = £1_>n10 é JO 1{X5<I§+e}dsa (1.3)
la limite existant en probabilité. Le processus (H)¢>¢ admet une modification continue que
nous considérerons dorénavant. Donnons brievement une motivation a cette définition. Pour
t > 0 notons X*) le processus défini par XY = X, — X(t—s)— pour 0 < s < t et posons

-~

St = SUDp<rs X{Y. Alors il est possible de prouver que H; a la méme loi que le temps local

au temps t (convenablement normalisé) du processus S'*) — X(t). Ainsi, H, correspond intuiti-
vement a la « mesure » de I'ensemble {0 < s < t; Xs = infi<,<¢ X;}, par analogie avec (1.2). Par
ailleurs, les excursions de H au-dessus de 0 coincident avec les excursions de X — I au dessus
de 0.

Les excursions normalisées X®* et H** sont ensuite définies a partir de X et H comme suit.
Pourt > 0, onpose Iy = infjg ) X. Soientg, = sup{s < 1; X; =I}et(; =inf{s > 1; X; = IS}—gl.
Pour 0 < t < 1 on pose alors :

1

(Xixc) Hixc) — (Cl_g(xgﬁ(?lt — Xgl)) Clg_ Hgl-i-Clt) .

Le processus H®* est appelé excursion normalisée du processus de hauteur d’indice 0 et vérifie
p.s. HF = HP = 0 et HZ > 0 pour t € (0, 1) (voir Fig. 1.4 et 6.6 pour des simulations).

Théoreme 1.1.4 (Duquesne [36]). Soit w une loi de reproduction critique dans le domaine d’attraction
d’une loi stable d'indice © € (1,2]. Il existe une suite de nombres réels strictement positifs B,, — oo telle
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L L L L L L L L L L L L L L L L L L L L L L L L L L L
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Cet énoncé mérite quelques remarques :
Il est possible d’expliciter B,, en fonction de la loi de reproduction . Si 02 est la variance de

w:

B, =oy/n/2 si 02 < oo,
1
B, =|'(1 —0)"®inf {x >0; u(lx,00)) < E} sio? =oo0etO < 2.
Lorsque 0 = oo et 0 = 2, la formule est légérement plus compliquée et nous renvoyons

au Théoreme 4.1.10 pour un énoncé précis. Dans tous les cas, il est possible de montrer que
(B /n'/® Jn>1 est a variation lente, de sorte que B,, est de 'ordre de nt/e,

Lorsque 0 = 2, les deux processus X et H* sont égaux et ont la loi de /2 - e. Ainsi, dans
ce cas, les trois processus limites sont identiques. En revanche, pour 0 # 2, H* n’est pas un
processus markovien. Nous avons déja signalé que Marckert & Mokkadem [79] ont démontré
le résultat dans le cas 0 = 2 dans le cas particulier ol p a un moment exponentiel.

1.1.5 R-arbres compacts

Nous expliquons maintenant la construction d’arbres continus, appelés R-arbres compacts,
a partir d"une certaine classe de fonctions de type excursions. Par définition, un espace métrique
(7, d) est un R-arbre si pour tous u,v € T les deux conditions suivantes sont vérifiées :

(i) II existe une unique isométrie f,, , : [0, d(u,v)] — T telle qu'on ait f (d(u,v)) =v et
fu,v(o) =14,

(ii) siq:[0,1] — T est une application injective continue telle que q(0) = u et q(1) = v, alors
q(10,1]) = fu v (10, d(u, v)]).

Un R-arbre enraciné est un triplet (7, p, d) ot (7T, d) est un R-arbre p = p(7) est un sommet
distingué appelé racine, et sera souvent simplement noté J s’il n'y a pas d’ambiguité possible
sur p et d. Dans tout ce qui suit, tous les R-arbres seront compacts.
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1.1. Arbres de Galton-Watson

On dit que deux R-arbres compacts enracinés T et T sont équivalents s’il existe une bijection
isométrique entre T et T’ préservant la racine, et on note T 1’ensemble des classes d’équivalence
de R-arbres compacts enracinés.

Soit g : [0, 1] — R, une fonction continue telle que g(0) = g(1) = 1. Pour s, t € [0, 1], on pose

dg(s,t) =g(s)+g(t)—2 min g(r).

re[sAt,s\Vt]

Il est facile de voir que dq est une pseudo-distance sur [0, 1]. On introduit alors la classe d’équi-
valence associée a dg : on pose s L t si et seulement si dg(s,t) = 0 (intuitivement, on identifie
les points du graphe de g qui sont en vis-a-vis), et on note py : [0,1] — 7 la projection cano-
nique. Si on note T4 = [0, 1]/ R 'espace métrique quotient, alors (T,p4(0), dg) est un R-arbre
compact enraciné (voir [38, Théoreme 2.1]).

Dans le cas particulier oii g = e, ou e est ’excursion brownienne normalisée, le R-arbre
(Te, de) est appelé arbre brownien continu (abrégé en CRT pour « Continuum Random Tree »)
et a été introduit par Aldous au début des années 1990. Plus généralement, pour un parametre
0 € (1,2], 'arbre de Lévy stable de parametre 6 est par définition le R-arbre (Tyjex, dpex), qui a
été introduit par Duquesne & Le Gall [37].

Finalement, il est possible de munir Tz d’une topologie, appelée topologie de Gromov-
Hausdorff, qui en fait un espace polonais, ce qui fournit un cadre privilégié pour étudier des
convergences au sein de cet espace. Si (E, 8) est un espace métrique, on notera 8y la distance de
Hausdorff usuelle entre les compacts de E. Si (T, p, d) et (T, p’, d’) sont deux R-arbres compacts
enracinés, on note :

den((T,p,d), (77,0, d")) = inf (S (d(T), ®(T)) V 8(d(p), d'(p"))],

ou l'infimum est pris sur toutes les injections isométriques ¢ : T — Eet ¢’ : T — Ede Tet T’
dans un méme espace métrique (E, d) (nous renvoyons a [24] pour des précisions concernant la
topologie de Gromov-Hausorff). Il est clair que dgn ((7T, p,d), (T7',p’,d’))) ne dépend que des
classes d’équivalence de (T, p,d) et (T’,p’,d’) au sein de Tg. L'espace métrique (Tg, dgn) est
alors complet et séparable [42, Théoreme 1].

D’apres [38, Lemme 2.3], si g,g" € C([0,1],R}) sont deux fonctions nulles en 0 et en 1,
alors dgn(7g,Tg) < 2||g — g’||.- En utilisant cette propriété, il est possible de reformuler les
théoremes d’Aldous et Duquesne en termes de convergence de Gromov-Hausdorff. Plus préci-
sément, pour un arbre T et o« > 0, notons (T, - dgr) 'espace métrique obtenu en multipliant par
« les distances de graphes au sein de T, la racine de T étant un point distingué. Le Théoréme
1.1.4, dont nous gardons les notations, fournit alors le corollaire suivant :

Bn (d)
(tn, ? . dgr) n—} (THEXC, dHexc),

la convergence ayant lieu en loi dans I’espace (Tr, dgh).
Pour conclure, signalons toutefois que la convergence au sens de Gromov-Hausdorff d’arbres
n’implique pas nécessairement celle des fonctions de contour associées.
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1.1.6 Historique et motivations

Nous concluons la partie consacrée a la présentation des objets qui nous intéressent par un
bref historique présentant des travaux consacrés aux arbres de Galton-Watson conditionnés.
Nous ne rentrons volontairement pas dans une description des résultats évoqués.

Au début furent les processus de Bienaymé-Galton-Watson

Les prémices des processus de Bienaymé-Galton-Watson remontent au milieu du XIX®*™®
siecle, ottils sont introduits afin d’estimer la probabilité d’extinction de noms de familles nobles.
En 1845, Bienaymé [19] affirme, sans justification mathématique, que la probabilité d’extinction
vaut un si la moyenne de la loi de reproduction est inférieure a un. En 1875, Galton & Watson
[98] proposent une approche fondée sur des méthodes de fonctions génératrices. Si la méthode
est judicieuse, une erreur s’est glissée dans leur travail (ils concluent que la probabilité d’ex-
tinction vaut toujours 1, voir [12, Chapitre 9]), et il faut attendre 1930 pour que Steffensen [97]
donne une solution compléte. Nous renvoyons a [64, 12] pour une étude historique détaillée.

Des lors, le comportement asymptotique des processus de branchement en temps grand a
suscité de nombreux travaux; nous renvoyons aux ouvrages [78, Section 12] et [11] pour un
descriptif des résultats en ce sens.

La naissance du CRT : I’arbre brownien continu

A partir de la deuxieme moitié du XX®™e siécle, différentes communautés se sont intéressées
au comportement asymptotique d’arbres aléatoires tirés uniformément au sein d’une certaine
classe ou bien conditionnés «a étre grands », en étudiant certaines de leurs caractéristiques.
Au frontiéres de la combinatoire et de l'informatique, en utilisant des méthodes de fonctions
génératrices et de combinatoire analytique, diverses statistiques de ces arbres aléatoires ont été
considérées, comme le degré maximal, le nombre de sommets de degré fixé ou encore le profil
de I'arbre. Nous renvoyons a I'ouvrage [35] pour un traitement détaillé.

Dans le début des années 1990, au lieu de n’analyser que des propriétés spécifiques, Aldous
a eu l'idée d’étudier la convergence de grands arbres aléatoires dans leur globalité. Plus préci-
sément, Aldous [3] a expliqué comment voir des arbres aléatoires comme des sous-ensembles
compacts aléatoires de ’espace 1;, et a prouvé dans ce cadre qu'un arbre de Galton-Watson dont
la loi de reproduction est une loi de Poisson de parametre 1, conditionné a avoir n sommets,
converge, lorsque n — oo, vers un sous-ensemble compact aléatoire appelé Continuum Random
Tree, abrégé en CRT. Un peu plus tard, Aldous [4, 5], a proposé une construction simple du
CRT a partir de I'excursion brownienne normalisée ¢, et a démontré que la fonction de contour
renormalisée d"un arbre de Galton-Watson de loi de reproduction critique et de variance fi-
nie, conditionné a avoir n sommets, converge, lorsque n — oo, vers e. Le CRT apparait ainsi
comme un objet limite universel, en ce sens que des GW arbres de lois de reproduction diffé-
rentes convergent vers le méme objet continu.

Dans le cas particulier ot la loi de reproduction admet un moment exponentiel, Marckert &
Mokkadem [79] ont étendu le résultat d’Aldous en prouvant que la marche de Lukasiewicz, les
fonctions de contour et de hauteur, convenablement renormalisées, convergent conjointement
vers la méme excursion brownienne normalisée.
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En 2003, Evans, Pitman & Winter [43] suggerent d’utiliser le formalisme des R-arbres, in-
troduits auparavant a de fins géométriques et algébriques (voir par exemple [89]), et de la to-
pologie de Gromov-Hausdorff, introduite par Gromov [51] pour démontrer ce qui est connu
sous le nom de Théoréme de Gromov sur les groupes a croissance polynomiale. Ce point de
vue, consistant a voir des arbres comme espaces métriques abstraits, est maintenant largement
utilisé et a permis de donner un cadre naturel et efficace pour étudier des convergences de
graphes aléatoires (qui ne sont pas nécessairement codés par une fonction de type excursion).
Par exemple, Haas & Miermont [53] ont démontré que plusieurs types d’arbres aléatoires non
planaires, convenablement renormalisés, convergeaient lorsque leur nombre de sommets tend
vers l'infini vers le CRT.

Arbres de Lévy

Un pas important a été franchi dans la généralisation des résultats d’Aldous par Le Jan &
Le Gall [76] qui ont entre autres étudié le cas ou la loi de reproduction p est dans le domaine
d’attraction d'une loi stable d'indice © € (1, 2]. Le Gall & Le Jan ont prouvé que la fonction de
hauteur, convenablement renormalisée, d'une forét de GW,, arbres convergeait en loi vers le
processus de hauteur d’indice 6. Ce processus a ensuite été étudié en détail par Duquesne &
Le Gall dans la monographie [37] et leur a permis d’introduire les arbres de Lévy. Duquesne
[36] a démontré que la fonction de contour, convenablement renormalisée, d'un GW,, arbre
conditionné a avoir n sommets, convergeait en loi, lorsque n — oo, vers le processus de hauteur
normalisé H* d’indice 0 codant I’arbre de Lévy stable d’indice 0. Ces travaux ont initié 1’étude
de nombreuses propriétés fines des arbres de Lévy, voir par exemple [38, 39, 1]

Autres types de conditionnements

Des conditionnements faisant intervenir d’autres quantités que la taille totale ont été consi-
dérés en vue de différentes applications. Sous I’hypothese de variance finie, I’étude asympto-
tique d’arbres de Galton-Watson conditionnés a avoir une hauteur au moins n a été initiée par
Kesten [65] et a intéressé d’autres auteurs (voir Aldous & Pitman [8], Geiger [49] et [59, Section
22.2], ce dernier ne se limitant pas a la variance finie). Le conditionnement & avoir une hauteur
n, plus délicat, a été étudié dans [50, 72]. D’autres types de conditionnements faisant intervenir
des degrés particuliers ont récemment fait I’'objet de plusieurs travaux. Ainsi, toujours dans le
cas de la variance finie, Rizzolo [94] a introduit le conditionnement a avoir un nombre fixé de
sommets de degrés appartenant a un sous-ensemble fixé de N*, tandis que Broutin & Marckert
[23] et Addario-Berry [2] considérent des arbres aléatoires ayant une suite fixée de degrés.

Arbres de Galton-Watson non génériques

L'étude des arbres de Galton-Watson conditionnés non critiques se ramenant souvent au cas
critique (voir paragraphe 1.1.2), les lois de reproduction non critiques ont été longtemps délais-
sées, et ce n'est que trés récemment que Jonsson & Steffansson [62] ont approfondi le cas ou
on ne peut pas se ramener a une loi de reproduction critique, cas appelé non-générique. Jons-
son & Steffansson s’intéressent aux limites locales d’arbres de Galton-Watson non-génériques
conditionnés, et d’autres travaux [60, 59] ont poursuivi cette étude.
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Chapitre 1. Arbres de Galton-Watson conditionnés

1.2 Grands arbres de Galton-Watson critiques conditionnés

Une grande partie de cette thése consiste a étudier les limites d’échelle d’arbres de Galton-
Watson critiques. Notre premiere contribution donne une nouvelle preuve plus simple du théo-
réme de Duquesne, et la seconde s’intéresse aux arbres de Galton-Watson conditionnés a avoir
un (grand) nombre de feuilles fixé.

1.2.1 Une nouvelle preuve du théoreme de Duquesne

Le Gall [72] a récemment donné une preuve alternative du théoreme d’Aldous en utilisant
une propriété d’absolue continuité entre deux mesures d’Itd6 conditionnées. Dans cette partie,
nous expliquons comment ces idées peuvent étre généralisées au cas ot i est dans le domaine
d’attraction d’une loi stable, ce qui permet de donner une preuve plus simple du théoreme de
Duquesne. Nous présenterons les idées mises en jeu en détail, car elles seront cruciales dans
I'étude du conditionnement par un nombre de feuilles fixé. Nous renvoyons au chapitre 3 pour
les détails.

Un role clé est joué par la mesure d’'Itd, que nous commengons par introduire rapidement.

Mesure d’Ito

Notons I; = infocs<t Xs pour t > 0. Le processus X — I vérifie la propriété de Markov forte,
et 0 est régulier vis-a-vis de lui-méme pour ce processus. On peut donc choisir —I comme temps
local pour X — I au niveau 0 (comme X est spectralement positif, le processus —I est continu).
Notons (gi, di),i € J les excursions de X — I au-dessus de 0. Pour tous i € Jet s > 0, on pose
w! = X(g,+s)rd, — Xg,, qui est un élément de I'espace des excursions & défini par

E={weDR,,R.); w(0) =0et {(w) :=sup{s>0; w(s) >0}e (0,00)}.

Pour w € &, on appelle ¢((w) la durée de vie de I’excursion w. D’apres la théorie des excursions,
la mesure ponctuelle

N(dtdw) = ) 8 1, w1

est une mesure de Poisson d’intensité dtN(dw) sur R, x &, ou N(dw) est une mesure o-finie
sur & appelée mesure d’Ito.

L'expression de la transformée de Laplace de X indique une invariance par changement
d’échelle : pour tout ¢ > 0, le processus (¢ /%X, t > 0) a la méme loi que X. Ceci va per-
mettre de donner un sens a la mesure conditionnée N (- | = 1) (I'événement {( = 1} étant de
mesure d’It6 nulle, le conditionnement considéré n’a pas de sens a priori) . En effet, pour A > 0,
soit S I'opérateur de changement d’échelle défini sur € par S (w) = (A°w(s/A), s = 0).
La propriété d’invariance par changement d’échelle de X garantit que I'image de la mesure
N(-| ¢ > t) par S1/¢ ne dépend pas de t > 0. Cette loi, a support sur I’ensemble des excursions
de durée de vie unité, est notée N (- | = 1). Intuitivement, il s’agit de la loi d’une excursion
sous la mesure d’'Itd conditionnée a avoir une durée de vie unité.

En utilisant la formule d’approximation (1.3), il est également possible de définir le proces-
sus de hauteur H sous N ainsi que sous N ( -| ¢ = 1) (voir [36]). Laloide (X,H) sous N (-|{ = 1)
coincide avec la loi de (X, H®*¢) définie dans la Section 1.1.4 (voir [25, 36]).
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1.2. Grands arbres de Galton-Watson critiques conditionnés

On rappelle que (W,;n > 0) est une marche aléatoire sur Z, issue de 0 et dont la loi
des sauts est donnée par v(k) = p(k + 1) pour k > —1. On rappelle également la notation
¢y =inf{n > 0; W,, = —1}. Suivant (1.2), on pose pourn > 0 :

HnW:Card{j;0<j<n,Wj: inf WL}.

NS
Pour simplifier I’exposition, nous allons d’abord expliquer comment prouver la convergence
de la premiere composante dans (1.4), puis celle de la seconde.
Convergence de la marche de Lukasiewicz renormalisée : transformée de Vervaat

Compte tenu de la Proposition 1.1.1, la convergence de la premiére composante dans (1.4)
est équivalente a

1
((Bn 0<t<1

Nous suivons 'approche de Duquesne [36] pour prouver cette convergence qui est mainte-
nant standard, et renvoyons a [36] pour les détails. En utilisant un argument d’absolue conti-
nuité entre la loi de (W, ..., W|nq) sous P[-|W; = —1] et (Wy,...,W|nq)) valable pour tout
a € (0,1), puis un argument de retournement du temps, on prouve la convergence

1
_Wnt)
<<Bn e o<t

ou XP* désigne le pont de Lévy stable d’indice 0, qui peut étre informellement vu comme le pro-
cessus X conditionné par X; = 0. On conclut en prenant la transformée de Vervaat, combinant
la Proposition 1.1.2 avec le fait que la transformée de Vervaat de X" est X®.

n—oo

a
G = Tl) 1) (Xt)ogt<1  sous N(-|C=1).

W, = —1> — (th)r)ogtgh

Convergence de la fonction de hauteur renormalisée : d"'un théoréme limite inconditionnel
vers un théoréme limite conditionnel

Expliquons maintenant comment prouver la convergence de la seconde composante dans
(1.4), chose bien plus délicate. D’apres la Proposition 1.1.1, celle-ci est équivalente a

Bn
0<t<1

Etape préliminaire : théoreme limite inconditionnel. On part d’un théoréme limite sans
conditionnement di a Duquesne & Le Gall [37] :

G = Tl) 1) (He)oce<a  sous N(-|C=1). (1.5)

n—oo

1 Bn (d)
(EWLMJ» ?HT\/LVt) 0 o (Xt, He) o (1.6)

La convergence de la premiére composante est une simple généralisation au cas stable du théo-
réme d’invariance de Donsker, mais obtenir la convergence du couple est plus délicat.
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Chapitre 1. Arbres de Galton-Watson conditionnés

Etape 1 : théoreme limite conditionné par un événement de mesure d’It6 non nulle. Soit
A C & un sous-ensemble mesurable d’excursions tel que N(A) > 0. D’apres le théoreme de
représentation de Skorokhod, nous pouvons supposer que la convergence (1.6) a lieu presque

stirement (la marche aléatoire W apparaissant dans (1.6) dépendrait alors de n). Pour simplifier

les notations, soit H(™ le processus défini par H™ = BxHY pour t > 0. Notons H(™*) la pre-

miere excursion de H™ au-dessus de 0 appartenant a A, ainsi que H*) la premiére excursion
de H au-dessus de 0 appartenant a A. Il est naturel de s’attendre a ce que H™?*) — H*) lorsque
n — oo. Supposons un instant que cette derniere convergence ait lieu. Alors H™?) a la loi de
la fonction de hauteur normalisée d’'un GW,, arbre conditionnée a étre dans A, et, d’apres les
propriétés des mesures ponctuelles de Poisson, H*) suit la loi conditionnelle N(-|A). Ainsi,
sous I'hypothese Hyp , : H™?) — HA) lorsque n — 0o, nous obtenons :
(d)
(H(nJ} H™M ¢ A) = H sous N(-|A). (1.7)
Duquesne & Le Gall [37, Section 2.5] ont prouvé que Hyp, est vérifiée lorsqu’on prend
A ={w; ((w) > 1}, et Le Gall [72, Théoréme 5.1] a démontré que, lorsque la variance de p est
finie, Hyp 5 est vérifiée dés que A est ouvert et que N{w € €; d(w,A) < €}) = N(A) quand
e — 0. En particulier, en prenant A = {w ; ((w) > 1}, nous obtenons la convergence :

Bn
>0

Par ailleurs, en utilisant le fait les excursions de W au-dessus de son minimum courant coin-
cident avec les excursions de H au-dessus de 0, il n’est pas difficile d’obtenir la convergence
jointe suivante (voir [37, Section 2.5] et [72] pour les détails) :

1 B
— W, “tyw
( < Bn [nt]s n nt) 50

Etape 2 : théoréme limite conditionné par un événement de mesure d’It6 nulle. Comme
I'ensemble d’excursions A ={w ; ((w) = 1} est de N mesure nulle, il n’est pas possible d"utiliser
(1.7) afin d’obtenir (1.5). Un autre argument est ainsi nécessaire. L'idée originelle de Duquesne
consistait a utiliser une transformée de Vervaat pour les fonctions de hauteur et contour. Nous
présentons une autre approche, qui, dans le cas de la variance finie, est due a Le Gall [72], et
repose sur une relation d’absolue continuité entre N(-[{=1) et N(-[{ > 1).

On commence par établir que pour tout a € (0, 1),

BTL w
( <THLntJ)
0<t<a

On fixe F : D([0, a], R) — R une fonction continue bornée. En utilisant la propriété de Markov

G = n) — (Ht)tso sous N(-[¢>1).

n—o0

G = Tl) ﬂ (X, Ht)t>0|C > 1). (1.8)

G = n) ﬂ (Ht)ogtga sous N(-[C=1). (1.9)

de W au temps [na|, on montre qu’il existe une fonction DY N = R, telle que

Bn
E{F(?H\L’KH;Ogtga)

B,
{1 = n] —E {F (THYTVLH ;0<t< a> Dy (Winy))

C1>T11-
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1.2. Grands arbres de Galton-Watson critiques conditionnés

L'utilisation d’une relation d’absolue continuité entre les lois conditionnelles P[-|{; = n] et
P[-]¢; > nl] remonte a Le Gall & Miermont [75]. Des estimées techniques établissent ensuite
I'existence d"une application 'y : R, — R, telle que DL (j) est de l’'ordre de ', (j/Bw) pour une
certaine plage de valeurs de j. Par ailleurs, des propriétés de la mesure d’It6 donnent la relation
d’absolue continuité suivante :

,—{Proposition 1.} \

Pour s > 0, notons p; la densité de X;. Pour s,x > 0 posons qs(x) = >ps(—x) et
Ta(x) = 0q1—a(x)/[; . dsqs(x). Alors:

N (F((He)oct<a)Ta(Xa)I ¢ > 1) = N (F((He)ogt<a)| G = 1)

Ainsi, en utilisant (1.8), il vient :

B

n—oo

F(H, a)la(Xq) | C>1)
:N(F(Ht; a) | ¢=1).

Y

]}EI;OE {F ( Hey s 0<t< a) Dy (WLanJ)‘ (1> “}
0
0

St<
St<

Pour conclure, on montre que (1.9) a également lieu pour a = 1 en utilisant un argument fondé
sur I'invariance par retournement du temps de la fonction de contour.
Finalement, signalons que dans le cas de la variance finie, Le Gall [72] utilise un théoreme

local limite fort pour estimer la densité D, Cependant, dans le cas stable, il n'y a pas de
théoréme connu de ce type, ce qui nous oblige a utiliser un autre argument.

1.2.2 Conditionnement par le nombre de feuilles

Nous nous intéressons également aux propriétés asymptotiques d’arbres de Galton-Watson
conditionnés a avoir un (grand) nombre de feuilles fixé. On rappelle que A(T) désigne le nombre
de feuilles de 1. Considérons une loi de reproduction critique pu dans le domaine d’attraction
d’une loi stable d’indice 6 € (1, 2], et pour chaque n > 1 tel que P, [A(T) = n] > 0, notons main-
tenant t,, un arbre aléatoire de loi conditionnée P, [ |A(T) = n]. Afin de simplifier I’exposition,
supposons que P, [A(T) =n] > 0 pour n suffisamment grand. On rappelle que (B,,) est la suite
de nombres réels tendant vers 1'infini apparaissant dans le Théoreme 1.1.4.

Notre contribution principale consiste a obtenir un équivalent de la probabilité P, [A(T) = n]
lorsque n — oo, et a prouver la convergence de la marche de Lukasiewicz et des fonctions de
hauteur et de contour de t,, convenablement renormalisées et ainsi d’étendre le théoréeme de
Dugquesne au cas ou on conditionne par le nombre de feuilles.

Nous présentons les résultats et idées principales, et renvoyons au chapitre 4 pour les dé-
tails. Les notations restent les mémes que dans la Section 1.1.
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Chapitre 1. Arbres de Galton-Watson conditionnés

Concentration du nombre de feuilles

Lorsque le nombre de feuilles d'un arbre est fixé, le nombre de sommets ne l'est générale-
ment pas. Une premiere étape clé consiste ainsi a comprendre le comportement du nombre de
feuilles d"'un GW, arbre avec n sommets, et, réciproquement, le nombre de sommets d'un GW,,
arbres avec n feuilles :

,—{ Proposition 2.} \

Il existe une constante ¢ > 0 telle que pour tout n assez grand :

0 P ||M2 o] > i etelel =] <o,

n n

(ii) P, [7\(’() —net ’c(w) - ul > 5(7)3/4] < e oV,
0

D’apres la Proposition 1.1.1, le nombre de feuilles d'un GW,, arbre a la méme loi que la
somme 5 | Tyw, —w, ,—_1). En effet, les feuilles de 'arbre correspondent au sauts d’amplitude
—1 de la marche de Lukasiewicz. En remarquant que cette derniere somme est constituée de
variables aléatoires de Bernoulli indépendantes de parametre 1, la Proposition 2 est obtenue
par des techniques de grandes déviations. Signalons qu’une technique similaire a été utilisée
par Marckert & Mokkadem [79].

Loi jointe (¢(T),A(T))

Un autre ingrédient important est la détermination de la loi jointe de ({(T),A(T)) sous P, :

,-{Proposition 3.] \

Ona,pourl <n <p,

1
P.[C(t) =p,A(t) =n] = B P[S, =n] IP>[W}’,7n =n—1], (1.10)
ou S, est la somme de p variables aléatoires de Bernoulli indépendantes et W’ est la
marche aléatoire W conditionnée a ne faire que des sauts positifs.

Avant de donner 1'idée de la preuve de cette formule, nous avons besoin dintroduisons
la notation A(p) =Card{0 <i<p—1; Wiy, —W; =—1}. D’apres la Proposition 1.1.1, nous
avons P, [((T) =p,A(T) =n] =P[A(p) =n, { = pl. Un argument de type «lemme cyclique »
permet d’écrire 1'égalité

MMM=WQ=M=%MMm=mM$=4L
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La Proposition 3 en découle aisément : en effet, il reste a choisir la place de n sauts d’amplitude
—1, ce qui va donner la contribution P [S,, = n}, et une fois qu’on a enlevé ces sauts, il nous reste
une marche aléatoire conditionnée a ne pas faire de sauts d’amplitude —1 et devant valoirn —1
al'instant p — n, donnant la contribution P [W/, | =n —1].

En sommant (1.10) par rapport a la plage de valeurs de p (fournie par la Proposition 2)
apportant une contribution significative, une transformation série-intégrale et 1'utilisation de
théoremes locaux limites estimant les probabilités apparaissant dans le terme de droite de la

formule de la Proposition 3, permettent d’obtenir 1'estimée suivante, ot p; désigne la densité
de Xl-

Théoréme 4.

Ce résultat est & comparer avec I'équivalent classique de P, [((T) =n] : lorsque n — oo, on a
P, [¢(t) =n] ~ p1(0)/(nBy) (cela découle immédiatement du théoreme local limite et de I'éga-
lité¢ P, [((T) =n] =P [W,, = —1] /n).

Limites d’échelle

Citons maintenant I’extension du théoreme de Duquesne au conditionnement par le nombre
de feuilles :

~ Théoréme 5. \

Le triplet

1 Be(t) Be(,)
Wietn )y =o 5 Cactnre (tn), 775 Hettne (bn
(Bc(tn) \_C(fn)tj( )) C(tn) QC(fn)t( )3 C(tn) C(fn)t( )

0<t<1

converge en loi, lorsque n — oo vers (X, Hy, Hi)oct<i sous N( | ¢ = 1).

\ J

Lorsque n — oo, ((t,)/n converge en probabilité vers 1/, de sorte qu’il est possible de
remplacer les facteur 1/B¢ () et B¢(¢,)/C(tn) par respectivement uy /By et uy /*Bn/n sans

changer le résultat du théoreme. Ceci amene a plusieurs applications intéressantes :

. 7 . 171 e : Z b
- la suite d’arbres aléatoires | t,, /9By . g + | converge en loi au sens de la métrique de
) 0 n g

Gromov-Hausdorff, lorsque n — oo, vers (Tpex, dpjex),

1—1/6&

- lorsque n — oo, W, - H(t,) converge en loi vers supyc<; HY,

- sionnote A(t,,) le degré maximal de t,,, alors u(l)/ 0 éA(tn) converge en loi vers la quantité
Supg < <1 (XT — XEE).

31



Chapitre 1. Arbres de Galton-Watson conditionnés

Finalement, la convergence de la marche de Lukasiewicz renormalisée joue un role important
dans I'étude des laminations stables (voir section 2.1.2 et chapitre 6).

La preuve du Théoréme 5 suit la structure générale exposée dans la partie 1.2.1. La premiére
étape est de prouver le Théoreme 5 lorsque t,, suit la loi P, [-|A(T) > n]. En reprenant les no-
tations de la partie 1.2.1, il n’est malheureusement pas possible de trouver un sous-ensemble
A C E d’excursions tel que (H™|H™ € A) soit distribué selon P,, [- |A(T) > n]. Un autre argu-
ment est donc nécessaire. L'idée est d"utiliser le résultat de concentration de la Proposition 2 afin
d’en déduire que les deux mesures conditionnées P, [-|A(T) > n] et P, [ |C(T) > pon —n?¥/ 4}
sont proches pour n grand. On en tire le théoreme limite souhaité sous P, [-|A(T) > n] a partir
de celui sous P, [ - | {(T) > n]. La deuxieme étape consiste a utiliser une relation d’absolue conti-
nuité entre les deux mesures conditionnées P, [- |A(T) > nl et P, [-|A(T) = n], puis de controler
la densité obtenue.

Si le cheminement est similaire a celui de la preuve alternative du théoreme de Duquesne,
les estimées techniques nécessaires sont délicates et de multiples difficultés surviennent du fait
que le nombre total de sommets n’est pas fixé.

1.3 Arbres de Galton-Watson non génériques

Nous nous intéressons maintenant aux limites d’échelle d’arbres de Galton-Watson de loi de
reproduction p non générique, c’est-a-dire, en reprenant les notations de la Section 1.1.2, pour
laquelle il n’existe pas A > 0 tel que Z, < oo et u*) soit critique.

L’étude de grands arbres de Galton-Watson non génériques conditionnés n’a été initiée que
récemment par Jonsson & Steffansson [62], qui se sont intéressés a leurs limites locales.

1.3.1 Limites locales d’arbres de Galton-Watson conditionnés
Convergence locale

Si (Th)ns1 € TV est une suite d’arbres et T € T, on dit que T,, converge localement vers T
si pour tout u € U, ky(T,,) = kyu(T) lorsque n — oo. Il est possible de munir T d"une distance
dioc qui métrise cette notion de convergence et qui fait de (T, di,. ) un espace métrique complet
et séparable (voir [59, Section 6]).

Une définition équivalente de la topologie locale, plus usuelle, passe par la convergence des
«boules » centrées en la racine. Plus précisément, soit U™ = [J* {1,...,m}*, etpour T € T
notons T = T n U™, Ainsi, T™/ est obtenu a partir de T en tronquant T a la génération m
et en ne gardant que les m premiers enfants des sommets qui restent. Il est alors possible de
montrer que, lorsque n — oo, T, — T si et seulement si Tﬁm} — Tml pour tout m > 1 (voir [59,
Section 6]). La définition de convergence locale sous cette derniere forme a été proposée par
Jonsson & Steffansson [62]. La raison de l'introduction de U™ provient du fait que les arbres
considérés ne sont pas nécessairement localement finis.
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L’arbre de Galton-Watson conditionné a survivre

Nous allons maintenant décrire la construction d’un arbre aléatoire infini qui sera la limite
locale de grands arbres aléatoires. Soit v une loi de reproduction critique ou sous-critique.
On note m, sa moyenne. Soit ¥ la variable aléatoire définie par P [} = k| := kvy/m, pour
k > 0. On introduit également la variable aléatoire S, définie comme suit. 5Si m, < 1, on pose
P[Sy =il =(1—my)mi ' pouri>1,etsim, =1onposeS, = .

FIGURE 1.5 — Un exemple de réalisation de ?V. Ici, I'épine dorsale est constituée des
sommets 0, 1,13, 131, 1312.

Soit ‘3}, I’arbre aléatoire infini construit informellement de la maniére suivante (voir [59,
Section 4] pour une définition plus précise). On commence avec une épine dorsale ayant un
nombre aléatoire de sommets distribué selon S,.. On greffe ensuite des branches (voir figure 1.5)
comme suit. D’une part, en haut de I'épine dorsale, on attache un nombre infini de branches,
chaque branche étant un GW,, arbre (si S, = oo, I’épine dorsale est infinie et on n’effectue pas
cette opération). D’autre part, a chaque autre sommet de I"épine dorsale, on attache un nombre
aléatoire de branches distribué selon 3 — 1 soit a gauche soit a droite de 1’épine de dorsale,
chaque branche étant un GW , arbre. Si k nouvelles branches ont été greffées sur un sommet, le
nombre de branches greffées a gauche de ce sommet est uniformément distribué sur {0, ..., k}.
De plus, tous les choix aléatoires sont indépendants.

Janson [59, Théoréme 7.1] a prouvé que pour n’importe quel arbre simplement généré T,, as-
socié a une suite de poids, il existe une loi de reproduction critique ou sous-critique v telle que
Tn converge localement en loi vers ‘j'v. Nous renvoyons a [59, Théoréme 7.1] pour la construc-
tion explicite de v a partir de la suite de poids, mais précisons que si T, est un GW,, arbre
conditionné a avoir n sommets, 1'égalité v = u n’est pas toujours vérifiée. Cependant, on a
v = u lorsque p est critique ou bien p est sous-critique et le rayon de convergence de ) p;z'
vaut 1.

Cette convergence tres générale était connue dans plusieurs cas particuliers. En 1986, Kes-
ten [65] a construit T, lorsque v est critique et a prouvé la convergence locale de T, vers ﬁu
lorsque T, est un GW,, arbre conditionné a avoir hauteur au moins n, avec p critique et de va-
riance finie (mais sa méthode s’adapte aisément au cas ot J,, est un GW,, arbre conditionné a
avoir n sommets avec p critique et de variance finie). La construction de ‘j'v lorsque v est sous-
critique est due a Jonsson & Steffansson [62], qui ont démontré le résultat décrit précédemment
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Chapitre 1. Arbres de Galton-Watson conditionnés

lorsque T, est un GW,, arbre conditionné a avoir n sommets, avec p sous-critique et telle que
w; ~ c/i'P lorsque 1 — oo, oti ¢ > 0, > 1 sont des constantes.

FIGURE 1.6 — Un exemple de réalisation de t;po4 lorsque p est sous-critique et
W ~c/i'*P avec p = 1.5.

Condensation

Supposons que la loi de reproduction p soit sous-critique et que w; ~ ¢/i'*F lorsque i — oo,
ol ¢ > 0, > 1 sont des constantes. Notons m la moyenne de p et posons y = 1 — m. Soit ,, un
arbre aléatoire distribué selon P, [- | {(T) = nJ. Jonsson & Steffansson [62] ont mis en évidence
un phénomene de condensation en prouvant que si A(t,,) désigne le degré maximal de t,, alors
A(t,)/n converge en probabilité vers 1 — m, et qu’avec probabilité tendant vers 1 les autres
degrés sont o(n).

Cependant, ce phénomene de condensation n’est pas universel parmi toutes les lois de re-
production non-génériques. En effet, Janson [59, Example 19.37] a construit un exemple de loi
de reproduction p pour laquelle il existe deux sous-suites (n;) et (n;) telles que d’une part
A(tn;) = o(n;), et d’autre part toya deux sommets de degré nj/ /3, avec probabilité tendant vers
1 lorsque j — oo.

1.3.2 Limites d’échelle

Soit t, un arbre aléatoire distribué selon P, [-|(t) =n], avec p une loi de reproduction
non-générique. Notre contribution a la théorie des arbres non génériques consiste a étudier,
pour des lois de reproduction non génériques particulieres, des propriétés globales de t,, qui ne
peuvent pas a priori étre obtenues a partir de la seule convergence locale de t,, lorsque n — oo.

Soit © > 1 fixé. Nous faisons les hypotheéses suivantes sur . :

(i) w estsous-critique (c’est-a-dire 0 < 3 %, j; < 1).

(ii) Il existe une fonction a variation lente £ : R, — R, telle que p, = £(n)/n'*° pourn > 1.
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1.3. Arbres de Galton-Watson non générigues

L'hypothese (ii) est légerement plus générale que le cas p; ~ c¢/i'™P étudié par Jonsson &
Steffansson [62] et Janson [59, Théoréme 19.34]. Notre dessein est de répondre aux questions
suivantes : les marches de Lukasiewicz, fonctions de contour et hauteur de t,,, convenablement
renormalisées, convergent-elles ? Si on note u, (t,,) le sommet ayant le plus d’enfants de t,,, que
est le degré de u,(t,,) (et quelles sont ses fluctuations) ? Quelle est la hauteur de u,(t,)? Et
enfin, quelle est la hauteur de t,, ?

Les notations de la partie 1.1.3 sont gardées. En particulier, (W,;;n > 0) désigne une marche
aléatoire sur Z, issue de 0 et dont la loi des sauts est donnée par v(k) = p(k + 1) pour k > —1.
Convergence de la marche de Lukasiewicz : lois sous-exponentielles

Rappelons que 1'on note A(t) le plus grand nombre d’enfants d’un sommet de T (en parti-
culier, le degré maximal de T est soit A(T), soit A(T) + 1).

"o

L L L L I I L I I L L I I
02 0.4 06 08 1 0 0.1 0.2 03 04 05 06 07 08 09

FIGURE 1.7 — Respectivement la marche de Lukasiewicz et la fonction de contour
de I'arbre de la Fig. 1.6.

Le résultat suivant établit la convergence de la marche de Lukasiewicz normalisée de t,,.

—~ Théoréme 6. \

Soit U(t,) = min{j > 0; Wj1(tn) — Wj(tn) = A(t,) — 1} I'indice du premier sommet
de t, dans 'ordre lexicographique ayant le plus grand nombre d’enfants. Alors :

(i) U(tn)/n converge en probabilité vers 0 lorsque n — oo.

.. W; (t P
(i) Ona sup iltn) B,
0<igU(ty) M n—eo

0.

(iii) La convergence suivante a lieu en loi dans D([0, 1], R) :

W nevus)+1) (tn)
n

,0<t<1) D yi-v,0<t< ).

Alt,) @
‘yn n—o00

(iv) Ona

35



Chapitre 1. Arbres de Galton-Watson conditionnés

La propriété (ii) implique que (W ny)(tn)/n,0 < t < 1) ne converge pas en loi dans l'espace
D([0,1],R) vers (y(1 —t),0 < t < 1), ce qui explique pourquoi on ne considere W(t,,) qu’a partir
de l'instant U(t,,) dans (iii). Ces résultats indiquent qu’avec probabilité tendant vers 1 lorsque
n — oo, il existe un unique sommet de t,, ayant approximativement yn enfants, dont 1'indice
lexicographique est o(n), et tous les nombres d’enfants de tous les autres sommets de t,, sont
o(n). Ceci est bien stir cohérent avec les résultats précédemment mentionnés de Jonsson &
Stefansson et Janson.

I est possible de comprendre intuitivement 'apparition de la quantité y. En effet, soit t;
I’arbre aléatoire composé d"une racine sur laquelle on greffe cn GW,, arbres indépendants, avec
c > 0. Or, comme m < 1, le nombre moyen de sommets d'un GW,, arbre est 1/(1 —m) = 1/y.
Ainsi, E[((t])] = cn/y. Si on admet un instant que t,, et t/, sont proches, nous devons avoir
cn/y =n, ce qui donne c =y.

La preuve du Théoréme 6 passe par un lien avec des marches aléatoires conditionnées dont
la loi des sauts est (0, 1]- sous-exponentielle dans le sens suivant.

Soit A = (0, s] avec s € R’ U{oo}. Pour x > 0, on pose x +A = (x,x+s). Soit p une mesure de
probabilité sur R et considérons une marche aléatoire (Z,,),>( issue de 0 dont la loi des sauts
est p. On dit que p est A — sous-exponentielle si p(x + A) > 0 pour x suffisamment grand, et,
pourtousy € Retn > 1:

A P[Z, A
lim plx+y + ):1, lim Zn € X ]:1.

X—00 p(x + A) X—00 Tlp(X, + A)

Cette notion a été introduite par Asmussen, Foss & Korshunov [10]. Lorsque p est A-sous-
exponentielle, il existe une suite d,, — oo telle que
P[Z, € x+ Al

lim su —11=0
oo s, | Mp(x+ A) ’

et plusieurs travaux ont donné des conditions sur (d,,) pour que cette formule soit vérifiée (voir
[32]).

Armenddriz & Loulakis [9] ont étudié le comportement de marches aléatoires conditionnées
dont la loi des sauts est A — sous-exponentielle. Avant de citer leur résultat, introduisons 1’opé-
rateur T : Up>1R™ — Up > R™ qui échange la derniere composante et la (premiere) composante
maximale d"une suite de nombre réels :

max X; sik=n

1<i<n
T(X1y. -y Xn)k = £ Xn si xx > max Xi et xx = max Xxj .
1<i<k k<i<n
X1 sinon.

Théoréme 1.3.1 (Armendariz & Loulakis, Théoreme 1 dans [9]). Soit p une mesure de probabilité
A — sous-exponentielle et soit (Z,,)n >0 la marche aléatoire associée. Posons Ry, = Z, —Z_; pourm > 1
de sorte que Z,, = Ry + --- + Ry. Pour m > 1et x > 0, s0it W, x la mesure de probabilité sur R™ qui
est la loi de (Ry,...,Ry) sous la loi conditionnelle P[-| Z,, € x + Al. Alors il existe une suite q,, — oo
telle que :

lim sup  sup  |pnxo T '[A xRl —p®M D [A]| =0.
N7 x>qn A€B(RM1)
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1.3. Arbres de Galton-Watson non générigues

Ce résultat signifie que sil’on considére une marche aléatoire sous P[-|Z,, € x + Al et qu'on
enleve le saut maximal, alors asymptotiquement il nous reste n — 1 sauts qui se comportent
comme des variables i.i.d de loi p. Nous renvoyons a [9] pour le lien entre la suite (g, ) et la
suite (d,,) évoquée précédemment.

Expliquons maintenant comment utiliser le Théoreme 1.3.1 pour étudier la marche de Luka-
siewiczde t,. D’ apres la Proposition 1.1.1, (W; (t,), . . ., Wi (tn)) ala méme loi que (W4, ..., W,,)
sous P[-|{; = —1]. Etudions d’abord (W, ..., W, ) sous le conditionnement P [ - | W,, = —1] qui
est plus simple (il suffit ensuite d’apphquer une transformée de Vervaat). Un calcul simple
donne E [W;] = —y = m — 1. Comme il est plus commode de travailler avec variables aléatoires
centrées, posons W, = W, +ynet R, =W,—-W,_; pourn > 1, de sorte que W, =R;+---+R,.

Il s’agit donc d’étudier (Ry, ..., Ry) sous P [-| W, =yn — 1]. Or, d’apres nos hypothéses sur
woonalP [W; € (x,x+ 1] ~ £(x)/x' 9 lorsque x — co. Mais alors, d’apres [32, Théoréme 9.1],
on a pour tout € > 0 fixé, uniformémenten x > en:

IP’[V_VnE(x,x—l—l]] ~ npP Wle(x,x—l—lﬂ.

n—oo

Ceci permet de dire que la loi de R; est (0, 1] — sous-exponentielle et d’appliquer le résultat
d’Armendériz & Loulakis avec q,, = en. Ceci est 'argument clé pour prouver le Théoreme 6.
Nous renvoyons au chapitre 5 pour les détails.

En particulier, le Théoréme 6 reste vrai si on affaiblit la condition « p,, = £(n)/n'*° » en
la condition plus générale « p est (0, 1] — sous-exponentielle et on peut appliquer le Théoreme
1.3.1 avec q,, = en ». Cependant, tous les autres résultats qui vont suivre utilisent de maniere
cruciale le fait que p est dans le domaine d’attraction d"une loi stable.

Le raisonnement précédent permet également de décrire les fluctuations autour de yn du
nombre d’enfants du sommet ayant le plus grand nombre d’enfants. En effet, avec probabilité
tendant vers 1 quand n — oo, yn — A(t,,) se comporte comme la somme de n — 1 variables
aléatoires i.i.d. dans le domaine d’attraction d"une loi stable d’indice 2 A 6. On rappelle que
(Xt)t>0 est un processus de Lévy stable spectralement positif d'indice 2 /\ 6.

r—| Théoréme 7. N

Il existe une fonction a variation lente L telle que

Alty) —yn (d)

Lnl/CA  noe N

Localisation du sommet de degré maximal

Rappelons la notation u,(t,) pour le (premier) sommet ayant le plus d’enfants de t, et
U(t,) pour l'indice du premier sommet de t, dans I'ordre lexicographique ayant le plus grand
nombre d’enfants. Il est possible de décrire la position de u,(t,) dans l'arbre t,,
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\

r—l Théoréme 8.

Les deux convergences suivantes ont lieu :
(i) Pouri>0,P[U(t,) =1 — v -P,[C(t)>1+1].
n—oo

(i) Pouri>0,P[u,(t.) =1 — (1—m)m"

n—o0

J

Il est crucial de remarquer que les lois limites obtenues pour U(t,,) et |[u,(t,)| sont des mesures
de probabilité sur N (ne chargeant pas +o00). Le point (i) se démontre a partir du Théoréme 6 par
un argument d’absolue continuité. Le point (ii) s’obtient en combinant (i) avec la convergence
locale présentée en Section 1.3.1. Précisons qu'il ne suffit pas de dire que u,(t,,) « converge »
vers le haut de I'épine dorsale de la Section 1.3.1 : il faut encore pouvoir dire que u,(t,) ne

s’échappe pas vers «1'infini », ce qui est exactement contenu dans le point (i).

Hauteur de l’arbre

La hauteur H(t,,) de t,, ne croit pas comme une puissance de n, contrairement a ce qui se

passe dans le cas critique :

\.

r—l Théoréme 9.

Pour toute suite (A,,)n>1 de nombres réels strictement positifs divergeant vers l'infini,

on a

In(n)
RO B I

J

Cela vient du fait que J(t,) est proche de la hauteur d"une forét de yn GW,, arbres indé-
pendants et qu'il existe une constante ¢ > 0 telle que P, [H{(7) > k] ~ ¢ - m* lorsque k — oo.
Le Théoreme 9 permet de régler la question de la convergence renormalisée des fonctions de

hauteur et de contour de t,, :

\.

r—[Théoréme 10.}

Soit (T )n>1 une suite de nombre réels strictement positifs. Pour tout n > 1, on pose
soit Y™ = (Cone(tn)/Tn, 0 < t < 1), s0it YV = (Hpyy (tn) /10,0 < £ < 1).

(i) Si tn/In(n) — oo, alors Y™ converge en loi dans C([0, 1], R) vers la fonction
nulle sur [0, 1] lorsque n — oo.

(ii) Sinon, la suite (Y()),,5, n’est pas tendue dans €([0, 1], R).

Voir Fig. 1.7 pour une simulation de la fonction de contour de t,.
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La triangulation brownienne :

theme et variations
W

Au début des années 1990, Aldous s’est intéressé aux triangulations d"un polygone régu-
lier inscrit dans le cercle unité, et a prouvé que lorsque son nombre de cotés tend vers l'infini,
une triangulation choisie uniformément au hasard converge, en un certain sens, vers une tri-
angulation « continue » aléatoire du disque unité, appelée triangulation brownienne. Dans ce
chapitre, il s’agit de généraliser le résultat d’Aldous a diverses classes de configurations non
croisées aléatoires construites a partir des sommets du polygone. Les arbres de Galton-Watson
conditionnés a avoir un nombre de feuilles fixé seront la pierre angulaire de ces travaux.

2.1 Dissections et laminations aléatoires

2.1.1 Triangulations uniformes et triangulation brownienne

Soit, pour n > 3, P,, le polygone régulier du plan dont les sommets sont les racines n-iémes
de 'unité. Par définition, une dissection de P,, est I’'union des cotés de P,, et d’une collection
de diagonales qui ne peuvent s’intersecter qu’en leurs extrémités. Les faces sont les compo-
santes connexes du complémentaire de la dissection a l'intérieur de P,,. Une dissection est une
triangulation lorsque toutes les faces sont des triangles.

Il est clair qu'une triangulation est un sous-ensemble compact du disque unité fermé D.
Considérons une triangulation aléatoire %,,, choisie uniformément au hasard parmi toutes les
triangulations de P,,. Aldous [6, 7] a eu l'idée d’étudier la convergence de T,,, lorsque n — oo,
au sein de l'espace métrique des sous-ensembles compacts de D muni de la distance de Haus-
dorff. Il a démontré que T,, convergeait en loi, lorsque n — oo, vers un sous-ensemble compact
aléatoire de D appelé « triangulation brownienne », que nous définissons maintenant.

Soit e une excursion brownienne normalisée. Rappelons la relation d’équivalence s ~ t sur
[0,1] introduite dans la Section 1.1.5 : pour s < t, on pose s ~ t si et seulement si on a
€s = @¢ = Min,¢[s,¢) €. On définit alors (voir Fig. 2.1 pour un exemple) :

L((B) _ U [e—Qiﬂs)e—Qint]' (21)
s~ t

L’excursion brownienne étant invariante par retournement du temps, il est possible de rem-
placer [e =27 e 27 par [e%7S | e%™!] sans changer la loi de L(e), mais nous gardons les signes
négatifs car nous préférons parcourir le cercle dans le sens horaire.
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Chapitre 2. La triangulation brownienne : théme et variations

FIGURE 2.1 — Une excursion brownienne e et la triangulation brownienne associée
L(e).

En utilisant le fait que lesminimas locaux de e sont presque stirement différents, il est aisé
de voir que L(e) est p.s. fermé et composé de cordes qui ne s’intersectent pas, et que L(e) est
effectivement une triangulation, en ce sens que son complémentaire a l'intérieur de D est p.s.
constitué d’une union disjointe de triangles dont les sommets sont sur le cercle unité.

Théoréme 2.1.1 (Aldous [6]). La convergence suivante a lieu :

(d)

Th L(e).

n—oo

En conséquence, la longueur de la plus longue diagonale de T, converge en loi vers la lon-
gueur de la plus longue corde de L(e), et I'aire du triangle de plus grande aire de ¥,, converge
vers 'aire du plus grand triangle de L(e). Les lois de ces deux quantités dépendant de L(e) sont
explicites (voir [6]).

Par ailleurs, Aldous [6] et Le Gall & Paulin [77] ont prouvé que L(e) est p.s. de dimension
de Hausdorff 3/2.

Finalement, signalons que deux autres modéles de triangulations aléatoires continues ont
récemment été étudiés : 1'un construit récursivement, introduit par Curien & Le Gall [27] et
’autre invariant par transformations conformes, introduit par Curien & Werner [29].

Il s’agit maintenant de donner une idée des techniques utilisées pour démontrer le Théo-
réme 2.1.1 et d’expliquer l'apparition de la définition (2.1). Le point clé est d’associer a une
triangulation uniforme de P, un arbre binaire uniforme a 2n — 3 sommets par dualité, comme
représenté sur la Figure 2.2.

Si T est une triangulation, on note ¢(¥) son arbre binaire associé. Considérons un triangle
tixé de T,,, subdivisant les cotés de P,, en trois ensembles. Intéressons-nous a la proportion de
cotés dans chacun de ces ensembles. Sur la Figure 2.2, le triangle spécifié subdivise les cotés de
Ps en trois ensembles dont les proportions sont respectivement 4/8,2/8,2/8.

Ces proportions peuvent également étre lues sur la fonction de contour de l’arbre binaire :
si on considere un sommet u € ¥, qui n'est pas une feuille et qu'on note s;(u), so(u), s3(u)
les temps successifs de visites de u par la fonction de contour (I’arbre étant binaire, u est vi-
sité exactement trois fois), alors il est clair que le nombre total d’arétes visitées par la fonction
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FIGURE 2.2 — Une triangulation de Ps et son arbre binaire associé par dualité.

AN

s1(u) so(u) s3(u)

FIGURE 2.3 — La fonction de contour de I'arbre binaire de la Figure 2.2

de contour entre les instants s;(u) et sy(u) (resp. sa(u) et s3(u)) est (so(u) — si(u))/2 (resp.
(ss(u) — s2(u))/2), car chaque aréte est visitée deux fois.

Or un arbre binaire a k arétes si et seulement si il a k/2 + 1 feuilles. Ainsi, le triangle as-
socié a u par dualité subdivise les cotés de P, en trois ensembles dont les proportions sont
respectivement

<32(u)—81(u)+2 s3(u) — sz(u) +2 1_83(u)—sl(u)+4)
4n ’ 4n ’ 4n ‘

Or ¢(¢(%,)) = 2n — 3, de sorte que ¢(T,,) est un arbre binaire uniforme a 2n — 3 som-
mets, autrement dit un arbre de Galton-Watson de reproduction p donné par py = py = 1/2,
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conditionné a avoir 2n — 3 sommets. Le Théoréme 1.1.3 nous donne alors :

(GG anlolz.)) e @2

D’apreés le théoreme de représentation de Skorokhod, on peut supposer que cette convergence
a lieu presque stirement. Soit alors un instant s; de minimum local de e. Il existe sy, s3 € [0, 1]
tels que 51 < s3 < szeteg, = €5, = €5, = MiNy¢[s,,s,) €r. Considérons le triangle

U [67217151, ef2i7rs)-]. (23)

1<1,j<3

Par définition, chaque triangle de L(e) peut étre représenté sous cette forme. Nous allons main-

tenant voir que le triangle (2.3) peut étre approché par des triangles de T, lorsque n — oo.

D’apres (2.2), il existe des suites sg ), sé ), Sy ) telles que s /(4n 6) = sy pouri=1,2,3

ete s = B = @) = = min relsit, sy Br- D’apres la d1scu551on précédente, il existe un trlangle

de ‘Z dont les proportlons sont respectlvement

(sé‘” W—siVw+2 s w sV w2 (s W = s () + 4)
) y LT :
4dn dn 4n
Or, lorsque n — oo, ce triplet converge vers (s; — 51,53 — S2, 1 — (s3 — 81)), qui sont exactement
les proportions du cercle délimitées par le triangle (2.3).

Cet argument permet de montrer que chaque triangle de L(e) est proche, au sens de la dis-
tance de Hausdorff, d"un triangle de %, lorsque n — oo, ce qui implique que L(e) est contenue
dans n'importe quelle valeur d’adhérence de la suite (F,,). Or L(e) est une triangulation maxi-
male, en ce sens qu’il n’est pas possible de tracer une nouvelle corde sans en intersecter aucune
autre. On en déduit alors la convergence T, — L(e).

I1 est important de voir que dans cette esquisse de preuve le fait qu’on travaille avec des
arbres binaires est crucial : d’une part, on utilise le fait que chaque sommet d’un arbre binaire
qui n’est pas une feuille (sauf la racine) est visité exactement trois fois par la fonction de contour
et, d’autre part, on utilise le fait qu’il existe une relation explicite entre le nombre de sommets
et le nombre de feuilles d"un arbre binaire.

2.1.2 Laminations stables

Notre but est maintenant de généraliser le résultat d’Aldous a des dissections aléatoires qui
ne sont pas nécessairement des triangulations.

L'équivalent continu d"une dissection est une lamination géodésique : par définition, une
lamination géodésique (ou lamination) de D est un sous-ensemble fermé L de D qui est I'union
d’une collection de cordes qui ne s’intersectent pas. La lamination L est dite maximale si elle est
maximale au sens de l'inclusion parmi toutes les laminations géodésiques de D. Par exemple,
la triangulation brownienne L(e) est une lamination maximale. Il est facile de voir que les lami-
nations forment un sous-ensemble fermé vis-a-vis de la distance de Hausdorff.
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En géométrie hyperbolique, les laminations géodésiques sont définies comme des sous-
ensembles fermés du disque hyperbolique (voir [22]). Cependant, comme dans [27], nous voyons
les laminations comme des sous-ensembles compacts de D pour pouvoir étudier leur conver-
gence au sens de la distance de Hausdorff.

Généralisons le modele d”Aldous des triangulations uniformes en considérant une suite de
nombres réels positifs u = (1;);j>0, appelée suite de poids. Pour n > 2, on note LL,, 'ensemble
des dissections de P, 1, et on pose

Zn — Z H p'deg(f)fl’

wELy f face de w

ou deg(f) est le degré de la face f, a savoir le nombre d’arétes sur la frontiere de f, et, pour
chaque n > 2 tel que Z,, # 0, on introduit la mesure de probabilité de Boltzmann sur L,
associée a la suite de poids p :

Phw) == J] #acsr w € L.

™ f face de w

Cette définition est similaire a celle des arbres aléatoires simplement générés introduits en Sec-
tion 1.1.2. Deux cas sont particulierement intéressants :

- pour unentierp > 3,sipy =1—-1/(p—1), up—1 = 1/(p—1) et uy = 0sii ¢{0,p —1}, alors
Pk est la mesure uniforme sur I’ensemble des dissections de L, dont toutes les faces ont
degré p (dans ce cas, il faut se restreindre aux valeurs de n telles que n — 1 est multiple de
P — 2). En particulier, pour p = 3 on retrouve le modele des triangulations uniformes.

- Sipgy =2—+v2etw = ((2—+v2)/2)""! pour i > 2, nous verrons dans la section suivante
que P% est la mesure uniforme sur L,,.

Pour n > 2 tel que Z,, # 0, soit £,, une dissection aléatoire de L., de loi Pk. Est-ce que la
suite (£,,) converge en loi, lorsque n — oo, vers une lamination aléatoire du disque ?

Nous répondons par l'affirmative a cette question dans le cas ol u est critique et appar-
tient au domaine d’attraction d’une loi stable d’indice 0 € (1,2]. Commengons par définir la
lamination aléatoire limite. Rappelons la notation H*¢ pour le processus de hauteur normalisé
d’indice 6 (voir Section 1.1.4). Soit ~"™ la relation d’équivalence sur [0, 1] définie par s =" t
si HSC = HPC et HY > HS pour tout r € (s At,s V1), oubiensi (s, t) est la limite d"un couple
satisfaisant a ces propriétés. Posons alors :

]’_(HGXC) _ U [6—21715) e—Zint].

s H™C ¢t

Voir Fig. 2.4 pour des exemples.
Il est facile de vérifier que L(H®) est une lamination aléatoire de D, appelée lamination
stable d'indice 6 du disque. Pour 6 = 2, L(H*) a la méme loi que L(e) (car H* a la méme loi

que\/ﬁ-e
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Chapitre 2. La triangulation brownienne : théme et variations

FIGURE 2.4 — Dissections aléatoires de Py7153 pour © = 1.1, Pyi655 pour 0 = 1.5 et de
Pa099g pour 0 =1.9.

r—[Théoréme 11.} \

On suppose que p est une mesure de probabilité critique, dans le domaine d’attraction
d’une loi stable d’indice 0 € (1, 2] avec u; = 0. Alors :

d
@,

en L(He).

n—oo

De plus, L(H®*¢) est presque stirement de dimension de Hausdorff 2 — 1/6.

Ainsi, des que p est de variance finie et pu; = 0, il y a convergence de £,, vers la triangulation
brownienne, qui vérifie donc une propriété d’universalité. En particulier, les dissections uni-
formes dont toutes les faces ont un degré p > 3 fixé convergent en loi vers la triangulation
brownienne (ceci provient du fait que certaines arétes dégénerent a la limite pour ne donner
que des triangles, et rappelle le fait que des arbres aléatoires conditionnés non nécessairement
binaires convergent vers 1’arbre brownien, dont tous les points de branchement sont binaires).
En revanche, si 0 € (1, 2), des faces de degré infini apparaissent. Ceci est réminiscent du travail
de Le Gall & Miermont [75] sur les cartes aléatoires tirées suivant des poids de Boltzmann, ot
des grandes faces demeurent a la limite lorsque la suite de poids a une queue lourde.

Le point clé pour établir le Théoréme 11 est de remarquer que le dual ¢(£,,) de £,,, construit
comme dans la Figure 2.2, ala méme loi qu"un arbre de Galton-Watson de loi de reproduction p,
conditionné a avoir n feuilles. L'idée directrice de la preuve suit alors celle du cas des triangula-
tions uniformes en utilisant nos résultats concernant les arbres de Galton-Watson conditionnés
a avoir un nombre de feuilles fixé.

Cependant, quelques différences majeures par rapport au cas des triangulations sont a noter,
entrainant une complexification des arguments :

- I'arbre ¢(£,) n’étant plus forcément binaire, chaque sommet n’est pas nécessairement
visité exactement trois fois par la fonction de contour. Au lieu d’utiliser la convergence de
la fonction de contour renormalisée de ¢(£,), il faut alors plutdt utiliser la convergence
de la marche de Lukasiewicz renormalisée de ¢ (£, ), garantie par le Théoreme 5.
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2.2. La triangulation brownienne : une limite universelle de configurations non croisées aléatoires

- lorsqu’un arbre n’est pas binaire, il n'y a pas de relation simple entre le nombre de som-
mets et le nombre de feuilles. Il s’agit alors d’utiliser les résultats de concentration établis
par la Proposition 2 pour contrdler le nombre de feuilles d"un arbre de Galton-Watson
conditionné.

- la lamination L(H®) n’est pas maximale pour 0 # 2.

2.2 Latriangulation brownienne : une limite universelle de
configurations non croisées aléatoires

Apres nous étre intéressés a des dissections aléatoires tirées suivant des poids de Boltzmann,
nous nous penchons sur d’autres modéles de configurations non-croisées tirées aléatoirement
selon une loi uniforme. Un modele que nous étudions en détail est celui des dissections choisies
uniformément parmi toutes les dissections d'un polygone au nombre de cotés fixé. Nous ver-
rons qu’il existe une suite de poids p telle que ces dissections uniformes puissent étre réalisées
comme des dissections tirées suivant u, ce qui permet une approche nouvelle des dissections
uniformes.

2.2.1 Convergence vers la triangulation brownienne

Par définition, un graphe non croisé de P,, est un graphe tracé dans le plan dont les sommets
sont les sommets de P, et les arétes sont des segments qui ne se coupent pas intérieurement.
Un arbre non croisé de P,, est un graphe non croisé de P,, qui est un arbre. Une partition
non croisée de P, est un graphe non croisé de P,, qui est une réunion disjointe de cycles ou de
segments. Une partition en paires non croisées de P,,, est un graphe non croisé constitué d'une
union disjointe de segments tel qu’aucune composante connexe ne soit un singleton (voir Fig.
2.5 pour un exemple).

. —

\

. . ~

FIGURE 2.5 — Exemple de, successivement, un graphe non crois€, un arbre non
croisé, une partition non croisée et une partition en paires non croisées de Pg.

Pour n > 3, soit 91,, une dissection tirée uniformément parmi toutes les dissections de P,,,
ou bien un graphe non croisé de P,, tiré uniformément parmi tous les graphes non croisés de
P,,, ou bien un arbre non croisé de P,, tirée uniformément parmi tous les arbres non croisés de
P,,, ou bien une partition non croisée de P,, tiré uniformément parmi toutes les partitions non
croisées de P,,, ou bien une partition en paires non croisées de P, tirée uniformément parmi
toutes les partitions en paires non croisées de Po,.
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Chapitre 2. La triangulation brownienne : théme et variations

,—{Théoréme 12 (avec N. Curien).} \

La convergence

(d)

M L(e)

n—oo

a lieu en loi dans l’espace métrique des sous-ensembles compacts de D muni de la
distance de Hausdorff.

Ainsi, lorsque le nombre de cotés du polygone est trés grand, toutes ces configurations non
croisées uniformes ressemblent a un méme objet aléatoire continu : la triangulation brownienne
(voir Fig. 2.6).

WoLOS

FIGURE 2.6 — Exemples de configurations non croisées uniformes : une dissection
de Py, un arbre non croisé de Py, une triangulation de Ps,, une partition non croisée
de Py et une partition en paires non croisées de Pyq.

Un conséquence particulierement intéressante de ce phénoméne d'universalité est que la
longueur de la plus longue diagonale (resp. l’aire de la plus grande face a l'intérieur de D)
de toutes ces configurations non croisées aléatoires va converger en loi vers la méme loi de
probabilité, qui est la longueur de la plus longue corde de la triangulation brownienne (resp.
l'aire du triangle de plus grande aire de la triangulation brownienne).

L’'idée clé pour démontrer le Théoréme 12 est de remarquer que chacune de ces configura-
tions non croisées uniformes peut étre codée, en un certain sens, par un arbre de Galton-Watson
conditionné, dont la loi de reproduction est de variance finie. Les fonctions de contour conve-
nablement renormalisées de ces arbres conditionnés convergeant vers 1'excursion brownienne,
cela explique le Théoreme 12 au niveau intuitif.

Présentons seulement ce codage pour les dissections uniformes (voir le chapitre 7 pour les
autres modeles). A une dissection © de P, 1, on associe un arbre ¢(D) par dualité, comme sur
la Figure 2.7.

Il est aisé de constater que ¢ réalise une bijection entre I’ensemble des dissections de P, ; et
I'ensemble T\’ des arbres avec n feuilles tels qu’aucun sommet n’ait qu’un seul enfant. Ainsi,

si ®,, est une dissection uniforme de P, ,;, alors ¢(®,,) est uniformément distribué sur Tg’ )
Le résultat suivant, qui a également été prouvé indépendamment par Pitman & Rizzolo [91],
établit que cette loi est en fait celle d'un arbre de Galton-Watson conditionné par le nombre de
feuilles.
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FIGURE 2.7 — Une dissection de Ps et son arbre associé par dualité.

,—[Proposition 13 (Avec N. Curien).} \

Un arbre aléatoire de loi uniforme sur ’ensemble ’]I}(f’ ) a la méme loi qu'un arbre de
Galton-Watson de loi de reproduction u(*) donnée par

i—1

2—/2 .
u(()e) — 2 - \/5, ugm = 0, IVLEZ) - < 2\/_) 1 > 2)

conditionné a avoir n feuilles.

Ce résultat est une conséquence simple du fait qu'ona )_
tout arbre T.

La convergence de ©,, vers la triangulation brownienne s’obtient alors aisément en utilisant
notre théoréme limite (Théoreme 5 dans cette Introduction) concernant la convergence renor-
malisées des fonctions codant les arbres de Galton-Watson conditionnés a avoir un nombre de
feuilles fixé.

ky(t)—1) =A(1) —1 pour

uGT,ku(T)>0(

2.2.2 Propriétés combinatoires de grandes dissections uniformes

Divers travaux ont concentré leur attention sur des propriétés combinatoires de configura-
tions aléatoires non croisées de P,, : Devroye, Flajolet, Hurtado, Noy & Steiger [34] se sont in-
téressés au degré maximal ainsi qu’a la longueur de la plus longue diagonale de triangulations
uniformes, et Gao & Wormald [48] ont prouvé des résultats de concentration sur leur degré
maximal. Deutsch & Noy [33] ont étudié de nombreuses statistiques d’arbres non croisés uni-
formes, et Marckert & Panholzer [81] ont établi qu'un arbre non croisé uniforme est « presque »
un arbre de Galton-Watson. Finalement, Gao & Wormald [47] et Bernasconi, Panagiotou & Ste-
ger [14] obtiennent des résultats intéressants concernant la répartition des degrés de dissections
uniformes.

Les arbres de Galton-Watson conditionnés a avoir un nombre de feuilles fixé apparaissent
ainsi comme un nouvel outil pour étudier des propriétés combinatoires des dissections uni-
formes. Nous en déduisons des preuves probabilistes simples de certains résultats ayant été
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obtenus par des méthodes de combinatoire analytiques, et nous établissons également certains
résultats nouveaux.

La premiere application consiste a obtenir un équivalent du nombre de dissections de P,,.
Flajolet et Noy [45] établissent par des méthodes de combinatoire analytique 1'équivalent

1 [99v2—140 _.
S \/_Tn—d/2(3+2¢§)“. (2.4)
n—oo

Par des méthodes probabilistes utilisant les arbres de Galton-Watson conditionnés, nous prou-
vons le résultat suivant.

,—{Théoréme 14 (Avec N. Curien).} .

Soit A un sous-ensemble non vide de {3, 4, 5, . . .}. Soit DY I’ensemble des dissections
de P,,;, dont le degré de toutes les faces appartient a A. On se restreint aux valeurs

de n pour lesquelles DY £ . 1l existe une loi de probabilité v, sur N telle que si 0%
est la variance de v, alors

Va@2va(0P  n¥

s 2mo%  (va(2)va(0)"

A
4D

Lorsque A ={3,4,5,.. .}, ona #D%", = #L,_1, v4 = n et nous retrouvons (2.4).
Expliquons rapidement & quel moment interviennent les arbres de Galton-Watson dans la
preuve du Théoreme 14. Soit 9 une dissection de DY choisie uniformément au hasard.

Comme dans la partie précédente, on voit que 1’arbre dual (DY) est un arbre de Galton-

Watson conditionné a avoir n feuilles, pour une certaine loi de reproduction v, critique et de

variance finie. En particulier, pour n'importe quel arbre 1, tel que P [d)(@if”) =19 >0,0na:

Pour établir le Théoreme 14, on choisit un arbre T, particulier, on évalue les probabilités mises
en jeu (en utilisant le Théoreme 4 pour le dénominateur), et on fait tendre n — oo.

Une deuxieme application de cet outil consiste a étudier des propriétés de graphe d"une
dissection uniforme ®, de P, ;. Introduisons quelques notations. Soient 5™ le degré de la
face adjacente au coté [1,e*™/ (1] dans la dissection D,, et D(™) le degré maximal d'une face
de D,,. De méme, on note 9™ le nombre de diagonales adjacentes au sommet d’affixe 1 dans
D, et A le nombre maximal de diagonales adjacentes a un sommet de ©,,. Finalement, pour
X, b > 0, on écrit logy, (x) pour In(x)/ In(b).
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,—{Théoréme 15 (Avec N. Curien).} \

(i) On a, pour tout k > 3:

n—o0

PBE™ =%k — (k—1) (

(ii) On pose B = 2 + /2. Alors pour tout ¢ > 0, on a

P (logg(n) — clogg logg(n) < D™ < logg(n) + clogg logg(n)) —— 1.

n—oo

(iii) On a pour toutk > 0:

PO™ =k) —— (k+1)(2—v2)?%(V2-1)

n—oo
(iv) Onpose b = /2 + 1. Alors, pour toutc > 0:

P (A™ > logy (n) + (1 + ) logy logy () —— 0.

n—o0

\ J

Le point (iv) résout une conjecture de Bernasconi, Panagiotou & Steger [14]. Tous ces résultats
demeurent valides (avec des constantes différentes) lorsque ©,, est remplacé par .

Commentons briévement les techniques utilisées pour démontrer le Théoréme 15. Pour les
points (i) et (iii), on prouve que 'arbre dual ¢(D,,), qui est un GW ) arbre conditionné a avoir
n feuilles, converge localement en loi, lorsque n — oo vers 'arbre de Galton-Watson condi-
tionné a survivre %u(e). Or, par dualité, 5™ — 1 est le nombre d’enfants de la racine de ¢ (D),
qui converge donc en loi vers le nombre d’enfants de la racine de ‘}u(“ , qui suit exactement la loi
apparaissant dans (i). La preuve de (iii) est similaire, en remarquant que 9™ se lit aisément de
manieére «locale » sur ¢(D,,). En revanche, les points (ii) et (iv), faisant intervenir des quantités
qui ne sont pas locales, sont plus délicats a prouver.
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des versions publiées ou soumises pour publication. Certaines figures ont été déplacées en Introduction,
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puisse étre lu de maniere indépendante. Les notations restent globalement identiques, mais nous cares-
sons l'espoir que le lecteur nous pardonnera certaines libertés (un processus de Lévy est tantot noté X,
tantot Y, etc.).
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We give a simple new proof of a theorem of Duquesne, stating that the properly rescaled
contour function of a critical aperiodic Galton-Watson tree, whose offspring distribution is in
the domain of attraction of a stable law of index 8 € (1, 2], conditioned on having total progeny
n, converges in the functional sense to the normalized excursion of the continuous-time height
function of a strictly stable spectrally positive Lévy process of index 0. To this end, we gen-
eralize an idea of Le Gall which consists in using an absolute continuity relation between the
conditional probability of having total progeny exactly n and the conditional probability of
having total progeny at least n. This new method is robust and can be adapted to establish
invariance theorems for Galton-Watson trees having n vertices whose degrees are prescribed to
belong to a fixed subset of the positive integers.
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Chapitre 3. Contour processes of conditioned Galton-Watson trees

Introduction

In this article, we are interested in the asymptotic behavior of critical Galton-Watson trees
whose offspring distribution may have infinite variance. Aldous [5] studied the shape of large
critical Galton-Watson trees whose offspring distribution has finite variance and proved that
their properly rescaled contour functions converge in distribution in the functional sense to
the Brownian excursion. This seminal result has motivated the study of the convergence of
other rescaled paths obtained from Galton-Watson trees, such as the Lukasiewicz path (also
known as the Harris walk) and the height function. In [79], under an additional exponential
moment condition, Marckert & Mokkadem showed that the rescaled Lukasiewicz path, height
function and contour function all converge in distribution to the same Brownian excursion. In
parallel, unconditional versions of Aldous’ result have been obtained in full generality. More
precisely, when the offspring distribution is in the domain of attraction of a stable law of index
0 € (1,2], Duquesne & Le Gall [37] showed that the concatenation of rescaled Lukasiewicz paths
of a sequence of independent Galton-Watson trees converges in distribution to a strictly stable
spectrally positive Lévy process X of index 6, and the concatenation of the associated rescaled
height functions (or of the rescaled contour functions) converges in distribution to the so-called
continuous-time height function associated to X. In the same monograph, Duquesne & Le Gall
explained how to deduce a limit theorem for Galton-Watson trees conditioned on having at
least n vertices from the unconditional limit theorem. Finally, still in the stable case, Duquesne
[36] showed that that the rescaled Lukasiewicz path of a Galton-Watson tree conditioned on
having n vertices converges in distribution to the normalized excursion of the Lévy process
X (thus extending Marckert & Mokkadem’s result) and that the rescaled height and contour
functions of a Galton-Watson tree conditioned on having n vertices converge in distribution
to the normalized excursion of the continuous-time height function H*¢ associated to X (thus
extending Aldous’ result).

In this work, we give an alternative proof of Duquesne’s result, which is based on an idea
that appeared in the recent papers [72, 75]. Let us explain our approach after introducing some
notation. For every x € R, let | x| denote the greatest integer smaller than or equal to x. If I is an
interval, let C(I, R) be the space of all continuous functions I — R equipped with the topology
of uniform convergence on compact subsets of I. We also let D(I,R) be the space of all right-
continuous with left limits (cadlag) functions I — R, endowed with the Skorokhod J;-topology
(see [20, chap. 3], [57, chap. VI] for background concerning the Skorokhod topology). Denote
by P, the law of the Galton-Watson tree with offspring distribution p. The total progeny of
a tree T will be denoted by ((T). Fix 6 € (1,2] and let (X{)¢>0 be the spectrally positive Lévy
process with Laplace exponent Elexp(—AX;)] = exp(tA®).

(0) We fix a critical offspring distribution p in the domain of attraction of a stable law of
index 0 € (1,2]. If Uy, U,,... are i.i.d. random variables with distribution u, and W,, =
U; + --- + U,, —n, there exist positive constants (B, )n>o such that W,, /B,, converges in
distribution to X;.

(i) Fix a € (0,1). To simplify notation, set W (™) = (W].“’(“),o <j < |na]) where W].a’(n) =
W;(1)/By and W(T) is the Lukasiewicz path of T. Then for every function f,, : Zlanl+l
R, the following absolute continuity relation holds:

Eu [fa(WEM) (1) =n] =E, [fa(WE™)DL) (W an) (1)) 1¢(T) = 1] (3.1
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with a certain function D\® : N — R,.
(ii) We establish the existence of a measurable function I, : Ry — R such that the quantity
D!& G) — Fa(j/Bn)’ goes to 0 as n — oo, uniformly in values of j such that j/B,, stays in

a compact subset of R* . Furthermore, if H denotes the continuous-time height process
associated with X and N stands for the It6 excursion measure of X above its infimum, we
have for every bounded measurable function F : D([0, al, R) — R

N (F((He)ogt<a)Ta(Xa)l € > 1) = N (F((H)oge<a) [ €= 1) (3.2)

where ( is the duration of the excursion under N.

(iii) We show that under IP,[-|((T) = nl, the rescaled height function converges in distribution
on [0, al] for every a € (0,1). To this end, we fix a bounded continuous function F :
D([0,al,R) — R, and apply formula (3.1) with f,(W®™) = F (EaxH ,(1);0 < t < a)
where H(T) is the height function of the tree T. Using the previously mentioned result
of Duquesne & Le Gall concerning Galton-Watson trees conditioned on having at least n
vertices, we show that we can restrict ourselves to the case where W| 4 |(T)/B,, staysin a
compact subset of R*, so that we can apply (ii) and obtain that:

hmE |:F<B HLntJ( ) 0<tL )‘C(T):n}

n—oo
= lim E, { ( HLntJ 0<t< a) DL (W an (1)) 1¢(T) = n
n—oo
ZN(F(Ht,0< < )!C—l)

(iv) By using a relationship between the contour function and the height function which was
noticed by Duquesne & Le Gall in [37], we get that, under P,[-|((T) = n], the scaled
contour function converges in distribution on [0, al.

(v) By using the time reversal invariance property of the contour function, we deduce that
under P, [-|C(T) = n], the scaled contour function converges in distribution on the whole
segment [O, 1].

(vi) Using once again the relationship between the contour function and the height function,
we deduce that, under P,,[ - [((T) = nl, the scaled height function converges in distribution
on [0, 1].

In the case where the variance of u is finite, Le Gall gave an alternative proof of Aldous’
theorem in [72, Theorem 6.1] using a similar approach based on a strong local limit theorem.
There are additional difficulties in the infinite variance case, since no such theorem is known in
this case.

Let us finally discuss the advantage of this new method. Firstly, the proof is simpler and
less technical. Secondly, we believe that this approach is robust and can be adapted to other
situations. For instance, using the same ideas, we have established invariance theorems for
Galton-Watson trees having n vertices whose degrees are prescribed to belong to a fixed subset
of the nonnegative integers [70].
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The rest of this text is organized as follows. In Section 1, we present the discrete framework
by defining Galton-Watson trees and their codings. We explain how the local limit theorem
gives information on the asymptotic behavior of large Galton-Watson trees and present the
discrete absolute continuity relation appearing in (3.1). In Section 2, we discuss the continuous
framework: we introduce the strictly stable spectrally positive Lévy process, its Itd excursion
measure N and the associated continuous-time height process. We also prove the absolute
continuity relation (3.3). Finally, in Section 3 we give the new proof of Duquesne’s theorem by
carrying out steps (i-vi).

Acknowledgments. I am deeply indebted to Jean-Francois Le Gall for insightful discussions
and for making many useful suggestions on first versions of this manuscript.

Notation and main assumptions. Throughout this work 6 € (1, 2] is a fixed parameter. We
consider a probability distribution (1(j));j>o on the nonnegative integers satisfying the follow-
ing three conditions:

(i) wis critical, meaning that > ;- kup(k) = 1.

(ii) wis in the domain of attraction of a stable law of index 0 € (1, 2]. This means that either
the variance of p is positive and finite, or p([j,00)) = j7°L(j), where L : R, — R, isa
function such that L(x) > 0 for x large enough and lim,_,,, L(tx)/L(x) = 1 forallt > 0
(such a function is called slowly varying). We refer to [21] or [41, chapter 3.7] for details.

(iii) p is aperiodic, which means that the additive subgroup of the integers Z spanned by
{j; u(j) # 0} is not a proper subgroup of Z.

We introduce condition (iii) to avoid unnecessary complications, but our results can be ex-
tended to the periodic case.

In what follows, (X{)¢>o will stand for the spectrally positive Lévy process with Laplace
exponent E[exp(—AX,)] = exp(tA?) where t,A > 0 and p; will denote the density of X;. Finally,
v will stand for the probability measure on Z defined by v(k) = u(k + 1) for k > —1. Note that
v has zero mean.

3.1 The discrete setting: Galton-Watson trees

3.1.1 Galton-Watson trees

Definition 3.1.1. Let N = {0, 1, ...} be the set of all nonnegative integers and N* = {1,...}. Let
also U be the set of all labels:

u=[Jmm,
n=0

where by convention (N*)° = {(}. An element of U is a sequence u = u; ---u; of positive
integers, and we set [u| = j, which represents the “generation” of u. If u = u;---1 and
vV = Vi --- Vg belong to U, we write uv = u; ---uv; - - - v for the concatenation of u and v. In
particular, note that u() = )u = u. Finally, a rooted ordered tree T is a finite subset of U such that:
1. ) er,
2. ifv e tand v = uj for some j € N*, thenu € 1,
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3. for every u € T, there exists an integer k,, () > 0 such that, for every j € N*, uj € tif and
only if 1 <j < ky (7).
In the following, by tree we will mean rooted ordered tree. The set of all trees is denoted by
T. We will often view each vertex of a tree T as an individual of a population whose 7 is the
genealogical tree. The total progeny of T will be denoted by ((t) = Card(t). Finally, if Tis a
tree and u € T, we set T,T = {v € U; uwv € T}, which is itself a tree.

Definition 3.1.2. Let p be a probability measure on N with mean less than or equal to 1 and
such that p(1) < 1. The law of the Galton-Watson tree with offspring distribution p is the
unique probability measure P, on T such that:
1. Pylko =) = p(j) forj >0,
2. for every j > 1 with p(j) > 0, conditionally on {kyp = j}, the shifted trees T;t,..., TjT are
ii.d. with distribution P,,.
A random tree whose distribution is P, will be called a GW,, tree.

3.1.2 Coding Galton-Watson trees

We now explain how trees can be coded by three different functions. These codings are
crucial in the understanding of large Galton-Watson trees.

Definition 3.1.3. We write u < v for the lexicographical order on the labels U (for example
0 <1 < 21 < 22). Consider a tree T and order the individuals of T in lexicographical order:
0 =u(0) <u(l) <--- <u(l(t)—1). The height process H(t) = (H,(T),0 < n < (7)) is defined,
for 0 < n < ¢(7), by Hn (1) = u(n)]. For technical reasons, we set Hx(t) = 0 for k > (7). We
extend H(t) to R, by linear interpolation by setting H¢(t) = (1 — {t})H ¢ (T) + {t}/H |41 (T) for
0 <t < (1), where {t} =t — |t].

Consider a particle that starts from the root and visits continuously all edges at unit speed
(assuming that every edge has unit length), going backwards as little as possible and respecting
the lexicographical order of vertices. For 0 < t < 2(¢(t) — 1), C¢(7) is defined as the distance
to the root of the position of the particle at time t. For technical reasons, we set C((t) = 0 for
t € [2(¢(T) —1),2((7)]. The function C(7) is called the contour function of the tree 1. See Figure
1.3 for an example, and [36, Section 2] for a rigorous definition.

Finally, the Lukasiewicz path W(t) = (Wy(1),n > 0) of a tree 7 is defined by W;(1) = 0,
Wit1(T) = Wi (1) + kyny(T) =1 for 0 < n < ¢(7) — 1 and Wy (1) = 0 for k > ((7) (see Figure
1.2) for an example.

Note that necessarily W¢()(T) = —1.

Let (Wy;n > 0) be a random walk which starts at 0 with jump distribution v(k) = p(k + 1)
for k > —1. Forj > 1, define ¢; = inf{n > 0; W,, = —j}.

Proposition 3.1.4. (W, W1,...,W¢,) has the same distribution as the Lukasiewicz path of a GW
tree. In particular, the total progeny of a GW , tree has the same law as (.

Proof. See [73, Proposition 1.5]. ]

We will also use the following well-known fact (see e.g. Lemma 6.1 in [90] and the discussion
that follows).
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Proposition 3.1.5. For every integers 1 < j < n, we have P[(; =n] = %IP’[Wn = —jl.

3.1.3 Slowly varying functions

Slowly varying functions appear in the study of domains of attractions of stable laws. Here
we recall some properties of these functions in view of future use.

Recall that a positive measurable function L : R, — R, is said to be slowly varying if
L(x) > 0 for x large enough and, for all t > 0, L(tx)/L(x) — 1 as x — oco. A useful result
concerning these functions is the so-called Representation Theorem, which states that a function
L:R; — R, isslowly varying if and only if it can be written in the form:

L(x) = c(x)exp (JX mdu) , x >0,

1 u

where c is a nonnegative measurable function having a finite positive limit at infinity and e
is a measurable function tending to 0 at infinity. See e.g. [21, Theorem 1.3.1] for a proof. The
following result is then an easy consequence.

Proposition 3.1.6. Fix € > O and let L : R, — R be a slowly varying function. There exist two
constants C > 1 and N > 0 such that %x*‘f < L(nx)/L(n) < Cx*© for every integer n > N and x > 1.

3.1.4 The Local Limit Theorem

Definition 3.1.7. A subset A C Z is said to be lattice if there exist b € Z and an integer d > 2
such that A C b + dZ. The largest d for which this statement holds is called the span of A. A
measure on Z is said to be lattice if its support is lattice, and a random variable is said to be
lattice if its law is lattice.

Remark 3.1.8. Since p is supposed to be critical and aperiodic, using the fact that u(0) > 0, it is
an exercise to check that the probability measure v is non-lattice.

Recall that p; is the density of X;. Itis well known that p,(0) > 0, that p, is positive, bounded
and continuous, and that the absolute value of the derivative of p; is bounded over R (see e.g.
[99, 1. 4.]). The following theorem will allow us to find estimates for the probabilities appearing
in Proposition 3.1.5.

Theorem 3.1.9 (Local Limit Theorem). Let (Y )n>o be a random walk on Z started from 0 such that
its jump distribution is in the domain of attraction of a stable law of index © € (1,2]. Assume that Y, is
non-lattice, that E[Y;] = 0 and that Y, takes values in N U {—1}.

(i) There exists an increasing sequence of positive real numbers (an)n>1 such that Yy, /a,, converges
in distribution to X;.

k
(ii)) We have lim sup |a,P[Y,, = k] —p; (—)‘ = 0.

n—o00 KEZ aTl

(iii) There exists a slowly varying function 1 : R — R such that a,, = n/°l(n).
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Proof. For (i), see [44, Section XVIL5, Theorem 3] and [21, Section 8.4]. The fact that (a,,) may
be chosen to be increasing follows from [41, Formula 3.7.2]. For (ii), see [56, Theorem 4.2.1]. For
(iii), it is shown in [56, p. 46] that ay/a, converges to k!9 for every integer k > 1. Since (a,)
is increasing, a theorem of de Haan (see [21, Theorem 1.10.7]) implies that there exists a slowly
varying function 1: R, — R such that a, = l(n)n'/? for every positive integer n. O

Let (Wy )n>0 be as in Proposition 3.1.4 a random walk started from 0 with jump distribution
v. Since u is in the domain of attraction of a stable law of index 0, it follows that v is in the
same domain of attraction, and W; is not lattice by Remark 3.1.8. Since v has zero mean, by the
preceding theorem there exists an increasing sequence of positive integers (B, )n>1 such that
B, — oo and W, /B, converges in distribution towards X; as n — oo. In what follows, the
sequence (B, )n>1 will be fixed, and h : R, — R will stand for a slowly varying function such
that B,, = h(n)n'/®.

Lemma 3.1.10. We have:

B p1(0) . Op1(0)
(1) Pule(t)=n] ~ n/0+ h(n)’ (i) Pule(t) >n] ~ /R (m)’
where we write an, ~ by if an /by — 1.
Proof. We keep the notation of Proposition 3.1.4. Proposition 3.1.5 gives that:
1
P.[¢(t) =n] = T—LIP’[Wn = —1]. (3.3)

For (i), it suffices to notice that the local limit theorem (Theorem 3.1.9) and the continuity of p;
entail P[W,, = —1] ~ p,(0)/(h(n)n'/®). For (ii), we use (i) to write:

= 1 1
P, [C(t) 2 n] = Z (Wpl (0) + Wé(k)> y

k=n

where 6(k) tends to 0 as k — co. We can rewrite this in the form:

R(nJnY/®B, [¢(1) > n] = r duf,, (), (3.4)
1
where: N o
Fulw) = — I (0) + 8([n) .

h([nu]) [nu]

For fixed u > 1, f,(u) tends to ff/(e(l)l as n — oo. Choose € € (0,1/0). By Proposition 3.1.6, for
every sufficiently large positive integer n we have f,, (u) < C/u'*1/°¢ for every u > 1, where
C is a positive constant. The dominated convergence theorem allows us to infer that:

lim J~oo duf,(u) = JOO du P1(0) = 0p;(0),
1

n—oo || ul/0+1

and the desired result follows from (3.4). O
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Chapitre 3. Contour processes of conditioned Galton-Watson trees

3.1.5 Discrete absolute continuity

The next lemma in another important ingredient of our approach.

Lemma 3.1.11 (Le Gall & Miermont). Fix a € (0,1). Then, with the notation of Proposition 3.1.5,
for every n > 1 and for every bounded nonnegative function f,, on ZLamI+1;

d)nf[an}(w[anj + 1)/(1)71(1)

E|f.(Wyy...,Wina =n|=E | f.(Wy,...,W|na
|: ( 0y ) L J)|Cl T\-:| ( 0y ) L J) iiLanJ(WLanJ_l_l)/(b:(l)

G =2nj,

(3.5)
where ¢y, (j) = P (¢ = pl and &3 (j) = P[C; > pl for every integers j > 1and p > 1.

Proof. This result follows from an application of the Markov property to the random walk W at
time |an]. See [75, Lemma 10] for details in a slightly different setting. O

3.2 The continuous setting: stable Lévy processes

3.2.1 The normalized excursion of the Lévy process and the
continuous-time height process

We follow the presentation of [36]. The underlying probability space will be denoted by
(Q, 3, P). Recall that X is a strictly stable spectrally positive Lévy process with index 0 € (1, 2]
such that for A > 0:

Elexp(—AX()] = exp(tA?). (3.6)

We denote the canonical filtration generated by X and augmented with the P-negligible sets
by (Fi)i>0. See [15] for the proofs of the general assertions of this subsection concerning Lévy
processes. In particular, for © = 2 the process X is /2 times the standard Brownian motion on
the line. Recall that X has the following scaling property: for ¢ > 0, the process (¢ '/X¢¢, t > 0)
has the same law as X. In particular, the density p; of the law of X; enjoys the following scaling
property:

pe(x) =ty (xt™V°) (3.7)

for x € R, t > 0. The following notation will be useful: for s < t, we set I{ = inf(5 X and
I = inf}y ¢ X. Notice that the process I is continuous since X has no negative jumps.

The process X — I is a strong Markov process and 0 is regular for itself with respect to X — 1.
We may and will choose —I as the local time of X—TI at level 0. Let (gi, di), i € J be the excursion
intervals of X — I above 0. For every i € Jand s > 0, set w} = X(g,1s)ra; — Xg;- We view w' as
an element of the excursion space &, which is defined by:

E={weDR,R); w(0) =0and ¢(w) :=sup{s > 0;w(s) >0} € (0,00)}.

From Itd’s excursion theory, the point measure

N(dtdw) = Y (1, i)

iel
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is a Poisson measure on R, x € with intensity dtN(dw), where N(dw) is a o-finite measure on
€. By classical results, N(¢ > t) =T(1 -1/ 0) 't—1/9. Without risk of confusion, we will also
use the notation X for the canonical process on the space D(R,R).

We now define the normalized excursion of X. Let us first recall the It6 description of the
excursion measure (see [25] or [15, Chapter VIIL.4] for details). Define for A > 0 the re-scaling
operator S on € by SM(w) = (A/Pw(s/A),s > 0) . Then there exists a unique collection of
probability measures (N(q), a > 0) on & such that the following properties hold.

(i) Foreverya>0,Ny(C=a) =1.

(ii) Forevery A > 0 and a > 0, we have S*)(N(4)) = N(rq)-

o da

(iif) For every measurable subset A of £&: N(A) = JO Na)(A) or(1—1/0)al/or1"
The probability distribution N(;) on cadlag paths with unit lifetime is called the law of the
normalized excursion of X and will sometimes be denoted by N( - |¢ = 1). In particular, for 0 = 2
the process X®° is v/2 times the normalized excursion of linear Brownian motion. Informally,
N(-|¢ = 1) is the law of an excursion conditioned to have unit lifetime.

We will also use the so-called continuous-time height process H associated with X which
was introduced in [76]. If 6 = 2, H is set to be equal to X — 1. If 0 € (1,2), the process H is
defined for every t > 0 by:

1 t
H = 1 - 1 s
t ell;% € JO {Xs<1t+e}ds)

where the limit exists in P-probability and in N-measure on {t < (}. The definition of H thus
makes sense under P or under N. The process H has a continuous modification both under P
and under N (see [37, Chapter 1] for details), and from now on we consider only this modifi-
cation. Using simple scale arguments one can also define H as a continuous random process
under N( - |C = 1). For our purposes, we will need the fact that, for every a > 0, (H¢)o<t<a i @
measurable function of (X¢)o<t<a-

3.2.2 Absolute continuity property of the It6 measure

We now present the continuous counterpart of the discrete absolute continuity property
appearing in Lemma 3.1.11. We follow the presentation of [72] but generalize it to the stable
case. The following proposition is classical (see e.g. the proof of Theorem 4.1 in [93, Chapter
XII], which establishes the result for Brownian motion).

Proposition 3.2.1. Fix t > 0. Under the conditional probability measure N( -|C > t), the process
(Xt+5)s>0 is Markovian with the transition kernels of a strictly stable spectrally positive Lévy process of
index © stopped upon hitting 0.

We will also use the following result (see [16, Corollary 2.3] for a proof).

Proposition 3.2.2. Set q(x) = ps(—x) for x,s > 0. For x > 0, let T(x) = inf{t > 0; X; < —x} be
the first passage time of —X above x. Then P [T(x) € dt] = q(x)dt for every x > 0.

Note that q; is a positive continuous function on (0, c0), for every s > 0. It is also known
that q; is bounded by a constant which is uniform when s varies over [e, 00}, € > 0 (this follows
from e.g. [99, 1. 4.]).
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Chapitre 3. Contour processes of conditioned Galton-Watson trees

Proposition 3.2.3. For every a € (0,1) and x > 0 define:

_ eql—a(x)
Fa(x) = I dsa.()

Then for every measurable bounded function G : D([0, al, R?) — R.:
N (G((Xt)oct<ay (Ht)oct<a) Ta(Xa)I ¢ > 1) = N (G((Xt)oct<a, (He)ogt<a) | = 1)

Proof. Since (H)o<t<a iS @ measurable function of (X)o<i<a, it is sufficient to prove that for
every bounded measurable function F : D([0, a], R) — R,

N (F((Xt)ogtga)ra(xa” ¢ > 1) =N (F((Xt)OQtéaH ¢= 1) .

To this end, fix r € [0,qa], let f,g : R, — R, be two bounded continuous functions and let
h:R* — R, be a continuous function. Using the notation of Proposition 3.2.2, we have:

N (f(xr)h(xa)g(C) 1{C>a}) = N (f(Xr)l{C>a}E [h(x)g(a + T(X))]x—Xa)

= EO ds g(a+ s)N (f(X:)h(Xa)qs(Xa)lc>a))

= J dug(u)N (f(Xr)h(Xa)qufa(Xa)l{C>a}) ) (38)
where we have used Proposition 3.2.1 in the first equality and Proposition 3.2.2 in the second
equality. Moreover, by property (iii) in subsection 3.2.1:

o0

N (f(Xr)Q(C)l{C>a}) - L du or(1 _91(/15))u1/e+1

N (FOX). (3.9)

Now observe that (3.8) (with h = 1) and (3.9) hold for any bounded continuous function g.
Since both functions u — N (f(X;)qu—a(Xa)l{c>q)) and u — Ny (f(X,)) are easily seen to be
continuous over (a, co), it follows that for every u > a:

1
or(1—1/0)ul/o+1

N (f(Xr)qufa(Xa)l{C>a}) = N(u) (f(X+)) .

In particular, for u = 1 we get:

1
N (f(Xr)qlfa(Xa)l{C>a}) — MN(I) (f(Xr)) . (310)
On the other hand, applying (3.8) with g = 1 and noting that N(¢{ > 1) = r(1+1/e)' we get:
N (£(X,)h(X) £ > 1) = F(1 — 1/6)N (f(xr)h(xan{wj ds qs(xa)) BENERTY
l1—a

By combining (3.11) and (3.10) we conclude that:

eql—a(Xa)
7 dsqs(Xa)

N (f(Xr) (> 1) = N (f(X:)).
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One similarly shows that for 0 < r, < --- < 1, < aand fy,...,f, : Ry — R, continuous
bounded functions:

eql—a(xa)
7 ds qs(Xa)

N <f1(XT1) o 'fn(Xrn)

C > 1) - N(l](fl(xrl) o 'fn(Xrn))~

The desired result follows since the Borel o-field of D([0, al, R) is generated by the coordinate
functions X — X, for 0 < r < a (see e.g. [20, Theorem 12.5 (iii)]). O]

3.3 Convergence to the stable tree

3.3.1 An invariance theorem

We rely on the following theorem, which is similar in spirit to Donsker’s invariance theorem
(see the concluding remark of [37, Section 2.6] for a proof).

Theorem 3.3.1 (Duquesne & Le Gall). Let t,, be a random tree distributed according to P, [- | ((T) >
n]. We have:

1 Bn d
(—wtnt J(t), THm(tn)) ) (Xt Hoocecr under N(+1 > 1).

Bn t>0

3.3.2 Convergence of the scaled contour and height functions

Recall the notation ¢ (j) =P [(; =n]and ¢} (j) =P [ > n].

Lemma 3.3.2. Fix o« > 0. We have:

(i) lim  sup
n—00 1 <k<aBy

ndn (k) - qu (ﬁ)‘zo, (i) lim  sup

Bn N—00 1<k<aBn

(k) —LOO ds q. (g)' _o.

This has been proved by Le Gall in [72] when p has finite variance. In full generality, the
proof is technical and is postponed to Section 3.3.

Lemma 3.3.3. Fix a € (0,1). Let t,, be a random tree distributed according to P, [-| ((t) = nl. Then
the following convergence holds in distribution in the space C([0, al, R):

Bn
(?Hnt(tn); 0<t< a) {4y (Hy; 0 <t < a)under N(-|C =1).

Proof. Recall the notation I'; introduced in Proposition 3.2.3. We start by verifying that, for

« > 1, we have:
) = 0. (3.12)
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Chapitre 3. Contour processes of conditioned Galton-Watson trees

We first note that by Lemma 3.1.10, ¢% (1)/(ndn (1)) — 6 asn — oco. Then Lemma 3.3.2 implies
that:

n—oo

1 K41
n—lan k 1 n 1 Taql n—|an
lim sup d)* Lany (K F )/d’*( ) o <B L J) —0 (3.13)
1B, <k<aBy | Phan) (K +1)/d5(1) [ dsq <Bk;1)

n—|lan]

provided we can verify the existence of a constant § > 0 such that, for n sufficiently large,

o0 k
w [Casa () o
1B <k<aBn J1 Bn|any

This follows from the fact that, for every § > 1:

inf J dsqs (x) > 0.
g<x<p 1

Details are left to the reader. Our claim (3.12) follows from (3.13) using the scaling property
(3.7).

Now let F : D([0, al,R) — R, be a bounded continuous function. Fix « > 1. To simplify
notation, if Tis a tree, define the event A% (1) by A%(1) = {Wnq)(7) € [LBn, aBy] }. Wealso set
Fu(t) = F (B2 H|ny (1); 0 < t < a). Since (Ho(T), Hi(T), ..., H|an) (7)) is a measurable function
of (Wo(T), W1(T)y..., W|an (1)) (see [73, Prop 1.2]), by Proposition 3.1.4, (3.5) and (3.12) we
have:

Wl_anj (T)

li
1m Bn

e E [Fn(tn)lA%(tn)} _EH |:FH(T)1A${(T)FC1 (

By Theorem 3.3.1, the law of

o] -

B, 1
(o <0 0) o )

under P, [-|{(T) > n] converges towards the law of ((H; 0 <t < a),X,) under N(- | > 1) (for
the convergence of the second component we have also used the fact that X is almost surely
continuous at a). Thus:

Jim B [Pt efimnan)] = N(FHG0 S E€ @l ey 012> 1)
= N (F(Ht;O St< Al cpaaplC= 1) ,  (3.14)

where we have used Proposition 3.2.3 in the second equality.
By taking F = 1, we obtain:

1 1
lim P [thaj(tn) € [—Bn,aBnH =N (Xa € {—,oc}
0.6 0.6

n—oo

c-1).

This last quantity tends to 1 as « — co. By choosing « > 1 sufficiently large, we easily deduce
from the convergence (3.14) that:

Bn
lim E {F (;thu(tn); 0<t< a)} =N(F(H;0<t<a)| C=1).

n—o0

The path continuity of H under N (- | ¢ = 1) then implies the claim of Lemma 3.3.3. O
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Theorem 3.3.4. Let t,, be a random tree distributed according to P, [- | ¢(t) = nl. Then:
Bn Bn (d)
(—Hnt(fn)) —C2nt(fn)> — (He, He)ogi<a under N(-[Q = 1).
n n 0<t<1 n—o0

Proof. The proof consists in showing that the scaled height process is close to the scaled contour
process and then using a time-reversal argument in order to show that the convergence holds
on the whole segment [0, 1]. To this end, we adapt [36, Remark 3.2] and [37, Section 2.4] to our
context. For 0 < p < m set b, = 2p — H,(t,) so that b, represents the time needed by the
contour process to reach the (p + 1)-st individual of t,, (in the lexicographical order). Also set
b, = 2(n —1). Note that Cy,, = H,,. From this observation, we get:

sup ‘Ct(tn) - Hp (tn” < |Hp+1(tn) _ Hp(tn)l + 1. (315)

te [bp)bpﬁ—l}

for 0 < p < n. Then define the random function g,, : [0,2n] — N by setting g, (t) = k if
te [bk,bk+1) and k < n,and g, (t) =nift € [2(n — 1),2n] so that for t < 2(n — 1), g, (t) is the
index of the last individual which has been visited by the contour function up to time t if the
individuals are indexed 0, 1,...,n — 1 in lexicographical order. Finally, set g, (t) = gn(nt)/n.
Fix a € (0,1). Then, by (3. 15)

B, Ba
— 4+ — sup [Hipi(tn) — Hiltn)l, (3.16)

n N k<lan)

Bn

sup —Hng. o (ta)| <
n

b

Bn
Cnt(tn) -
n

which converges in probability to 0 by Lemma 3.3.3 and the path continuity of (H¢). On the
other hand it follows from the definition of b,, that:

N t 1 Bn 1 (P)
at)— = < — “H - - 0
gn(t) 2‘ 2Bnks<ufnn k(tn )+n

sup
t< l‘””

anJ

by Lemma 3.3.3. Finally, by the definition of b,, and using Lemma 3.3.3 we see that
converges in probability towards 2a and that ]?1 SUD<2q ‘Hngn ) (tn) — Hpt o (tn )] converges
in probability towards 0 as n — oo. Using (3.16), we conclude that:

Bn (P)
—— Sup |C2nt(tn) - Hnt(tn)’ — 0. (317)
N og<t<a

Together with Lemma 3.3.3, this implies:
Bn (4)
?Cmt(fn);oétéa — (Hy; 0<t<a) under N(-|C=1).

Since (C¢(tn); 0 <t <2n—2)and (Con_2 ¢(tn); 0 < t < 2n — 2) have the same distribution, it
follows that:

(i—“c:,m(tn); 0<t< 1) 9 (H.0<t<1) under N(-|C=1). (3.18)
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See the last paragraph of the proof of Theorem 6.1 in [72] for details.

Finally, we show that this convergence in turn entails the convergence of the rescaled height
function of t,, on the whole segment [0, 1]. To this end, we verify that convergence (3.17) remains
valid for a = 1. First note that:

t 1 1 1 Bn 1 (P)

gn(t)— =| < —supHyx(tn) + — = — sup —Cx(tn) + - — 0 (3.19)

sup
2 n k<n n 2Bn k<en T

0<t<2

by (3.18). Secondly, it follows from (3.15) that:

B B B B
sup —“Cnt(tn) — _anﬁn(t) < L L sup |Hk+1(tn) - Hk(tn”
otg2 | n n N kgn—1
B B
= S +—= sSup Cbk+1n(tn) - Cﬂn(tn)
n N kgn—1 n "

By (3.18), in order to prove that the latter quantity tends to 0 in probability, it is sufficient to

verify that supy ,, ‘ b‘;“ — 2| converges to 0 in probability. But by the definition of by,:
by bi| 2+ Hy(tn) — Hira (tn) 2 Hy (tn)
sup — —| =sup < —+2sup
ksn| M n k<n n n k<m 1

which converges in probability to 0 as in (3.19). As a consequence:

Bn (P)

—— sup |C2nt(tn) - Hnﬁn(Qt)(tnN — 0.
n o<1
By (3.18), we get that:
Bn (d)
—Hung, 2t) (tn) —  (H)ogt<i under N(-|C =1).
n 0<t<1 n—oo

Combining this with (3.19), we conclude that:

Bn B ()
(B2 Comltn) 2 Hunltn)) % (g Hilocucs under N(- 2= 1)
n n 0<t<1 n—oo
This completes the proof. O

Remark 3.3.5. If we see the tree t,, as a finite metric space using its graph distance, this theorem
implies that t,,, suitably rescaled, converges in distribution to the 0-stable tree, in the sense
of the Gromov-Hausdorff distance on isometry classes of compact metric spaces (see e.g. [73,
Section 2] for details).

Remark 3.3.6. When the mean value of p is greater than one, it is possible to replace p with a
critical probability distribution belonging to the same exponential family as p without changing
the distribution of t, (see [63]). Consequently, the theorem holds in the supercritical case as
well. When p is subcritical and the radius of convergence of } ;. u(i)z" is greater than 1, this
operation is still possible. The case where p is subcritical and (i) ~ L(1)/i'*® as i — oo has
been treated in [71]. However, in full generality, the non-critical subcritical case remains open.
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3.3. Convergence to the stable tree

3.3.3 Proof of the technical lemma
In this section, we prove Lemma 3.3.2.

Proof of Lemma 3.3.2. We first prove (i). By the local limit theorem (Theorem 3.1.9 (ii)), we have,
fork > landj € Z:

Bn]P)[Wn — J] —P1 (BL)‘ < €(TL),

where e(n) — 0. By Proposition 3.1.5, we have né,(j) = jP[W,, = —jl. Since Bj—npl (—Bln) =

q: (E%),we have for 1 <j < aBy:

D _a () =
’ncbn()) ql (Bn>‘ Bn

This completes the proof of (i).
For (ii), first note that by the definition of q and the scaling property (3.7):

= i\ _ [T i/Bn j/Bn

[ o (5,) =] e (5% ) o
By Proposition 3.1.5 and the local limit theorem:
cn v j — [ S j

— — —— ZPWy = —j] — — _

b7 () Zkkal( Bk> ;(k (Wi = ] kka1< Bk))
where €(n) — 0. Then write:
— j ® j/Bn j/Bn
S (o) ] e e (i

k=n
j j/Bn ] j/Bn

S L ds L gl/6+1
Denote the first term of the right-hand side by P(n, j) and the second term by Q(n,j) . Since p;
is bounded by a constant which we will denote by M, we have for 1 <j < aBy:

B

B.PW, = —j]l — p1 (L>' < ae(n).

in__ j/Bu
BLnsJ LTISJ 51/9+1

1 1/6+1

Sl/@+1

nB,s
Bns| [Ms]

P(n,j) < OCMJ ds
1

=

1/0+1

. 1 nBpus
For fixed s > 1, 1757 B s

quantity is bounded by an integrable function independent of n. The dominated convergence
theorem thus shows that P(n,j) — 0 uniformly in 1 < j < «B,. Let us now bound Q(n,j) for
1 <j < aB,,. Since the absolute value of the derivative of p; is bounded by a constant which
we will denote by M/, we have:

| “ j/Ba
Qn,j) < M| "as I

— 1‘ tends to 0 as n — oo, and using Proposition 3.1.6, the same

2 = ]'
/
< oM Jl ds 2701

anl/e

B ns|

i i/Ba
Bl_nsj Sl/e

-1
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Chapitre 3. Contour processes of conditioned Galton-Watson trees

The right-hand side tends to 0 by the same argument we used for P(n, j). We have thus proved

that:
- ) (XY _[7 J\ |
Zkkal< Bk) L ds g (Bn)‘_o‘

k=n

lim sup
n—oo lgjgocBn

One finally shows that ) Ellst e(k) tendsto 0 asn — co uniformly in 1 < j < «B,, by noticing

that:
- B
su su — | < asu — | < 0.
n£1<5<58n (]; kBk) n£ (é kBk>
This completes the proof. O
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Invariance principles for Galton-Watson trees

conditioned on the number of leaves
W

Les résultats de ce chapitre sont issus de l'article publié [70].

Contenu de ce chapitre

4.1

4.2
4.3

44
4.5

4.6

4.7

4.8

The discrete setting : Galton-Watsontrees . . . . . ... ... ... .. ....... 76
411 Galton-Watsontrees. . . . . . ... ... .. ... o 76
412 Coding Galton-Watsontrees . . . . . . ... ... .............. 77
413 TheCyclicLemma . ... ...... ... .. ... .. ... .. ...... 78
414 Slowly varying functions . . . . . ... ... ... . L oL 79
415 TheLocal Limit Theorem . . . . . .. ... ... ... . ... ....... 79
A law of large numbers for the number ofleaves . . . ... ... ... ... ... 81
Estimate for the probability of havingnleaves . . . . . ... ... ... ... ... 84
431 TheNon-Latticecase . . .. ... .. ... ... ............. 85
432 Thelatticecase . ... ... .. ... . ... ... .. 88
Conditioning on having atleastnleaves . .. ... ... ... ........... 88
Conditioning on having exactlynleaves . . ... ... ... ... ......... 91
451 The normalized excursion of the Lévy process . . . ... .. ... .... 92
452 Aninvariance principle. . . . .. ... Lo o oo 93
453 Absolutecontinuity . . . ... ... o oo L o 94
454 Convergence of the scaled contour and height functions . . . . . ... .. 95
455 Proof of the technical lemma . . . . .. ... ... ... ... ... ... .. 100
Convergence of rescaled Lukasiewicz paths when conditioning on having exactly
nleaves . . .. .. e 104
4.6.1 The Vervaat transformation . . . ... ... ... ... ... ....... 105
462 TmeReversal . ... ... ... ... ... ... .. 108
463 TheLévyBridge . . ... ... ... .. .. ... .. ... .. . ... 108
464  Absolute continuity and convergence of the Lukasiewicz path . . . . . . 108
Application : maximum degree in a Galton-Watson tree conditioned on having
manyleaves . . . . ... 111
Extensions . . . . . . . .. L 115

71



Chapitre 4. Galton-Watson trees conditioned on the number of leaves

We are interested in the asymptotic behavior of critical Galton-Watson trees whose offspring
distribution may have infinite variance, which are conditioned on having a large fixed number
of leaves. We first find an asymptotic estimate for the probability of a Galton-Watson tree hav-
ing n leaves. Second, we let t, be a critical Galton-Watson tree whose offspring distribution
is in the domain of attraction of a stable law, and conditioned on having exactly n leaves. We
show that the rescaled Lukasiewicz path and contour function of t, converge respectively to
X and H™¢, where X* is the normalized excursion of a strictly stable spectrally positive Lévy
process and H® is its associated continuous-time height function. As an application, we inves-
tigate the distribution of the maximum degree in a critical Galton-Watson tree conditioned on
having a large number of leaves. We also explain how these results can be generalized to the
case of Galton-Watson trees which are conditioned on having a large fixed number of vertices
with degree in a given set, thus extending results obtained by Aldous, Duquesne and Rizzolo.

Introduction

In this article, we are interested in the asymptotic behavior of critical Galton-Watson trees
whose offspring distribution may have infinite variance, and which are conditioned on having
a large fixed number of vertices with degree in a given set. We focus in particular on Galton-
Watson trees conditioned on having a large fixed number of leaves. Aldous [3, 5] studied the
shape of large critical Galton-Watson trees whose offspring distribution has finite variance, un-
der the condition that the total progeny is equal to n. Aldous’ result has then been extended to
the infinite variance case (see e.g. [36, 37]). In a different but related direction, the effect of con-
ditioning a Galton-Watson tree on having height equal to n has been studied [50, 66, 72], and
Broutin & Marckert [23] have investigated the asymptotic behavior of uniformly distributed
trees with prescribed degree sequence. In [69], we introduced a new type of conditioning in-
volving the number of leaves of the tree in order to study a specific discrete probabilistic model,
namely dissections of a regular polygon with Boltzmann weights. The results contained in the
present article are important for understanding the asymptotic behavior of the latter model (see
[28, 69]). The more general conditioning on having a fixed number of vertices with degree in
a given set has been considered very recently by Rizzolo [94]. The results of the present work
were obtained independently of [94] (see the end of this introduction for a discussion of the
relation between the present work and [94]).

Before stating our main results, let us introduce some notation. If p is a probability distri-
bution on the nonnegative integers, P, will be the law of the Galton-Watson tree with offspring
distribution p (in short the GW |, tree). Let ((1) be the total number of vertices of a tree T and let
A(T) be its number of leaves, that is the number of individuals of T without children. Let A be
a non-empty subset of N = {0, 1,2, .. .}. If T is a tree, denote the number of vertices u € T such
that the number of children of uis in A by C4(1). Note that (y(T) = ¢(T) and (iy(T) = A(T).

We now introduce three different coding functions which determine T (see Definition 4.1.3
for details). Let u(0),u(1),...u(¢(t) — 1) denote the vertices of T in lexicographical order. The
Lukasiewicz path W(1) = (W (1),0 < n < ¢(1)) is defined by Wy(1) = 0 and for 0 < n <
C(t) — 1, Wiyi(t) = Wi(t) + kn — 1, where k,, is the number of children of u(n). For 0 <
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i < ¢(1) — 1, define H;(t) as the generation of u(i) and set H¢()(t) = 0. The height function
H(t) = (He(T);0 < t < ¢(71)) is then defined by linear interpolation. To define the contour
function (C¢(1),0 < t < 2((7)), imagine a particle that explores the tree from the left to the
right, moving at unit speed along the edges. Then, for 0 < t < 2(¢(t) — 1), C¢(7) is defined
as the distance to the root of the position of the particle at time t and we set C¢(t) = 0 for
t € [2(¢(T) — 1),2¢(T)]. See Fig. 1.2 and 1.3 for an example.

Let © € (1,2] be a fixed parameter and let (X;)>o be the spectrally positive Lévy process
with Laplace exponent Elexp(—AX;)] = exp(tA°). Let also p; be the density of X;. For 6 = 2,
note that X is a constant times standard Brownian motion. Let X®¢ = (X{*“)o<t<1 be the normal-
ized excursion of X and H® = (H{“)o<t<1 its associated continuous-time height function (see
Section 4.5.1 for precise definitions). Note that H* is a random continuous function on [0, 1]
that vanishes at 0 and at 1 and takes positive values on (0, 1), which codes the so-called 6-stable
random tree (see [36]).

We now state our main results. Fix 0 € (1,2]. Let p be an aperiodic probability distribution
on the nonnegative integers. Assume that p is critical (the mean of p is 1) and belongs to the
domain of attraction of a stable law of index 0 € (1, 2].

(I) Let d > 1 be the largest integer such that there exists b € N such that supp(u)\{0} is
contained in b+ dZ, where supp(p) is the support of . Then there exists a slowly varying
function h such that:

d(b—1,d
PyA(t)=n]  ~ H(O)l/epl(o)%

for those values of n such that P,, [A(T) = n] > 0. Here we write a, ~ b, if a,,/b,, — 1 as
n — oo.

(II) For every n > 1 such that P, [A(T) =n] > 0, let t,, be a random tree distributed accord-
ing to P.[-|A(T) = n]. Then there exists a sequence of positive real numbers (B )n>1
converging to oo such that

! Beww Be(t)
W ‘tn n C tn , n H tn
(Bc(tn) L&(tn)tJ( )) C(tn) QC(tn)t( ) C(fn) C(fn]t( )

converges in distribution to (X®¢, H*¢, H*¢) as n — oo.

At the end of this work, we explain how to extend (I) and (II) when the condition “A(t) =n"
is replaced by the more general condition “(4(T) = n” (see Theorem 4.8.1). However, we shall
give detailed arguments only in the case of a fixed number of leaves. This particular case is less
technical and suffices in view of applications to the study of random dissections.

We now explain the main steps and techniques used to establish (I) and (II) when A = {0}.
Let v be the probability measure on Z defined by v(k) = pu(k + 1) for k > —1. Our starting
point is a well-known relation between the Lukasiewicz path of a GW, tree and an associated
random walk. Let (W,;;n > 0) be a random walk started at 0 with jump distribution v and
set ( = inf{n > 0; W;, = —1}. Then the Lukasiewicz path of a GW,, tree has the same law
as (Wy, Ws,...,W). Consequently, the total number of leaves of a GW,, tree has the same
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Chapitre 4. Galton-Watson trees conditioned on the number of leaves

distributed Bernoulli variables of parameter 1(0), large deviations techniques give:

law as Y ¢, 1pw,—w, ,—_1). By noticing that this last sum involves independent identically

"
1(0)

for some ¢ > 0. This roughly says that a GW,, tree with n leaves has approximately n/u(0)
vertices with high probability. Since GW,, trees conditioned on their total progeny are well
known, this will allow us to study GW,, trees conditioned on their number of leaves.

Let us now explain how an asymptotic estimate for P, [A(t) = n] can be derived. Define
A(n) by:

P, {}\(T) =mn and ‘C(T) ‘ > C(T)gﬂl} <e oVn (4.1)

An)=Cardl0 <i<n—1; Wi, — W; =—1}.

The crucial step consists in noticing that for n,p > 1, the distribution of (W,, W1, ..., W,,) under
the conditional probability measure P[-|W,, = —1, A(p) = n] is cyclically exchangeable. The
so-called Cyclic Lemma and the relation between the Lukasiewicz path of a GW, tree and the
random walk W easily lead to the following identity (Proposition 4.1.6):

P.[C(t) =p,A(T) =n] = lIP’[/\(p) =n,W, =—1] = l]P’[S]D =n]PW/

- - b =n— 1], 4.2)

where S, is the sum of p independent Bernoulli random variables of parameter u(0) and W" is
the random walk W conditioned on having nonnegative jumps. From the concentration result
(4.1) and using extensively a suitable local limit theorem, we deduce the asymptotic estimate
@D.

The proof of (II) is more elaborate. The first step consists in proving the convergence on
every interval [0, a] with a € (0,1). To this end, using the large deviation bound (4.1), we
tirst prove an analog of (II) when t,, is a tree distributed according to P,,[-[A(T) > n]. We then
use an absolute continuity relation between the conditional probability measure P, [- |A(T) = n]
and the conditional probability measure P, [-[A(T) > n] to get the desired convergence on every
interval [0, a] with a € (0, 1). The second step is to extend this convergence to the whole interval
[0, 1] via a tightness argument based on a time-reversal property. In the case of the Lukasiewicz
path, an additional argument using the Vervaat transformation is needed.

As an application of these techniques, we study the distribution of the maximum degree in
a Galton-Watson tree conditioned on having many leaves. More precisely, if T is a tree, let A(T)
be the maximum number of children of a vertex of T. Let also A(X®) be the largest jump of
the cadlag process X**¢. Set D(n) = max{k > 1; u([k,00)) > 1/n}. For every n > 1 such that
P, [A(T) =n] > 0, let t,, be a random tree distributed according to P,,[-|A(T) = n]. Then, under
assumptions on the asymptotic behavior of the sequence (p(n)/™),>; in the finite variance
case (see Theorem 4.7.1):

(i) If the variance of p is infinite, then p(0)*/®A(t,)/B, converges in distribution towards

A(xexc) .
(ii) If the variance of p is finite, then A(t,,)/D(n) converges in probability towards 1.

The second case yields an interesting application to the maximum face degree in a large uni-
form dissection (see [28]). Let us mention that using generating functions and saddle-point
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techniques, similar results have been obtained by Meir and Moon [84] when ¢t,, is distributed
according to P,,[ - | {(T) = n]. Our approach can be adapted to give a probabilistic proof of their
result.

We now discuss the connections of the present article with earlier work. Using different
arguments, formula (4.2) has been obtained in a different form by Kolchin [67]. The asymptotic
behavior of P, [C4(T) = n] has been studied in [85, 86, 87] when Card(A) = 1 and the second
moment of p is finite. Absolute continuity arguments have often been used to derive invariance
principles for random trees and forests, see e.g. [26, 36, 75, 72].

Let us now discuss the relationship between the present work and Rizzolo’s recent article
[94], which deals with similar conditionings of random trees. The main result of [94] considers
a random tree distributed according to P,,[- | C4(T) = n], where it is assumed that 0 € A. In the
tinite variance case, [94] gives the convergence in distribution in the rooted Gromov-Hausdorff-
Prokhorov sense of the (suitably rescaled) tree t,, viewed as a (rooted) metric space for the graph
distance towards the Brownian CRT. Note that the convergence of the contour functions in (II),
together with Corollary 4.3.3, does imply the Gromov-Hausdorff-Prokhorov convergence of
trees viewed as metric spaces, but the converse is not true. Furthermore our results also apply
to the infinite variance case and include the case where 0 ¢ A.

The paper is organized as follows. In Section 1, we present the discrete framework and
we define Galton-Watson trees and their codings. We prove (4.2) and explain how the local
limit theorem gives information on the asymptotic behavior of large GW,, trees. In Section 2,
we present a law of large numbers for the number of leaves, which leads to the concentration
formula (4.1). In Section 3, we prove (I). In Section 4, we establish an invariance principle
under the conditional probability P,[-|A(T) > n]. In Sections 5 and 6, we refine this result
by obtaining an invariance principle under the conditional probability P,[-|A(T) = nl, thus
proving (II). As an application, we study in Section 7 the distribution of the maximum degree
in a Galton-Watson tree conditioned on having many leaves. Finally, in Section 8, we explain
how the techniques used to deal with the case A = {0} can be extended to general sets A.

Acknowledgements. I am deeply indebted to Jean-Frangois Le Gall for enlightening dis-
cussions and for many suggestions on the earlier versions of this work. I also thank Louigi
Addario-Berry for a useful discussion concerning the case where 6 = 2 and p has infinite vari-
ance, and Douglas Rizzolo for remarks on this work.

Notation and assumptions. Throughout this work 6 € (1,2] will be a fixed parameter.
We say that a probability distribution (1.(j));>o on the nonnegative integers satisfies hypothesis
(He) if the following three conditions hold:

(i) wis critical, meaning that ) "  ku(k) =1, and p(1) < 1.

(ii) pisin the domain of attraction of a stable law of index 6 € (1, 2]. This means that either
the variance of u is finite, or u([j,00)) = j~°L(j), where L : R, — R. is a function such
that lim,_,, L(tx)/L(x) = 1 for all t > 0 (such a function is called slowly varying). We
refer to [21] or [41, chapter 3.7] for details.

(iii) p is aperiodic, which means that the additive subgroup of the integers Z spanned by
{j; u(j) # 0} is not a proper subgroup of Z.
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Chapitre 4. Galton-Watson trees conditioned on the number of leaves

We introduce condition (iii) to avoid unnecessary complications, but our results can be ex-
tended to the periodic case.

Throughout this text, v will stand for the probability measure defined by v(k) = pu(k + 1)
for k > —1. Note that v has zero mean. To simplify notation, we write p, instead of n(0). Note
that py > 0 under (Hg).

4.1 The discrete setting: Galton-Watson trees

4.1.1 Galton-Watson trees

Definition 4.1.1. Let N = {0, 1, ...} be the set of all nonnegative integers, N* = {1,2,.. .} and U
the set of labels:

u=Jmr

n=0

where by convention (N*)® = {§}. An element of U is a sequence u = u, - - - u,, of positive
integers, and we set [u| = m, which represents the “generation” of u. If u = u; ---u,, and
Vv =V, --- vy, belong to U, we write uv = u; - - - u;, vy - - - vy, for the concatenation of u and v. In
particular, note that u() = )u = u. Finally, a rooted ordered tree T is a finite subset of U such that:

1. ) er,

2. ifv e tand v = uj for some j € N*, thenu € 1,

3. for every u € T, there exists an integer k,, (1) > 0 such that, for every j € N*, uj € tif and

only if 1 <j < ky (7).

In the following, by tree we will always mean rooted ordered tree. We denote by the set of all
trees by T. We will often view each vertex of a tree T as an individual of a population whose Tt
is the genealogical tree. The total progeny of T will be denoted by ((t) = Card(t). A leaf of a
tree T is a vertex u € T such that k., (1) = 0. The total number of leaves of T will be denoted by
A(T). If Tis a tree and u € 1, we define the shift of T at u by T, = {v € U; uv € 1}, which is
itself a tree.

Definition 4.1.2. Let p be a probability measure on N with mean less than or equal to 1 and,
to avoid trivialities, such that p(1) < 1. The law of the Galton-Watson tree with offspring
distribution p is the unique probability measure P, on T such that:

1. Pylko =) = p(j) forj > 0,

2. for every j > 1 with p(j) > 0, the shifted trees T, ..., TjT are independent under the

conditional probability P, ( - | kyp = j) and their conditional distribution is PP,,.

A random tree whose distribution is P, will be called a Galton-Watson tree with offspring dis-
tribution p, or in short a GW,, tree.

In the sequel, for an integer j > 1, P, ; will stand for the probability measure on T’ which
is the distribution of j independent GW,, trees. The canonical element of T/ will be denoted
by f. For f = (1,...,75) € T, set A(f) = A(ty) + -+ + A(13) and ¢(f) = ¢(T1) + -+ + ¢(T5) for
respectively the total number of leaves of f and the total progeny of f.
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4.1. The discrete setting: Galton-Watson trees

4.1.2 Coding Galton-Watson trees

We now explain how trees can be coded by three different functions. These codings are
crucial in the understanding of large Galton-Watson trees.

Definition 4.1.3. We write u < v for the lexicographical order on the labels U (for example
0 <1 < 21 < 22). Consider a tree T and order the individuals of T in lexicographical order:
0 =u(0) <u(l) <--- <u(l(tr) —1). The height process H(t) = (Hn(1),0 < n < (7)) is
defined, for 0 < n < ((7), by:

For technical reasons, we set H;()(T) = 0.

Consider a particle that starts from the root and visits continuously all edges at unit speed
(assuming that every edge has unit length), going backwards as little as possible and respecting
the lexicographical order of vertices. For 0 < t < 2(¢(t) — 1), C¢(7) is defined as the distance
to the root of the position of the particle at time t. For technical reasons, we set C¢(t) = 0 for
t € [2(¢(T) —1),2¢(7)]. The function C(7) is called the contour function of the tree T. See Figure
1.3 for an example, and [36, Section 2] for a rigorous definition.

Finally, the Lukasiewicz path W(1) = (W, (1),0 < n < (1)) of T is defined by Wy(T) = 0
and for 0 < n < ¢(1) — 1:

Wn+l(’r) - Wn(’r) + ku(n)(T) -1

See Figure 1.2 for an example. Note that necessarily W¢ () (1) = —1.

A forest is a finite or infinite ordered sequence of trees. The Lukasiewicz path of a for-
est is defined as the concatenation of the Lukasiewicz paths of the trees it contains (the word
“concatenation” should be understood in the appropriate manner, see [36, Section 2] for a more
precise definition). The following proposition explains the importance of the Lukasiewicz path.

Proposition 4.1.4. Fix an integer j > 1. Let (Wy;n > 0) be a random walk which starts at 0 with jump
distribution v(k) = p(k+1) for k > —1. Define ¢; = inf{n > 0; W;, = —j}. Then (W, Wy, ..., W)
is distributed as the Lukasiewicz path of a forest of j independent GW , trees. In particular, the total
progeny of j independent GW,, trees has the same law as (;.

Proof. See [73, Proposition 1.5]. O

Note that the previous proposition applied with j = 1 entails that the Lukasiewicz path
of a Galton-Watson tree is distributed as the random walk W stopped when it hits —1 for the
tirst time. We conclude this subsection by giving a link between the height function and the
Lukasiewicz path (see [73, Prop. 1.2] for a proof).

Proposition 4.1.5. Let T be a tree. Then, for every 0 < n < ((7):

H,(t) = Card {0 <j <n; Wj(t) = inf Wk(’t)} ) (4.3)

j<k<n
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Chapitre 4. Galton-Watson trees conditioned on the number of leaves

4.1.3 The Cyclic Lemma

We now state the Cyclic Lemma which is crucial in the derivation of the joint law of ({(T),A(T))
under P,,. For integers 1 < j < p, define:

P
8) {(Xl) »Xp) G{_1>0)1>2)'“}p;zxi:_
i=1

and

8 = {(x1,. .., xp) € 8U); in >—jforallm € {0,1,...,p—1}}

For x = (x1,...,%p) € S Jand i € Z/pZ denote by x'V the i-th cyclic shift of x defined by

x](f) = Xit+k modp fOr 1 <k < p. Forx e Sp , finally set:

I, = {iEZ/pZ; xV GSS]}.

The so-called Cyclic Lemma states that we have Card(Jy) = j for every x € Sg ) (see [90, Lemma
6.1] for a proof).

Let (Wn;m > 0) and (j be as in Proposition 4.1.4. Define A(k) by A(k) = Card{0 <
k—1; Wip; —W; = —1}. Let finally n,p > 1 be posmve integers. From the Cychc Lemma and

the fact that for all k € Z/pZ one has Card{l < i< p; xi = -1} =Card{l <i<p;x ) =—1},
it is a simple matter to deduce that:

PLG; = p,Alp) =nl = %wa — <, Alp) = nl. (44)

See e.g. [90, Section 6.1] for similar arguments. Note in particular that we have P[(; = p] =
jPIW,, = —jl/p. This result allows us to derive the joint law of ({(t),A(T)) under P,:

Proposition 4.1.6. Let j and n < p be positive integers. We have:
PuslC(f) = pAf) =nl = %P[Sp —nPW,_, =n—j.

where Sy, is the sum of p independent Bernoulli random variables of parameter w, and W' is the random
walk started from 0 with nonnegative jumps distributed according tom (i) = n(i+1)/(1 — po) for every
1>0.

Proof. Using Proposition 4.1.4 and (4.4) , write P, ;[C(f) = p,A(f) = n] = jPA(p) = n, W, =
—jl/p. To simplify notation, set X; = W; — W;_; for i > 1 and note that:

PAP) =m,Wy=—j] = Y PXi=—1, Vi€, .,i

1< <in<p

Z Xi:n_j; Xi>_1)Vi€{il)-~>in}

ig{in,ind
The last probability isequal to P [W/, _,, =n —j] P[X; > —1, Vi & {i1, ..., i} and it follows that:
PIA(p) =n,W, ==l =P [W)  =n—j|PI[S, =nl], (4.5)
giving the desired result. O
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4.1. The discrete setting: Galton-Watson trees

4.1.4 Slowly varying functions

Slowly varying functions appear in the study of domains of attractions of stable laws. Here
we recall some properties of these functions in view of future use.

Recall that a nonnegative measurable function L : R, — R, is said to be slowly varying if,
for every t > 0, L(tx)/L(x) — 1 as x — oo. A useful result concerning these functions is the
so-called Representation Theorem, which states that a function L : R, — R is slowly varying
if and only if it can be written in the form:

L(x) = c(x) exp (J Lu)du,> , x > 0,
L u
where c is a nonnegative measurable function having a finite positive limit at infinity and e
is a measurable function tending to 0 at infinity. See e.g. [21, Theorem 1.3.1] for a proof. The
following result is then an easy consequence.

Proposition 4.1.7. Fix € > Oand let L : R, — R be a slowly varying function.

(i) We have x¢L(x) — oo and x €L(x) — 0as x — oo.

(ii) There exists a constant C > 1 such that tx ¢ < L(nx)/L(n) < Cx¢ for every integer n suffi-
ciently large and x > 1.

4.1.5 The Local Limit Theorem

Definition 4.1.8. A subset A C Z is said to be lattice if there exist b € Z and d > 2 such that
A C b+ dZ. The largest d for which this statement holds is called the span of A. A measure on
Z is said to be lattice if its support is lattice, and a random variable is said to be lattice if its law
is lattice.

Remark 4.1.9. Since p is supposed to be critical and aperiodic, using the fact that pu(0) > 0, it is
an exercise to check that the probability measure v is non-lattice.

Recall that (X¢)¢> is the spectrally positive Lévy process with Laplace exponentE[exp(—AX;)] =
exp(tA®) and p; is the density of X;. When 8 = 2, we have p;(x) = e **/4/\/4. Itis well known
that p, is positive, continuous and bounded (see e.g. [99, 1. 4]). The following theorem will
allow us to find estimates for the probabilities appearing in Proposition 4.1.6.

Theorem 4.1.10 (Local Limit Theorem). Let (Wy)n>o be a random walk on Z started from 0 such
that its jump distribution is in the domain of attraction of a stable law of index © € (1,2]. Assume that
W, is non-lattice and that P[W; < —1] = 0. Set K(x) = E[W71 1w, <x] for x = 0. Let 0 be the variance
of Wi and set:

an = oy/1n/2 if 0% < 00,

an:!F(l—e)ll/einf{x>0;]P’[W1 > x] < } ifo? =ocoand © < 2,

K 1
an:\/nK(sup{z>0; (22)2—}) if(rQ:ooandE):2,
\ z n

with the convention sup () = 0.

Sl
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Chapitre 4. Galton-Watson trees conditioned on the number of leaves

(i) The random variable (W,, — nE[W1])/a,, converges in distribution towards X.
(ii) We have a,, = n/°L(n) where L : R, — R, is slowly varying.

an

(iii) We have lim sup |a,P[W, = k] —p; ( =0.

n—oo keZ

Proof. First note that E[[W,[] < oo since 6 > 1 (this is a consequence of [56, Theorem 2.6.1]).

We start with (i). The case 0% < oo is the classical central limit theorem. Now assume that
02 = coand 0 < 2. Write G(x) = P[[W,| > x] for x > 0 and introduce a/, = inf {x > 0; G(x) < 1/n},
so that a, = |I"(1—0)['/%a], for n sufficiently large. By [41, Formula 3.7.6], we have nG(a},) — 1.
By definition of the domain of attraction of a stable law, there exists a slowly varying function
L: R, — R, such that G(x) = L(x)/x°. Hence G(a,) ~ 1/(n|l'(1 — 0)]). Next, by [44, Section
XVII (5.21)] we have K(x) ~ x2G(x)0/(2 — 0) as x — co. Hence:

nK(a,) n 0 0
a2 az 27 —gnCSlan) PEREDE

From [44, Section XVIL5, Theorem 3], we now get that (W,, —mE[W,])/a,, converges in distribu-
tion to X;. Finally, in the case 02 = oo and 0 = 2, assertion (i) is a straightforward consequence
of the proof of Theorem 2.6.2 in [56].

We turn to the proof of (ii). By [56, p. 46], for every integer k > 1, axn/an — k79 asn — oo.
Since (a,) is increasing, by a theorem of de Haan (see [21, Theorem 1.10.7]), this implies that
there exists a slowly varying function L : R, — R, such that a, = L(n)n'/° for every positive
integer n.

Assertion (iii) is the classical local limit theorem (see [56, Theorem 4.2.1]). O

In the case 0% = oo and 0 = 2, note that L(n) — oo as n — oo and that L can be chosen to be
increasing.

Assume that p satisfies (Hg) for a certain 0 € (1,2]. Let (W, )n>o be a random walk started
from 0 with jump distribution v. Since p is in the domain of attraction of a stable law of index 0,
it follows that v is also in this domain of attraction. Moreover, E [W;] = 0 and W, is not lattice
by Remark 4.1.9. Let 0? be the variance of W; and define B,, to be equal to the quantity a,
defined in Theorem 4.1.10. Then, as n — oo, W,,/B,, converges in distribution towards X;. In
what follows, h : R, — R, will stand for a slowly varying function such that B,, = h(n)n!/°.

Lemma 4.1.11. We have:

Py Op:(0)
o ey B0 s ey

Proof. This is an easy consequence of Theorem 4.1.10 (iii) together with the fact that we have
P, [{(T) =n] =P [W, = —1] /n, as noticed before Proposition 4.1.6. O

Remark 4.1.12. In particular, P, [((T) = n] > 0 for n sufficiently large if p is aperiodic. When p
is periodic, if d is the span of the support of p, one can check that for n sufficiently large, one
has P, [¢(T) =n] > 0if and only if n = 1 mod d.
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4.2. A law of large numbers for the number of leaves

4.2 A law of large numbers for the number of leaves

In the sequel, we fix 6 € (1,2] and consider a probability distribution u on N satisfying
hypothesis (Hg). In this section, we show that if a GW,, tree has total progeny equal to n, then
it has approximatively pyn leaves with high probability. Intuitively, this comes from the fact
that each individual of a GW,, has a probability p, of being a leaf. Conversely, we also establish
that if a GW |, tree has n leaves, than it has approximatively n/p, vertices with high probability.

Definition 4.2.1. Consider a tree T € T and let (u(i), 0 < i < {(t) — 1) be the vertices of T
listed in lexicographical order and denote by k; the number of children of u(j). For 0 < s <
C(t) define A+(s) by A( Z o lix;—0), where |s] stands for the integer part of s. Set also
A<(C(T)) = A(T).

Lemma 4.2.2. Let (X;)i>1 be a sequence of independent identically distributed Bernoulli random vari-
ables of parameter y,. For 0 < x < 1, define *(x) = xIn % + (1 —x) Thefollowmg two
properties hold:

(i) Fora>0andn > 1

[ ZXk>uo+a

< 2e e (Hota) [ ZXk < Mo — a] < 2e 7 (wo—a)

(ii) We have &* (1o +x) = x% + o(x?) when x — 0.

2u0(1 — po)

Proof. For the first assertion, see [31, Remark (c) in Theorem 2.2.3]. The second one is a simple
calculation left to the reader. H

Definition 4.2.3. Let € > 0. We say that a sequence of positive numbers (x,,) is oe.(n) if there
exist positive constants ¢, C > 0 such that x,, < Ce™ ™" for all n and we write x,, = oe. ().

Remark 4.2.4. It is easy to see that if x,, = oe.(n) for some € > 0 then the sequence (Yn)n>1
defined by yn = Y %, X« is also oec(n).
Lemma4.2.5. FixO <n < land d > 0.
(i) Let (Wy = X1+ -+ X3 = 0) be a random walk started at 0 with jump distribution v(k) =
w(k + 1), k>-—1 under P. Then:

[nt]

)
su Iy — > —— | =o0e;,n(M).
n<£1 "y Z =1~ Ho| > 777 1/2(n)

(ii) For those values of n such that P, [{(T) = n] > 0 we have:

Ac(nt)
nt

— HWo| = Tll/4

Py [ sup (1) = n} = oey/2(n).

n<t<1
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Chapitre 4. Galton-Watson trees conditioned on the number of leaves

Proof. For the first assertion, define Zy = ‘k Z] o lp=—11 — po‘ for k > 1. By Lemma 4.2.2 (ii),
for n sufficiently large we have ¢* (no & dn~'/4) > en=1/2 for some ¢ > 0. Since the random
variables (1(x,=1))j>1 are independent Bernoulli random variables of parameter p, for large n

and k > [nn] we have by Lemma 4.2.2 (i):

— k nm — 1 cn
PZ, > dn /%] <4dexp (—C—1/2> < 4dexp (_Cl—/2) < dexp (——n > _

Therefore, for large enough n:

[nt]
d b
niligl s Z X;=— >m < IP’{EIkE Mm — 1, n] N N such that Z“>W}
S Z P {Zk > 1/4]
k=[nn]
< A =nnexp (—Snt2),
which is oe; /2(n).
For the second assertion, introduce ¢ = inf{n > 0; W,, = —1} and use Proposition 4.1.4
which tells us that:
Ac(nt)
P — > =
: Lsiilil S B B n}
[nt] 5
S A R
[nt]
1 b
S -5 Lix,=—13 —
Pl = n] ns<1£1 nt Z Bo=—11 _—
By (i), the last probability in the right-hand side is oe;,2(n) and by Lemma 4.1.11 combined
with Proposition 4.1.7 (ii), the quantity P [{ = n] = P, [{(T) = n] is bounded below by n~1/¢~2
for large n. The desired result follows. O

Corollary 4.2.6. We have for everyn € (0,1) and & > 0:

A-(C(T)t) 5

— >
C(T)t I“LO = n1/4

P, { sup ¢(t) = n} = oey/z(n).

n<tl

A-(C(T)t)
(1)t Hol = T

Proof. To simplify notation, set A,, = { sup } It suffices to notice

n<t<1
that:

- (1) =K
w[An
¢l ; O
observing that the quantities P, [Ay|((T) = k] are bounded by Lemma 4.2.5 (ii). Details are left
to the reader. [

[Ak| C(T) - k] )

\\/ ||
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4.2. A law of large numbers for the number of leaves

We have just shown that if a GW, tree has total progeny n, then it has approximatively pyn
leaves and the deviations from this value have exponentially small probability. Part (ii) of the
following crucial lemma provides a converse to this statement by proving that if a GW, tree has
n leaves, then the probability that its total progeny does not belong to [n/p—n®4, n/pg+n34]
decreases exponentially fast in n.

Lemma 4.2.7. We have for 1 <j <nand > 0:

) A
i) B, HT“’ o

d . .
> and C(f) = n} = o€y 2(n), uniformly in j.
(ii) Py {?\(ﬂ =nand ’C(f) — %‘ > C(f)3/41 = oey o(n), uniformly in j.

Proof. The proof of assertion (i) is very similar to that of Lemma 4.2.5. The only difference is
the fact that we are now considering a forest, but we can still use Proposition 4.1.4. We leave
details to the reader.

Let us turn to the proof of the second assertion, which is a bit more technical. First write:

P {A(f) =n,

() — 1‘ > C(ff’/‘*]
Ho

n, C(f)f”“} "y [Mf) o) < g

_p,, [Mf) —m, {(f) >
Ho

Denote the first term on the right-hand side by I,, and the second term by J,,. We first deal with
[, and show that I,, = oe;y/2(n). We observe that:

(0.¢]

Lo < ) Puy M) < ok — ok, ¢(f) = K]

k=n

Assertion (i) implies that Py, ; [A(f) < pok — pok®4, ¢(f) = k| = oey,2(k), and this entails that
In = 061/2(1’1).
We complete the proof by showing that J,, = oe; /5(n). Write:

I_TI/IJ.()J }\(f) |,J.0
Jn< D Py [C(f) =k, T—H0>W} -
k=n

By Lemma 4.2.2 (ii), we have ¢* (po + pok™'/*) > cok™/2 for some ¢, > 0 and for every k > n,
provided that n is sufficiently large. Then, using Proposition 4.1.6 and Lemma 4.2.2 (i):

[n/ o] j 1 k " [n/mo)
0
s X P [EZ Lixy=1) > Mo+ 3577 [ € ) 2exp(—eak!’?)
k=n p=1 k=n
which is oe; /2(n). o

83



Chapitre 4. Galton-Watson trees conditioned on the number of leaves

4.3 Estimate for the probability of having n leaves

In this section, we give a precise asymptotic estimate for the probability that a GW,, tree
has n leaves. This result is of independent interest, but will also be useful when proving an
invariance principle for GW, trees conditioned on having n leaves.

Recall that p is a probability distribution on N satisfying hypothesis (Hg) with 8 € (1,2].
Recall also that h is the slowly varying function that was introduced just before Lemma 4.1.11.

Theorem 4.3.1. Let supp(p) be the support of w and let d > 1 be the largest integer such that
supp(n)\{0} is contained in b + dZ for some b € N. Then choose b minimal such that the preced-
ing property holds.

(i) Thereexists an integer N > 0 such that the following holds. For everyn > N, P, [A(T) =n+1] >
0 if, and only if, n is a multiple of ged(b — 1, d).

(i1) We have:

. 1/0 ng(b —1 d)
PuMt)=n+1  ~ P1(O)W»
when n tends to infinity in the set of multiples of gcd(b — 1,d). Here we recall that p, is the
continuous density of the law of X, where (X{)>o is the spectrally positive Lévy process with
Laplace exponent Elexp(—AX)] = exp(tA9).

In particular, when the second moment of W is finite :

-~ o  ged(b—1,d)
Pu [A(T) =n + 1] n;oo 27_(0_2 n3/2 )

when n tends to infinity in the set of multiples of gcd(b — 1, d).

Note that supp(n)\{0} is non-lattice if and only if d = 1. It is crucial to keep in mind that
even if p is aperiodic, supp(p)\{0} can be lattice (for example if the support of p is {0, 4, 7}).

Remark 4.3.2. In the case where p has finite variance, Theorem 4.3.1 is a consequence of results
contained in [85].

Before giving the proof of Theorem 4.3.1, let us mention a useful consequence.

Corollary 4.3.3. Fix 6 > 0andn € (0,1). We have:

> |A(T) =n| = o0eq/2(n),

Adgmy
(ot M

P, { sup
n

when n — 1 tends to infinity in the set of multiples of gcd(b — 1, d).

This bound is an immediate consequence of Corollary 4.2.6 once we know that P, [A(T) = n]
decays like a power of n.
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4.3. ‘Estimate for the probability of having N leaves

4.3.1 The Non-Lattice case

We consider a random variable Y on N with distribution:

PIY =] = — i+ 1) = —

vA), i>0. (4.6)
1= 1 —uo

We will first establish Theorem 4.3.1 when Y is non-lattice, thatis b = 0 and d = 1 in the notation
of Theorem 4.3.1.

In agreement with the notation of Proposition 4.1.6, we consider the random walk W'’ de-
fined as W conditioned on having nonnegative jumps. In particular, W;, is the sum of n inde-
pendent copies of the random variable Y, which is in the domain of attraction of a stable law of
index 0. Indeed, when 02 = oo, this follows from the characterization of the domain of attrac-
tion of stable laws (see [56, Theorem 2.6.1]). When ¢? < oo, formula (4.6) shows that Y has a
finite second moment as well.

Consequently, if we write B;, for the quantity corresponding to a,, in Theorem 4.1.10 when
W is replaced by W/, we have, by Theorem 4.1.10 (iii):

lim sup [B,P[W/ =k] —p; (

n
n—oo kKEZ

k —nE[Y]

T) ‘ =0. 4.7)

Moreover, there exists a slowly varying function h’ : R, — R, such that B/, = h’/(n)n'/?, and

h’/(n) — oo asn — oo when both 0% = co and 0 = 2. In the case where the second moment of

is finite, we have B], = 0’y/n/2 where o’ ? is the variance of Y. Note also that E[Y] = po/(1 — o).
The following lemma establishes an important link between h and h'.

Lemma 4.3.4. If 6> = co we have lim B! /B, = lim h'(n)/h(n) = (1 — pe)~/°.
n—oo

n—o0

Proof. First assume that 6 < 2. Since P[Y > x| = 1_IHOP[W1 > x| for x > 0, by Theorem 4.1.10 (i),
we have for n large enough:
1 < 1— Ho

B/ =1 —6)1/9|inf{x > 0; PlY > x] < E} = |r(1—0)/° inf{x > 0; PW; >x] < - }

Thus B/ (1—yuy)] < By, < Brn/(1—u,)7, and the conclusion easily follows. The proof in the case
0 = 2 is similar and is left to the reader. O

We will use the following refinement of the local limit theorem (see [96, Chapter 7, P10] for
a proof).

Theorem 4.3.5 (Strong Local Limit Theorem). Let Z = (Z,,)n>0 be a random walk on Z with jump
distribution p started from 0, where p is a non-lattice probability distribution on Z. Assume that the
second moment of p is finite. Denote the mean of p by m and its variance by 2. Set a, = o/n/2.

Then: )
lim sup (1 V m) anP[Z, =x] —p1 (X—Nmn> ‘ =0.

n—00 7, n an
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Chapitre 4. Galton-Watson trees conditioned on the number of leaves

Proof of Theorem 4.3.1 when Y is non-lattice. We first show that h/(n)n/®+1P,[A(T) = n] converges
to a positive real number. Fix € € (0,1/2) and write:

HoC(T)
n

PuA(T) = 1] =P, {MT) (-0t <om <+ e)i} +P, {Mr) —n,
Ho Ho

_1'>e}.

By Proposition 4.1.7, there exists C > 0 such that h/(n) < Cn for every positive integer n.
Moreover, for n large enough, for every x > 0, the property [xpy/n—1| > e implies [x —n/po| >
x%/4. Consequently:

R/(n!/* B, {?\(T) —n, |HotlD) 1' > e] < CnV/o+2p, {A(T) =, |¢(t) - Hl c(T)3/4] :
0
which is oe; /2(n) by Lemma 4.2.7 (ii). It is thus sufficient to show that:
h/ (n)n'/0+'p {)\(T) =n, (1— (—:)l <(r) < (1+ e)i} (4.8)
" ’ Ho = = Ho '

converges to a positive real number.

In the following, S,, will denote the sum of p independent Bernoulli variables of parameter
to. Note that S; is non-lattice. The key idea is to write the quantity appearing in (4.8) as a sum,
then rewrite it as an integral and finally use the dominated convergence theorem. For x € R,
denote the smallest integer greater than or equal to x by [x]. To simplify notation, we write
O(1) for a bounded sequence indexed by n and o(1) for a sequence indexed by n which tends
to 0. Using Proposition 4.1.6, we write:

R (n)nl/o+H1p, {A(T) cnd—at < <1t
Ho Ho
L[(1+e)n/po]

_ h'(n)nl/GH Z -
p=[1—em/mo] ¥
B J;OTIJFO(U 4 h/(n)n1/9+1
—ento)  [M/Ho+x]
Jfox/ﬁ+0(1) \/ﬁh/(n)nl/eJrl
= du
— 5 vnto(1) \_Tl/P-O + u\/ﬂj

P[S, =n] P[W]gfn =n—1]

P[SLTI/LL0+XJ ZTL] ]P)[W =n— 1]

/
[n/po+x|—n

S Ln/quru\/TTJ =l ]P)[W/Ln/uo+u\/ﬁJ . —4D)

Using the case 6 = 2 of Theorem 4.1.10 (iii), for fixed u € R, one sees that:

. 1 e
1}520 ﬁ]P’[S Ln/H0+u\/ﬁj = n] e m@ (I—np) .

We now claim that there exists a bounded function F : R — R, such that:

lim h/(n)n°PW/

N300 [n/po+uy/nl—m

=n—1] = Fu) (4.10)
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4.3. ‘Estimate for the probability of having N leaves

for every fixed u € R. We distinguish two cases. When 0% = oo, we have by (4.7):

. ! 1/0 /
nlg%oh (TL)TL P[WLHLO+U\/HJ n

:<L)éhmpl no1- 2 ([ uvA) )

/

B
\_HLO +u\/TTJ -n

=n—1]

In the case 0 = 2, we use the property that h/(n) — co as n — co. When 0? < o, (4.7) gives:

nlgl{l)o o’ “/ZP[W[%OW\EH =n—1]
= TP 1\/{ quju\/—J\f“)
+uy/n| —n/
- 1E0H0p1< > )

In both cases, we have obtained our claim (4.10).
Next, forn > 1 and u € R, define :

fu(W) = Lpycze iy VIPIS oy m) =105 On(W) = Ljuycze vy BRPW L oy == 1

The strong version of the Local Limit Theorem (Theorem 4.3.5) implies that there exists C > 0
such that [f, (u)| < Cmin (1, Z5) foralln > 1 and u € R. To bound g, write:

B1/’1 / !/
I = Lui<igvm g~ B uvm) nP W o) =0T
|_H0 +u\/ﬁJ -n
Proposition 4.1.7 (ii) implies that there exists C’ > 0 such that B] /B < C’ for

Ln/ Ko +u\/T71J -n
every n sufficiently large and |u| < %\/ﬁ, and then (4.7) entails that there exists C > 0 such that
foralln > 1 and u € R we have |g, (u)| < C. By the preceding bounds on f,, and g, we can
apply the dominated convergence theorem to the right-hand side of (4.9) and we get:

+0o0o 1 _ u2 5
lim h/(n)n*° TP A(1) =n] = LLOJ' duF(u) ————e 2™, (4.11)
oo —00 27(1 — po)

Finally, we need to identify the value of the integral in (4.11) and to express h’ in terms of
h. We again distinguish two cases. First suppose that 0° < co. An explicit computation of the
right-hand side of (4.11) gives:

o' 3 1 Thuk
—n*P,A(t) =n] — —. )
A" Bl e I /=) + 07(1— 1)
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Chapitre 4. Galton-Watson trees conditioned on the number of leaves

A simple calculation gives o’ 2= (02 — 1)/(1 = po) — (1o/(1 — po))?, which entails:

_ N Ho —3/2
P, [A(T) =n] e ”—275(72“ )

When 02 = oo, we have F(u) = (po/(1 — uo))% p1(0) so that (4.11) immediately gives that

h/(n)nt/® 1P [A(T) = n] converges towards (po/(1 — Ho))% p1(0) as n — oco. By Lemma 4.3.4,
we conclude that:

1 1
Puht)=nl  ~ - wipi(O gy e

Note that this formula is still valid for © = 2. This concludes the proof in the non-lattice case. [

4.3.2 The Lattice case

We now sketch a proof of Theorem 4.3.1 when Y is lattice.

Proof of Theorem 4.3.1 when Y is lattice. For (i), by Proposition 4.1.6, P, [A(T) =n + 1] > 0 if and
only if there exists k > 0 such that P[W] = n] > 0. As a consequence, P, [A(T) =n + 1] > 0 if
and only if n can be written as a sum of elements of supp(Y). Since supp(Y) C b —1+ dZ, it
follows that P, [A(T) = n + 1] = 0 if n is not divisible by ged(b — 1, d), and it is an easy number
theoretical exercise to show that there exists N > 0 such that forn > N, P, [A(T) =n+ 1] > 0if
n is a multiple of ged(b — 1, d).

The asymptotic estimate of (ii) is obtained exactly as in the non-lattice case by making use
of the Local Limit Theorem for lattice random variables (see e.g. [56, Theorem 4.2.1]). We omit
the argument to avoid technicalities. O

Remark 4.3.6. Let us briefly discuss the extension of the preceding results to the case where n
is periodic. In this case, Y is necessarily lattice. Indeed, the property supp(p) C dZ implies
supp(Y) C dZ — 1. The same reasoning as above shows that Theorem 4.3.1 remains valid
in this case. However, the span of supp(Y) is not necessarily equal to the span of supp(p).
Consequently, P, [A(T) = n] = 0 can hold for infinitely many n (for example if the support of p
is {0, 28, 40, 52}) or for finitely many n (for instance if the support of n is {0, 3, 6}).

4.4 Conditioning on having at least n leaves

In this section, we show that the scaling limit of a GW |, tree conditioned on having at least n
leaves is the same (up to constants) as that of a GW, tree conditioned on having total progeny
at least n. The argument goes as follows. By the large deviation result obtained in Section 2
(which states that if a GW,, tree has n leaves, then the probability that its total progeny does
not belong to [n/py — n¥* n/py + n3/4] decreases exponentially fast in n), we establish that
the probability measures P,,[-|((T) > n] and P, [-[A(T) > pon — n3/4] are close to each other
for large n. The fact that the rescaled contour function of a GW,, tree under P,[-|{(T) > n]
converges in distribution then allows us to conclude.

Henceforth, if I is a closed subinterval of R, €(I,R) stands for the space of all continuous
functions from I to R, which is equipped with the topology of uniform convergence on every
compact subset of 1.
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4.4. Conditioning on having at least N leaves

Recall that p is a probability distribution on N satisfying the hypothesis (Hg) for some 0 &
(1,2]. Recall also the definition of the sequence (B,,), introduced just before Lemma 4.1.11. Also
recall the notation C(t) for the contour function of a tree T introduced in Definition 4.1.3.

Theorem 4.4.1 (Duquesne). There exists a random continuous function on [0, 1] denoted by H™ such
that if t,, is a tree distributed according to P, [- | ¢(T) = nl:

Bn
(Tc2nt(tn); 0<t< 1) ﬂ

(HES 0<t <),

—00

where the convergence holds in the sense of weak convergence of the laws on C([0, 1], R).

Proof. See [36, Theorem 3.1] or [68]. o

Remark 4.4.2. The random function H®*¢, can be identified as the normalized excursion of the
height process associated to the spectrally positive stable process X. The notion of the height
process was introduced in [76] and studied in great detail in [37]; see Section 5.1 for a definition.

Using Theorem 4.4.1, we shall prove that for every bounded nonnegative continuous func-
tion F on C([0, 1], R) the following convergence holds:

E, [F@Egcwt(ﬂ;ogtg1)‘A(T»n] — EIF(H)], (4.12)

Recall that P, ; stands for the probability measure on T’ which is the distribution of j inde-
pendent GW, trees.

Lemma 4.4.3. Fix 1 <j < n. Let U be a bounded nonnegative measurable function on Ti. Then:

“EHJ [U(f)lc(ﬂgn] _EHJ [umlkﬁf)Zuon—nW‘l”
< U Py [n— (mo ' + 1)n¥* < () < n] + oeyya(n)

where the estimate oey /2(n) is uniform in j.

Proof. First note that:
By [Uf)legon] = Ey; [u(f)1C(f)>n1)\(f)>uOC(f)—C(f)S/“} +Ey [u(f)1C(f)>n1)\(f)<u0C(f)—C(f)3/4]
= Eu,j |:u(f)1C(f)>n1)\(f)>uoc(f)_c(f)3/4:| —|—O€1/2(T1), (413)

where we have used Lemma 4.2.7 (i) in the last equality.
Secondly, write:

EHJ [u(f)l}\(f)>uon—n3/4} = EH»J' [u(f)1)\(f)>uon—n3/41C(f)>n] —’_EHJ [u(f)1?\(f)>u0n—n3/41C(f)<n}

Let C,, and D,, be respectively the first and the second term appearing in the right-hand side.
To simplify notation, set a(n) = pon — n®* forn > 1. Then, by Lemma 4.2.7 (ii), we have for n
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Chapitre 4. Galton-Watson trees conditioned on the number of leaves

large enough:

Dn = Ey; [U(f)lx(f>>cx(n),af)<n,!c(f)—ﬁgkaﬂi’/“} +oein(n)

N

E,.; {U(f)lx(f»a(n) L(f)<m, C(f)>w—c(f)3/4} +oe(n)

0]
< MU Puj [n— (1" + Dn®* < ¢(F) < n] 4 o0eyy2(n)
We next consider C,,. Choose n sufficiently large so that the function x — o(x) is increasing
over [uon — n3/4 co) and write:
Co = Euj [UHlgpznamzacn] + Ewj [WE bz am), czn, A <alcs)]
< By [UO g snamzacmn] +Euwj [WE 16 zn, am<atc)]
= B [UD1eezn, A >a0ce)] + 0€1/2(n)

by Lemma 4.2.7 (i).
By the preceding estimates we have, for n large:

0 < Ey; [u(f)lk(f»uonfn?’/‘*} —Ey, |:u(f)1C(f]2“1)\(f)>u0C(f)—C(f)3/4]
< Ul Py [n— (' + Dn¥* < C(f) < nf +oery2(n)
and by combining this bound with (4.13) we get the desired estimate. O

Proposition 4.4.4. Let U, (Uy)n>1 : T — Ry be uniformly bounded measurable functions, meaning
that there exists M > 0 such that foralln > land T € T, U, (1) < Mand U(t) < M.

(i) If E, [U(7)| ¢(T) = nl converges as n — oo, then E,, [U(T)|¢(T) = nl| converges to the same
lzmzt
(ii) IfE, U, (7)| C(T) = n] converges as n — oo, then E,, [Un('c)l A(T) = [uon — n3/4ﬂ converges

to the same limit.

Proof. Using the formula:

E, [U(T)[¢(T) > n] = m Z P.[C(t) = k] - Ey [U(T) [ {(T) = K]
B = k=n

it is an easy exercise to verify that the first assertion is true.
We turn to the proof of (ii). Fix 0 < 1 < 1/4. By Lemma 4.1.11, we may suppose that n is
sufficiently large so that P, [((T) > n] > ¢;n /9" for a constant c; > 0. Next, setting again

a(n) = pon —n**, we have:
IE, [Un (DIC(T) =2 1] = E, [Un (TIA(T) = ()]
E. [Un (1) 1¢(t)5n] _Ey (Un (D) 1x (0 a(n) ]
h P, [¢(T) = n] P, [¢(t) >n]
N E. [Un(O1azam)] [PuA(T) = a(n)] _ 1‘
P, A(T) > «(n)] P, [¢(T) > ]
nl/e+n PuA(T) > a(n)]
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4.5. Conditioning on having exactly leaves

where we have used Lemma 4.4.3 in the last inequality. By Lemma 4.1.11, the first term of
the right-hand side tends to 0. From Theorem 4.3.1 (ii), it is easy to get that P,[A(T) > n] ~

Gué/epl(o)/(nl/eh(n)) as n — oco. By combining this estimate with Lemma 4.1.11, we obtain
that P, [A(T) > «(n)]/P.[C(T) > n] tends to 1 as n — oco. This completes the proof. O

Theorem 4.4.5. For n > 1, let t,, be a random tree distributed according to P, [-|A(T) = n]. Then:

B
(Ficaunlmliose<t) 19 psosts), @14

where the convergence holds in the sense of weak convergence of the laws on C([0, 1], R).

Proof. Let F be a bounded nonnegative continuous function on €([0, 1], R). By Theorem 4.4.1:

B | F (a0 < t< 1) clm =n| = BIFIH)

Proposition 4.4.4 (i) entails:

E, {F(ijg)cwt(r);0<t<1)‘cmm] — E[F(H).

Proposition 4.4.4 (ii) then implies:

By {F<lz?:))c26(ﬂt(’f)§0<t<1)‘7\(’5)2“Lon_ng/ﬂ} — E[F(H)).

Since [uon —n3/*] takes all positive integer values when n varies, the proof is complete. O

Remark 4.4.6. When the second moment of . is finite, H*® = v2e where e denotes the normal-
ized excursion of linear Brownian motion. Since the scaling constants B,, = oy/n/2 are known
explicitly, in that case the theorem can be formulated as:

o C (th); 0 <t <1 G
20ty titn ), X L x .
2,/C(tn) noreo

4.5 Conditioning on having exactly n leaves

To avoid technical issues, we suppose that supp () \{0} is non-lattice, so that P, [A\(t) =n] > 0 forn
large enough.

Recall that we have obtained an invariance principle for GW|, trees under the probability
distribution P, [-|A(T) > n]. Our goal is now to establish a similar result for trees under the
probability distribution P,,[-|A(T) = n]. The key idea is to use an “absolute continuity” prop-
erty. Let us briefly sketch the main step of the argument.

Let k > 1. If Tis a tree and if u(0),u(1),... are the vertices of T in lexicographical order, let
Tk (T) be the first index j such that {u(0),u(1),...,u(j)} contains k leaves and Ty (T) = oo if there
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Chapitre 4. Galton-Watson trees conditioned on the number of leaves

is no such index. Fix a € (0, 1) and recall the notation W(7) for the Lukasiewicz path of a tree 7.
Then there exists a positive function D} on Z, such that, for every nonnegative function f on
the space of finite paths in Z:

By |[f (W10 (1)) IMT) = 1| =By [ (WAr,0(7)) DEWr,,, 0 (D) AT > n].

By combining the invariance principle for trees under P, [-[A(T) > n] together with estimates
for DQ(WTWJ(T) (t)) as n — oo, we shall deduce an invariance principle for trees under the
conditional probability measure P, [ |A(T) = nl.

4.5.1 The normalized excursion of the Lévy process

We follow the presentation of [36]. The underlying probability space will be denoted by
(Q,F,P). Let X be a process with paths in D(R.,R), the space of right-continuous with left
limits (cadlag) real-valued functions, endowed with the Skorokhod J;-topology. We refer the
reader to [20, chap. 3] and [57, chap. VI] for background concerning the Skorokhod topology.
We denote the canonical filtration generated by X and augmented with the P-negligible sets by
(Ft)e=0. In agreement with the notation in the previous sections, we assume that X is a strictly
stable spectrally positive Lévy process with index 0 € (1, 2] such that for A > 0:

Elexp(—AX¢)] = exp(tA°). (4.15)

See [15] for the proofs of the general assertions of this subsection concerning Lévy processes.
In particular, for @ = 2 the process X is v/2 times the standard Brownian motion on the line.
Recall that X has the following scaling property: for ¢ > 0, the process (¢~/?X, t > 0) has the
same law as X. In particular, if we denote by p, the density of X, with respect to the Lebesgue
measure, p; enjoys the following scaling property:

Pas() = A79p (A/9) (4.16)
for x € R and s, A > 0. The following notation will be useful: for s < t set

[} = inf X, [; = inf X.

[s,t] [0,t]

Notice that the process I is continuous since X has no negative jumps.

The process X — I is a strong Markov process and 0 is regular for itself with respect to X — 1.
We may and will choose —I as the local time of X—TI at level 0. Let (gi, di),1 € J be the excursion
intervals of X — I above 0. For every i € Jand s > 0, set w} = X(4,1s)ra; — Xg;- We view w' as
an element of the excursion space €, which is defined by:

E={weDR,,R,); w(0) =0and {(w) :=sup{s > 0; w(s) >0} € (0,00)}.

From Itd’s excursion theory, the point measure

N(dtdw) = Y (1, i)

iel
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4.5. Conditioning on having exactly leaves

is a Poisson measure with intensity dtN(dw), where N(dw) is a o-finite measure on € which is
called the Itd excursion measure. Without risk of confusion, we will also use the notation X for
the canonical process on the space D(R, R).

Let us define the normalized excursion of X. For every A > 0, define the re-scaling operator
S™ on the set of excursions by:

SM(w) = (Al/ew(s/?\), s> 0) )

Note that N(C > t) € (0,00) for t > 0. The scaling property of X shows that the image of
N(-|¢ > t) under S1/% does not depend on t > 0. This common law, which is supported
on the cadlag paths with unit lifetime, is called the law of the normalized excursion of X and
denoted by N(-|¢ = 1). We write X**¢ = (X$*,0 < s < 1) for a process distributed according
to N(-|¢ = 1). In particular, for @ = 2 the process X is /2 times the normalized excursion
of linear Brownian motion. Informally, N(-|{ = 1) is the law of an excursion under the It
measure conditioned to have unit lifetime.

We will also use the so-called continuous-time height process H associated with X which
was introduced in [76]. If 6 = 2, H is set to be equal to X. If 6 € (1, 2), the process H is defined
for every t > 0 by:

1t
Hy:=1lim—| 1 s e1ds
t e50 € JO {Xs<Ii+e}rttoy

where the limit exists in P-probability and in N-measure on {t < (}. The definition of H thus
makes sense under P or under N. The process H has a continuous modification both under P
and under N (see [37, Chapter 1] for details), and from now on we consider only this modifi-
cation. Using simple scaling arguments one can also define H as a continuous random process
under N( -|C = 1). Let us finally mention that the limiting process H*** in Theorem 4.4.1 has the
distribution of H under N( - | = 1).

4.5.2 An invariance principle

Recall that the Lukasiewicz path W(t) of a tree T € T is defined up to time {(t). We extend
it to Z. by setting W;(1) = 0 for i > (7). Similarly, we extend the height function H(t) to Z,
by setting Hi(t) = 0 for i > (7). We then extend H(t) to R by linear interpolation,

He(t) = (1 —{thH ¢y (1) + {tHH (),  t>0,

where {t} =t — [t].

Recall that p is a probability distribution on N satisfying the hypothesis (Hg) for some 0 €
(1,2]. Recall also the notation h, B, introduced just before Lemma 4.1.11. For technical reasons,
we put By, = B|y) for u > 1. It is useful to keep in mind that B, = o/n/2 when the variance
o? of p is finite. We rely on the following theorem.

Theorem 4.5.1 (Duquesne & Le Gall). Let t,, be a random tree distributed according to P, [- | {(T) >
n]. We have:

1 Bn d
(—wm (tn), THm(tn)) % (Xt Hoocecr under N(+[ > 1).
t>0

B n—00

Proof. See the concluding remark of [37, Section 2.5]. ]
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Chapitre 4. Galton-Watson trees conditioned on the number of leaves

4.5.3 Absolute continuity

Recall from the beginning of this section the definition of Ty () for a tree 7.

Proposition 4.5.2. Let n be a positive integer and let k be an integer such that 1 < k < n—1. To
simplify notation, set W (1) = (Wo(1),. .., Wr, () (T)). For every bounded function f : Ui Z" —
R, we have:

1|)n—k(WTk(T) (T) )/lbn(l)
oW (o (7)) /5 (1)

where Py, () = P 5 Nf) = pl and ¥}, (5) = Py ; IN(f) = pl for every integer p > 1.

E. [fWS(10)A(t) =n] =E, | f(W™ (1))

‘Mﬂm],

Proof. Let the random walk W be as in Proposition 4.1.4. The result follows from the latter
proposition and an application of the strong Markov property to the random walk W at the
first time it has made k negative jumps. See [75, Lemma 10] for details of the argument in a
slightly different context. O

We will also use the following continuous version of Proposition 4.5.2 (see [68, Proposition
2.3] for a proof).

Proposition 4.5.3. For s > 0 and x > 0, set qs(x) = $ps(—x). For every a € (0,1) and x > 0 define:

. 9q17a(x)
Fa(x) = —ﬁia a5 q. 00

Then for every measurable bounded function F : D([0, al, R?) — R,
N (F((Xt)oct<ar (He)ogt<a)l ¢ =1) = N (F((X¢)ogt<ar (He)ogt<a)Ta(Xa)l > 1) .

We now control the Radon-Nikodym density appearing in Proposition 4.5.2. Recall that p,
stands for the density of X,. It is well known that p; is bounded over R and that the derivative
of gy, is bounded over R for every u > 0 (see e.g. [99, L. 4]).

Lemma 4.5.4. Fix o« > 0. We have:

(i) lim  sup
N1 <aBn

vl - | dsqs(%)‘:o, (i) lim  sup

1 n/mo N0 1 G<aBy

() — s (B j/ )’ =0.
n/Ho

The proof of Lemma 4.5.4 is technical and is postponed to Section 4.5.5.
Corollary 4.5.5. Let 1., be a sequence of positive integers such that n/r,, — pyasn — oo.

. : ) o [T j
(i) We have lim  sup IanaHOTnJ(J)_J' ads ds (B )‘ = 0.

N0 1 <aBy 1— n/uwo
(i) We have lim  sup |nn_|auern) () — di—a ( J ) =0.
N0 1< aBn B/
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4.5. Conditioning on having exactly leaves

Proof. We shall only prove (i). The second assertion is easier and is left to the reader. By Lemma
4.5.4 (i):

(o¢]

* 1) — )
ll)nf apoTn (J) J ds q ( ) ‘ .
larorn] 1 s B(n—LauoTnJ )/ 1o

By (4.16) and the definition of q(x):

[e%) ] 00 ]
ds g, :J ds g, ( ) .
Jla q (Bn/}m) 1 q (1 - a)l/eBn/uo

] . _ 3 . . .
—;(17(1)1/%“/“0 and az(n,j) = +B(n7[au0rnj)/uo. It is thus sufficient

to verify that for n sufficiently large:

sup
1<j<aBy

To simplify notation, set a;(n,j) =

JdS(qs(al(n,i))—qs(az(n,j)))‘ — 0. (4.17)

1 n—oo

sup
1< <aBn

From (4.16), we have for x > 0:

| asac0=x| Trm=x| SHpmiloxs =0 | pil-wa,
1

1 1 0

so that

asz (T‘L,))
J pi(—u) du

ax (Tl,])

| ds(qs(al(n,m—qs(az(n,j)))‘=e

1

< 9M/|a2(n>j) - al(n)j)|)

where we have used the fact that p; is bounded by a positive real number M’. Thus we see that
(4.17) will follow if we can verify that:

sup |a1(n)j)_a2(n>j)| — 0)

1Si<aBn n—eo

and to this end it is enough to establish that:

Bn Bn
10 — — 0.
(1—=a)Bn/uy B lawora))/mo| 10

The last convergence is however immediate from our assumption on the sequence (1 ). ]

4.5.4 Convergence of the scaled contour and height functions

We now aim at proving invariance theorems under the conditional probability measure
Pul-[A(T) =n].

Recall the notation Ty (T) introduced in the beginning of this section. For u > 0, set T, () =
TLU | (T )

Lemma 4.5.6. Fix a € (0,1) and x < min(a/2, (1 —a)/2).

Tuobn(T) _b' > 1
n

(i) We have lim P, [be( sup vz

n—oo0 a—o,a+o)

(t) > n] =0.
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Chapitre 4. Galton-Watson trees conditioned on the number of leaves

Tbn (T)

b 1
n | WA

n—00 be(a—a,a+a)

(ii) We have lim P, [ sup

AlT) = n] =0.

Proof. Both assertions are easy consequences of Corollaries 4.2.6 and 4.3.3. Details are left to the
reader. O

Lemma 4.5.7. Let d be a positive integer. Fix a € (0,1) and consider a sequence (Z™)n>1 of cadlag
processes with values in RY. Let also (K )n>1 and (Sy)n>1 be two sequences of positive random variables
converging in probability towards 1. Assume that (Z™)n>, converges in distribution in D([0, c0), RY)
towards a cadlag process Z such that a.s. Z is continuous at a. Then (K, Zg ; 0 <t < a) converges in
distribution in D([0, a], R) towards (X¢; 0 < t < a).

Proof. By the Skorokhod Representation Theorem (see e.g. [20, Theorem 6.7]), we can assume
that (X™),>1 converges almost surely in D([0, c0), R9) towards (X;;t > 0) and that both (K, )n>1
and (S, )n>1 converge almost surely towards 1. The conclusion follows by standard properties

of the Skorokhod topology (see e.g. [57, VI. Theorem 1.14]). O
Lemma 4.5.8. For n > 1, let v, be the greatest positive integer such that [pory, — /"] = n. Fix
a € (0,1). Let t,, be a random tree distributed according to P, [- | A(T) = nl. Then the law of

1 B
W gtk B2t )
<Brn |-Ta”0r“ (tn) ﬂJ ’ Th anorn (tn) 0<t<a

<"

converges to the law of (X, Hi)oct<a under N( -1 ¢ = 1).

Proof. We start by proving that for every o > 1:

b fapora) ()/0n(1) (j—l) B Ny
Lawor /R \ By 0 (4.18)

lim sup

N7 \ 1B <j<aBn

By Theorem 4.3.1, 7, (1) /m, (1) — 8 as n — oo. Using Corollary 4.5.5, it then suffices to verify
that there exists > 0 such that for n sufficiently large:

. o0 i1
f dsq, > 9.
%Bng]'léfXBn Jl—a 5 < Bn )

This follows from the fact that there exists 8’ > 0 such that [° dsqs (x) > &' for every x €
[1/x, «] Details are left to the reader.

Fix a bounded continuous function F : D([0, al, R?) — R.. To simplify notation, for every
tree T with A(1) > n, set W™ (1) = (W™ (1))ocica and H™ (1) = (H™(1))o<i<a, where for
0<t< a

WM (o) = B. WLTWW(T)&J (1), H™ (1) = “Hr e (02 (T).

Then set G™) (1) = F (W™ (1), H™)(1)). Note that by (4.3), H™)(t) is a measurable function of
W (7). Fix o« > 1 and put:

1
Af‘i(’r) = {&Bn/HO < WTauOrn(T) (T) < OCBn/HO} :
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4.5. Conditioning on having exactly leaves

By combining Proposition 4.5.2 and the estimate (4.18), we get:

W1 g (1) (T)
B“/P—o

n—oo

lim [E[G™ (tn)lA%(tn)]—Eu{G(“) (1) 1A%(T)ra< )’ A(T)>nH:o. (4.19)

We now claim that the law of (W™ (1), H™ (1)) under P,.[-|A(T) > n] converges towards
the law of (X, H¢)oct<a under N(- | C > 1). To establish this convergence, by Proposition 4.4.4
(ii), it is sufficient to show that the law of

1 B
L O L TR tm)
(Bn [Tawon ()5 ] 275 T Tanon (D 0<t<a

xtx

under P,[-[{(t) > n] converges towards the law of (Xi,H¢)oct<a under N(-[{ > 1). In-

deed, Proposition 4.4.4 (ii) will then imply that the same convergence holds if we replace

P[-|¢(t) > n] by P [ A(T) > [non — n3/4ﬂ and we just have to replace n by r,. By Lemma

4.5.6, under P, [-| (1) > n], Tauyn(T)/(an) converges in probability towards 1, and by The-

orem 4.5.1, the law of (BLWLMJ (1), %Hnt(’t)) . converges to the law of (X, H¢)¢>0 under
n t

=

N(-|¢ > 1). Our claim now follows from Lemma 4.5.7.
From the definition of r,,, we have r,/n — 1/uy as n — oo, which entails B, /B, ., — 1.
Thanks to (4.19) and the preceding claim, we get that:

JE}I&OE [G(n)(tn)lA%(tn)} — N(F((Xt)Ht)Ogtga) ra(Xa)l{é<Xa<“}|C > 1)
= N(F((Xy, Hogt<a) Lz ax,<ay €= 1), (4.20)

where we have used Proposition 4.5.3 in the last equality. By taking F = 1, we obtain:

lim lim P[AJ(t,)] = 1.

X—00 M—00

By choosing « > 0 sufficiently large, we easily deduce from the convergence (4.20) that:

lim E[G™(t)] = N(F((X¢, Hioct<a) [C=1).

n—oo

This completes the proof. O
Recall that C(7) stands for the contour function of the tree T, introduced in Definition 4.1.3.

Theorem 4.5.9. For every n > 1 such that P, [A(T) = n] > 0, let t,, be a random tree distributed
according to P, [- | A(t) = nl. Then the following convergences hold.

(i) Fix a € (0,1). We have:

1
( Wicieoe (tn); 0 <t < a) ﬂ (Xy; 0<t<a) under N(-|C=1). (4.21)

Bty n—co

(ii) We have:

B B d
( Cl) 0, (), “‘")ch(tn)) 1 (Hy, Hoocrer under N(-1C = 1).
C(tn) C(tn) 0<t<1

(4.22)
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Chapitre 4. Galton-Watson trees conditioned on the number of leaves

Remark 4.5.10. It is possible to replace the scaling factors 1/B¢,) and B¢(¢,)/C(tn) by respec-
tively p(l)/ 0 /B, and u(lfl/ °B., /n without changing the statement of the theorem. This follows

indeed from the fact that ((t,,)/n converges in distribution towards 1/p, under P,[-|A(T) = nl.

The convergence of rescaled contour functions in (ii) implies that the tree t,,, viewed as a
tinite metric space for the graph distance and suitably rescaled, converges to the 0-stable tree in
distribution for the Gromov-Hausdorff distance on isometry classes of compact metric spaces
(see e.g. [73, Section 2] for details).

The convergence (4.21) actually holds with a = 1. This will be proved later in Section 6.

Proof. Recall that throughout this section we limit ourselves to the case where P, [A(T) =n] > 0
for all n sufficiently large.

We start with (i). As in Lemma 4.5.8, let ,, be the greatest positive integer such that [, —
m?/4] = n and write:

1
Bty

1
Wi

WLC(tn)tJ (tn) = Kn : Br

(tn)ﬁJ (tn))

Sn'TauOrn
n

where K,, = B, /B¢(,) and S, = al(tn)/Taugr, (tn). Recall that r,,/n — 1/p. By Corollary
4.3.3, ((t,,)/n converges in probability to 1/p. On the one hand, this entails that K,, converges
in probability towards 1, and on the other hand, together with Lemma 4.5.6 (ii), this entails that
S, converges in probability towards 1. The convergence (4.21) then follows from Lemmas 4.5.8
and 4.5.7.

For the second assertion, we start by observing that:

B
< CE,E‘“; Heoeltn); 0 < t < a) % (H 0<t<a) under N(+|C=1). (4.23)

This convergence follows from Lemmas 4.5.8 and 4.5.7 by the same arguments we used to
establish (i). To complete the proof we use known relations between the height process and the
contour process (see e.g. [36, Remark 3.2]) to show that an analog of (4.23) also holds for the
contour process. For 0 < p < ((t,) set b, = 2p — H,(t,) so that b, represents the time needed
by the contour process to reach the (p + 1)-th individual of ((t,,). Also set by, ) = 2(C(t,) — 1).
Note that C,, = H,, for every p € {0, 1, ..., ((ty)}. From this observation and the definitions of
the contour function and the height function of a tree, we easily get:

sup |Ct(tn) - Hp(tn” < |Hp+1(tn) - Hp(tn)l + L. (424)

te(bp,bpi1]

for 0 < p < ((t,). Then define the random function g, : [0, 2((t,)] — N by setting g, (t) = k if
t € [by,bry1) and k < ((t,), and gn(t) = C(tn) if t € [2(C(tn) — 1),2¢(t0)]. If t < 2(C(tn) — 1),
gn(t) is the largest rank of an individual that has been visited before time t by the contour
function, if the individuals are listed 0,1,...,{(t,) — 1 in lexicographical order. Finally, set
gn(t) = gn(C(tn)t)/C(tn). Fix & € (0,1). Then, by (4.24):

B B B B
sup C(tn) _ Pilty) Cltn) | 2C(tn) sup  [Hii1(tn) — He(tn)],

n (t ) n ~n g
ey | Q) ST ) IS ) T () ke welin)

C(tn)

t<
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4.5. Conditioning on having exactly leaves

which converges in probability to 0 by (4.23) and the path continuity of H. On the other hand,
it follows from the definition of g,, that

- t 1 b
sup gn(t)——‘ g sup ‘k——k +1
< tlslin) 2 Cltn) \k<lac(tn) 2
1 B¢t 1 (P)

<

sup Hy () +

2B () k<ad(tn) Gltn) C(tn)

by (4.23). Finally, by the definition of b,, and using (4.23) we see that L“C ‘*3) Converges in

probability towards 2«. By applying the preceding observations with o replaced by o’ € (e, 1),

we conclude that:

Bty (P)

sup [Coz(e)t(tn) — Heepe(tn)l — 0. (4.25)
C(tn) o<t
Together with (4.23), this implies:
Be(t) , (4) . _
C(t ) Cgc(tn)t(tn), 0<t<a — (Ht, 0<t< a) under N( . | C = 1) (426)

We now use a time-reversal argument in order to show that the convergence holds on the
whole segment [0, 1]. To this end, we adapt [36, Remark 3.2] and [37, Section 2.4] to our context.
See also [68], where we used the same argument to give another proof of Duquesne’s Theorem
4.4.1. Observe that (C¢(tn); 0 < t < 2(¢(tn) — 1)) and (Cog(t,)—1)—t(tn); 0 <t < 2(¢(tn) — 1))
have the same distribution. From this convergence and the convergence (4.26), it is an easy
exercise to obtain that:

B

( Cff*‘)) Cocfet(tn); 0 < t < 1) 9 (He 0<t < 1) under N(-[C =1). (4.27)

See the last paragraph of the proof of Theorem 6.1 in [72] for additional details in a similar
argument.

Finally, we verify that (4.22) can be derived from (4.27). To this end, we show that the
convergence (4.25) also holds for « = 1. First note that:

~ t 1 1 1 Bi(t,) 1 (P)
su n(t)—= <—— | = sup Hg(t,) +1 su —Cx(th) + ———0
2, |9 2‘ () <2k<c£n) i) > 2B reh Tl T )

(4.28)
by (4.27). Secondly, by (4.24):

B Beit) Bet) | Betw)

su = th) — = o th < o4 - su H t.) — Hy(tn
0@22 0N ¢t (tn) Zit) ) gn () (tn) 2t T ) k<c£n)| k+1(tn) K (tn)]

: Coy,y (tn) — Coy (tn)] -
(6t ) 220 [Coualtn) = Coyltn)]

By (4.27), in order to show that the latter quantity tends to 0 in probability, it is sufficient to
verify that sup, _ () ((tn) " [bxy1 — byl converges to 0 in probability. But by the definition of
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Chapitre 4. Galton-Watson trees conditioned on the number of leaves

by:

b1 by

Cltn)  Cltn)

2 + Hk(tn) - Hk+1(tn) < 2 + 2 Hk(tn)

sup C(tn) S Ut ke Clt)

k<((tn)

= Sup
k<((tn)

which converges in probability to 0 by the same argument as in (4.28). We have thus obtained

that .

C(tn (P)

) sup 1Cocitrt(tn) = Heegnzn (b))l — 0.
C(tn) o<i<t

Combining this with (4.27), we conclude that:

BC n BC n (d)
< C(;:)) C2C(tn)t(tn)) C—(.E;)) Hc(tn)gn(Qt)(tn)>0<t<1 n—)—o>o (Ht) Ht)0<t<1 under N( . | C — 1)

The convergence (4.28) then entails:

Bete) Be) (a) _
( Z(t) Cogtn)t(tn), Z(ty) Heee(tn) e T:; (H¢y, Hi)oci<r under N(-|C = 1).
This completes the proof. -

4.5.5 Proof of the technical lemma

In this section, we control the Radon-Nikodym densities appearing in Proposition 4.5.2. We
heavily rely on the strong version of the Local Limit Theorem (Theorem 4.3.5).

Throughout this section, (W;,)n>o will stand for the same random walk as in Proposition
4.1.4. Recall also the notation q, introduced in Proposition 4.5.3.

Proof of Lemma 4.5.4 (i)

We will use two lemmas to prove Lemma 4.5.4 (i): the first one gives an estimate for the
quantity P, ; [((f) > n] and the second one shows that the quantity P, ; [((f) > n] is close to
Py [A(f) = pon —n¥/1].

Lemma 4.5.11. We have lim  sup |P,; [C(f) > 1] —J ds g <L) ‘ =0.

N0 1< aBn 1 Bn

Proof. Le Gall established this result in the case where the variance of p is finite in [72]. See [68,
Lemma 3.2 (ii)] for the proof in the general case, which is a generalization of Le Gall’s proof. [

Lemma 4.5.12. Fix o« > 0. We have lim  sup [P, ;[C(f) = nl — Py ;IA(f) = pon —n¥4| = 0.

n—oo 1 gl g (XB“
Proof. To simplify notation, sety = p, ' + 1. By Lemma 4.4.3, it is sufficient to show that:

lim sup P, n—yn®* < ¢(f) <nl=0.

N0 1< <aBn
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4.5. Conditioning on having exactly leaves

From the local limit theorem (Theorem 4.1.10), we have, for every j € Z:
By P[Wy =il —p: (L) ‘ < e(k),
By

where e(k) — 0. The function x — [xp;(—x)| is bounded over R by a real number which we
will denote by M (see e.g. [99, L. 4]). Set M,,(j) = P, ;in —yn** < ((f) < n] and §(n) =

[n—yn®*| + 1. Fix € > 0 and suppose that n is sufficiently large so thatn —yn** < k < n
implies |e(k)| < e and By > B, /2. Then, for 1 <j < aB,,, by (4.4):
Ma() = ) Pl =K = Y IPuWi=—j
k=58(n) k=5(n)
 w (n (50)
< Y o (p(-1)+ e(k))
S kB By
= M+ 20
< )
k=56(n)
which tends to 0 as n — oo. O

Proof of Lemma 4.5.4 (i). By Lemmas 4.5.11 and 4.5.12:

lim < sup

N7 \1<j<aBn

P ;A(f) = pon —n®4) — JOO ds qs (BL) D =0. (4.29)
1 n

Let m, be the greatest positive integer such that [pr, — Y4 = n. We apply (4.29) with n
replaced by r,,, and we see that the desired result will follow if we can prove that

Casa () [ e (5))]) -
ds qs — ds g, =0.
Jl q (Brn> 1 q Bn/uo

The proof of the latter convergence is similar to that of (4.17) noting that:

lim ( sup

n—=00 \1<j<aBy

o [Bo o B | o
nl—r)]go B‘rn Bn/ Ho -
This completes the proof of Lemma 4.5.4 (i). O

Proof of Lemma 4.5.4 (ii)

The proof of Lemma 4.5.4 (ii) is very technical, so we will sometimes only sketch arguments.

As previously, denote by S,, the sum of n independent Bernoulli random variables of pa-
rameter ), and by W’ the random walk W conditioned on having nonnegative jumps. More
precisely, PIW| = 1] = u(i+1)/(1 — po) for i > 0. Recall that E[W|] = ny/(1 — 1) and that o’
is the variance of W/.

Fix 0 < € < 1. By Lemma 4.2.7 (ii):
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Chapitre 4. Galton-Watson trees conditioned on the number of leaves

() = nP,.; [A(1) =n, ul —en < (f) < % +en| + o 2(n), (4.30)
0

where the estimate oe; /2(n) is uniform in j. It is thus sufficient to control the first term in the
last expression. For [u] < ey/nand 1 <j < nset:

Tn(u) = Ln/uo + uﬁj ) an(u) = \/HP[Srn(u) =nl, bn(u»j) = B%P[Wr/n(u)fn =n _j]a

and using Proposition 4.1.6 write:

Ho Ho
[n/po+en]
> les, =nEw,_, =n—j
p=[n/pno—en]
n/po+en+0(1)
—= nJ

I
3

dx)p [Sixy =n]P {W{an - n_j]

n/po—en+0(1) I_XJ

j ey/n+o(1) n
_J du—"—a, (Wb (1, 3). 431
Bﬁ J—eﬁ+o(l) urn(u)a (u) (u)]) ( )

Let us introduce the following notation. Set ¢ = py/(1 — Ho) and for u, x € R:

1 1 2¢3/2
Flu)= V2ol — ) i Golu, x) = ¢'/Op; <_Cl/ex_ %1{62@0}) '
0 B )

Put Fo(u) = \/EF(ug/Qu). Fix o > 0. Set finally o’ = (1 + (1 — po)'/?). By Lemma 4.3.4, for n
sufficiently large, we have aB,, < «'B;,. We suppose in the following that n is sufficiently large
so that the latter inequality holds.

Lemma 4.5.13. For fixed u € R, we have:

an(u) — FO(u)> sup |bn (u)j) - GO(u)J/B;L” — 0.

n—oo lgjgthn n—o0

Proof. The first convergence is an immediate consequence of Theorem 4.1.10 (iii) after noting
that E[S;] = py and that the variance of Sy is py(1 — pp). The second convergence is more
technical. To simplify notation, set:

dn(uw) =7 (u) —n, Qn(u,j) = c/%p, (“—i — an(u)> |

/
B w

Note that g, (1) = n/c + uy/n + O(1). In particular, B/ ~ cl/eBan(u) as n — oco. Consequently,
by (4.7), [b1,(u,j) — Qn(u,j)| = 0 as n — oo, uniformly in 0 < j < «By. It thus remains to show
that

sup  |Qn(w,j) — Go(w,j/By)l — 0. (4.32)

1< <aBn
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4.5. Conditioning on having exactly leaves

To this end, introduce:

n—j—cqn(u) | /0 ] V2e3/2u
7 +c B—/+—0_/ {02<00}] -
qn(u) n

Kn(u>j) =

Recall that the absolute value of the derivative of p; is bounded by a constant which will be
denoted by M’, giving |Qn (u,j) — Go(u,j/B; )| < MK, (w,j). It is thus sufficient to show that
Kn(uw,j) = 0asn — oo, uniformly in 0 < j < oBy,.

We first treat the case where 02 < oo, so that 0 = 2. In this case, B/, = 0’/n/2, where o’ Zis
the variance of W/. Simple calculations show that K, (u,j) < A/y/n for some A > 1 depending
only on u, so that K, (u,j) = 0 as n — oo, uniformly in 0 <j < «B,,.

Let us now suppose that 0> = co. First assume that 8 < 2. Choose 1 > 0 such that €’ :=
1/6 —m —1/2 > 0. By Proposition 4.1.7 (i), for n sufficiently large, B, ) > n!/®=n. Moreover,
we can write Bg/(cl/eBgn(u)) = 1 + en(u) where, for fixed u, e,(u) = 0 asn — oo. Putting
these estimates together, we obtain that for large n and for 1 <j < aBq:

1/6 L

J e (w) 4 cuy/n + 0(1)

Kn(u>j) = |C
n B

cu 1
<olcfe, (u) + e +0 <n1/4> ,

which tends to 0 as n — oo.

We finally treat the case when 02 = oo and 8 = 2. Recall the definition of the slowly varying
function h' introduced in Section 4.3.1 and let €, (u) be as previously. By the remark following
the proof of Theorem 4.1.10, h' is increasing so that for n large enough:

1
<a’cl/een(u)+A;+O( )

e ] cuy/n+ 0(1)
C/G_en(u)+ h(n/(20)) /A

B h(qn (W) y/qn(u)

for some A > 0. The latter quantity tends to 0 as n — oo since h/(n) — oo as n — oo by the
remark following the proof of Theorem 4.1.10. This completes the proof. O

Proof of Lemma 4.5.4 (ii). From Theorem 4.3.5 we have the bound a,, (1) < C(1 Au~?) and by
(4.7), the functions b,, are uniformly bounded. Since, for j < aB,,,

evn

@ (Wb (1) — o j b )

Kn(u»j) =

j

B_/ du

—evmn rn(u)

[t

— Mo,

evn
< Coc/J du(l Au?)
—eym

Tn(u)

it follows from the dominated convergence theorem that:

sup
1Sj<aBn

)' evn n ) ev/n
Byl J du Un (u)bn(u> J) — 5 Ho J du Un (u)bn(u> )) — 0. (433)
n—o0

Bi\ —e/m rn(u) BA —e/m

Recall that q; (x) = xp1(—x). By (4.30), (4.31) and (4.33), to prove Lemma 4.5.4 (ii), it is sufficient
to establish that:

sup
1<j<aBn

ev/m
pOJ duan, (u)by(w,j) — c¥py <—
—eym

) ‘ — 0 (4.34)

n—oo

Bn/Mo

103



Chapitre 4. Galton-Watson trees conditioned on the number of leaves

Let us first show that:
eyn +o00
sup ugj dua,(u)bn,(w,j) — uOJ duFo(w)Go(w,j/B)| — 0. (4.35)
1< aBn —eyn 00 n—oo
To this end, let us prove the following stronger convergence:
evn
J du ( sup |an(u)bn(u,j) —Fo(u)Go(u,i/BL)l) — 0. (4.36)
—ey/m 1<j<aBy n—oo

It is clear that the function Gy is uniformly bounded. Recall that the functions b,, are uniformly
bounded as well. Moreover, Fy is an integrable function and we have the bound a,, (u) < C(1 A
u~?). The convergence (4.36) then follows from Lemma 4.5.13 and the dominated convergence
theorem. This proves (4.35).

To conclude, we distinguish two cases. First assume that 02 < o0, so that 8 = 2. Then
W/ has finite variance o’> as well. Recall that /> = (0% — 1g)/(1 — o) — (o/(1 — 1))? and
B, = o’\/n/2. A straightforward calculation based on the fact that, for &, 3,7y, > 0,

+
J = —au? —B(y+dou)? \/7_r oy?

due e = —L ¢ o/p+s?

o Vo + 362

gives:

oo +o0 : 503/2
FLOJ duFo(u)Go(w,j/By) = J du poFo(u)c?p, <01/2 / ) Ve u)
o

S SIS \/n/2 o’

c/2p, S — ¢!/, (_ ) >
oyv/1n/(2u0) B /uo

By combining this with (4.35), we get (4.34) as desired.
Now assume that 0 = oco. In this case:

+o0 +00 . .
o] duRIGa(u /B = | dupaRolwe Ops (<02 ) =ty (e
" " 4.37)
By Lemma 4.3.4, B!, /B, /., — ¢/?, which implies:
sup  |p1 o)) i — ) — 0. (4.38)
1<j< By B/ B/ n—o00
By combining (4.37) and (4.38) with (4.35), we get (4.34) as desired. O]

4.6 Convergence of rescaled Lukasiewicz paths when
conditioning on having exactly n leaves

We have previously established that the rescaled Lukasiewicz path, height function and con-
tour process of a tree distributed according to P,,[-[A(T) = n] converge in distribution on [0, a
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4.6. Convergence of rescaled LuKasiewicz paths when conditioning on having exactly . leaves

for every a € (0, 1). Recall that by means of a time-reversal argument, we were able to extend
the convergence of the scaled height and contour functions to the whole segment [0, 1]. How-
ever, since the Lukasiewicz path W(T) of a tree distributed according to P, [-|A(T) = n] is not
invariant under time-reversal, another approach is needed to extend the convergence of W(t)
(properly rescaled) to the whole segment [0, 1]. To this end, we will use a Vervaat transforma-
tion. Let us stress that the Lukasiewicz path of a tree distributed according to P,[-|A(T) = n]
does not have a deterministic length, so that special care is necessary to prove the following
theorem.

Recall that p is a probability distribution on N satisfying the hypothesis (Hg) for some 0 €
(1, 2]. Recall also the definition of the sequence (B,,), introduced just before Lemma 4.1.11.

Theorem 4.6.1. For every n > 1 such that P, [A(T) = n] > 0, let t,, be a random tree distributed
according to P, [-|A(t) = n]. Then:

(d)

(Xe;0 <t <) under N(-|C=1). (4.39)

n—oo

1
(B Wit (tn); 0 <t < 1)
Cltn)

As previously, to avoid further technicalities, we prove Theorem 4.6.1 in the case where
P,[A(t) = n] > 0 for all n sufficiently large. Throughout this section, (W;, ) > will stand for the
random walk of Proposition 4.1.4. Introduce the following notation for n > 0 and u > 0:

3
AN

/\(Tl) = 1{Wj+1—Wj:—1}) TU_ = mf{k 2 0, /\(k) = L‘LLJ }, C = 1nf{k > 07 Wk = —]_} (440)

j

Il
o

For technical reasons, we put B,, = B|,,| foru > 1.

Lemma 4.6.2. The following properties hold.
T, 1

n Ho

(i) We have P [

1
> mevzd oey/2(n).

WLiTanJ; 0<t< a> ) (X¢; 0 < t < a) under P.

n—oo

(ii) For every a > 0, (B

n/Ho

Proof. The first assertion is an easy consequence of Lemma 4.2.5 (i). For (ii), we use a general-
ization of Donsker’s invariance theorem to the stable case, which states that (WLnt 1/Bn;t > 0)
converges in distribution towards (X¢; t > 0) as n — oo. See e.g. [57, Chapter VII]. By (i), T,/n
converges almost surely towards 1/, and (ii) easily follows. O

4.6.1 The Vervaat transformation

We introduce the Vervaat transformation, which will allow us to deal with random paths
with no positivity constraint. Recall the notation x'*) introduced in Section 1.3.

Definition 4.6.3. Let k > 1 be an integer and let x = (x1,...,xx) € Z*. Set w; = x; + -+ + x;
for 1 <j < k and let the integer i,(x) be defined by i,(x) = inf{j > 1;w; = min;<i<x wi}. The
Vervaat transform of x is defined as V(x) = x(t*)),
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Chapitre 4. Galton-Watson trees conditioned on the number of leaves

Also introduce the following notation for positive integers k > n:
K
88(m) ={(x1,...,xx) €{-1,0,1,...}; in = —land Card{l <i<k; x; =—1}=n},
i=1

as well as:

8 () ={(x1,...,x) €85(n); ¥ x> —1foreveryme{1,2,...,k— 1}}
i=1

Finally set 8(M) = Ur=n8 (n).

Lemma 4.6.4. Let k > n be positive integers. Set Z* = (W, Wy — Wy, ... Wy — Wy ).

(i) Conditionally on the event {W, = —1}, the random variable i.(Z*) is uniformly distributed on
{1,2,...,k} and is independent of V(Z*).

(i) Letx € §"(n). Then:
PV(Z") =x,Z¢ = —1] = %JP V(Z") =x] . (4.41)
Proof. The first assertion is a well-known fact, but we give a proof for the sake of completeness.
Letx € gk(n) with k > n. Then:
K , 1
Y P9 =x] = P[V(ZY) =x]. (4.42)

i=1

For the first equality, we have used the fact that Z* and (Zk) ) have the same law. The second
equality follows from the fact that by the Cyclic Lemma, there exists a unique 1 < i, < k such

that (Zk)(i*) € Un>1§k(n), which entails V(Z*) = (Zk)(i*). Then, for 1 <i < k:
P[1.(25) =1, V(Z¥) = x] = P[(Z5) =x] = P[2* =] = 1P [V(Z5) = x].

The conclusion follows.
For (ii), write x = (x4, ..., xx) and observe that

P [V(Z¥) =x,Z§ = —1] =P [V(Z") = x, %1, (zx) = —1] .
The conclusion follows from (i) since Card{l <i<k; x; = —1} =n. ]
Proposition 4.6.5. For every integer n > 1, the law of the vector V(W1, Wy — W, ..., Wt

under P [- | Wr, = —1] coincides with the law of the vector (W (T), Wa(T) — Wy (T),. .., '
Wen)(T) = We(r)—1(T)) under P, [-|A(T) =nl.

- WTnfl)
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4.6. Convergence of rescaled LuKasiewicz paths when conditioning on having exactly . leaves

Proof. To simplify notation set Z = (W, Wy, — W,..., Wy, — W+, _4). Fix an integer k > n, and
set Z8 = (W ,Wo — W, ..., Wi — W, _;). Letx = (xq,...,xx) € gk(n). We have:

PIV(Z) =x|Wr, =—1] =P [V(Z*) =x, T, = k| Wy, =—1]
simply because Z = Z* on the event {T,, = k}. Then write:

PIV(Z) =xIWs = 1] = PVE)=xTu=k PV(Z¥)=xZ}=1]

P Wy, = —1] P Wy, = —1]
_ nP[V(ZM=x] P[ZF=x] = Plz=x
T XPWr =1 PWr =1 "PWi = 1]
B nP [Z € §(n)] B _
BIWs __1]]P>[Z—XIZES(T1)},

where we have used (4.41) for the third equality and (4.42) for the fourth equality. Summing
over all possible x € gk(n) and then over k > n, we get P [Wy, = —1] = nP [Z € S(n)]. As a
consequence, we have P[V(Z) = x| Wy, =—1] =P [Z =x|Z¢e g(n)} for every x € §(n).

On the other hand, by Proposition 4.1.4, for every x € §(n),

P, [(Wl('t), oy We o (1) = Wer)—1(1)) = x|A(T) = n] =P [ZC =x|A(Q) = n}

where we have used the notation ¢ introduced in (4.40). The probability appearing in the right-
hand side is equal to P [Z =x|Ze S(n)} because {A({) = n} = {Z € 8(n)}, and moreover we
have { = T,, and Z% = Z on this event. We conclude that:

Py [(Wi(T)y. .., We () (1) = Weo—a (1)) =xIA(T) =n] = P[Z=x|Ze §(n)]
= PIV(Z) =xWy, =—1].

This completes the proof. O

Definition 4.6.6. Set Dy([0,1],R) = {w € D([0,1],R); w(0) = 0}. The Vervaat transformation
in continuous time, denoted by V : Dy([0, 1], R) — D([0, 1], R), is defined as follows. For w €
Dy ([0, 1],R), set g; (w) = inf{t € [0, 1]; w(t—) A w(t) = inf 1) w}. Then define:

w(gl(w) + t) — inf[o)l] w, if gl(w)

vt = {w(gl(w) +t—1) + w(1) —infy w ifg(w)

Corollary 4.6.7. The law of <ﬁWLC(T)tJ (1); 0<t< 1> under P [-|A(t) = n] coincides with the
law of V (ﬁWLTntJE 0<t< 1) under P[-|Wr, = —1].

This immediately follows from Proposition 4.6.5. In the next subsections, we first get a limit-
ing result under P [- | Wy, = —1] and then apply the Vervaat transformation using the preceding

remark. The advantage of dealing with P [- | Wy, = —1] is to avoid any positivity constraint.
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Chapitre 4. Galton-Watson trees conditioned on the number of leaves

4.6.2 Time Reversal

The probability measure P [- | Wr, = —1] enjoys a time-reversal invariance property that will
be useful in our applications. Ultimately, as for the height and contour processes, this time-
reversal property will allow us to get the convergence of rescaled Lukasiewicz paths over the
whole segment [0, 1].

Proposition 4.6.8. Fix two integers m > n > 1 such that P[W,, = 0, A(m) =n] > 0. For 0 < i<
m, set Wi(m) = Wi — Win_i. The law of the vector (W, ..., Wy ) under P[-|W,, =0, A(m) =n]
coincides with the law of the vector (\//V\ém), o ,\//V\T(nm)> under the same probability measure.

Proof. This is left as an exercise. O

4.6.3 The Lévy Bridge
The Lévy bridge X°* can be seen informally as the path (X;; 0 < t < 1) conditioned to be at

level zero at time one. See [15, Chapter VIII] for definitions.
Proposition 4.6.9. The following two properties hold.

(i) The continuous Vervaat transformation V is almost surely continuous at X** and V(X has the
same distribution as X under N(-|{ = 1).

(ii) Fix a € (0,1). Let F be a bounded continuous functional on D([0, al, R). We have:

plfa(_xa)

br. _ .
E[F(X50<t<a)] =E|F(X;0<t< a) 1(0)

Proof. The continuity of V at X' follows from the fact that the absolute minimum of X" is almost
surely attained at a unique time. See [25, Theorem 4] for a proof of the fact that V(X"") has the
same distribution as X under N( - | = 1). For (ii), see [15, Formula (8), chapter VIIL3]. O

4.6.4 Absolute continuity and convergence of the Lukasiewicz path

By means of a discrete absolute continuity argument similar to the one used in Section 5, we
shall show that for every a € (0,1) the law of <ﬁWLTntJ; 0<t< a) under P[-|Wy, = —1]
converges to the law of (X?*,0 < t < a).

Lemma 4.6.10. Fix a € (0,1) and let n be a positive integer. To simplify notation, set W) =
(Wo, Wi, ..., W) for u > 0. For every function f : Uis1Z' — R, we have:

E [f(We) | Wy, = 1] =E {f(w(am)xn—w (WTM)] |

Xn(0)

where X (j) = P;[Wr, = —1] for every j € Z and k > 1, and W starts from j under the probability
measure IP;.

Proof. This follows from the strong Markov property for the random walk W. O
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Lemma 4.6.11. For every « > 0, we have lim sup |Bn,/u,xn(G) —P1 <— ) ) ’ =0.

N300 151 W B, B/

Note that j is allowed to take negative values. Note also that Lemma 4.6.11 implies that
Xn(0) ~p1(0)/Br/p, as N — o0.

Proof. Fix € € (0,1). Using Lemma, 4.6.2 (i), we have:
Xn() =P;Wr, =—1] = P[Wy, =—j—1]

Ty — —
Ho

= Z PWyx =—j —1, T, = k] +oey/2(n)

[k—n/pol<en

= 1w ) PWe=—j,Ak—1) =n—1]+oe(n)

[k—n/pol<en

= IP’{WTn:—j—l,

< en} + o0ey/2(n)

Recall that S, stands for the sum of n iid Bernoulli random variables of parameter p, and
that W’ is the random walk W conditioned on having nonnegative jumps. By (4.5):

Pj[Wr, = —1]
= w Y P =n—1PW, ,=n—j—1] +oe;(n)

[k—n/uol<en

n/po+en+0(1)
= MOJ dxP [SLXfIJ =n-— 1} P [W(Xj_n =n—j— 1} +0e/p(M).

n/pp—en+0(1)

ev/n+o(l) /
- duviP S| . =n—1|P|W/, —n—j—1
Ho J—E\/H-FO(I) uﬁ I‘TO_HL\/H_IJ b |: LTOjLu\/ﬁJin ) }
+ oeq/a(n).
For [u| < ey/n, set:
Gn(W) = VAP (S| oy ) =01
Using the notation of Section 4.5.5, we have then:
ev/n+o(l) B
BLP, Wy, = —1] = HOJ dU @ (Wb (1] + 1) + o€y o (1),
—ey/n+o(1)
The same argument that led us to (4.34) gives that:
sup [B/LP;[Wy, = —1] —c'/°p, (— >‘ — 0.
ljl<aBn Bn/uo n—o0
The conclusion follows from that fact that B/, /B, /., — ¢!/°. O

All the necessary ingredients have been gathered and we can now turn to the proof of the
theorem.
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Chapitre 4. Galton-Watson trees conditioned on the number of leaves

Proof of Theorem 4.6.1. Let F : D([0,al,R) — R, be a bounded continuous function. Fix a €
(0,1) and « > 0. To simplify notation, we set A% = {[Wr_ | < aBn/y, } as well as G™(W) =

F (ﬁww 0<tS a>. We apply Lemma 4.6.10 with f(Wo, Wi, ..., Wr,. ) = G(™ (W)1xg
n/uo a '‘an
and get:

n— an W
E (G (W)lag IWa, = —1] = |6 (W1, Xeslen T

Xn (0
Lemma 4.6.11 then entails:

lim
n—oo

1—(1)_1/6 WT
E[GM W) laa |Wr =—1] —E G(“)Wla(— —— lan =0
(G (W) Lag [ W, = —1] { Wi T (5

From Lemma 4.6.2 (ii), we deduce that:

. (m) (1 - a)il/e Xa
T}ET;OE [G (W)lA% |WTn = —1] =K F((Xt)ogtga)l{lxuka}Wpl —m .

By (4.16), we have (1 — a)~'/®p, <_U—%W> = p1_a(—Xa). Consequently, by Proposition 4.6.9
(ii), we conclude that:

lim E [G™ (W) lag Wy, =—1] =E [F(X}Y; 0 <t < a)ljjxuca] - (4.43)

n—oo

By taking F = 1, we obtain:

lim lim P[A W, =—1]=1. (4.44)

X—00 ML— 00

By choosing « > 0 sufficiently large, we easily deduce from the convergence (4.43) that:

1
lim |[E {F( WLLT [0<t< a) W+, :—1} —E[FX;0<t< a)}‘ = 0.
n—o0 /1o a an
Next write: . .
By, i =K g e Ws i)

where K,, = By, /,,,/Bt, and S;, = aT,/Tqn. Lemma 4.6.2 (i) entails that K,, and S,, both converge
in probability towards 1. Lemma 4.5.7 then implies that the law of (#WLT{[ ;0<t< a)

under P[-|Wy, = —1] converges to the law of (X';‘r, 0 < t < a), and this holds for every a €
(0,1).

We now show that the latter convergence holds also for a = 1 by using a time-reversal
argument based on Proposition 4.6.8. By the usual tightness criterion (see e.g. [20, Formula
(13.8)]), it is sufficient to show that, for every n > 0,

1
lim i P —
im lim sup B

sup
0=0 nooo

s€[1-6,1)

WI_TnsJ >

Wy, = —1] —0. (4.45)
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Note that: . .
sup  |5—WTt.s)| = sup —Wy]|.
seli—s,1) | BT, L(1=8)Tn) <k<Tn—1 | BTa
Using this remark, we write:
1
P [ sup B_WLTnsJ >n| Wr, = _1]
s€[1-5,1) Ta
L i P _T k, W 1 L wW >
= = _ — Ssu _—
P [W = _1] — _ n ) k ) 56[1—2,1) Bk ks | mn
Ho - [ 1
= PIA(k—1)=n—1, Wi =0, su —W >
P[Wr, =—1] an ( ) P ’ 56[1}2,1) Bk Lis] ﬂ]
Ho = | 1
<———— PIA(k—1)=n—1,W,_; =0 sup ——W >
P Wy, =—1] 1;1 I L " se0,541/% | Bx Lks]
1
=P [ sup —Wt.5)| >n| Wr, = —1] ,
SE[O,5+1/TTL] TTL

using Proposition 4.6.8 in the upper bound of the last display. (4.45) then follows from the
fact that that the law of (#WLT& ;50<t< a> under P[- Wy, = —1] converges to the law of

(Xbr,0 < t < a) for every a € (0, 1). We conclude that this convergence also holds for a = 1.
We then combine the continuous Vervaat transformation V with the latter convergence.
Since V is almost surely continuous at X** (Proposition 4.6.9 (i)), we get that the law of

1

A% (_WLTntJ; 0<t< 1)
B,

n

under P[-|Wr, = —1] converges to the law of V(X""). Corollary 4.6.7 and Proposition 4.6.9 (i)
entail:

(d)

1
( Wic(tt] (th); 0 <t < 1) (Xt;0 <t < 1)under N(-|¢=1).

Be(tn)

n—o0

This completes the proof. O

4.7 Application: maximum degree in a Galton-Watson tree
conditioned on having many leaves

In this section, we study the asymptotic behavior of the distribution of the maximum degree
in a Galton-Watson tree conditioned on having n leaves. To this end, we use tools introduced
in Section 6 such as the Vervaat transformation and absolute continuity arguments.

As earlier, we fix 0 € (1,2] and suppose that p is a probability distribution satisfying the
hypothesis (Hg). For every n > 1 such that P, [A(t) = n] > 0, let also t,, be a random tree

111



Chapitre 4. Galton-Watson trees conditioned on the number of leaves

distributed according to P,[-[A(T) = n]. If T € T is a tree, let A(T) = max{k,; u € T} be the
maximum number of children of individuals of T. We are interested in the asymptotic behavior
of A(ty).

The case 1 < 0 < 2 easily follows from previous results. Indeed, let (B,,)n>1 be defined as
before Lemma 4.1.11. Then, by Theorem 4.6.1 and Remark 4.5.10:

u(l)/ew . O < <1 (d) Xexc 446
B Vietwy (th); 0 <t < — . (4.46)

If Z € D([0,1],R), let A(Z) be the largest jump of Z. Note that by construction, A(W(t,))) =
A(t,) — 1. Since A is a continuous functional on D([0,1],R), (4.46) immediately gives that
ué/ eZ(X) /B converges in distribution towards A(X®<), which is almost surely positive.

However, in the case 0% < oo, A(X®*) = 0 almost surely since X is continuous. It is nat-
ural to ask whether the suitably rescaled sequence A(t,,) converges to a non-degenerate limit.
A similar question has been previously studied by Meir & Moon [84] when t,, is distributed
according to P, [ - | {(T) = n]. We shall make the same assumptions on p as Meir & Moon.

More precisely, let v be a critical aperiodic probability distribution on N with finite variance.
Let R be the radius of convergence of ) v(i)z'. We say that v satisfies hypothesis J if the
following two conditions hold: R > 1 and if R < oo, v(n)!/™ converges towards 1/R as n — oo,
if R = oo there exists N > 0 such that the sequence (v(k)'/*), >\ is decreasing.

Theorem 4.7.1.

(i) If 1 < 0 < 2, we have 1)/ *A(tn)/Bn LY

A(XeXC).

(ii) Set D(n) = max{k > 1; u([k,00)) > 1/n}. If 0 < oo, under the additional assumption that w
satisfies hypothesis J, we have for every e > 0O:

n—oo

P(1—-¢)D(n) <A(ty) < (1+€¢)D(n)] — 1L
n—o00
Part (i) of the theorem follows from the preceding discussion. It remains to prove (ii). We

suppose that p satisfies the assumptions in (ii). The first step is to control the asymptotic be-
havior of D(n).

Lemma 4.7.2 (Meir & Moon). Let € > 0. For n sufficiently large:
n([(1—e)D(n),00)) > n =7, u([(1+€)D(n),00)) <n ¢/
Proof. See the proof of Theorem 1 in [84], which uses the different assumptions made on p. [

Proof of Theorem 4.7.1 in the case 0° < co. The idea of the proof consists in showing that if the
Lukasiewicz path of a non-conditioned Galton-Watson tree satisfies asymptotically some prop-
erty which is invariant under cyclic-shift (with some additional monotonicity condition), then
the Lukasiewicz path of a conditioned Galton-Watson tree satisfies asymptotically the same
property.

We first establish the lower bound. Recall the notation introduced in (4.40). For every u =
(U.l, Ce ,uk) € Zk, set M(ll) = maxigigk Wi, SO that A(tn) = M(Wl(tn)—WO(fn), c. )WC(fn) (tn)_
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4.7. Application: maximum degree in a Galton-Watson tree conditioned on having many leaves

We(t,)—1(tn)) + 1. Note that M is invariant under cyclic shift. Set p,, = (1 —€)D(n). To simplify

notation, for uy, ..., ux € Zset F™ (uy, ..., uk) = Lpnt(us,.. ) <pnt- We have:
P [A(tn) < Pn + 1] - Eu [F(n)(wl (T) - WO(T)) ceey e >WC(T)(T) - WC(T)fl(T))) |7\(T) = TL]
= E[F™(V(Wy,Wo — Wi, ,Wr, —Wr, 1)) [ Wy, =—1]
= E[F™ (W, Wo —Wy,..., Wy, —Wr, )| Wy, =—1], (4.47)

where we have used Proposition 4.6.5 in the first equality, and the fact that F')(V(u)) = F(™) (u)
for every u € Z* (k > 1) in the second one. To simplify notation, we put F]((n) (W) = F (W1, Wy —
Wi,..., W, — W,_;). Note that E [F(T:)(W) Wi, = —1] <E [F(T:/)Q(W) Wy, = —1]. In order
to establish the lower bound in Theorem 4.7.1 (ii), it then suffices to prove that the quantity
E F(T o (W) Wy, = —1} tends to 0 asn — oo. Let « > 0, and let the event A be defined by

5= { Wi, < aov/n/ o)}

where 07 is the variance of . By Lemma 4.6.2 (i), we have:

E [F(M( )| Wi, = —1]

<E [Iage W, = —1] +E [ (W)liag, 2 cr,oc ) | Wa, = —1] +o0e15(n)

By Lemma 4.6.10:

E|F, (W) liag, o <t

n/2 n>4,_L X In/2X

_ g | Xn—(n/2) Wr,,)
<z} [ Wr, = ] =E [FTH/Q(W)l{An,%0 T/p<) e (0) )
where x»(j) = P;[Wy, = —1]. By Lemma 4.6.11, there exists C > 0 such that for every n large
enough, Xn—|n/2 ( Tu/2 ) /Xn(0) < C on the event A%. By combining the previous observations,
we get:

E [F, (W)W, = 1]

Tn/2

<E[LiageIWr, = —1] + CE[F

n/2

(W)hﬁgﬂng%}] +oep(n). (448)
By (4.44), we have:
lim hm E [1{Aa}c | Wy, = —1} =0.

xXx—oo n—r

Let us finally show that the second term in the right-hand side of (4.48) tends to zero as well.
We have:

8 F‘(l' /2(W)1{K\ Tn/2S g }] < P [M(Wl’w2 —Wi,... »WLn/4u0J - WLn/4qu—1) < pn]
= ]P[Wl < pn] [n/4mo] (1 _ P[W1 > pn])Ln/zluoj .

The first part of Lemma 4.7.2, implies that the last quantity tends to 0 as n — oco. By combining
the previous estimates, we conclude that P[(1 — €)D(n) > A(t,,)] = 0 asn — oo.
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Chapitre 4. Galton-Watson trees conditioned on the number of leaves

Let us now establish the upper bound. Set q, = (1 + €)D(n). By an argument similar to
the one we used to establish (4.47), we get P[A(t,) > qn + 1] = PIM(W,, ..., Wy, — W7, 1) >
qn | Wr, = —1]. It follows that:

PA(ty) > qn +1] < PIM(W;, Wy =W, ... >WTn/2 - WTn/rl) > gn | W, = —1]
+PM(W+. . — Wt

n/2 n/g*l)"')WTn_WTnfl) > qn’WTn :_1]

By a time-reversal argument based on Proposition 4.6.8, it is sufficient to show that the first
term of the last expression tends to 0. To this end, we use the same approach as for the proof

of the lower bound, taking this time Fl((n) (W) = Liws,..,We—wi_1)>qn)- 1t is then sufficient to
verify that:

To this end, write:

P[M(W1>W2 - Wl) s )Wl_n/uoj - W\_n/uojfl)) > qn]
= 1 (1—PW; > q)™

=
R
7
=
-
z
b3
N
S_{
N
E
—_
/AN

which tends to 0 asn — oo by Lemma 4.7.2. By combining the previous estimates, we conclude
that P[(1 4 €)D(n) < A(t,,)] = 0 as n — oo. This completes the proof of the theorem. O

Remark 4.7.3. In particular cases, it is possible to obtain better bounds in the previous theorem.
Let pbe defined by u(0) = 2—v/2, u(1) = 0and p(i) = ((2 — \/5)/2)171 fori > 2 (this probability
distribution appears when we consider the tree associated with a uniform dissection of the n-
gon, see [28]). One verifies that  is a critical probability measure. For n > 1, let t, be a random
tree distributed according to P,[-|A(t) = nl]. One easily checks that p is the unique critical
probability measure such that t,, is distributed uniformly over the set of all rooted plane trees
with n leaves such that no vertex has exactly one child. In this particular case, Theorem 4.7.1
(ii) can be strengthened as follows:

Pllog, n — clogy, logy, 1 < A(t,) < logy, n+ clogy logyn]  — 1, (4.49)
n—oo

for every ¢ > 0, where b = 1/u(2) = V2 + 2. Indeed, the proof of Theorem 4.7.1 shows that it is
sufficient to verify that for every c > 0:

(1—PIW; > log, 1. — clog, log, n])™*** — 0, (1= PIW, > log, 1+ clogy, log, n))™ ™ — 1.

n—oo n—o0o

These asymptotics are easily obtained since the probabilities appearing in these two expressions
can be calculated explicitly.

The convergence (4.49) yields an interesting application to the maximum face degree in a
uniform dissection (see [28, Prop. 3.5]).
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4.8 Extensions

Recall that if A is a non-empty subset of N and 7 a tree, (4(7) is the total number of vertices
u € 7 such that k(1) € A. For a forest f, (4(f) is defined in a similar way. In this section,
we extend the results (I) and (II) appearing in the Introduction to the case where A # {0}. By
slightly adapting the previous techniques, it is possible to obtain the following more general
result.

Recall that p is a probability distribution on N satisfying the hypothesis (Hg) for some 6 €
(1, 2]. We also consider the slowly varying function h and the sequence (B, )» > introduced just
before Lemma 4.1.11.

Theorem 4.8.1. Let A be a non-empty subset of N. If u has infinite variance, suppose in addition that
either A is finite, or N\A is finite.

(I) Let d > 1 be the largest integer such that there exists b € N such that supp(n)\A is contained in
b + dZ, where supp(n) is the support of w. Then :

d(b—1,d
PulCalt) =n]  ~ u(ﬂ)l/epl(o)%

for those values of n such that P, [C4(T) =n] > 0.

(II) For every n > 1 such that P, [{4(t) =nl > 0, let t, be a random tree distributed according to
P.[-|Ca(t) =nl. Then

Bty

! B¢,
W )y 7 ) © tn)y = He (e (tn
(Bc(tn) \_C(tn)tJ( )) C(tn) Qc(tn)t( )) C(tn) C(fn)t( ))

0<t<1
converges in distribution to (X, H*¢, H*) as n — oo.

Theorem 4.8.1 can be established by the same arguments used to prove Theorems 4.3.1,4.5.9
and 4.6.1. The main difference comes from the proof of the needed extension of Lemma 4.5.4
(ii), which is more technical. Let us explain the argument leading to the convergence

lim sup
n—oo 1<].<O(Bn

NP ; [Ca(f) =nl —qu ( )‘ =0. (4.50)

B/

The first step is to generalize Proposition 4.1.6 and find the joint law of ((f), C4(f)) under
P..; (which is the contents of the latter proposition in the case A = {0}). To this end, let p and p’
be the two probability measures on N U {—1} defined by:

p(i+1)  .e w(it+1)  aps
o(i) = 4 HH ifi+1ledA (i) = 4 RO ifi+1¢A
0 otherwise 0 otherwise.

It is then straightforward to adapt Proposition 4.1.6 and get that:

Py [(6) = p, Calf) = 1] = %Msp ] PIW/

P—m
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Chapitre 4. Galton-Watson trees conditioned on the number of leaves

where S, is the sum of p independent Bernoulli random variables of parameter p(A), (W) )n>1
is the random walk started from 0 with jump distribution p’ and (U, )n>1 is an independent
random walk started from 0 with jump distribution p. Note that —U,, =n when A = {0}.

First suppose that p has finite variance. Then both W| and U, have finite variance. As in the
proof of Lemma 4.5.4, we have, for 0 < € < 1:

n/u(A)+en+0(1) J
WPy Lalf) =) = | ax B[S =] B [W(y = —Un —j| +0eso(n)
n/p(A)—en+0(1) |x]
(4.51)

By the law of large numbers, we can suppose that P [[U,, — nE [U,]| > en] < € for n sufficiently
large. Set t, (v) = Ln]E U] + vﬁj forn > 1 and v € R. It follows that:

ev/m+o(1)
P [W(XJ_n — U, —j} —J dvy/n P [W(XJ_H — . (v) —j] PU, = t,(v)]| < e.
—ey/Mn+o(1)
The local limit theorems give bounds and estimates for the quantities P [W[X |on=—ta(v) — j]

and P [U, = t,(v)]. As previously, we can then use the dominated convergence theorem to

obtain an estimate of P [W(X |on =

—Uu, — j} as n — oo. We substitute this estimate in (4.51)

and using once again the dominated convergence theorem we obtain (4.50).

Now suppose that p has infinite variance and that A is finite. Then W/ is in the domain of
attraction of a stable law of index 0 and U, has bounded support hence finite variance. The
proof of (4.50) then goes along the same lines as in the finite variance case.

When p has infinite variance and N\ A is finite, W/ has finite variance and U, is in the domain
of attraction of a stable law of index 0. The proof of (4.50) goes along the same lines as when

u has finite variance by interchanging the roles of W’ and of U (see [68] for details in the case
A =N).
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Galton-Watson trees
T e N N —

Les résultats de ce chapitre sont issus de I'article [71], soumis pour publication.
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We study a particular type of subcritical Galton-Watson trees, which are called non-generic
trees in the physics community. In contrast with the critical or supercritical case, it is known
that condensation appears in certain large conditioned non-generic trees, meaning that with
high probability there exists a unique vertex with macroscopic degree comparable to the total
size of the tree. We investigate this phenomenon by studying scaling limits of such trees. Us-
ing recent results concerning subexponential distributions, we study the convergence of three
functions coding these trees (the Lukasiewicz path, the contour function and the height func-
tion) and show that the situation is completely different from the critical case. In particular, the
height of such trees grows logarithmically in their size. We also study fluctuations around the
condensation vertex.
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Introduction

The behavior of large Galton-Watson trees whose offspring distribution p = (i )i>0 is critical
and has finite variance has drawn a lot of attention. If t,, is a Galton-Watson tree with offspring
distribution u (in short a GW,, tree) conditioned on having total size n, Kesten [65] proved
that t,, converges locally in distribution as n — oo to the so-called critical Galton-Watson tree
conditioned to survive. Aldous [5] studied the scaled asymptotic behavior of t, by showing
that the appropriately rescaled contour function of t,, converges to the Brownian excursion.

These results have been extended in different directions. The “finite second moment” condi-
tion on p has been relaxed by Duquesne [36], who showed that when p belongs to the domain
of attraction of a stable law of index 6 € (1, 2], the appropriately rescaled contour function of
t, converges towards the normalized excursion of the 6-stable height process, which codes the
so-called 0-stable tree (see also [68]). In a different direction, several authors have considered
trees conditioned by other quantities than the total size, for example by the height [66, 72] or
the number of leaves [94, 70].

Kennedy [63] noticed that, under certain conditions, the study of non-critical offspring dis-
tributions reduces to the study of critical ones. More precisely, if A > 0 is a fixed parameter such
that Zy = 3~ ;- A" < oo, set uMN = WiAt/Z, for i > 0. Then a GW,, tree conditioned on having
total size n has the same distribution as a GWH(M tree conditioned on having total size n. Thus,
if one can find A > 0 such that both Z, < oo and u'M is critical, then studying a conditioned
non-critical Galton-Watson tree boils down to studying a critical one. This explains why the
critical case has been extensively studied in the literature.

Let u be a probability distribution such that py > 0 and p, > 0 for some k > 2. We are
interested in the case where there exist no A > 0 such that both Z, < co and u» is critical (see
[59, Section 8] for a characterization of such probability distributions). An important example
is when p is subcritical (i.e. of mean strictly less than 1) and p; ~ ¢/iP as i — oo for a fixed
parameter 3 > 2. The study of such GW,, trees conditioned on having a large fixed size was
initiated only recently by Jonsson & Stefdnsson [62] who called such trees non-generic trees.
They studied the above-mentioned case where p; ~ c/iP as i — oo, with B > 2, and showed
that if t,, is a GW,, tree conditioned on having total size n, then with probability tending to
1 asn — oo, there exists a unique vertex of t,, with maximal degree, which is asymptotic to
(1 — m)n where m < 1 is the mean of p. This phenomenon is called condensation and appears
in a variety of statistical mechanics models such as the Bose-Einstein condensation for bosons,
the zero-range process [61, 52] or the Backgammon model [17] (see Fig. 5.1).

Jonsson and Stefansson [62] have also constructed an infinite random tree T (with a unique
vertex of infinite degree) such that t,, converges locally in distribution towards T (meaning
roughly that the degree of every vertex of t,, converges towards the degree of the corresponding
vertex of ‘J) See Proposition 5.2.4 below for the description of T. In [59], Janson has extended
this result to simply generated trees and has in particular given a very precise description of
local properties of Galton-Watson trees conditioned on their size.

In this work, we are interested in the existence of scaling limits for the random trees t,,.
When scaling limits exist, one often gets information concerning the global structure of the
tree, which does not seem to follow from the existence of local limits.
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Figure 5.1: The first figure shows a non-generic Galton-Watson tree with 24045
vertices. The second figure shows a critical Galton-Watson tree with finite variance
and with 55803 vertices.

Notation and assumptions. Throughout this work 0 > 1 will be a fixed parameter. We say
that a probability distribution (u;);>¢ on the nonnegative integers satisfies Assumption (Hg) if
the following two conditions hold:

(i) pis subcritical, meaning that 0 < Z ju < L
=0
(ii) There exists a function £ : R, — R, such that £(x) > 0 for x large enough as well
as limy_, £(tx)/L(x) = 1 for all t > 0 (such a function is called slowly varying) and
tn = £(n)/n'*e for every n > 1.

Let ¢(7) be the total progeny or size of a tree T. Condition (ii) implies that P, [((T) =n] > 0 for
sufficiently large n. Note that (ii) is more general than the analogous assumption in [62, 59],
where only the case £(x) — c as x — oo was studied in detail. Throughout this text, 6 > 1is
a fixed parameter and p is a probability distribution on N satisfying the Assumption (Hg). In
addition, for every n > 1 such that P, [((T) =n] > 0, t,, isa GW, tree conditioned on having n
vertices (note that t,, is well defined for n sufficiently large). The mean of p will be denoted by
mand wesety =1—m.

We use the standard formalism for (discrete) plane trees, see e.g. [73, Section 1]. Before
stating our results, let us introduce three different coding functions which determine a fi-
nite tree T (see Definition 5.1.3 for details). Recall that ((7) is the total progeny of T, and let
u(0),u(1),...,u(¢(t) — 1) denote the vertices of T in lexicographical order. By definition, the
integer 1i is called the index of u(i). The Lukasiewicz path W(t) = (W,,(7),0 < n < ((7)) is
defined by Wy(t) = 0, and for 0 < n < ¢(1) — 1, Wy11(T) = Wy (1) + k(n) — 1, where k(n) is
the number of children of u(n). For 0 < i < ((7) — 1, define H;(7) as the generation of u(i)
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Chapitre 5. Limit theorems for conditioned nongeneric Galton-Watson trees

and set H¢()(t) = 0 by convention. The height function H(t) = (H¢(1);0 < t < ¢(7)) is then
defined by linear interpolation on the real interval [0, {(T)]. In order to define the contour func-
tion (C¢(T),0 < t < 2(¢(7)), consider a particle that explores the tree from the left to the right,
moving at unit speed along the edges. Then, for every 0 < t < 2(¢(t) — 1), C¢(7) is defined
as the distance from the root of the position of the particle at time t, and we set C;(t) = 0 for
t € [2(¢(T) — 1), 2¢(7)] for technical reasons. See Fig. 1.2 and 1.3 for an example.

We now state our main results after introducing some notation. If x € R, let x| denote
the greatest integer smaller than or equal to x. If I is an interval, we denote the space of all
continuous functions I — R equipped with the topology of uniform convergence on compact
subsets of I by C(I,R), and finally we let D(I, R) denote the space of all right-continuous with
left limits (cadlag) functions I — R, endowed with the Skorokhod J;-topology (see [20, chap.
3] and [57, chap. VI] for background concerning the Skorokhod topology). We will denote by
(Yi)1>0 the spectrally positive Lévy process with Laplace exponent Elexp(—AY,)] = exp(tA*?).

If T is a (finite) tree, we denote the maximal out-degree of a vertex of T by A(t1) (the out-
degree of a vertex is by definition its number of children). Note that A(t) — 1 is equal to the
maximal jump of W(t). Recall that t, is a GW, tree conditioned on having n vertices, and that
u satisfies Assumption (Hg).

Theorem 1. Let U(t,) = min{j > 0; Wj,1(tn) — Wj(tn) = A(tn) — 1} be the index of the first vertex
of tn, with maximal out-degree. Then:

(i) U(t,)/n converges in probability to 0 as n — oo.

(ii) We have:

Wiltn) @
sup — 0
0<isU(ty) T 00

(iii) The following convergence holds in distribution in D([0, 1], R):

W th
n n—oo
(iv) We have:
A(tn) ®

—
YT\- n—oo

Using completely different techniques, a similar result has been proved by Durrett [40, Theo-
rem 3.2] when t,, is a GW,, conditioned on having at least n vertices and in addition p has finite
variance. Property (ii) shows that (tht [(t)/M,0 <t < 1) does not converge in distribution
in D([0, 1], R) towards (y(1 —t),0 < t < 1) and this explains why we look at the Lukasiewicz
path only after time U(t,) in (iii). We will establish later that U(t,) actually converges in dis-
tribution as n — oo, thus improving (i). Theorem 1 shows that, with probability tending to 1
as n — oo, there exists a vertex of t,, with out-degree roughly yn whose index is o(n), and the
out-degree of all other vertices of t, is o(n). In particular the vertex with maximal out-degree
is unique. This is consistent with the previously mentioned results of Jonsson & Stefdnsson
and Janson concerning the local convergence of t,,. The proof of Theorem 1 is based on a con-
nection between the Lukasiewicz path of a GW,, tree and a certain conditioned random walk
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(see Proposition 5.1.4), and combines the Vervaat transformation (see Proposition 5.1.6) with re-
cent results of Armenddriz & Loulakis [9] concerning random walks whose jump distribution
is subexponential.

Let us also mention that there exist probability distributions which do not satisfy Assump-
tion (Hg) but such that Theorem 1 holds, and that there also exist subcritical probability distri-
butions such that Theorem 1 does not hold (see Remark 5.2.2).

We will need the following useful consequence of Theorem 1:

Corollary 1. Fix ¢ € (0,7v). We have U(t,,) = min{j > 0; Wj1(t,) — Wj(t,) = cn} with probability
tending to one as m — oo.

This means that for every ¢ € (0,7y), U(t,) coincides with the index of the first vertex of t,, with
at least cn children, with probability tending to one as n — oo.

We then study the fluctuations of A(t,) around yn. The following statement, which is
a consequence of results of Armendariz & Loulakis [9], establishes a central limit theorem
for A(t,,). Recall that (Y{)>o is the spectrally positive Lévy process with Laplace exponent
Elexp(—AYy)] = exp(tA?/9).

2/\0

Theorem 2. There exists a slowly varying function L such that if B, = L(n)n/(?"®) one has:

Altn) —

At Zyn @)y
Bn n—00

When p has finite variance 02, one may take B,, = 0y/n/2. Theorem 2 has also been obtained

independently of the present work by Janson [59] in the case y,, ~ ¢/n'*® asn — oo (that is

when £ = ¢ 4 o(1)). In the latter case, one may choose L to be a constant function.

Our next result concerns the location of the vertex with maximal out-degree in t,,. In order
to state this result, we first need to introduce some notation. If T is a finite tree, let u, (t) be the
smallest vertex of T (in the lexicographical sense) with maximal out-degree. Note that the index
of u,(7) is U(7) and that the number of children of u,(t) is A(T). Denote the generation of u, (1)

by [w.(T)].

Theorem 3. The following three convergences hold:
(i) Fori> 0, P[U(t,) =il — VP [C(T) =i+ 1]

(ii) Fori>0,P[u,(t)] =1 — (1 —m)m"

n—oo

(iii) The total number of vertices of t., which are not strict descendants of u,(t,) converges in distri-
bution as m — oo to a finite random variable.

Again a result similar to assertion (i) has been proved by Durrett [40, Theorem 3.2] when t,
is a GW,, conditioned on having at least n vertices and in addition p has finite variance. Note
that 3 ;- P, [C(T) > il = E, [C(T)] = 1/v, so that the limit in (i) is a probability distribution.
The proof of (i) combines the coding of t,, by the Lukasiewicz path with the use of local limit
theorems. The proof of the other two assertions uses (i) together with the local convergence of
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Chapitre 5. Limit theorems for conditioned nongeneric Galton-Watson trees

t, towards an infinite random tree, which has been obtained by Janson [59] and was already
mentioned above.

We are also interested in the size of the subtrees grafted on wu,(t,). If T is a tree, for 1 <
j < A(7), let (1) be the number of descendants of the j-th child of u,(t) and set Z;(t) =
Ci(T) + Co(T) 4 - - - + (7). Recall the sequence (B )n>1 from Theorem 2.

Theorem 4. The following convergence holds in distribution in D([0, 1], R):

(ZLA(tn)tJ (tn) — A(ta)t/y 0
B )

|
<t<1> 1) (—Yt,ogt@).
n—o00 ’y

Note that in the case when p has finite variance, we have 6 > 2 and Y is just a constant times
standard Brownian motion.

Theorem 4 yields an interesting consequence concerning the maximum size of the subtrees
grafted on u, (t,).

Corollary 2. If © > 2, maxi<i<a(t,) Gi(tn)/Bn converges in probability towards 0 as n — oo. If
0 < 2, for every u > 0 we have:

P 1 max  (i(tn) gu} R (ﬁue),

B 1<i<A(t) n—00 1—
where T is Euler’s Gamma function.

We then turn our attention to the height H(t,) of t,,, which is by definition the maximal
generation in t,,. We establish that J{(t,,) grows logarithmically in n:

Theorem 5. For every sequence (Ay, )n>1 of positive real numbers tending to infinity:

In(n)
RO R =

Note that the situation is different from the critical case, where J{(t,,) grows like a power of n.
Theorem 5 stems from the fact that J{(t,,) is close to the maximum of the height of A(t,,) inde-
pendent GW, trees. Note that Theorem 5 implies that F((t,)/In(n) — 1/In(1/m) in probability
as n — oo, thus partially answering Problem 20.7 in [59].

As an application of Theorem 5, we investigate the scaled asymptotic behavior of the con-
tour and height functions of t,,.

Theorem 6. Let (1,,)n>1 be a sequence of positive real numbers. For n > 1, set either Y =
(Cont(tn)/mn, 0 <t < 1) or Y = (Hn(tn) /T, 0 < E S D).

(i) If tn/In(n) — oo, then Y™ converges in distribution in the space C([0, 11, R) towards the con-
stant function equal to 0 on [0, 1] as n — oo.

(ii) Otherwise, the sequence (Y™ >, is not tight in the space €([0, 1], R).
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5.1. Galton-Watson trees

Theorem 6 implies that we cannot hope to obtain a nontrivial scaling limit from the contour and
height functions of t,,, in contrast to the critical case (see [36]). This partially answers a question
of Janson [59, Problem 20.11].

This text is organized as follows. We first recall the definition and basic properties of
Galton-Watson trees. In Section 2, we establish limit theorems for large conditioned non-generic
Galton-Watson trees. We conclude by giving possible extensions and formulating some open
problems.

Acknowledgments. I am grateful to Nicolas Broutin for interesting remarks, to Nicolas
Curien for telling me how to simulate trees using Mathematica, to Grégory Miermont for a
careful reading of a preliminary version of this work, to Olivier Hénard for Remark 5.2.2 and
to Jean-Francois Le Gall for many useful comments.

5.1 Galton-Watson trees

5.1.1 Basic definitions

We briefly recall the formalism of plane trees (also known in the literature as rooted ordered
trees) which can be found in [74] for example.

Definition 5.1.1. Let N = {0, 1, 2,. ..} be the set of all nonnegative integers and let N* be the set
of all positive integers. Let also U be the set of all labels defined by:

where by convention (N*)” = {()}. An element of U is a sequence u = u, - --uy of positive
integers and we set [u| = k, which represents the “generation” of u. If u = u;---u; and
vV = v;---vj belong to U, we write uv = u, - --u;v; - - - v; for the concatenation of u and v. In
particular, we have u() = )u = u. Finally, a plane tree T is a finite or infinite subset of U such
that:

i 0em,

(ii) if v € Tand v = ui for some i € N*, then u € T,

(iif) for every u € T, there exists k., (1) € {0, 1,2, ...}U{oo} (the number of children of u) such

that, for every j € N*, uj € Tif and only if 1 <j < k(7).

Note that in contrast with [73, 74] we allow the possibility k, (T) = oo in (iii). In the following,
by tree we will always mean plane tree, and we denote the set of all trees by T. We will often
view each vertex of a tree T as an individual of a population whose T is the genealogical tree.
The total progeny or size of T will be denoted by ((t) = Card(t). If Tis a tree and u € T, we
define the shift of T at u by T, T = {v € U; uv € 7}, which is itself a tree.

Definition 5.1.2. Let p be a probability measure on N. The law of the Galton-Watson tree with
offspring distribution p is the unique probability measure P, on T such that:
(i) Polkg =jl = p(j) forj = 0,
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Chapitre 5. Limit theorems for conditioned nongeneric Galton-Watson trees

(ii) for every j > 1 with p(j) > 0, conditionally on {ky = j}, the subtrees Tyt,..., TjT are
independent and identically distributed with distribution P,,.
A random tree whose distribution is P, will be called a Galton-Watson tree with offspring dis-
tribution p, or in short a GW,, tree.

In the sequel, for every integer j > 1, P, ; will denote the probability measure on T which
is the distribution of j independent GW , trees. The canonical element of T’ is denoted by f. For
f=(t,...,75) € T, let {(f) = ¢(T1) + - - - + {(7;) be the total progeny of f.

5.1.2 Coding Galton-Watson trees

We now explain how trees can be coded by three different functions. These codings are
important in the understanding of large Galton-Watson trees.

Definition 5.1.3. We write u < v for the lexicographical order on the labels U (for example
0 <1< 21 < 22). Let T be a finite tree and order the individuals of T in lexicographical order:
0 =u(0) <u(l) < -+ <u(g(r) —1). The height process H(t) = (Hn(7),0 < n < (7)) is
defined, for 0 < n < (1), by:

We set H¢ (1) (T) = 0 for technical reasons. The height 3{(t) of Tis by definition maxo<n < ¢(x) Hn (T).

Consider a particle that starts from the root and visits continuously all the edges of T at unit
speed, assuming that every edge has unit length. When the particle leaves a vertex, it moves
towards the first non visited child of this vertex if there is such a child, or returns to the parent
of this vertex. Since all the edges are crossed twice, the total time needed to explore the tree is
2(¢(t) —1). For 0 <t < 2(¢(t) — 1), C(t) is defined as the distance to the root of the position
of the particle at time t. For technical reasons, we set C.(t) = 0 for t € [2(¢(T) — 1),2((7)]. The
function C(7) is called the contour function of the tree T. See Figure 1.3 for an example, and [36,
Section 2] for a rigorous definition.

Finally, the Lukasiewicz path W(1) = (W, (1),0 < n < (1)) of T is defined by Wy(t) = 0
and for 0 < n < {(1) — 1:

Wn+1(T) - Wn (T) + ku(n) (T) — 1L

Note that necessarily W¢()(1) = —1.
The following proposition explains the importance of the Lukasiewicz path. Let p be a
critical or subcritical probability distribution on N with p(1) < 1.

Proposition 5.1.4. Let (W, )n>o be a random walk with starting point Wy = 0 and jump distribution
v(k) = p(k+1) fork > —1. Set ¢ = inf{n > 0; W,, = —1}. Then (Wy, W1, ..., W¢) has the same
distribution as the Lukasiewicz path of a GW,, tree. In particular, the total progeny of a GW,, tree has

the same law as (.

Proof. See [73, Proposition 1.5]. ]
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5.1. Galton-Watson trees

5.1.3 The Vervaat transformation

For x = (x1,...,%,) € Z™ and i € Z/nZ, denote by x'V) the i-th cyclic shift of x defined by
X](<l) = X{i+k mod n for 1 <k<n
Definition 5.1.5. Let n > 1 be an integer and let x = (x1,...,xn) € Z™. Setw; = X1 + - -+ + X;
for 1 <j < n and let the integer i.(x) be defined by i.(x) = inf{j > 1;w; = min;<i<n Wi}. The
Vervaat transform of x, denoted by V(x), is defined to be x!)).

The following fact is well known (see e.g. [90, Section 5]):

Proposition 5.1.6. Let (W,,,n > 0) be as in Proposition 5.1.4 and Xy, = Wy, —W,y._; for k > 1. Fix an
integer n > 1 such that P [W,, = —1] > 0. The law of V(Xy,...,Xy,) under P [-|W,, = —1] coincides
with the law of (Xy, ..., Xy) under P[-] ¢ =nl.

From Proposition 5.1.4, it follows that the law of V(X,...,X;,) under P[-|W,, = —1] coin-
cides with the law of (W; (t,,), Wa(tn) = Wi (t,),. .., Wr(th) —Wh_1(tn)) where t,, isa GW, tree
conditioned on having total progeny equal to n.

We now introduce the Vervaat transformation in continuous time.

Definition 5.1.7. Set Dy([0,1],R) = {w € D([0,1],R); w(0) = 0}. The Vervaat transformation
in continuous time, denoted by V : Dy ([0, 1], ) D([0, 1], R), is defined as follows. For w €
Do ([0, 1], R), set g1 (w) = inf{t € [0, 1]; w(t—) A w(t) = 1nf 0,11 w}. Then define:

_Jw(gi(w) +t) —infjo 1y w, if g (w)
Viw)(t) = {w(gl(w) +t—1) + w(1l) —infy 1y w if g1 (w)

By combining the Vervaat transformation with limit theorems under the conditional proba-
bility distribution P [-| W,, = —1] and using Proposition 5.1.4 we will obtain information about
conditioned Galton-Watson trees. The advantage of dealing with P[-|W,, = —1] is to avoid any
positivity constraint.

5.1.4 Slowly varying functions

Recall that a function L : R, — R is said to be slowly varying if L(x) > 0 for x large enough
and limy_,o, L(tx)/L(x) = 1forallt > 0. Let L : R, — R, be a slowly varying function. Without
further notice, we will use the following standard facts:

(i) The convergence lim,_,, L(tx)/L(x) = 1 holds uniformly for t in a compact subset of
(0, 00).

(i) Fix € > 0. There exists a constant C > 1 such that %x* < L(nx)/L(n) < Cx* for every
integer n sufficiently large and x > 1.

These results are immediate consequences of the so-called representation theorem for slowly
varying functions (see e.g. [21, Theorem 1.3.1]).
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Chapitre 5. Limit theorems for conditioned nongeneric Galton-Watson trees

5.2 Limit theorems for conditioned non-generic
Galton-Watson trees

In the sequel, (Wy;n > 0) denotes the random walk introduced in Proposition 5.1.4 with
p = w. Note that E[W;] = —y < 0. Set Xy = 0 and Xy = Wy — W,_; for k > 1. It will be
convenient to work with centered random walks, so we also set W,, = W, +yn and X,, = X+
forn > 0sothat W, = X; +--- + X,. Obviously, W,, = —1 if and only if W, =yn—1.

5.2.1 Invariance principle for the Lukasiewicz path

In this section, we study the scaling limit of the Lukasiewicz path of t,, and first introduce
some notation. Denote by T : Uy>1R™ — U, > R™ the operator that interchanges the last and
the (first) maximal component of a finite sequence of real numbers:

max x; ifk=n

1<i<n
T(X1y. ..y Xn)k = < Xn if x,, > max x; and x, = max Xy
1<i<k k<ign
Xi otherwise.

Since p satisfies Assumption (Hg), we have P [\/_\/1 € (x,x + 1]} ~ L(x)/x*%asx — oco. Then,
by [32, Theorem 9.1], we have:

P[Wne(xx+1] ~ nP[W;e(xx+1]], (5.1)

n—oo
uniformly in x > en for every fixed € > 0. In other words, the distribution of W, is (0,1]-
subexponential, so that we can apply a recent result of Armendariz & Loulakis [9] concerning

conditioned random walks with subexponential jump distribution. In our particular case, this
result can be stated as follows:

Proposition 5.2.1 (Armendériz & Loulakis, Theorem 1 in [9]) Forn > land x > 0, let .,  be the
probability measure on R™ which is the distribution of ( Xi, ..., Xy) under the conditional probability
distribution P [ -|W,, € (x,x + 1]].
Then for every € > 0, we have:
lim sup  sup |pnxoT '[A xRl — p®m= [A]] =0.

N0 x>en AcB(RM1)

As explained in [9], this means that under P [-|W,, € (x,x + 1]], asymptotically one gets n — 1
independent random variables after forgetting the largest jump.

Proof of Theorem 1. We first prove that the following convergence holds in ([0, 1], R):

w
( o<t <l
n

W, =yn— 1) 1) (vlu<t,0 <t < 1), (5.2)
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where U is a uniformly distributed random variable on [0, 1]. Denote by V,, the coordinate of

the first maximal component of (Xi, ..., X,). Set W, =0and for 1 <i<mn—1set:
W— Xl—l—yg—f——f—yl 1f1<Vn
O Xi+Xo -+ Xy, 1 F Xy, 1+ + Xiyy otherwise.

By Proposition 5.2.1, for every € > 0:

Win — W (n_
lim |P |Vt € [0,1], |0 < ¢ Wn:yn—1] —P[Vte 0,1], | L=t ge] —0.

n—oo n-— n—1

(5.3)
We now claim that for every e > 0:
W (n_
]P’[Vte[o,l], S lnly ge] 1 (5.4)
n—1 n—oo

To establish (5.4), note that (I\/_Vil)i>0 is a submartingale, so that Doob’s maximal inequality
entails:

— E [Wh ]
P| max Wi>(n—1le|] < ——.
1<i<n—1 em—1)
By [92], E [[Wy_1l] /(n — 1) = 0 as n — co. This shows (5.4).
Combining (5.4) with (5.3), we get the following convergence in D([0, 1], R):

n—1 n—oo

(—W““”” 0<t<1

W, =yn — 1) B, 0, (5.5)

where 0 stands for the constant function equal to 0 on [0, 1]. In addition, note that on the event

(W,, =yn—1}, we have Yvn =yn—1-—W|,_;,. The following joint convergence in distribution
thus holds in D([0, 1], R) ® R:

W\_(n—l)tJ . 0 < t < 1 ?Vn
n—-1"7"""")]"n

Standard properties of the Skorokhod topology then show that the following convergence holds
in D([0, 1], R):

W, = yn— 1) B 0,y). (5.6)

n—oo

Wingy Xy
Tt AVag 0Kt <
( n n =R

W, =yn— 1) B, (.7)

— 00

Next, note that the convergence (5.6) implies that under P [ - |W,, =yn —1], (Xi,...,X,) hasa
unique maximal component with probability tending to one as n — oo. Since the distribution
of (Xi,...,Xn) under P [-|W,, =yn — 1] is cyclically exchangeable, one easily gets that the law
of Vy,/n under P [-|W,, =yn — 1] converges to the uniform distribution on [0, 1]. Also from
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(5.6) we know that Xy, /n under P [-|W,, =yn — 1] converges in probability to y. It follows
that

X\/n A/ (d)
(Tﬂ{‘{ggt}aoété 1 Wn:Yn—l) hvd (Vluge, 0 <t < 1), (5.8)

where U is uniformly over [0, 1]. Since (5.7) holds in probability, we can combine (5.7) and (5.8)
to get (5.2). o
We now prove the assertions of Theorem 1. From (5.2) and the definition of W, we have:

Win (d)

Let (Wkom whon: - Wbrn) be a random vector distributed as (Wy, Wi, ..., W, ) under the
conditional probability distribution P[-|W,, = —1]. By (5.9) and Skorokhod’s representation
theorem we can suppose assume that we have a.s.

Wbr,n
nt
( ;J,0<t<1) — (vt +yluc, 0< <), (5.10)
By the remark following Proposition 5.1.6, we can also assume that
Wing (tn Wi
(w,ogt@) = v( “J,o<t<1> (5.11)
n n

where we recall that V denotes the Vervaat transformaton in continuous time. Now set i(()n) =
inf{0 <i<nwbon = minggj<n W]br’n} and

<(m) __ . . . br,n br,n __ br,n br,n
Recall the notation U(t, ) defined in the statement of Theorem 1. By (5.11) and the definition of
the Vervaat transformation, we have U(t,) = ji™ —i\™. From (5.10), it follows that a.s. for n
sufficiently large i)™ < j\™, and (j™ —1{™)/n — 0. Assertion (i) follows.
For assertion (ii), note that, by (5.11) and the definition of the Vervaat transformation:
Wi tn
sup ( ) e sup W]!:)r’n — Wb(rrﬂl
1o

0<i<U(ty) T i <<igY

From (5.10) and properties of the Skorokhod topology, we get that the right-hand side of the
previous expression tends to 0 as n — oo. This shows (ii).

The proof of assertion (iii) is similar and left to the reader. For assertion (iv), it is sufficient
to note that A(t,) = Win", — WPS™ 41 by (5.11), so that A(t,)/n — v asn — oo by (5.10). This
completes the proof of Theorem 1. O

Remark 5.2.2. The preceding proof shows that Theorem 1 remains true when p is subcritical
and both (5.1) and Proposition 5.2.1 hold. These conditions are more general than those of
Assumption (Hg): see e.g. [32, Section 9] for examples of probability distributions that do
not satisfy Assumption (Hg) but such that (5.1) holds. Note also that there exist subcritical
probability distributions such that Theorem 1 does not hold (see [59, Example 19.37] for an
example).
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5.2. Limit theorems for conditioned non-generic Galton-Watson trees

Corollary 1 is an immediate consequence of Theorem 1. Indeed, assertions (ii) and (iii) of
the latter theorem imply that for every c € (0,7y), there is a unique vertex of t,, with out-degree
at least cn, with probability tending to one as n — oo.

5.2.2 Asymptotic behavior of the maximal out-degree

For x = (x1,...,%Xn) € Z™, set M(x) = maxj<i<n Xi. Recall the notation V(x) for the Vervaat
transform of x. Note that M(x) = M(V(x)). Let F : R — R be a bounded continuous function.
Recall that A(t,,) denotes the maximal out-degree of a vertex of t,,. Since the maximal jump of
W(t,) is equal to A(t,) — 1, it follows from the remark following Proposition 5.1.6 that:

E[F(A(t,))] = E[F(M(V(X1,Xay.. ., Xn)) + 1) | W, = —1]
= EFM(Xy,Xgy ..y X)) +1) [Wy = —1] (5.12)

Recall that since p satisfies Assumption (Hg), W belongs to the domain of attraction of a
spectrally positive strictly stable law of index 2/\6. Hence there exists a slowly varying function
L such that W,/ (L(n)n!/2/9)) converges in distribution towards Y;. We set B,, = L(n)n!/(?/\0)

and prove that Theorem 2 holds with this choice of B,,. The function L is not unique, but if L

is another slowly function with the same property we have L(n) /i(n) — lasn — oo. So our
results do not depend on the choice of L. Note that when p has finite variance 02, one may take
B, = 0y/n/2,and when £ = ¢ + 0o(1) one may choose L to be a constant function.

Proof of Theorem 2. 1f V,, is as in the proof of Theorem 1, we have

M(Xlai%'-win) :YVR =yn— 11— Z Yi
i£Vn

on the event {W,, =yn —1}. As noted in [9, Formula (2.7)], it follows from Proposition 5.2.1

that o _
(M(XMXQ)"')Xn)_‘Yn’v_vn:yn_l) ﬂ _Y1.

Bn n—oo

Since M(X1, X, - .., Xn) = M(Xy, Xay . .., X51) + v, we thus get that

X1y, Xoy ooy Xn 2—
(M( 1y /N2y B>X )+ ’YTL’ Wn:_l) ﬂ) _Yl
n n—oo

Theorem 2 then immediately follows from (5.12). O

5.2.3 Location of the vertex with maximal out-degree

Recall the notation P, ; for the law of a forest of j independent GW, trees.
Our goal is to prove Theorem 4. We first need to introduce some notation. It is well known
that the mean number of vertices of a GW, tree at generation n is m™. As a consequence, we
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Chapitre 5. Limit theorems for conditioned nongeneric Galton-Watson trees

have E, [¢(T)] =1+ m+m?+--- = 1/(1 —m) = 1/y. Moreover, for n > 1, by Kemperman’s
formula (see e.g. [90, Section 5]):
P, [(1) =1l = “P Wy = —1] = ~P [Wy = yn — 1] L) 53
wlCfr) =nl = TP Wn = —1] = TP [Wn =Y Y k |

where we have used (5.1) for the last estimate. It follows that the total progeny of a GW|, tree be-
longs to the domain of attraction of a spectrally positive strictly stable law of index 2/\0. Hence
we can find a slowly varying function L’ such that the law of (¢(f) —n/y)/ (L'(n)n'/?"®) un-
der P, , converges as n — oo to the law of Y;. We set B/, = L'(n)n!/9) The local limit
theorem (see [56, Theorem 4.2.1]) implies that if we set @;(k) = P, ; [C(f) =k] for j > 1 and
k > 0 (with the convention ¢j(k) = 0 for k < 0), then

lim sup
m—o00 kezZ

BL om (k) — i (m)

Bl
where p; is the density of Y;. It is well known that p; is a bounded continuous function (see
e.g. [99, L 4]).

The following technical result establishes a useful link between B,, and B;,.

Lemma 5.2.3. We have B! /B,, — 1/y'*1/270) gsn — .

=0, (5.14)

The proof of Lemma 5.2.3 is postponed to the end of this section.

Proof of Theorem 3 (i). Fix e > 0 and an integer i, > 0. By Theorem 2 and Lemma 5.2.3, we may
choose A > 0 such that:

P [U(tn) = 1] = P[U(tn) = 1o, [ki, () —ynl < ABRlI < e (5.15)
By Theorem 1, for n large enough:
P [U(tn) = g, [kiy (tn) —ynl < ABR] =PIk, (ta) —ynl < ABLlI < e. (5.16)
By Proposition 5.1.4, we have for n large enough:

P [k, (tn) —yn| < AB]

1
= o= n 2 PXun=i-Lc=nl
Py lcfr) =n li—ynI<AB,
— Z P ES(IT) _Jn] E [H{Vméio,WmZO}(pWiO-o-j(TL — 19— 1)] , (517)
[i—ynI<AB} H -

where we have used the Markov property of the random walk W at time i, + 1 for the last
equality. To simplify notation, set j, (u) = |yn +uB/ | for u € R. Then write:

Z P [Xio+1 - J - 1]

E [H{Vmgig,wm>0}q)wio+j (m—1iy— 1)]

li—ynI<ABZ P, [¢(t) =n]
ABnOl PIX = [yntu) 1]
= ]E I]. m<i d ‘ o L 1
{Ym<ig, Wi 20} J'AB,’IO(l) u IP)H [C(T) — ] (pW10+LY + J(n i )
A+o(1) P[X; =jn(u) —1]
— B/ ]E, :H- m<i d L n : _— . 1 5.18
n {Vm<io, Wi 20} JAo(l) u PH [C(T) = ] (pW10+)n( )(Tl 19 ) ( )
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5.2. Limit theorems for conditioned non-generic Galton-Watson trees

By using the dominated convergence theorem, we will now show that for a fixed integer k > 0

. (Al PX; =jn(uw) —1] _ A du 1 u
B J P, [C(J’t)(z)n] Pl =, JA yena P (7 v (W)
(5.19)
We will then apply (5.19) with k = W,,. Since p satisfies assumption (ii) in (He¢), we have
P[X; =jn(u) — 1] = L(n(w)/(Gn(w)t*P. From (5.13), it follows that

—A—o0(1)

PIXy =i () — 1]

su —1 — 0 5.20

—A—1<113<A+1 P, [C(T) =n] n— o0 (5:20)

Next, note that B},/B/ ; (,,, = 1/¥"/*"®) asn — oo, uniformly in u € (~A —1,A + 1). From
(5.14), it follows that

1 n—ig—1—1(k+ |yn+uB’])
B @rij (M —1ip—1) — — 557P1 - — 0.
j Y1/ CRO) Bl ) n—so0

Hence

/ . 1 1 u
Brokijwm—1—1) — yl/(er)pl Ty yvere )

n—oo

In addition, by (5.14), there exists a constant C > 0 which is independent of k and such that
0 < B} @kyj.(u)(n —1ip — 1) < C for every n sufficiently large and u € (—A — 1,A + 1). The
convergence (5.19) then follows from an application of the dominated convergence theorem.

Another application of the dominated convergence theorem gives that the expression ap-
pearing in (5.18) converges towards

A
. du 1 u
Pvm < ip, Wi > 0] JA mm (—; : m) .

as n — oo. It follows from (5.15), (5.16) and (5.17) that for n sufficiently large:

A
. . du 1 u

Finally, since p; is the density of a probability distribution, we have:

i A du 1 u - * du 1 u _
ALy P\ Ty e ) < | e P\ Ty e ) <Y

Thus, by choosing A sufficiently large, we get that for n sufficiently large

Since this holds for every € > 0, we get limp_,o, P [U(t,) = 1] = YP[Vm <ipW,, > 0]. By
Proposition 5.1.4, we have P [Vm < iy, W, > 0] = P, [¢(T) > ip + 1]. This completes the proof
of assertion (i) in Theorem 3. [
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Chapitre 5. Limit theorems for conditioned nongeneric Galton-Watson trees

To prove the second assertion of Theorem 3, we will need the size-biased distribution asso-
ciated to u, which is the distribution of the random variable (* such that:

_kan
m

P[C" =X : k=0,1,....

The following result concerning the local convergence of t, as n — oo will be useful. We
refer the reader to [59, Section 6] for definitions and background concerning local convergence
of trees (note that we need to consider trees that are not locally finite, so that this is slightly
different from the usual setting).

Proposition 5.2.4 (Jonsson & Stefansson [62], Janson [59]). Let T be the infinite random tree con-
structed as follows. Start with a spine composed of a random number S of vertices, where S is defined
by:

PS=i=(1—-mm" 1 i=1,2,.... (5.21)

Then attach further branches as follows (see also Figure 5.2 below). At the top of the spine, attach an
infinite number of branches, each branch being a GW, tree. At all the other vertices of the spine, a
random number of branches distributed as (* — 1 is attached to either to the left or to the right of the
spine, each branch being a GW |, tree. At a vertex of the spine where k new branches are attached, the
number of new branches attached to the left of the spine is uniformly distributed on {0, . .., k}. Moreover
all random choices are independent.

Then t,, converges locally in distribution towards T asn — oo.

Figure 5.2: An illustration of T. Here, the spine is composed of the vertices
0,1,13,13,131, 1312.
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5.2. Limit theorems for conditioned non-generic Galton-Watson trees

Proof of Theorem 3 (ii) and (iii). By Skorokhod’s representation theorem (see e.g. [20, Theorem
6.7]) we can suppose that the convergence t, — T as n — oo holds almost surely for the local
topology. Let u, € T be the vertex of the spine with largest generation. By (5.21), we have for
i>0:

Plu,l =1 = (1 —m)m'. (5.22)

Recall the notation U(t,,) for the index of u,(t,). Let € > 0. By assertion (i) of Theorem 3,
which was proved at the beginning of this section, we can fix an integer K such that, for every

n, P[U(t,) < K] > 1 — e. From the local convergence of t, to T (and the properties of local
convergence, see in particular Lemma 6.3 in [59]) we can easily verify that

P{u,(th) Zun{U(t,) <K} — 0.
n—oo
We conclude that P [u,(t,,) # u,] — 0asn — oo. Assertion (ii) of Theorem 3 now follows from
(5.22). Similarly, the local convergence of t,, to T implies that the number of vertices of t,, which
are not strict descendants of u, (t,) converges in distribution towards the number of vertices of

T which are not strict descendants of 1, giving assertion (iii). O

Note that assertion (i) in Theorem 3 was needed to prove assertions (ii) and (iii). Indeed, the

local convergence of t,, towards T would not have been sufficient to get that P [u, (t,,) # u,] — 0.
We conclude this section by proving Lemma 5.2.3.

Proof of Lemma 5.2.3. Let 02 be the variance of p. Note that 0% = c0 if 0 € (1,2), 02 < 00 if 6 > 2
and that we can have either 02 = oo or 02 < oo for 8 = 2. When 0? = oo, the desired result

follows from classical results expressing B,, in terms of p. Indeed, in the case 6 < 2, we may
choose B,, and B/, such that (see e.g. [70, Theorem 1.10]):

B/
E_

inf {x > 0; P, [¢(T) > x] <
inf {x > 0; u([x,00)) < &

Property (ii) in Assumption (Hg) and (5.13) entail that P, [¢(T) > x]/p([x,00)) — 1/y'"® as
x — oo. The result easily follows. The case when 02 = co and 6 = 2 is treated by using similar
arguments. We leave details to the reader.

We now concentrate on the case 02 < oco. Note that necessarily 0 > 2. Let o’ be the
variance of ¢(t) under P, (from (5.13) this variance is finite when 0? < co). We shall show that
o’ = 0/v3/2. The desired result will then follow by the classical central limit theorem since we
may take B, = 0y/n/2 and B/, = 0’/n/2. In order to calculate 0'?, we introduce the Galton-
Watson process (3i)i>o with offspring distribution p such that 3o = 1. Recall that E [3;] = m'.
Then note that:

00 2
0" =E, [¢(v)’] ~E (D))" =E (Z 3i> — %
i=0

Since (3i/m')i>o is a martingale with respect to the filtration generated by (3i)i>o, we have
E[Z;Z;] = w'E[Z?]. Also using the well-known fact that for i > 1 the variance of 3; is
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o’m(m' —1)/(m — 1) (see e.g. [11, Section 1.2]), write:

2(Sa)| = Sebiee ¥ woep-Sep (ie,2)

i=0 0<i<j i=0
o’mt~(mt —1) 2m
= |1 2i 14—
(e () ) ()
i=1

ot 1

=5ty
This entails 0/ = o/y?/? and the conclusion follows. O

5.2.4 Subtrees branching off the vertex with maximum out-degree

In order to prove Theorem 4, we need to introduce some notation. If T is a tree, let ul™ (1)
be the first vertex of T in lexicographical order with strictly more than yn/2 children (with the

convention ul™ (t) = 0 if there is no such vertex, where 0 is a cemetery vertex). Let k(1) be

the number of children of u\™ (T) (with the convention k,(t) = 0 if ul™ (t) = 0). Recall the

notation T, T for the tree shifted at u. For 1 < j < k. (1), let u}n)('t) denote the j-th child of

w!™ (1) and set T]Fn) =T (7). For 1 <1< j < kn(T), we set Sti(;.‘) = (Tgn), .
)

.,T].(n)). Finally,
let N(()“)(T) =((t)+1—-¢ <Tu[n)’c> denote the number of vertices of T which are not strict

descendants of ul™ (1).
Recall the notation P, ; for the law of a forest of j independent GW,, trees. The following
result easily follows from the properties of Galton-Watson trees:

Lemma 5.2.5. For every j > 1 such that P, [k (T) =j] > 0, under the conditional probability mea-
sure P, [-| kn = jl, the random variables N(()“)(T) and S’}S) are independent and, in addition, S"H}) is
distributed according to P, ;.

By Corollary 1, we have ul™ (tn) = u,(t,) with probability tending to one as n — oco. It
is thus sufficient to establish Theorem 4 when the process Z is replaced by the process Z™

n)

defined as follows. For every tree T and for every 1 < j < kn (1), let C).(“)(T) = C(Tj( ) be the

number of descendants of u§n) (1), and set Z]-(n) O ="O+V) +- -+ Cj(n) (T). We need
to prove that:

ZM () — ka ()t
( et 0 7 PR T g < (a4
mn

1
Y, 0<t<). .
. (th’O t ) (5.23)

—00

Let (Z1)i>0 be the random walk which starts at 0 and whose jump distribution has the same
law as the total progeny of a GW,, tree. Note that P[Z; =k] = P, ; [((f) =k]. Recall from
the beginning of Section 5.2.3 that the distribution of Z; belongs to the domain of attraction
of a spectrally positive strictly stable law of index 2 A 6. In particular, if B}, is defined as in
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5.2. Limit theorems for conditioned non-generic Galton-Watson trees

the beginning of Section 5.2.3, the following convergence holds in distribution in the space
D([0,1],R):
0<t<1> e vpo<t <), (5.24)

n—oo

Ziny —nt/y
B’ ’

Before we proceed to the proof of Theorem 4, we state a technical lemma.

Lemma 5.2.6. Set j,(u) = [yn +uB/ | for u € R. Then for every A > 0:

Py [kn(T) =jn(u)] 1
P, [¢(T) =n] Y

lim sup
=0 ye[—A—1,A+1]

Proof. By Proposition 5.1.4, for n sufficiently large, we have for every u € [-A — 1, A + 1]:

Py [kn(T) =jn(u)]

- P[xl<%n,...,xi_1<%‘,xi:jn(u)—l,wm%)fou<m<i—1}
i=1
:P[Xlzjn(u)—l]ZIP’[X1<%,...,Xi,1<y7n,wm>0for1<m<i—1}.

i=1

The monotone convergence theorem entails:

]P)p [kKn(T) = ]n(u)]

— Z]P’[Wm20for1<m<i—1],

uniformly in u € [-A — 1, A + 1]. By Proposition 5.1.4, the last sum is equal to :

In addition, (5.20) gives that P [X; = j,(u) — 1] /P, [¢(T) = n] converges towards 1 as n — oo,
uniformly in u € [-A — 1, A + 1]. The conclusion immediately follows. O

Proof of Theorem 4. We shall show that for every fixed n € (0, 1):

ZM () — Kkt )y
< Lkn (tn)t] = 0<t<y % (Y, 0 <t < m). (5.25)
Kn (tn) e

Recalling Lemma 5.2.3, our claim (5.23) will follow from a time-reversal argument since the
vectors (C{™ (tn), & (tn),, -, € (t0)) and (E0M(6), 6 oy (), -, &7 (6)) have the
same distribution. Tightness follows from the time-reversal argument and also continuity at
t=1.

Let F: D([0,n],R) — R, be a bounded continuous function and to simplify notation set, for
every tree T

. Z% (1) = kn (DY
Z(Kn)(T) _ < LKn(T)tJB/ 0<t<n|.
Kn (T

)

135



Chapitre 5. Limit theorems for conditioned nongeneric Galton-Watson trees

Fix e > 0. Recall that by Corollary 1, uin)(tn) = u,(t,) with probability tending to one as
n — oo. It follows from Theorem 2 and Lemma 5.2.3 that (k,(t,) — yn)/B] converges in
distribution as 1 — co. We can thus choose A > 0 such that for every n sufficiently large:

‘Eu [F <Z(Kn)(T)> | C(T) = Tl} —Eu [F (Z(Kn)(T)) Lk, (1)—yni<aBs} | C(T) = n] ’ <e.  (5.20)

Without risk of confusion, in the sequel we write k,, instead of k., (T), N(()“) instead of Né“) (1)
and so on. Obviously {¢(T) =n} = {Z.(J;) + Nén) = n}. To simplify notation, let (Z;);>o and N(()n)
be independent under PP and such that (Z;);>, is distributed as explained before (5.24), and N(()n)
has the same law as N(()“) (t) under P,,. Finally, set for k > 1:

Zikt) —kt/y
By Lemma 5.2.5:
]Eu |:F (Z(Kn)> 1{\an‘yn‘<AB4‘} | C(T) — n:|
_ PH [Kn :J 4) N
- j Z / mﬂz |:F (Z ) 1C(?1,j)+Nén):n | Kn = J]
[i—ynI<AB}

E[F(E29) 1y ) 627)

Recall the notation ¢;(k) = P[Z; = k]. To simplify notation, for integers j,n > 0 we set
R.

(n) _ j
i T E [F (Z(])) ]l{szrNg“]:n}]
(Z5)j>0 applied at time [nj] that:

It follows from the Markov property of the random walk

(n) i (n)
.’R]. =E [F (Zm) ©i—nj) (M =Ny " —Znj))| -

Recall that j,, (1) = [yn 4+ uB/ | for u € R. Then the sum appearing in (5.27) is equal to:

du duB’

JAB;H_OU) PH [Kn = L’Yn + uJ] n) B JA—O—O(I) ]P)u [Kn _ ]n(u)]
—AB,+0(1) P.l¢(t)=n] “bhmrd T a0 " PLll(t) =n] T

We shall now show that there exist «, 3 > 0 such that :

A-+o(1) P, [kn = jn(u)] 1 A u Y,
duB/ -t i) —J duk {F Y (——+—“>}
[ v BB T 2 Bt 2 iy ) B [F0eienes (574 5
(5.29)
where p; is the density of Y;. Recall that p, is a bounded continuous function.
We first show that there exist «, 3 > 0 such that for fixed u € R:
1 u Y,
(n) n
BiRTL, ) 4B {F(m)ogtgn)pl (—ﬁ ; ;ﬂ | (530)
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To this end, we start by establishing a few useful convergences. Set o = (1 —n)'/2/9), By (5.24)
and Theorem 3 (iii), we have the following joint convergence in distribution:

/
i (W) —[Mjn (1) e

o Zljnwm) — In(WN/Y (a) Y
(z(ln( ), ZlinGonl 7 NG — (Yt)Ogtén)En)N , (5.31)

where N is a finite random variable independent of Y. Note that for every sequence of real
numbers (T, )n>1 such that r,, — co as n — oo we have Nén) /Tn — 0 as 1 — oo, in probability.
Set p = (y(1—mn))"/*"%). Since B, /B/ ) — 1/B asn — oo, it immediately follows

w)—[njn
that:
m) _
n—No —jnw)/y @ u
=7 0 ik — "By (5.32)
i (1) [N (w)] Y
We now establish (5.30). By the definition of fR)g:()u), we have:
1 pn) Bﬁ Gn(uw)\ R’ (n)
BaRj ) = 57 E [F (% ) BS )= (i (1)) Pin ()= i () (0= NG = Z i) | -

Bjn(u)_ Ln]n(u)J

To simplify notation, set Gn = B{ (1) |nj. ()] Pin(w)—[njn(w)) (M — N(()“) — Znjn(w)])- By (5.14), we
have:

lim
n—oo

/
BJn(u)_Ln]n(uU

i (n — NV = 2y — 20n () = [Min (W) )) ‘

It follows from (5.31) and (5.32) that:

(n (W) (d) u W
F20) G — F((Yt)0<t<n)p1( By T )

In addition, by (5.14), there exists a (deterministic) constant C > 0 such that 0 < G,, < C for
every n > 1. Using the fact that B] /B; ()] — 1/B, the convergence (5.30) follows from
the dominated convergence theorem.

Let us now establish the convergence (5.29). By Lemma 5.2.6, the convergence

u)—[njn

Pp [Kn — Jn(u)]

P, (1) = (5:33)

—
n—oo

G

holds uniformly inu € [-A—1, A+1]. Moreover, it is clear from (5.14) that B{liR]g:()u) is bounded

uniformly inn > 1 and u € [-A — 1,A + 1]. The convergence (5.29) then follows from an

application of the dominated convergence theorem after taking into account (5.33) and (5.30).
By Fubini’s theorem:

L[~ o) oL " _u N
HJ_OO(WE {F((Yt)ogtgn)m <_ﬁ+;>} = E|:F((Yt)0<t<n)J dup1< Y+ )]
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where we have used the fact that p; is a probability distribution in the second equality. Hence
we can choose A > 0 sufficiently large so that in addition to (5.26) we also have:

u Yy

N —)] —E[F(m)ogtgnn] <e

1 A
’B_Y JA dull [F((Yt)oétéﬂ)pl (_ﬁ x

By putting (5.27), (5.28) and (5.29) together, we get that for n sufficiently large:

B [F(Z59) (0) =] — EF(Yocean)]| < 2e.
This establishes (5.25) and completes the proof. O
Proof of Corollary 2. By Theorem 1 (iv), A(t,)/n converges in probability towards y as n —

0o so that Ba(y,)/Bn converges in probability towards y'/(*?). In addition, the map Z
SUPse(0,11(£s — Zs—) is continuous on D([0, 1], R). It follows from Theorem 4 that:

1 a 1
R max Cl(tn) Q) — sup AYS
B, 1<i<A(tn) n—=oo Y selo,1]

If 6 > 2, Y is continuous and the first assumption of Corollary 2 follows. If 0 < 2, the result
easily follows from the fact that the Lévy measure of Y is v(dx) = Ly~ dx/(F(—0)x!"®). ]

5.2.5 Height of large conditioned non-generic trees

We now prove Theorem 5. We keep the notation u, (1) of the Introduction as well as the
notation u\™, ky, Sfi(g) and @;(k) introduced in the previous section. Recall also the notation
P, ; for the law of a forest of j independent GW,, trees. If f = (7y,...,Ty) is a forest, its height

J(f) is by definition max(H(ty),. .., F(Tx)).

Proof of Theorem 5. If T is a tree, let HM (1) =H <Tu[nrt> be the height of the subtree of descen-

dants of u{™ in 7. Recall that by Corollary 1, w™ (t) = u, (t,) with probability tending to one
as n — oo and that by Theorem 3 (ii), the generation of ul™ (t,) converges in distribution. It is
thus sufficient to establish that, if (A,,)n>1 of positive real numbers tending to infinity:

PH}cgﬁ(fn)—lia%)’gAn] — 1 (5.34)

To simplify notation, set U-Ci(;.‘)(’c) = }C(?&L)) and CLT;) = C(\"ﬂ(g)). Set p, = In(n)/In(1/m) —
An. Let us first prove the lower bound, that is P [ﬂ{in) (th) < pn} —0asn — oo0. Fix0 < e <.
As in the proof of Theorem 4, we can choose A > 0 such that for n sufficiently large:

P |

Kn(T) —yn
B!

>A‘ C(T):n} < €.
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Then for n large enough:

P (6) <pa] = P[50 <pa— 1100 =n]
Py [5{1 lkn/2] S P () = ]

Py [0, < Prokn =500 =)
P, (1) =

N

+€

™

li—ynI<AB}

]P) g_c(n) < s C(n) + C(n) + N(n) _

wT 2] S Pro K = 0560150 T 62 4,5 0o =
P, [¢(T) = n]

I
M

+ €
i—ynI<AB}

To simplify notation, let f; o and Ni™ be two independent random variables defined under PP

such that §;») is distributed according to P, |;,2) and N(()n) has the same law as N(()n) () under
P,. Then, by Lemma 5.2.5:

! (n) _ ) (n) (n) _
P, [¢(1) = TFu [‘%w/zJ S ProKkn =35 Gy 572y F Oy, TNo = “}
]P)p [Kn = ]] (m) .
=P =nl " (9T 2 <P ClT g gy + NG = =]

P [Kn — ]] n
- IF’uTC(T) = ]E [H{H(fu/zﬂ@n} FPi-lir) (n— N - C(fb/QJ)ﬂ

where we use the notation @;(k) =P, ; [((f) = k] as in the proof of Theorem 4. It follows that:
P [H™ (tn) < pn

P [Kn = J] n
S Z Pﬁ {(t) = nl E [ﬂ{mm/m@n}'<Pj—U/2J (n—Né )—C(fu/zj)ﬂ

i—ynI<ABY,

+ e (5.35)

We now claim that it is sufficient to establish that for n sufficiently large, for every j €
[yn — AB;,yn + AB; | and k € Z the following three estimates hold with some constants C;
and Cs:

@j—(j/2) (k) < C1/By. (5.36)
P, [kn =il < CoP, [C( ) =n] (5.37)

Indeed, from (5.35), we will then get that
P [V () < pn) < ((2A +1)C1Co/A + e,

and the lower bound will follow.
The bound (5.36) is an immediate consequence of the local limit theorem (5.14). The estimate
(5.37) follows from Lemma 5.2.6. Let us finally establish (5.38). Note that for n sufficiently large
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all the indices j appearing in the sum (5.35) satisfy j > (y — e)n. Consequently, for n sufficiently
large:
P [H(f5/2)) < Pn] < (1= Py [H(T) > pp]) /2L (5.39)

Since p satisfies Assumption (Hg), we have 2121 iln(i)u; < oo . It follows from [55, Theorem
2] that there exists a constant ¢ > 0 such that:

P, [H(t) >kl ~ c-m~ (5.40)

k—o00

Hence the right-hand side of (5.39) tends to 0 as n — oco. The estimate (5.38) follows, and the
proof of the lower bound is complete.

Set qn = In(n)/In(1/m) + A,,. The proof of the fact that P [%i“) (tn) =2 qn| 2 0asn — cois
similar and we only sketch the argument. Write:

P [H(M () > n] <P [H7) o) > 160 =0 + By [T 5111 0 > Anl £(7) =]

Under P, H (L:i /2]4+1,kn has the same distribution as 9—(51)“7““ /2] It thus sufficies to show that
the first term of the last sum tends to 0 as n — co. By similar arguments as in the proof of the

lower bound, it is enough to verify that

Pu»L(v+€)n/2j [%(f) = qn] — 0.

n—o0

This follows from the fact that Py, | (y1c)n/2) [H(f) = gn] = 1 — (1 — Py [H(1) > gn]) v/
and (5.40). This completes the proof of the upper bound and establishes (5.34). O

5.2.6 The contour and height functions of subcritical trees

We now turn our attention to the contour and height functions of t,, and prove Theorem 6.

Proof of Theorem 6. The first assertion is an immediate consequence of the convergence in prob-
ability:

Hitw) @

—

1/In(1/m) (5.41)
Inm) n-e

which follows from Theorem 5.

We only prove the second assertion when Y™ = (H((t,)/Th,0 < t < 1) (the case of the
contour function is similar and left to the reader). First note that if r,, does not tend to infinity
asn — oo then it follows from (5.41) that (Y™)) _ is not tight. In the sequel, we thus suppose
that r, — oo asn — oo. Since r,/In(n) does not tend to infinity, there exist 1 > 0 and a
subsequence (rq,,n > 1) such that In(a,,) > nr,, for every n > 1. In particular:

F(t, (P)
sup Y@ = T(t D4, (5.42)

n

by (5.41). We argue by contradiction and suppose that (Y(™)),, is tight. This implies that there
exists a subsequence of (Y(¢n)), -, that converges in distribution towards a continuous random
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process denoted by Y. To simplify notation, in the sequel, all values of n will belong to this
subsequence. Fix e > 0. We shall show that with probability tending to one as n — oo, we can
find a (random) sequence of integers 1 < Uy < U; < --- < Uy < n such that the following two
conditions are satisfied:

(i) Up<en,Uny > (I —€e)nand Uy —Ug < enforevery 0 <k <N -1,
(i) Hu, (tn)/mn < 2e forevery 0 < k < N.
This will indeed imply that Y = 0, in contradiction with (5.42).
Recall the notation u,(t,,) for the smallest vertex of t,, of maximal out-degree and the nota-

tion U(t,) for its index. By Theorem 3 (ii), the generation of wu,(t,,) converges in distribution as
n — oo. Then, since r,, — co asn — oo:

Hu(tn)(tn) . |u*(tn)’ (P)
= —

‘r‘n Tn n—oo

0. (5.43)

Now recall the notation A(t,,) for the number of children of u, (t,). Set Uy = U(t,) and for
1 <k <A(t,) set:

U = inf{i > Up + 1; Wi(tn) = Wyesi(ta) — (k= 1)}

First note that by the convergence in Theorem 1 (iii) and standard properties of the Skorokhod
topology, property (i) holds with probability tending to one as n — oo. Next, the integers
Uy, Uy, ..., Uy, are the indices of the children of u,(t,,) (see e.g. [73]). As a consequence,
Hy, (tn) = Hy,(ta) + 1 for 1 < k < A(tn). By (5.43), it follows that:

1 P
— sup  Hy, () u> 0.
Tn 0<k<A(tn) n—o0

Hence property (ii) holds with probability tending to one as n — oo, completing the proof. [

5.3 Extensions and comments

We conclude by proposing possible extensions and stating a few open questions.

Other types of conditioning. Throughout this text, we have only considered the case of
Galton-Watson trees conditioned on having a fixed total progeny. It is natural to consider differ-
ent types of conditioning. For instance, for n > 1, let t" be a random tree distributed according
to P, [-|H(t) > nl. In [59, Section 22], Janson has in particular proved that when p is critical or
subcritical, as n — oo, t' converges locally to a random infinite tree T7*, which is different from
7. It would be interesting to know whether the theorems of the present work apply in this case.

Another type of conditioning involving the number of leaves has been introduced in [28, 70,
94]. If Tis a tree, denote by A(T) the number of leaves of T (that is the number of individuals with
no child). For n > 1 such that P, [A(T) = n] > 0, let t}, be a random tree distributed according
to P, [- [A(T) = nl. Do results similar to those we have obtained hold when t,, is replaced by t},?
We expect the answer to be positive, since a GW |, tree with n leaves is very close to a GW, with
total progeny n/p (see [70] for details), and we believe that the techniques of the present work
can be adapted to solve this problem.
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Concentration of J{(t,,) around In(n)/In(1/m). By Theorem 5, the sequence of random vari-
able (H(t,) — In(n)/In(1/m)),> is tight. It is therefore natural to ask the following question,
due to Nicolas Broutin. Does there exist a random variable .77 such that:

In(n) (d)

H(tn) — 7

In(1/m) n—oo

We expect the answer to be negative. Let us give a heuristic argument to support this predic-
tion. In the proof of Theorem 5, we have seen that the height of J{(t,,) is close to the height of
|'yn| independent GW, trees and the height of each of these trees satisfies the estimate (5.40).
However, if (Qi)i>1 is an i.i.d. sequence of random variables such that P [Q; > k] = ¢ - m¥, then
it is known (see e.g. [58, Example 4.3]) that the random variables

max(Q1,Qay...,Qn) — %
do not converge in distribution.
Behavior of E [J{(t,,)]. We conjecture that:
In(n)

E [H(tn)]

nseo  In(1/m)’

However, it seems that more precise estimates that the ones we have used are needed to prove
this statement.

Other types of trees. Janson [59] gives a very general limit theorem concerning the local
asymptotic behavior of simply generated trees conditioned on having a fixed large number of
vertices. Let us briefly recall the definition of simply generated trees. Fix a sequence w =
(Wk)k>0 of nonnegative real numbers such that wy, > 0 and such that there exists k > 1 with
wy > 0 (w is called a weight sequence). Let Ty C T be the set of all finite plane trees and, for
every n > 1, let T,, be the set of all plane trees with n vertices. For every T € Ty, define the
weight w(t) of T by:

W(T) = Hwku(TJ‘

ueT

L. = Z w(T).

TeTn

Then for n > 1 set

For every n > 1 such that Z,, # 0, let T,, be a random tree taking values in T,, such that for
every T € Ty:
w(T)

Z,
The random tree T, is said to be finitely generated. Galton-Watson trees conditioned on their
total progeny are particular instances of simply generated trees. Conversely, if T, is as above,
there exists an offspring distribution p such that 7, has the same distribution as a GW,, tree

conditioned on having n vertices if, and only if, the radius of convergence of }_ w;z' is positive
(see [59, Section 8]).

PlT, =1 =
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It would thus be interesting to find out if the theorems obtained in the present work for
Galton-Watson trees can be extended to the setting of simply generated trees whose associated
radius of convergence is 0. In the latter case, Janson [59] proved that T, converges locally as
n — oo towards a deterministic tree consisting of a root vertex with an infinite number of leaves
attached to it. We thus expect that the asymptotic properties derived in the present work will
take a different form in this case. We hope to investigate this in future work.
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We study large random dissections of polygons. We consider random dissections of a reg-
ular polygon with n sides, which are chosen according to Boltzmann weights in the domain of
attraction of a stable law of index 0 € (1,2]. As n goes to infinity, we prove that these random
dissections converge in distribution towards a random compact set, called the random stable
lamination. If © = 2, we recover Aldous’ Brownian triangulation. However, if 0 € (1,2), large
faces remain in the limit and a different random compact set appears. We show that the ran-
dom stable lamination can be coded by the continuous-time height function associated to the
normalized excursion of a strictly stable spectrally positive Lévy process of index 6. Using this
coding, we establish that the Hausdorff dimension of the stable random lamination is almost
surely 2 —1/0.
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Introduction

In this article, we study large random dissections of polygons. A dissection of a polygon is
the union of the sides of the polygon and of a collection of diagonals that may intersect only at
their endpoints. The faces are the connected components of the complement of the dissection
in the polygon. The particular case of triangulations (when all faces are triangles) has been
extensively studied in the literature. For every integer n > 3, let P, be the regular polygon
with n sides whose vertices are the n-th roots of unity. It is well known that the number of
triangulations of P,, is the Catalan number of order n — 2. In the general case, where faces
of degree greater than three are allowed, there is no known explicit formula for the number
of dissections of P, although an asymptotic estimate is known (see [45, 28]). Probabilistic
aspects of uniformly distributed random triangulations have been investigated, see e.g. the
articles [47, 48] which study graph-theoretical properties of uniform triangulations (such as the
maximal vertex degree or the number of vertices of degree k). Graph-theoretical properties of
uniform dissections of P,, have also been studied, extending the previously mentioned results
for triangulations (see [14, 28]).

From a more geometrical point of view, Aldous [6, 7] studied the shape of a large uniform
triangulation viewed as a random compact subset of the closed unit disk. See also the work
of Curien and Le Gall [27], who discuss a random continuous triangulation (different from
Aldous’ one) obtained as a limit of random dissections constructed recursively. Our goal is to
generalize Aldous’ result by studying the shape of large random dissections of P,,, viewed as
random variables with values in the space of all compact subsets of the disk, which is equipped
with the usual Hausdorff metric.

Figure 6.1: Random dissections of Py7ig3 for 0 = 1.1, Pyyg55 for 6 = 1.5 and of Pygggg
for0 =1.9.

Let us state more precisely Aldous’ results. Denote by t, a uniformly distributed random
triangulation of P,,. There exists a random compact subset t of the closed unit disk D such that
the sequence (t,) converges in distribution towards t. The random compact set tis a continuous
triangulation, in the sense that D\t is a disjoint union of open triangles whose vertices belong
to the unit circle. Aldous also explains how t can be explicitly constructed using the Brownian
excursion and computes the Hausdorff dimension of t, which is equal almost surely to 3/2 (see
also [77]).
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In this work, we propose to study the following generalization of this model. Consider a
probability distribution (;);j>0 on the nonnegative integers such that p; = 0 and the mean of p
is equal to 1. We suppose that  is in the domain of attraction of a stable law of index 6 € (1, 2].
For every integer n > 2, let D,, be the set of all dissections of P, 1, and consider the following
Boltzmann probability measure on D,, associated to the weights (p;):

1
Pﬁ(w) = Z_ H Hdeg(£)—1) w e ®n)

™ f face of w

where deg(f) is the degree of the face f, that is the number of edges in the boundary of f, and
Z, is a normalizing constant. Note that the definition of P} involves only py, ps, ..., and py
is the missing constant to obtain a probability measure. Under appropriate conditions on p,
this definition makes sense for all sufficiently large integers n. Let us mention two important
special cases. If py =2 — V2and i = ((2—+v2)/2) ! for every i > 2, one easily checks that P4
is uniform over D,,. If p > 3isanintegerand if yy =1—-1/(p—1), up—1 =1/(p—1)and pu; =0
otherwise, P} is uniform over dissections of D,, with all faces of degree p (in that case, we must
restrict our attention to values of n such that n — 1 is a multiple of p — 2, but our results carry
over to this setting).

We are interested in the following problem. Let D, be a random dissection distributed
according to IP,,. Does the sequence (D,,) converge in distribution to a random compact subset
of D ? Let us mention that this setting is inspired by [75], where Le Gall and Miermont consider
random planar maps chosen according to a Boltzmann probability measure, and show that if
the Boltzmann weights do not decrease sufficiently fast, large faces remain in the scaling limit.
We will see that this phenomenon occurs in our case as well.

In our main result Theorem 6.3.1, we first consider the case where the variance of p is finite
and then show that D,, converges in distribution to Aldous’ Brownian triangulation as n — oo.
This extends Aldous’ theorem to random dissections which are not necessarily triangulations.
For instance, we may let D,, be uniformly distributed over the set of all dissections whose faces
are all quadrangles (or pentagons, or hexagons, etc.). As noted above, this requires that we
restrict our attention to a subset of values of n, but the convergence of D,, towards the Brownian
triangulation still holds. This maybe surprising result comes from the fact that certain sides of
the squares (or of the pentagons, or of the hexagons, etc.) degenerate in the limit. See also the
recent paper [28] for other classes of non-crossing configurations of the polygon that converge
to the Brownian triangulation.

On the other hand, if p is in the domain of attraction of a stable law of index 6 € (1,2),
Theorem 6.3.1 shows that (D,, ) converges in distribution to another random compact subset [ of
D, which we call the 0-stable random lamination of the disk. The random compact subset [ is the
union of the unit circle and of infinitely many non-crossing chords, which can be constructed
as follows. Let X = (X{*“)o<t<1 be the normalized excursion of the strictly stable spectrally
positive Lévy process of index 0 (see Section 2.1 for a precise definition). For 0 <s <t <1, we
set s =X tif t = inf{u > s; X&° < X}, and s ~*™ s by convention. Then:

[ — U [6—217'[8) e—Qiﬂt], (61)

s 2XEXC t

where [u, v] stands for the line segment between the two complex numbers u and v. In particu-
lar, the latter set is compact, which is not obvious a priori.
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In order to study fine properties of the set [, we derive an alternative representation in terms
of the so-called height process H* = (H{)o<t<1 associated with X (see [36, 37] for the def-
inition and properties of H*). Note that H*¢ is a random continuous function on [0, 1] that
vanishes at 0 and at 1 and takes positive values on (0, 1). Then Theorem 6.4.5 states that:

[ = U [6721715’ ef2i71t]’ (62)

s z]_[eXC t

where, for s,t € [0,1], s =M™ t if H*¢ = H® and H®® > H®“ for every r € (s A\t,s V1), or if
(s,1) is a limit of pairs satisfying these properties. This is very closely related to the equivalence
relation used to define the so-called stable tree, which is coded by H®¢ (see [36]). The repre-
sentation (6.2) thus shows that the 6-stable random lamination is connected to the 0-stable tree
in the same way as the Brownian triangulation is connected to the Brownian CRT (see [7] for
applications of the latter connection). The representation (6.2) also allows us to establish that
the Hausdorff dimension of [is almost surely equal to 2 — 1/0. Note that for 0 = 2, we obtain
a Hausdorff dimension equal to 3/2, which is consistent with Aldous’ result. Additionally, we
verify that the Hausdorff dimension of the set of endpoints of all chords in [ is equal to 1 — 1/0.

Finally, we derive precise information about the faces of [, which are the connected com-
ponents of the complement of [ in the closed unit disk. When 0 = 2, we already noted that
all faces are triangles. On the other hand, when 0 € (1,2) each face is bounded by infinitely
many chords. We prove more precisely that the set of extreme points of the closure of a face (or
equivalently the set of points of the closure that lie on the circle) has Hausdorff dimension 1/6.

Let us now sketch the main techniques and arguments used to establish the previous asser-
tions. A key ingredient is the fact that the dual graph of D, is a Galton-Watson tree conditioned
on having n leaves. In our previous work [70], we establish limit theorems for Galton-Watson
trees conditioned on their number of leaves and, in particular, we prove an invariance principle
stating that the rescaled Lukasiewicz path of a Galton-Watson tree conditioned on having n
leaves converges in distribution to X (see Theorem 6.3.3 below). Using this result, we are able
to show that D,, converges towards the random compact set [ described by (6.1). The repre-
sentation (6.2) then follows from relations between X**“ and H*“. Finally, we use (6.2) to verify
that the Hausdorff dimension of [ is almost surely equal to 2 — 1/6. This calculation relies in
part on the time-reversibility of the process H*. It seems more difficult to derive the Hausdorff
dimension of [ from the representation (6.1).

The paper [28] develops a number of applications of the present work to enumeration prob-
lems and asymptotic properties of uniformly distributed random dissections.

The paper is organized as follows. In Section 1, we present the discrete framework. In par-
ticular, we introduce Galton-Watson trees and their coding functions. In Section 2, we discuss
the normalized excursion of the strictly stable spectrally positive Lévy process of index 6 and
its associated lamination L(X*¢). In Section 3, we prove that (D,,) converges in distribution
towards L(X*). In Section 4, we start by introducing the continuous-time height process H®¢
associated to X**“ and we then show that L(X*) can be coded by H*“. In Section 5, we use the
time-reversibility of H™“ to calculate the Hausdorff dimension of the stable lamination.

Throughout this work, the notation A stands for the closure of a subset A of the plane.
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6.1. The discrete setting: dissections and trees

Acknowledgments. I am deeply indebted to Jean-Francois Le Gall for suggesting me to
study this model, for insightful discussions and for carefully reading the manuscript and mak-
ing many useful suggestions.

6.1 The discrete setting: dissections and trees

6.1.1 Boltzmann dissections

Definition 6.1.1. A dissection of a polygon is the union of the sides of the polygon and of a
collection of diagonals that may intersect only at their endpoints. A face f of a dissection w of a
polygon P is a connected component of the complement of w inside P; its degree, denoted by
deg(f), is the number of sides surrounding f. See Figure 6.1 for an example.

Let (1i)i>2 be a sequence of nonnegative real numbers. For every integer n > 3, let P,, be
the regular polygon of the plane whose vertices are the n-th roots of unity. For every n > 2, let
D, be the set of all dissections of P, ;. Note that D,, is a finite set. Let L = Uy, >2D, be the set
of all dissections. A weight 7t(w) is associated to each dissection w € D,, by setting:

7'[((1)) = H Hdeg(f)—1-

f face of w

We define a probability measure on D,, by normalizing these weights. More precisely, we set:

Z,= ) mw), (6.3)
wWEeDy
and for every n > 2 such that Z,, > 0:
P (w) = ——r(w)
n Zn

for w € D,,.

We are interested in the asymptotic behavior of random dissections sampled according to
PE. Let D be the closed unit disk of the complex plane and let C be the set of all compact subsets
of D. We equip € with the Hausdorff distance dy, so that (C, dy) is a compact metric space. In
the following, we will always view a dissection as an element of this metric space.

We are interested in the following question. For every n > 2 such that Z,, > 0, let D,, be
a random dissection distributing according to P%. Does there exist a limiting random compact
set [ such that D, converges in distribution towards [ ?

We shall answer this question for some specific families of sequences (1;);>2 defined as
follows. Let © € (1,2]. We say that a sequence of nonnegative real numbers (1;);>- satisfies the
condition (Hg) if:

- pis critical, meaning that Y 7, ip; = 1. Note that this condition implies ) $°, w; < 1.

- Setp; =0and py =1 — Y 77, i Then (py)j>o is a probability measure in the domain of
attraction of a stable law of index 6.
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Recall that the second condition is equivalent to saying that if X is random variable such
that P[X = j] = w; for j > 0, then either X has finite variance, or P[X > j] =j~°L(j), where Lis a
function such that lim,_,, L(tx)/L(x) = 1 for all t > 0 (such a function is called slowly varying
at infinity). We refer to [21] or [41, chapter 3.7] for details.

6.1.2 Random dissections and Galton-Watson trees

In this subsection, we explain how to associate a dual object to a dissection. This dual object
is a finite rooted ordered tree. The study of large random dissections will then boil down to the
study of large Galton-Watson trees, which is a more familiar realm.

Definition 6.1.2. Let N = {0, 1, .. .} be the set of all nonnegative integers, N* = {1,2,...} and let
U be the set of labels:

u=[Jmm,
n=0

where by convention (N*)° = {@}. An element of U is a sequence u = u; - - - u,, of positive
integers, and we set [u| = m, which represents the “generation” of u. If u = u;---u,, and
v =V, --- vy belong to U, we write uv = u; - - - u; vy - - - vy, for the concatenation of u and v. In
particular, note that u@ = @u = u. Finally, a rooted ordered tree T is a finite subset of U such that:

1. gex

2. ifv e Tand v = uj for some j € N*, thenu € 7;

3. for every u € T, there exists an integer k,, () > 0 such that, for every j € N*, uj € tif and

only if 1 <j < ky (7).

In the following, by tree we will always mean rooted ordered tree. We denote the set of all trees
by T. We will often view each vertex of a tree T as an individual of a population whose 7 is the
genealogical tree. The total progeny of T, Card(t), will be denoted by ((t). A leaf of a tree T is
a vertex u € T such that k., (t) = 0. The total number of leaves of T will be denoted by A(t). If T
is a tree and u € T, we define the shift of T at u by T, ={v € U; uv € T}, which is itself a tree.

Given a dissection w € D,,, we construct a (rooted ordered) tree ¢(w) as follows: consider
the dual graph of w, obtained by placing a vertex inside each face of w and outside each side of
the polygon P,, 1, and by joining two vertices if the corresponding faces share a common edge,
thus giving a connected graph without cycles. Then remove the dual edge intersecting the side

[1, e%] of P,,. Finally root the graph at the dual vertex corresponding to the face adjacent to

the side [1, e%} (see Fig. 6.2). The planar structure now allows us to associate a tree ¢(w) to

this graph, in a way that should be obvious from Fig 6.2. Note that k, ($¢(w)) # 1 for every
ue dplw).

For every integer n > 2, let T () stand for the set of all trees T € T with exactly n leaves
and such that k(1) # 1 for every u € 1. The preceding construction provides a bijection ¢
from D,, onto T(,,). Furthermore, if T = ¢(w) for w € D,,, there is a one-to-one correspondence
between internal vertices of T and faces of w, such that if u is an internal vertex of T and f is the
associated face of w, we have degf = k,(7) + 1. The latter property should be clear from our
construction.

152



6.1. The discrete setting: dissections and trees

2% 2w

Figure 6.2: The dual tree of a dissection, rooted at the bold vertex.

Definition 6.1.3. Let p be a probability measure on N with mean less than or equal to 1 and
such that p(1) < 1. The law of the Galton-Watson tree with offspring distribution p is the
unique probability measure P, on T such that:
1. Polky =il = p(j) forj > 0;
2. for every j > 1 with p(j) > 0, the shifted trees Ti7, ..., TjT are independent under the
conditional probability P,[- |ky = j| and their conditional distribution is P,,.

A random tree with distribution P, will sometimes be called a GW,, tree.

Proposition 6.1.4. Let ()2 be a sequence of nonnegative real numbers such that 3 _”,ju; = 1. Put
= 0and po = 1—3 [, pj so that p = (1);>0 defines a probability measure on N, which satisfies the
assumptions of Definition 6.1.3. Let n > 2 and let Z,, be defined as in (6.3). Then Z,, > 0 if, and only
if, P, [N(t) =n] > 0. Assume that this condition holds. Then if D,, is a random dissection distributed
according to PY, the tree (D) is distributed according to P, [ - |A(T) = nl.

Proof. Lett € T(n)and w = ¢ (7). Then:

Pu(T) = H My (1) = Ko H Hdeg(f)—1 = Ho T(W). (6.4)

ueT f face of w

The first equality is a well-known property of Galton-Watson trees (see e.g. Proposition 1.4
in [73]). The second one follows from the observations preceding Definition 6.1.3, and the
last one is the definition of m(w). From (6.4), we now get that P, (T )) = pjZn, and then
(if these quantities are positive) that P, (T | T(n)) = Ph(w), giving the last assertion of the
proposition. [

Remark 6.1.5. The preceding proposition will be a major ingredient of our study. We will de-
rive information about the random dissection D,, (wWhen n — o0) from asymptotic results for
the random trees ¢(D,,). To this end, we will assume that (1;);> satisfies condition (Hg) for
some 0 € (1,2], which will allow us to use the limit theorems of [70] for Galton-Watson trees
conditioned to have a (fixed) large number of leaves.
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6.1.3 Coding trees and dissections

In the previous subsection, we have seen that certain random dissections are coded by con-
ditioned Galton-Watson trees . We now explain how trees themselves can be coded by two
functions, called respectively the Lukasiewicz path and the height function (see Figure 6.4 for
an example). These codings are crucial in the understanding of large Galton-Watson trees and
thus of large random dissections.

We write u < v for the lexicographical order on the set U (for example & < 1 < 21 < 22).
In the following, we will denote the children of a tree T listed in lexicographical order by & =
u0) <u(l) <---<u(g(t)—1).

Figure 6.3: The dual tree T associated to the dissection of figure 6.2 with its
vertices indexed in lexicographical order. Here, ((t) = 26.

6 -

5 - - — - 6

Figure 6.4: The Lukasiewicz path (W, (1),0 < u < (1)) and the height function
(Hu(1),0 <u< ¢(T) of 7.

Definition 6.1.6. Let T € T. The height process H(T) = (Hn(7),0 < n < ((7)) is defined, for
0 < n < (1), by Ho(T) = u(n)| . The Lukasiewicz path W(t) = (W, (T1),0 < n < (7)) is
defined by Wy(T) = 0 and W, 41(T) = Wi (T) + kym)(t) —1for 0 <n < ¢(7) — 1.

It is easy to see that Wy, (1) > 0 for 0 < n < (1) but W (1) = —1 (see e.g. [73]).

Consider a dissection w, its dual tree T = ¢(w) and the associated Lukasiewicz path W(t).
We now explain how to reconstruct w from W(t). As a first step, recall that an internal vertex
u of T is associated to a face f of w, and that the chords bounding f are in bijection with the
dual edges linking u to its children and to its parent. The following proposition explains how
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to find all the children of a given vertex of T using only W or H, and will be useful to construct
the edges linking the vertex u € 7 to its children.

Proposition 6.1.7. Let T € T, and let u(0),...,u(¢(t) — 1) be as above the vertices of T listed in
lexicographical order. Fix n € {0, 1, ..., {(t) — 1} such that kyn)(T) > 0 and set k = Ky (n) (7).

(i) Letsy,...,sx €1{0,1,...,C(t)—1}bedefined by setting s; = inf{l > n+1; Wi (1) = Wy (T)—
(i—1)}for 1 < i< k(inparticular s; =n+ 1). Then u(sy),u(ss),...,u(sy) are the children of
u(n) listed in lexicographical order.

(ii) We have Hg, (t) = Hg,(T) = -+ - = H (T) = Hn(T) + 1. Furthermore, for 1 <i<k—1,

Hj (t) > Hsi (1) = HsiH (T)> Vj € (Sr) sr+1) NN

Proof. We leave this as an exercise (or see the proof of Proposition 1.2 in [73]) and encourage the
reader to visualize what this means on Figure 6.4. O

In a second step, we explain how to reconstruct the dissection from the Lukasiewicz path of
its dual tree.

Proposition 6.1.8. Let ¢ > 2 be an integer and let Z = (Z,,,0 < n < () be a sequence of integers such
that Zy =0, Z¢ = —1,Zy 2 0for 0 < k < Cand Zi 1y — Z; € {—1,1,2,3,...} for 0 < i < (. For
0<i< C,Setxi :Zi+1—ziﬂ7’ld,f01”1 <i< @

A1) =Card{0 <j < i; X5 = —1}
For every integer i € {0,1,...,¢(t) — 1} such that X; > 1, set ki = X; + 1 and let s}, ..., s} ., be

defined by s} = sy, =i+ land s, ., =inf{l > i+ 1; Zy = Ziyy —m} for 1 <m < k. Then the
set D(Z) defined by

B ki1 . /\(S}) ) /\(S}+1)

LX>1

(6.5)

is a dissection of the polygon P )1 called the dissection coded by Z.

Note that if T is a tree (different from the trivial tree {@}), if u(0),...,u(¢(t) — 1) are its
vertices listed in lexicographical order and Z = W(t), then A(i) is the number of leaves among
u(0),u(l),...u(i — 1) (in particular A(C) is the number of leaves of T), k; is the number of
children of u(i), s, is the index of the m-th child of u(i) for 1 < m < k;.

Proof. First notice that, for all pairs (i, j) occurring in the union of (6.5), we have /\(s}) =+ /\(s} 1)
We then check that all edges of the polygon P ()41 appear in the right-hand side of (6.5). To
this end, fix ¢ € {0, 1, ..., A(C) — 1}. Then there is a unique integer k € {1,2,...,(— 1} such that
Xx = —1and A(k) = £. Set

i=sup{j €{0,1,...,k—1}:Z; < Zy}
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and m = Z;;—Z+1. Notice that 1 < m < k; since Z, > Z; by construction. It is now a simple
matter to verify that s}, = kand s! ., = k+ 1. Recalling that A(k) = {and A(k+ 1) ={+ 1, we
get that the line segment

o 4 o (41
[exp (_ i 1) Jexp (_ i 1)]

appears in the right-hand side of (6.5). We therefore get that D(Z) contains all edges of P ()41

A(Q)
/\(C)H)]

appears in the union of (6.5), taking i = 0 and j = k¢ + 1 and noting that s ,, = ¢ and

with the possible exception of the edge [1, exp(—2im . However, the latter edge also

Skyro = L.

’ Next suppose that 0 <1 < (,0 < i’ < Caresuch thatk; > 1,ki» > 1. Letj € {1,...,k{ + 1},
i" e {1,... ki + 1} If (i,j) # (i/,j'), one easily checks that either the intervals (sj,s)ﬂ) are
disjoint, or one of them is contained in the either one. It follows that the chords correspond-
ing respectively to (i,j) and to (i’,j’) in the union of (6.5) are non-crossing. Hence D(Z) is a

dissection. 0

Lemma 6.1.9. For every dissection w € L, we have D(W($(w))) = w. In other words, a dissection is
equal to the dissection coded by the Lukasiewicz path of its dual tree.

Proof. This is a consequence of our construction. Suppose that w € D,,, for some n > 2, and set
T = ¢(w). Fix a face f of w and the corresponding dual vertex u(i) € ¢(w) (recall that the faces
of f are in one-to-one correspondence with the internal vertices of T). Denote the Lukasiewicz
path of tby Z = W(1). First notice that the degree of f is equal to 1+ky (i) = Zi11 —Z; +2, where
Ky (i) is the number of children of u(i). To simplify notation, set k; = k . Letst, ..., s}<i 4o be
defmed as in Proposition 6.1.8. By Proposition 6.1.7, u(s}), u(s}), . u(ski) are the children of
u(i).

As in Proposition 6.1.8, we set, for every 1 <1i < ¢, A(i) = Card{0 <j < 1i; Zj4 — —1},
which represents the number of leaves among the first i vertices of T. Note that /\(C( )) = n.
Then, assuming that ki > 2:

- For every 1 < j < k; the chord of w which intersects the dual edge linking u(i) to its j-th

child is ‘ .
Al Alst)
[exp <—217Tn n 1) y XD (_217-[1’1—“

- The chord of w intersecting the dual edge linking u(1i) to its parent is

A(sy i
[exp (—2i7t—(sk"+1)> , €XPp (—217(/\(81))] .
n+1 n+1

Indeed, a look at Fig. 6.2 should convince the reader that the vertices
ex —QiﬂA(s}) 1<j<ki+1
p nel)’ SIS K

are exactly the vertices belonging to the boundary of the face associated with u(i) listed in
clockwise order. Consequently the preceding chords are exactly the ones that bound this face.
Since this holds for every face f of w, the conclusion follows. O
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6.2 The continuous setting: construction of the stable
lamination

In this section, we present the continuous background by first introducing the normalized
excursion X of the 0-stable Lévy process. This process is important for our purposes because
X will appear as the limit in the Skorokhod sense of the rescaled Lukasiewicz paths of large
GW,, trees coding discrete dissections. We then use X®*“ to construct a random compact subset
of the closed unit disk, which will be our candidate for the limit in distribution of the random
dissections we are considering. Two cases will be distinguished: the case 0 = 2, where X is
continuous, and the case 0 € (1, 2), where the set of discontinuities of X**¢ is dense.

6.2.1 The normalized excursion of the Lévy process

We follow the presentation of [36] and refer to [15] for the proof of the results recalled in
this subsection. The underlying probability space will be denoted by (Q,F,P). Let X be a
process with paths in D(R;,R), the space of right-continuous with left limits (cadlag) real-
valued functions, endowed with the Skorokhod topology. We refer the reader to [20, chap. 3]
and [57, chap. VI] for background concerning the Skorokhod topology. We denote by (F)i>0
the canonical filtration of X augmented with the P-negligible sets. We assume that X is a strictly
stable spectrally positive Lévy process of index 6 normalized so that for every A > 0:

Elexp(—AX¢()] = exp(tA?).

In the following, by 0-stable Lévy process we will always mean such a Lévy process. In particular,
for © = 2 the process X is V/2 times the standard Brownian motion on the line. Recall that X
enjoys the following scaling property: For every ¢ > 0, the process (¢7'/°X.,t > 0) has the
same law as X. Also recall that when 1 < 0 < 2, the Lévy measure 7t of X is:

0(0—1)

For s > 0, we set AX; = X; — X;_. The following notation will be useful: for 0 < s < t,
[} = inf X, I = inf] X, St =sup X.

[s,t] [0,t [0,t]
Notice that the process I is continuous since X has no negative jumps.

We have X, = 0 and Iy < 0 < S; for every t > 0 almost surely (meaning that the point 0 is
regular both for (0, c0) and for (—oo, 0) with respect to X). The process X — L is a strong Markov
process and 0 is regular for itself with respect to X — I. We may and will choose —I as the local
time of X — I at level 0. Let (gi, di),1 € J be the excursion intervals of X — I away from 0. For
everyi € Jand s > 0, set wl = X(g,45)ra; — Xg,- We view w' as an element of the excursion
space &, which is defined by:

E={weDR,,R,); w(0) =0and {(w) :=sup{s > 0; w(s) >0} € (0,00)}.

If w € & we call {(w) the lifetime of the excursion w. From Itd’s excursion theory, the point
measure

N(dtdw) = Y (1, i)

iel
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is a Poisson measure with intensity dtN(dw), where N(dw) is a o-finite measure on the set €.

Let us define the normalized excursion of the 0-stable Lévy process. Define, for every A > 0,
the re-scaling operator S on the set of excursions by S™(w) = (A°w(s/A), s = 0). The
scaling property of X shows that the image of N(- | > t) under S{*/¢) does not depend on t > 0.
This common law, which is supported on the cadlag paths with unit lifetime, is called the law of
the normalized excursion of X and denoted by P**. Informally, P**° is the law of an excursion
under the Itd measure conditioned to have unit lifetime. In the following, (X{*; 0 < t < 1)
will stand for a process defined on (Q, J,P) with paths in D([0, 1], R, ) and whose distribution
under P is P*“. Note that X{* = X{* = 0.

As for the Brownian excursion, the normalized excursion can be constructed directly from
the Lévy process X. We state Chaumont’s result [25] without proof. Let (g D d,) be the excursion
interval of X — I straddling 1. More precisely, g = sup{s < 1; X; = Is}and d, = inf{s > 1; X =
I} Let(s=d,—¢g . be the length of this excursion.

Proposition 6.2.1 (Chaumont). For every s € [0,1], set X} = Cfl/e(XglJrcls — Xg,). Then X* is
distributed according to P, B B

6.2.2 The O-stable lamination of the disk

The open unit disk of the complex plane C is denoted by D = {z € C; |z] < 1} and S; is
the unit circle. If x,y are distinct points of S;, we recall that [x,y] stands for the line segment
between x and y. By convention, [x, x] is equal to the singleton {x}.

Definition 6.2.2. A geodesic lamination L of D is a closed subset L of D which can be written as
the union of a collection of non-crossing chords. The lamination L is maximal if it is maximal
for the inclusion relation among geodesic laminations of D. In the sequel, by lamination we will
always mean geodesic lamination of D.

Remark 6.2.3. In hyperbolic geometry, geodesic laminations of the disk are defined as closed
subsets of the open hyperbolic disk [22]. As in [27], we prefer to see these laminations as com-
pact subsets of D because this will allow us to study the convergence of laminations in the sense
of the Hausdorff distance on compact subsets of D.

It is not hard to check that the set of all geodesic laminations is closed with respect to the
Hausdorff distance.

The Brownian triangulation

Definition 6.2.4. The Brownian excursion e is defined as X® for & = 2. For u,v € [0, 1] we set
(53 . .
u~vif Eunv = Eyvy = Mlte[unv,uvy] Et.

Note that, with our normalization of X®¢, ¢/1/2 is the standard Brownian excursion. It is
well known that the local minima of e are distinct almost surely. In the following, we always
discard the set of probability zero where this property fails.
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Proposition 6.2.5 (Aldous [6] - Le Gall & Paulin [77]). Define L(e) by:

L((B) _ U [e72i7'cs,672i71t].

(]
s~t

Then L(e) is a maximal geodesic lamination of D (see Fig. 6.5 for a simulation of L(e)).

\i

0.

Figure 6.5: A Brownian excursion e and the associated triangulation L(e).

Remark 6.2.6. Both the property that L(e) is a lamination and its maximality property are re-
lated to the fact that local minima of e are distinct. The connected components of D\L(e) are
open triangles whose vertices belong to S;. For this reason we call L(e) the Brownian triangu-
lation. Notice also that S; C L(e).

The O-stable lamination

Here, 6 € (1,2) so that the 0-stable Lévy process X is not continuous. In the beginning of
this section we fix Z € D([0, 1], R) such that Zy = Z; = 0, AZ; > 0 for s € (0,1] and Z; > 0 for
s € (0,1). We then consider the case when Z = X® is the normalized excursion of the 0-stable
Lévy process X.

Definition 6.2.7. For 0 < s < t < 1, we set s ~* tif and only if t = inf{u > s; Z,, < Z,_} (Where
Zy,— = 0 by definition). For 0 < t < s < 1, we set s ~“ t if and only if t ~%s. Finally, we set
s~%sforevery s € [0, 1].

Note that ~“ is not necessarily an equivalence relation. For example, if 0 <t <s <t <1
aresuchthat AZ, =0,Z, =Z, =Z,and Z, > Z,. foru € (r,s) U (s,t), then r~%s and s ~* t,
but we do not have r ~* t.

Remark 6.2.8. If s~*tands <t,thenZ,_ = Z,and Z, > Z,_ forr € (s,1).

Proposition 6.2.9. We say that Z attains a local minimum at t € (0, 1) if there exists > 0 such that
infre oy t4n1 Z = Z¢. Suppose that Z satisfies the following four assumptions:
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(H1) If 0 < s <t < 1, there exists at most one value v € (s,t) such that Z, = inf s ) Z (we say that
local minima of Z are distinct);

(H2) Ift € (0,1) is such that AZy > 0 then infyy ) Z < Zy forall 0 < e < 1—1t;
(H3) Ift € (0,1) is such that AZy > 0 theninfy_e yZ < Zy_ forall0 < e < t;

(H4) Suppose that Z attains a local minimum at t € (0,1) (in particular AZ, = 0 by (H3)). Let
s =sup{r € [0,tl; Z, < Z¢}. Then AZ; > 0and Zs_ < Z;. Note that then Z; > Z, by (H2).

Then the set ' .
L(Z) — U [6721715, 672171’:]

s~Z+t

is a geodesic lamination of D, called the lamination coded by the cadlag function Z.
Notice that S; C L(Z) since s ~* s for every s € [0, 1].

Proof. 1t easily follows from Remark 6.2.8 that the chords appearing in the definition of L(Z)
are non-crossing. We have to prove that L(Z) is closed. To this end, it is enough to verify that
the relation ~% is closed, in the sense that its graph is a closed subset of [0, 1]2. Consider two
sequences (s ), (tn) of reals such that 0 < s,, < t, < 1, s, ~* t,, and the pairs (sn, t,) converge
to (s,t). We need to verify that s~“t. Clearly s < t and we can assume that s < t since
S; Cc L(Z).

The property s, ~* t,, implies that Z, > Z;, for every r € (sn,tn). By passing to the limit
n — oo, wegetZ, > Z,_ foreveryr € (s,t). If AZ, > 0, this contradicts (H3). So we can
assume that AZ; = 0, implying that the sequence (Z;, ) converges to Z; as n — oo.

Case 1. Assume that AZ; > 0 and thus s > 0. By (H2) and right-continuity, we can findn > 0
such thatn < (t—s)/2and:

inf Z > inf Z.

[s,s+m) [s+m,(s+1t)/2]

It follows from (H3) that the infimum of Z over a compact interval is achieved at some point of
this interval. Hence we may take 1y € [s+m, (s+1)/2] such that Z,) = inf s,y (s1¢)/21 Z. If s < sy
for infinitely many n, we can find infinitely many values of n for which s < s, < s4+1n <719 < tn.
For those values of n, g € (sn,tn) and Z,, < Z,, _, which contradicts Remark 6.2.8. We can
thus suppose that s,, < s for every sufficiently large n. Consequently, (Z;, _) converges to Z,_
as n tends to infinity. Since Z; _ = Z,_ for alln, it follows that Z, = Z,_. Recall that Z, > Z, for
T € (s,t). We now demonstrate by contradiction that, in fact, Z, > Z for all r € (s, t). Suppose
that there exists r; € (s,t) such that Z,, = Z,. Notice that Z then attains a local minimum at r;.
Property (H3) ensures that
s =sup{u € [0,11]; Z, < Z,,},

and the fact that Z,_ = Z, = Z,, contradicts (H4). We conclude that Z, > Z,_ for every
T € (s,t). Therefore t = inf{u > s; Z,, < Z;_}. This implies that s ~“ t, as desired.

Case 2. Assume that AZ; = 0. In this case, (Z;, ) converges to Z; as n tends to infinity. Since
Zs . = Z;, for all n, it follows that Z; = Z;. We also know that Z, > Z; for r € (s,t). If
s = 0, we necessarily have t = 1 and the fact that Z is positive on (0,1) implies 0 ~% 1. We
thus suppose that s > 0. Argue by contradiction and suppose that there exists v, € (s, t) such
that Z,, = Z;. Then r; is a local minimum of Z. If inf;_. g Z < Z, for every € € (0, s], then
s =sup{u € [0,m]; Z, < Z,,}. By (H4), s must be a jump time of Z, which is a contradiction. If
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infis_¢ s Z > Z, for some € € (0, s], this means that s is a local minimum of Z. Since Z, = Z,,
this contradicts (H1). We conclude that Z, > Z, for r € (s, t). This implies that s ~* t. ]

\ W\ﬁ‘i

|
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Figure 6.6: Simulations of X* for respectively 6 = 1.1,1.5,1.9.

Let (HO) be the property: {s € [0, 1]; AZs # 0} is dense in [0, 1].

Proposition 6.2.10. Let 1 < 0 < 2. With probability one, the normalized excursion X of the 0-stable
Lévy process satisfies the assumptions (HO0), (H1), (H2), (H3) and (H4).

Proof. It is sufficient to prove that properties analogous to (HO) — (H4) hold for the Lévy process
X. The case of (HO) is clear. (H1) and (H2) are consequences of the (strong) Markov property of
X and the fact that 0 is regular for (—oo, 0) with respect to X.

For the remaining properties, we will use the time-reversal property of X, which states that
if t > 0 and XV is the process defined by X\ = X; — X(1_s)_ for 0 < s < tand X" = X,,
then the two processes (Xs,0 < s < t) and (th), 0 < s < t) have the same law. For (H3), the
time-reversal property of X and the regularity of 0 for (0,00) shows that a.s. for every jump
time s of X and every v € [0, s):

inf X, < X,_.
re(v,s]

We finally prove the analog of (H4) for X. By the time-reversal property of X, it is sufficient
to prove that if @ > O is rational and T = inf{t > q; X; > Sq} then X1 > S > Xy_ almost surely.
This follows from the Markov property at time q and the fact that for any a > 0, X jumps a.s.
across a at its first passage time above a (see [15, Proposition VIIL.8 (ii)]). O

In the following, we always discard the set of zero probability where one of the properties
(HO) — (H4) does not hold.

Definition 6.2.11. The 6-stable lamination is defined as the geodesic lamination L(X*¢), where
X®¢ is the normalized excursion of the 0-stable Lévy process.

See Figure 6.1 for some examples. The following proposition is immediate from the defini-
tion of the relation ~*** and Remark 6.2.8.

Proposition 6.2.12. Almost surely, for every choice of 0 < o« < 3 < 1 with («, 3) # (0, 1), we have
o~ B if and only if one of the following two mutually exclusive cases holds:
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(i) AXEC > 0and f = influ > o; X = X§);
(i) AXGC =0, XT€ = X, and X7 > XZ€ for every v € (o, B).

Definition 6.2.13. Let £; be the set of all pairs (x, 3) where 0 < a < 3 < 1 satisfy condition (i)
in Proposition 6.2.12.

Proposition 6.2.14. The following holds almost surely for any pair (s,t) such that 0 < s <t < 1 and
X$€ = X and X > XS for every r € (s,t). For every € € (0, (t —s)/2), there exist s’ € [s,s + €]
and t' € [t — e,t] such that AX$C > 0and t' = influ > s'; X§° = X&), so that in particular
(s'yt') € &4

Proof. Let0 < s <t < 1be such that the assumptions in the proposition hold. Take e < (t—s)/4,
then set m = inf(; ¢ —¢) X¥° and note that m > X$* as an easy consequence of (H3). By right-
continuity, there exists €’ with 0 < €’ < € such that sup(, ¢, . X®° <m. Letw € (s,s +€') bea
jump time of X**¢, so that, by (H2),
inf X7 < X§C.
re(w,s+e’]

We already noticed that the property (H3) implies that the minimum of X over a compact
interval is achieved at a point of this interval. Hence there exists u € [w,s + €] such that
X$¢ = infpy s1e) X¥*€. Finally, let s = sup{r € [s, u]; X$* < X{€}. By (H4), we see that s” is ajump
time. Set t’ = inf{u > s’; X{{¢ = X&° }. By construction, s <s’' <w<u<s+e<t—e<t <t
and the desired result follows. O

Proposition 6.2.15. We have a.s.

L(XeXC) — U [6721715) 672i7tt].

(S)t)egl

Proof. Denote the compact subset of D in the right-hand side by K. The fact that L(X®) is closed
implies that K C L(X®). We have to show the reverse inclusion. To thisend, let0 <u<v <1
such that u~*""v but (u,v) ¢ &;. Then condition (ii) in Proposition 6.2.12 holds for (e, B) =
(u,v), and it follows from Proposition 6.2.14 that (u, v) is the limit of a sequence of pairs (un, vy,)
belonging to €. Since K is closed, we get that [e~2™, e~%™] C K. Finally, from the fact that X®¢
satisfies properties (HO) and (H2), it is easy to verify that in any nontrivial open subinterval of
[0, 1] we can find a pair (u,Vv) such that (u,v) € €;, and it follows that S; C K. This completes
the proof. O

6.3 Convergence to the stable lamination

In this section, we show that the Boltzmann dissections of P,,;; considered in Section 6.1.1
converge in distribution to the stable laminations introduced in the previous section. To this
end, we use limit theorems for rescaled Lukasiewicz paths of critical Galton-Watson trees con-
ditioned on their number of leaves, which we obtained in [70]. We combine these limit theorems
with Proposition 6.1.4 (which states that the dual tree of a Boltzmann dissection is a Galton-
Watson tree conditioned on having a given number of leaves) to deduce that the underlying
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tree structures of large dissections converge. As before, we will deal separately with the case
0 = 2 and the case 0 € (1,2). Our goal is to prove the following;:

Theorem 6.3.1. Let (1;)j>2 be a sequence satisfying Assumption (Hg) for some 0 € (1,2]. For every
integer n > 2 such that the definition of P% makes sense, let D, be a random dissection distributed
according to P%. Then:

Dn

n—oo

ﬂ} L(e) if6=2,
LX) ifo € (1,2),

where the convergence holds in distribution for the Hausdorff distance on the space of all compact subsets
of D.

Remarks 6.3.2. (i) This theorem generalizes Aldous’ result [6, 7], stating that uniformly dis-
tributed triangulations of P,, converge to L(e) as n — oco. Indeed, in our setting, uniform
triangulations of P,, are obtained by taking py = 1/2, uy = 1/2 and p; = 0 otherwise.

(ii) In [28], it is shown that Theorem 6.3.1 can be used to study uniformly distributed dissec-
tions. More precisely, if one sets py = 2 — v2and w; = ((2—+v/2)/2)" ! for every i > 2 then
the Boltzmann probability measure P} associated to p is the uniform probability measure
on dissections of P, ;.

(iii) It would be interesting to understand what happens when the sequence (11;);>2 does not
satisfy (Hg), for instance if >_{°, iy = co. We hope to investigate this in future work.

6.3.1 Galton-Watson trees conditioned on their number of leaves

Let T € T. Recall our notation (u(i),0 < i < (1) — 1) for the vertices of T listed in lex-
icographical order and denote the number of children of u(j) by k;. Define A.(1) for every
te{0,1,...,¢(1)} by:

A-(f) = Z Lix;=o)-

0<j<t
Note that if Z = W(1) is the Lukasiewicz path of T, A; coincides with A as defined in Proposi-
tion 6.1.8. Also note that A.({(T)) = A(7) is the total number of leaves of .

Theorem 6.3.3 ([70]). Let (1;);>2 be a sequence of nonnegative real numbers satisfying the assumption
(He) for some © € (1,2]. Put iy =0and py =1— Z;’iz W, so that w = (W;);>o0 is a critical probability

measure on N. For every n > 1 such that P [A(t) = n] > 0, let t,, be a random tree distributed
according to P [- | A(t) = nl. The following two properties hold.
(i) We have:
A
sup | Aalleltt]) t‘ ®
0<t<1 n n—o00

(ii) There exists a sequence (By)x>1 of positive constants converging to oo such that:

(d)

(XFS0<t< ). (6.6)

n—oo

1
(B Wittt (ta); 0 <t < 1)
Cltn)
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Proof. Note that A, (C(t,)) = A(t,) = n. In [70, Corollary 3.3], it is shown that, for every
O<n<1:
(P)

Ay, ([C(ta)E])
Cltn)t

In particular, this implies that ((t,,)/n converges in probability to 1/p. Assertion (i) follows
from the preceding convergences, noting that, for every t € (0, 1],

— Mo 0.
n—o0

n<t<l

Atn(LC(tn)tJ) —t=t C(tn) (/\tn(LC(tn)tJ) o HO) + t (PLOC(tn) o 1) )
n n C(tn)t n
The second assertion is a particular case of [70, Theorem 6.1]. O

6.3.2 Convergence to the stable lamination

We fix a sequence of nonnegative real numbers (L;);> satisfying Assumption (Hg) for some
0 € (1,2] and we define py and p,; as previously. Throughout this section, for every n > 1
such that Z,, defined by (6.3) is positive (so that Pt is well defined), D,, stands for a random
dissection distributed according to the Boltzmann probability measure P}, and t, stands for
its dual tree ¢(D,,), which is distributed according to P,[-|A(t) = n] by Proposition 6.1.4.
The total progeny of t,, is denoted by (,. The Lukasiewicz path of t,, is denoted by W™ and
ug,ut, ..., ug  are the vertices of t,, listed in lexicographical order. Let (B, ) >1 be a sequence
of positive real numbers such that (6.6) holds. Define the rescaled Lukasiewicz path X™ of t,, by
Xp = iwgﬂt | for 0 < t < 1. By Theorem 6.3.3 and Skorokhod’s representation theorem (see
e.g. [20, Theorem 6.7]) we may and will assume that the following convergence holds almost
surely in the space R ® D([0, 1], R):

A nt as,
( sup —t“(LC ) —t ,X”) — (0, X%). (6.7)
0<t<1 n+1 n—o0

Convergence to the Brownian triangulation

Here, we suppose that 0 = 2.

Proposition 6.3.4. When n tends to infinity, D(W™) 2% L(e) in the sense of the Hausdorff distance
dw between compact subsets of D.

Proof. We fix w in the underlying probability space so that the convergence (6.7) holds for this
value of w and we will verify that for this particular value of w we have also D(W™) — L(e).
Since the space (€, d) is compact, we may find a random subsequence (ny(w)) (depending on
w) such that D(W™x) converges to a compact subset K of D, and we need to verify that K = L(e).
Since D(W™x) is a dissection for every k, one easily checks that K must be a geodesic lamination
of D. Since L(e) is a maximal lamination of D, the proof will be complete if we can verify that
L(e) C K.

Sowelet 0 < s <t < 1besuch that s ~ t and we aim at proving that [e =27 e~ %7] C K.
Let e > 0. Simple arguments using the convergence (6.7) (and the fact that local minima of
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the Brownian excursion are distinct) show that for every n large enough, we can find integers
:LTan € {1> sy Cn — 1} such that hn/Cn - S| <€, |]n/Cn - Jt| < € and:

Wi >WEn jn = min{k > i,; Wi < W}

By Proposition 6.1.7, u' and uj are consecutive children of ui’ ;. Recalling that A (((tn)) =
n, we get from Lemma 6.1.9 that:

{exp (—QinATinj_i;)> , €Xp (—Qiﬁ/:i“T(j;)>] C D(W™).

To simplify notation, set s, = A, (in)/(n+1) and t,, = A, (jn)/(n + 1). From the conver-
gence (6.7), we get [s, — s| < € and [t, — t| < € for every large enough n. In particular, we see
that the chord [e~ 27 %] lies within distance 2¢ from D(W™) for every large enough n. It
follows that the chord [e =27, e~%7] js within distance 2¢ from K. Since € > 0 was arbitrary, we
get that [e= %7 e~ 2™] C K, which completes the proof. O

Convergence to the stable lamination when 0 # 2

We now assume that 6 € (1,2). Recall that the convergence (6.7) is assumed to hold a.s.

Proposition 6.3.5. We have D(W™) T L(X™) as n — oo in the sense of the Hausdorff distance dy
between compact subsets of D.

We fix w in the underlying probability space so that both the conclusion of Proposition 6.2.15
and the convergence (6.7) hold for this value of w, and furthermore the path X*“(w) satisfies
properties (HO) — (H4). We then consider a subsequence (ny(w)) such that D(W™x) converges
to a compact subset K of D, and we need to verify that K = L(X®). We will first prove that
L(X**¢) C K before proving the reverse inclusion. In both cases, the precise description of
L(X®€) as a union of chords will be crucial. Note that K must contain the circle S! because
the dissection D(W™) contains the polygon P, ;. We stress that the lamination L(X*) is not
maximal, in contrast to the case 6 = 2. As a consequence, we will have to prove the non-trivial
reverse inclusion.

Lemma 6.3.6. Let s be a jump time of X*° and t = inf{u > s; X = X} For e € (0,(t —s)/2)
small enough, we can choose an integer ny(€) such that, for every n > ng(e€), there exists s, € (s —
€,s + €) N (N such that the following inequalities hold:
inf X" <Xy _ < inf X" (6.8)
[t—e,t+€] " [sn,t—e€]

Lemma 6.3.6 follows from the convergence of X™ to X** and well-known properties of the
Skorokhod topology. We give only the main ideas of the proof and leave the details to the
reader. The time s,, can be chosen (arbitrarily close to s when n is large) so that X{' _ is close to
X$€ and AXY is close to AX¥. Then (6.8) is derived by observing that, for € > 0 small enough

inf X< XPC=X{E < inf X%
[t,t+€] [s,t—e€]
Notice that the bound infj 1) X¥¢ < X{* holds because otherwise t would be a time of local
minimum of X and this would contradict (H4).
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Lemma 6.3.7. We have L(X®*¢) C K.

Proof. Since K is closed, the property of Proposition 6.2.15 shows that it is enough to verify
that [e 27> e~ 47F] K for every («,B) € &;. Solet («,B) € €. Then « is a jump time
of X*¢ and B = inf{u > ; X = X%<}. To show that [e %™ e 27F] C K it is sufficient to
show that for every e > 0 and every n sufficiently large we can find o, B, € [0,1] such that
ot — ol < 2€,[Bn — Bl < 2e and [e7 57T e~ 2P| C D(W™). We fix e > 0. Using Lemma 6.3.6
with (s, t) = (cx, ), we can, for every large enough 1, find o/, € (x— €, x+ €) N ¢,,'Nsuch that:
inf X" <X}, < inf XM

[B—e,B+e] " [, B—€]
Then put 3], = inf{u > «),; X[} < Xar _}and note that |a« — «) | < €, |p — B,| < €. The time (),
must correspond to a posmve jump of W™, and we have also

CT\.B; — lnf{l 2 Cno(,:l 7W{l — W‘?n“{t - (W‘ginoq1 - C OC/ —1 + 1)}

Using formula (6.5) and recalling that A, coincides with the process A of Proposition 6.1.8 if
Z =W, we get from Lemma 6.1.9 that

/\t n ;1 . /\tn n ;L
[exp (—Qiﬂ%) , €XP (—2171%)} c D(wmh).

If weset oy, = (n+ 1) A (Cred)y) and By, = (N + 1) PA (CnB), the convergence (6.7) shows
that «,, and 3,, satisfy |, — «| < 2e and |B,, — B| < 2e for all sufficiently large n, thus giving
the desired result. O

We now prove the reverse inclusion.
Lemma 6.3.8. We have K C L(X®*).

Proof. Recall that D(W™*) converges to K in the Hausdorff sense. By the formula of Proposition
6.1.8, we can write:
D(W™) = U [efZiT[u) ef2i7'tv] ’

(w,v)E€E ()

where & ,,,) is a (finite) symmetric subset of [0, 1]2. By extracting a subsequence if necessary, we
may assume that €, ) = € in the Hausdorff sense as k — oo, where € is a symmetric closed
subset of [0, 1]%. It is easy to verify that:

K = U [e—Qiﬂu) e—zmv} .

(u,v)EEw

The proof of the inclusion K C L(X*¢) then reduces to checking that if u,v € £, withu <v, we
have u~X"v.

So fix u,v € &4 such that u < v. Then the pair (u,v) is the limit of a sequence (uy, V)
with (uy,vi) € €(n,) for every k. From Proposition 6.1.8, we can find integers 1,, < m,, in
{0,1,..., Cn, } such that:
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and
My, = inf {i > Loy W = W — 1} . (6.9)
By (6.7), we have also:
o . ]'le _ . mnk
u= kh_r)r;o 0o V= kh_{rolo o (6.10)

>From (6.9), we have W' > W;‘;;k for every i € [l,,,, mn,]. Thus, using the convergence of X™
to X** and (6.10):
XT€ > X$<, for every s € (u,v). (6.11)

>From property (H3) this implies that X¢¢ = X<, and then (Bcnk)_lwﬁﬁk = X}k must

mnk/an
converge to X{. Note that X{¢ and X are the only possible accumulation points for the

by
—I\Wwmnk — Yk : .
sequence (B¢, ) Wi = Xlnk Jem Now consider two cases:
If X&© = X<, then (Bcnk)_lwa‘; = X{‘nkk /e, CONVErges to X and, using (6.9), we get that
X$© = X§<. It follows that X > XS for every s € (u,v), because otherwise this would

contradict (H1) or (H4). Clearly we obtain u~*""v.

If X§< > X< then we must have X{‘n“k Jom, X$€ (otherwise (6.9) would give XS = X,
and (6.11) would contradict (H2)). Then (6.9) gives X = X{€. The inequality (6.11) can then
be reinforced in X > X = X< for every s € (u,v), since otherwise X*** would have a
local minimum equal to X = X in (u,v), which would contradict (H4). Hence we also get
u~*"v in that case.

This completes the proof. O

Together with Lemma 6.3.7, Lemma 6.3.8 completes the proof of Theorem 6.3.1 in the case

0 #2.

6.3.3 Description of the faces of L(X“) for 0 # 2

We still consider the case 1 < 6 < 2. By definition, the faces of L(X*) are the connected
components of D\L(X®C). In this section, we study the faces of L(X®*) and we show in particular
that, almost surely, every face of L(X®) is bounded by infinitely many chords (in contrast to
the case 0 = 2 where all faces are triangles).

Lemma 6.3.9. Almost surely, for every face U of L(X®<), if T = S; N U denotes the part of the boundary
of U lying on the circle, then:

(i) U is a convex open set;

(ii) T is not a singleton;

(iii) 1 ¢T.

Proof. Assertions (i) and (ii) hold for any geodesic lamination of D, and we leave the proof to
the reader. To get (iii), fix € > 0 and note that by Proposition 6.2.14 we can find s € (0, €] and
t € [1 — €, 1) such that the chord [e~%7, e~2"] is contained in L(X®<). It follows that 1 cannot
belong to the boundary of a connected component of D\L(X®¢). ]
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For distinct s, t € (0,1), we denote by H the open half-plane bounded by the line containing
e 27 and e #™" and such that 1 ¢ H. We write H for the other open half-plane bounded by
the same line.

Proposition 6.3.10. Let s be a jump time of X and t = inf{u > s; XS = X} There exists a unique
face U of L(X®<) contained in H and whose closure U contains the chord [e=%7™, e=2™"], The face U is
called the face associated to s. The mapping s — U is a one-to-one correspondence between jump times
of X and faces of L(X°).

Proof. We start by giving a description of the face associated to s. Let (o, B1)i>1 be defined by:

{(oiyBi); i 1} ={(,B); s < x < B < t,Xq =Xp = inf Xand X > XZ forr € (o, B},

[s, o]

where the pairs («;, 1) are listed in such a way that 3; — oy > ;5 — «; for i < j. The intervals
(eci, Bi) are exactly the excursion intervals of (X, — I$)s<,<: away from 0. Note that o; ~* B;
by Proposition 6.2.12, and that the intervals («s, 3i), i > 1 are disjoint. Furthermore, the fact
that (H3) holds for X shows that the times «;, i > 1 are not jump times of X

For every n > 1, let V,, be the convex open polygon whose vertices are

n
{672i7TS) ef2i7rt} U U{672i7toq) 672iﬂﬁi}'

i=1

Observe that V,, C V1. We finally set:

which is a convex open set. It is clear that V is contained in the open half-plane Hf and that
V contains [e~27™, =27, To prove that V is a connected component of D\L(X®), we proceed
in two steps. We first prove that V C D\L(X®) and then that V is a maximal connected open
subset of D\L(X®).

Let us prove that V C D\L(X). Argue by contradiction and suppose that there exist P €
L(X*¢) and N > 1 such that P € Vy. By the definition of L(X®), there exist 0 < u < v < 1
such that u~*""v and P € [e 2™ e 4™]. Since V is contained in the open half-plane H, we
must have s < u < v < t. Let us first show that s < u. If s = u, the definition of ~*" implies
that v = inf{r > s; X&¢ = X%} = t. Consequently, P € [e %7 e ?""] contradicting the fact
that P € V. We thus have s < u. Since P € Vy and since for every j € {1,..., N} the chord
[e72m  e=%7Bi] does not cross the chord [e~%™, e %™] a simple argument shows that there
exists 1 < i < N such that u < oy < B¢ < v, the case (u,v) = (&4, 3i) being excluded. We
examine two cases:

- Ifu < «y, then X3¢ > XT€ because inf(g o) X¥¢ = X§, «; is a local minimum time for X®¢
and local minima are almost surely distinct. Since «; € [u,v] and u ~X“y this contradicts
Remark 6.2.8.

- If u = «;, we know that u is not a jump time of X®° and the property u~*""v implies
v = inf{r > u; X < XG} = B4, which is excluded.
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In each case, a contradiction occurs. This completes the first step.
Let us then prove that V is a maximal connected open subset of D\L(X*¢). To this end, we

observe that we have
V =H;N (ﬂﬁg;) nD.

i=1
The fact that V is contained in the set in the right-hand side is immediate from our construction,

and the reverse inclusion is also easy. Set R = (H$)*ND and R; = (Iﬁlgi)" ND fori > 1. It follows
that

D\V=S,URU <U Ri> . 6.12)
i=1
This implies that the boundary of V is contained in L(X*), and it follows that V is a maximal
connected open subset of D\L(X®¢). From the preceding formula for D\V, it is also clear that
the boundary of V contains the chord [e %7, e~ %™] as well as all chords [e~ %7 e~27] and
we have obtained the existence of the face associated to s. The uniqueness of this face is obvious
for geometric reasons.

We still have to prove the last assertion of the proposition. Let U be a face of L(X**). We need
to verify that U is the face associated to a certain jump time of X®. To this end, let' =S, N U
be the part of the boundary of U lying on the circle and set:

s =influ > 0; e 2™ €T}, t=sup{l0 <u<1; e @™ el

By Lemma 6.3.9 (iii), we have 0 < s < t < 1. By the compactness of L(X*‘) and a convexity
argument, it is easy to verify that [e 2", e~ 27| C [(X®°). We then claim that s is a jump time
of X*¢. If not, by Proposition 6.2.12, this means that X{* = X{* and X > X for u € (s,t).
But then Proposition 6.2.14 could be used to produce a chord of L(X®) partitioning U into two
disjoint open sets, which is impossible. So s is a jump time of X and we then know that
t = inf{u > s; X = X} Let V be the face associated to s. To prove that U =V, it is sufficient
to show that U NV # @. This follows from simple geometric considerations. This completes
the proof. O

6.4 The stable lamination coded by a continuous function

The definitions of the limiting random laminations L(e) and L(X*) that appear in our main
result Theorem 6.3.1 for © = 2 and 0 # 2 were somewhat different. The goal of this section is
to unify these two cases by explaining how L(X®¢) (for 6 # 2) can also be constructed from
a random continuous function. This will allow us to make the connection between our stable
laminations and the so-called stable trees, which were studied in particular in [37, 38], in the
same way as the Brownian triangulation is connected to the Brownian CRT [7], and this will
also be useful when we calculate the Hausdorff dimension of L(X®<). The relevant random
function, called the height process in continuous time, was introduced in [76] and studied in
great detail in [37].

In this section, X is the strictly stable spectrally positive Lévy of index 0, as defined in Section
2land 1 <0 < 2.
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6.4.1 The height process

The continuous-time height process associated with X can be defined by the following ap-
proximation formula. For every t > 0,

t
Ht = llg%) % JO dS]l{ngI§+e}
where the convergence holds in probability. The process (H¢)¢>o has a continuous modification,
which we consider from now on.

A very useful ingredient in the study of the height process is the so-called exploration pro-
cess (pt)e>0, which is a strong Markov process taking values in the space M¢(RR,) of all finite
measures on R, . For every t > 0, p, is defined by:

[0,t]

for every measurable function f : R, — R,. Here the notation d;I{ refers to the integration
with respect to the nondecreasing function s — I} (recall the definition of I} in subsection 2.1).
Note in particular that (p, 1) = X —I;. The process (pt)t>0 enjoys the following two important
properties [37, Lemma 1.2.2]:

(i) Almost surely for every t > 0, p({0}) = 0 and supp(p.) = [0, H{] (here and later supp(u)
denotes the topological support of p € M¢(RR ), with the convention that supp(0) = {0}).
(ii)) Almostsurely{t > 0; H =0} ={t > 0; py =0} ={t > 0; Xy = I }.

In addition to (i), one can prove that, for every fixed t > 0, p¢({H¢}) = 0 almost surely.
This follows from formula (17) in [37]. Moreover, almost surely for every jump time s of X,
ps({Hs}) = AX; (see formula (19) in [37]).

We will need another important property of the exploration process. To state this property
we need to introduce some notation. If u € M¢(R, ) and « > 0, the “killed” measure k. is the
unique element of M((RR, ) such that, for every t > 0:

kocu([oa t]) = H([O) th) A ("L(R—O—) - (X)Jr-

Suppose that p € M¢(R,) has compact support and set h(p) = sup(supp(p)). Then if v €
M (R} ) the concatenation [y, v] € M¢(RR, ) is defined by:

(v 1) = (u, ) + JV(dt)f(h(u) ey

Let T be a stopping time of the filtration of X and let XiT) = Xt4t — X7 for every t > 0.
Recall that (X" )t>0 has the same distribution as (X¢)¢>o by the strong Markov property of X.
Set I\ = infgcy X" for every t > 0, and let (HET))go and (pET))@g be respectively the height
process and the exploration process associated with X(™). According to formula (20) in [37] we
have almost surely for every t > 0,

PT+t = kfI@pT»PiT) : (6.14)
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It follows that almost surely for every t > 0,

Hro— inf Hg=H (6.15)

sE[T, T+t]

(see [37, Lemma 1.4.5] for the case where T is deterministic, but the derivation is the same in
the general case).
The following result is a continuous analog of Proposition 6.1.7.

Proposition 6.4.1. The following holds almost surely. Let s > 0 be a jump time of X and t = inf{u >
s; Xu = Xs_}. Then:
(i) foreveryu € [s,t], Hy > H, and H,, = H; if and only if X\, = inf (5 .y X;

(ii) forevery oc € [0,s), infio s H < Hg;

(iii) for every u € (t, 00), inf( ) H < Hs.
Proof. Since the set of all jump times can be written as a countable collection of stopping times,
it is sufficient to consider the case when s = S is a stopping time that is also a jump time of X,
and t =T = inf{r > §; X, = Xs_}. By preceding observations, we know that ps({Hs}) = AXs.

Let us prove (i). From (6.14) applied to the stopping time S we have ps., . > kax,ps for every
r € [0, T —S] and thus:

Hsr = sup(supp ps++) = sup(supp kaxps) = Hs.

Furthermore, for the same values of r, (6.14) shows that Hs,, = Hgs can only hold if p£s) =0,
which is equivalent (by (6.13)) to X3 =15, This completes the proof of (i).

To get (ii), we observe that we can always pick a rational 3 € («, S) such that Xg < Xs. By
(6.15) applied to T = §3,

Hs— inf H,>Hs— inf H,=H.

r€lx,S] relp,S

Since Xs > X we have (pi*’ )B’ 1) > X(SB_)B > 0 and thus H(SB_)B > 0 completing the proof of (ii).
Finally for every e > 0 set T = inf{r > S; X; < Xs_ — €}. By (6.14) we have p1, = kax,+ePs
and Hy, = sup(supp kax,+eps) < Hs because ps({Hs}) = AXs. This completes the proof. O

The following result will also be useful.

Proposition 6.4.2. The following holds almost surely for every choice of 0 < s < t such that Hy = H,
and Hy, > H, forallu € (s,t). Forevery € € (0, (t—s)/2), thereexist s’ € (s,s+e€)andt’ € (t—e,t)
such that s’ < t' and:

(i) H does not attain a local minimum at s’ nor at t’;
(i) Hyy = Hy = inf( v H and there exists v € (s’,t’) such that H, = Hs..

Proof. We can assume that € < (t —s)/4. Set m = infs; ¢ +—e) H. By the continuity of H, there
exists €’ € (0, €) such that supj, ;s H <m. Letu € (s,s + €’) N Q. We have:

inf . H< H,

[u,s+¢€’]
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Chapitre 6. Random stable laminations of the disk_

because it easily follows from formula (6.14) that inf (4 415 H < Hq for every rational q > 0 and
every & > 0, almost surely (the point is that the measure p, gives no mass to {H}, so that the
supremum of the support of k,pq will be strictly smaller than H, for every a > 0).

Then letv € (u,s+€’] be such that H, = inf};, 54 H. Finally set s’ = inf{r € [s,s+€']; H, =
H,}and t’ = sup{r € [s + €’,t]; H, = H,} so that H does not attain a local minimum at s’ nor at
t’. By construction and using the continuity of H, we have

s<s'<u<v<s+e<t—e<t <t

Since Hs» = H, = Hy/, the proposition is proved. O

6.4.2 The normalized excursion of the height process

Recall the notation of Section 2.1, where we have constructed the normalized excursion X*¢
from the excursion of X straddling 1.

The normalized excursion of the height process, which is denoted by H®, is defined as
follows. Set B = 0/(I'(2 — 0)e®!). Using Proposition 6.2.1, one shows that there exists a con-
tinuous process (H{*)o<i<1, such that, for every t belonging to a subset of [0, 1] of full Lebesgue
measure,

HY = lim iCard{u € [0,t]; XT€ < inf X¥¢ AXTC > €}, as.
e—0 e [u,t]
See [36, Section 3] for details of the argument. This process H*“ is called the normalized excur-
sion of the height process. The pair (X*¢, H**¢) can be constructed explicitly from the process X
via the formula

1

_1 1
(XTSHT ot = (Cl ’ (Xgl+é1t - Xgl)’ Gy H&*Clt) (6.16)

0<t<1
where we recall the notation g, = sup{s < 1; X; = I}and (; = 9, — inf{s > 1; Xy = I}

Remark 6.4.3. From formula (6.16), we see that the results of Propositions 6.4.1 and 6.4.2 remain
valid if we replace X with X** and H with H*¢. More precisely, we will use these results in the
following form. Almost surely:

1. Let 0 < s < 1 be ajump time of X**“ and t = inf{u > s; X{< = X$*}. Then for u € [s,t],
HEC > HY, and HSC = HY if and only if X = inf(s ) X¥°. Moreover, if 0 < « < s then
infry ¢ H* < H$, and if t < u < 1 then inf(, ) H™C < HYS;

2. For every choice of 0 < s < t < 1, the conditions H{* = H{ and HC > HYC for all

u € (s,t) imply that for every e > 0 sufficiently small, there exist s’ € (s,s + €) and
t’ € (t — €,t) such that:

(i) H® does not attain a local minimum at s’ nor at t’,

(ii) infis ) H®C = HYC = HYC and there exists u € (s’,t’) such that H{® = HJ = H.

s’ T

The main result of [36] states that if t, is a GW/, tree conditioned on having total progeny n,
the discrete height process (Hx (tn))o<i <, appropriately rescaled, converges in distribution to
He®<. However, we will not use this fact.
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6.4. The stable lamination coded by a continuous function

6.4.3 Laminations coded by continuous functions

Let g : [0,1] — R, be a continuous function such that g(0) = g(1) = 0. We define a pseudo-

distance on [0, 1] by:

dg(s,t) =g(s) —g(t) =2 _ min  g(v)
for s,t € [0,1]. The associated equivalence relation on [0, 1] is defined by setting s < t if and
only if d4(s,t) = 0, or equivalently g(s) = g(t) = min,c(sat,svg g(r) (in the special case g = e,
this equivalence relation was already used in Section 2).

The quotient set Ty := [0,1]/ R equipped with the distance d, is an R-tree, called the tree
coded by the function g. We refer to [38, 42] for more information about R-trees, which are
natural generalizations of discrete trees, and their coding by functions.

For s € [0,1], we let cly(s) be the equivalence class of s with respect to the equivalence

relation 2. Then, for s,t € [0, 1], we set s £ t if at least one of the following two conditions
holds:

- s”tand g(r) > g(s) forevery r € (s A\ t,s V' t);
- sgtands/\t:minclg(s),s\/t:maxclg(s).

By [27, Proposition 2.5], the set

L(g) — U [ef2i7rs,672irtt]

g
s~ t

is a geodesic lamination of D. Note that if g = e, this coincides with the definition in Section 2,
thanks to the fact that local minima of e are distinct.

exc

exc H .
In what follows we take g = H®¢ and write ~""™ rather than ~ for notational reasons.

Proposition 6.4.4. Almost surely, for every u € [0, 1] such that Card(clpex(u)) > 3, there exists a
jump time « of X such that « € clyec(u). Conversely, let « be a jump time of X and 3 = inf{r >
o X = X< ). Then Card(clyex(a)) = oo, and furthermore min clyjex () = o0 and max clpec () =
B, so that, in particular, o« =~ (.

Proof. The first assertion is a consequence of Theorem 4.7 in [38] and the discussion following
this statement. The fact that Card(clye<(a)) = oo if & is a jump time of X follows from [38,
Theorem 4.6]. Finally, let o be a jump time of X and let 3 = inf{r > o; X = X$<}. By the
first part of Remark 6.4.3, we know that HZ® = inf{, ) H®® = H} and that forany € > 0:

inf  HOC < HE, inf  HOC < Hge.
[x—e, o] (B,B+€]

The desired result follows. O]

Theorem 6.4.5. Almost surely, the relations ~* and ~""" coincide. In particular,

L(X*) = L(H™) a.s.
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Proof. We first observe that both relations ~X™* and ~""™* are closed, in the sense that their
graphs are closed subsets of [0, 1]2. In the case of ~X, this was already observed in the proof
of Proposition 6.2.9. In the case of =", this is elementary (see [27, Section 2.3]).

Let s,t € [0,1] such that s < t and s ~*"" t. From Proposition 6.2.14, we can write the pair
(s,1) as the limit of a sequence (s,,t,) in & (of course if s is a jump time of X**“ we take s,, =s
and t,, = t for every n). However Proposition 6.4.4 then implies that s, ~""¢, , for every m,
and it follows that s ~""“t.

Let us prove the converse. Let (s, t) besuch that0 < s < t < 1and s ~"™ t. If Card(clyex(s)) >
3, we must have s = min Card(clyex(s)) and t = max Card(clye(s)), so that Proposition 6.4.4
implies that the pair (s,t) belongs to &, and in particular s ~*™ t. If Card(clyex(s)) = 2, then
the second part of Remark 6.4.3 shows that (s, t) is the limit of a sequence of pairs sy, t, such
that s, ~"™ t,, and Card(clyec(sn)) = 3. We have then s,, ~X™ t,, for every n and s =X t since
the relation ~X“ is closed. O

Remark 6.4.6. In the discrete setting, the definition of the dissection D(W/(t)) via formula (6.5)
uses the times si, ..., s}(i, which can be defined either from the Lukasiewicz path of T as in
Proposition 6.1.7 (i), or from the discrete height process of T as in part (ii) of the same proposi-
tion. In the continuous setting, we recover these two different points of view in the definition
of the O-stable lamination as L(X*¢) or L(H®).

6.5 The Hausdorff dimension of the stable lamination

In this section, we determine the Hausdorff dimension of L(X**) and of some other random
sets related to L(X®“). We refer the reader to [82] for background concerning Hausdorff and
Minkowski dimensions.

Theorem 6.5.1. Fix 0 € (1,2]. Let L(X) be the random lamination coded by the normalized excursion
X®€ of the ©-stable Lévy process and let A stand for the set of all endpoints of chords in L(X®). Then:

1
dim(A) =1— 5, dim(L(X*) =2~ 5,

where dim(K) stands for the Hausdorff dimension of a subset K of C. Furthermore, if 1 < 0 < 2, then
a.s. for every face V of L(X%°),
— 1

dim(VNS') = 3
Remark 6.5.2. In the case 0 = 2, the results of the theorem are already known: See [6] for
a sketch of the argument and [77] for a detailed proof. We thus restrict our attention to 6 €
(1,2). We follow the idea of the proof of [77] but a different argument is needed because of the
existence of jump times.

It will be convenient to identify the interval [0, 1) with S; via the mapping x + e %™. The

set A of the theorem is the set of all x € S! such that there exists y € S! with y # x and x ~*"" y.
We also let J be the set of all (ordered) pairs (I, J) where I and | are two disjoint closed subarcs

174



6.5. The Hausdorff dimension of the stable lamination

of S; with nonempty interior and rational endpoints. If (I,]) € J, we denote by ALJ) the set of
all x € I such that x ~**y for some y € J. In particular:

A — U AL
(L,]))ed

In the following, dim,,(B) and dimp;(B) will denote respectively the lower and the upper
Minkowski dimensions of a set B (see [82] for definitions). In order to compute Hausdorff and
Minkowski dimensions, the following proposition will be useful.

Proposition 6.5.3. Almost surely, for every t > 0, the set {0 < s < t; S = X} has Hausdorff
dimension and upper Minkowski dimension equal to 1 — 1/0, and the set {0 < s < t; Iy = X} has
Hausdorff dimension and upper Minkowski dimension equal to 1/6.

Proof. Recall that if (1¢,t > 0) is a stable subordinator of parameter p € (0,1) then, almost
surely, for all t > 0, the Hausdorff dimension and the upper Minkowski dimension of {ts; 0 <
s < t}, or of the closure of this set, is equal to p (see e.g. [16, Theorem 5.1, Corollary 5.3]). Let
L = (Li,t > 0) stand for a local time of S — X at 0, and let L™! be the right-continuous inverse
of L. Since X has only positive jumps the set {0 < s < t; S; = X;} is closed. By [15, Lemma
VIIL.1], L~ ! is a subordinator of index 1 —1/6 and by [15, Proposition IV.7 ], {0 < s < t; S5 = X}
coincides with the closure of {L;*; 0 < s < L}. As L > 0 almost surely, the first assertion of the
proposition follows. The proof of the second assertion is similar, noting that —I is a local time
at 0 for X — I and that the right-continuous inverse of —I is a stable subordinator of index 1/6,
again by [15, Lemma VIIL1]. O

Lemma 6.5.4. For a € (0, 1], set fa = {u € (0,a); X{C < infpy, q) X} Almost surely, for every
jump time a of X*“ in (0, 1) we have:

dim(Fy) = dimm (Fq) =1 — i} (6.17)

Informally, if one identifies the interval [0, 1] with the circle S; by using the map x — e~ %7,

the set fa corresponds to endpoints in (0, a) of chords that connect a point of (0, a) to a point of
(a,1).

Proof of Lemma 6.5.4. We first consider an analog of Fo where Xo€ is replaced by the Lévy pro-
cess X. Precisely, for every a > 0, we set

Fo:={ue (0,a); Xy,_ < inf X}.

[u,a]

Note that, under the condition X, > I, Fq is contained in the (closure of the) excursion interval
of X — I that straddles a. Thanks to this observation and to the connection between X and X
given by Proposition 6.2.1, the result of the lemma will follow if we can verify that

- 1
dim(Fo) = dinu (Fo) = 1 - 5, (6.18)
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for every jump time a of X (note that if X** is given by the formula of Proposition 6.2.1, the
jump times of X exactly correspond to jump times of X over (g, d,)). Let K > 0 and consider
only jump times that are bounded above by K. The desired result for such jump times follows
by considering the process X time-reversed at time K and using the strong Markov property
together with Proposition 6.5.3. O

Proof of Theorem 6.5.1. We first prove the last assertion of the theorem. By Proposition 6.3.10, a
face V of L(X®) is associated to a jump time s of X, and we set t = inf{r > s : X = X}
Let the intervals (x4, 3i), 1 > 1 be defined as in the proof of Proposition 6.3.10. Then, it easily
follows from (6.12) that

Vs = [s, )\ [ (o, Bi) = {r € [s, t]; X2 = inf X},
i S,T
where we recall that S! is identified with [0, 1). The calculation of dim(V NS') now follows from
the second assertion of Proposition 6.5.3, using also Proposition 6.2.1.
Let us turn to the first part of the theorem. We follow the ideas of the proof of the analogous
result in [77]. We will prove that:

dim(A) =1—1/8, dimm (A <1—1/0 (6.19)
for every (I,]) € J, a.s. If (6.19) holds, then:
dimp, (A UADD) < dimp (AT U ADD) = max(dimp (A, dimp (A1) < dim(A),

and then the same argument as in Proposition 2.3 of [77] entails that dim(L(X®¢)) = 1+dim(A) =
2 —1/6. It remains to establish (6.19). In order to verify that

dimm (A <1—1/0

for every (I,]) € J, we need only consider the case I = [u,v],] = [u/,v] with0 < u’ <V’ <1,
0 < u < v < 1 (if one of the subarcs I or | contains 0 as an interior point, partition it into
two subarcs whose interior does not contain 0). Since the relations ~X™ and ~"" coincide,
the time-reversal invariance property of H™ (see [37, Corollary 3.1.6]) allows us to restrict to
thecase 0 < u < v < u’ < v < 1. Choose a jump time a of X**° such that v < a < u’ and
observe that /F\(1 Cc Aand AL fa, with the notation of Lemma 6.5.4. Hence, by the latter
lemma, dimp (A1) < dimp (Fa) = 1 — 1/0. Lemma 6.5.4 and the property T, C A also give
1—1/6 < dim A. We have then:

1 — — 1
1—= <dimA < dimpm(A) < max dimp (AT <1 — =,
0 (L))ed 0

In particular dim A =1 —1/0 and (6.19) holds. This completes the proof. O
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conditioned Galton-Watson tree approach
T e N T N —

Les résultats de ce chapitre sont issus de I'article [28] écrit en collaboration avec Nicolas Curien,
accepté pour publication dans Random Struct. Alg.
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We study various models of random non-crossing configurations consisting of diagonals of
convex polygons, and focus in particular on uniform dissections and non-crossing trees. For
both these models, we prove convergence in distribution towards Aldous’ Brownian triangula-
tion of the disk. In the case of dissections, we also refine the study of the maximal vertex degree
and validate a conjecture of Bernasconi, Panagiotou and Steger. Our main tool is the use of an
underlying Galton-Watson tree structure.

Introduction

Various models of non-crossing geometric configurations involving diagonals of a convex
polygon in the plane have been studied both in geometry, probability theory and especially in
enumerative combinatorics (see e.g. [45]). Three specific models of non-crossing configurations
— triangulations, dissections and non-crossing trees — have drawn particular attention. Let us
tirst recall the definition of these models.
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Chapitre 7. Random non-crossing plane configurations

Let P,, be the convex polygon inscribed in the unit disk of the complex plane whose vertices
are the n-th roots of unity. By definition, a dissection of P,, is the union of the sides of P,, and of a
collection of diagonals that may intersect only at their endpoints. A triangulation is a dissection
whose inner faces are all triangles. Finally, a non-crossing tree of P, is a tree drawn on the
plane whose vertices are all vertices of P, and whose edges are non-crossing line segments. See
Fig.7.1 for examples.

Figure 7.1: A dissection, a triangulation and a non-crossing tree of the octogon.

Graph theoretical properties of uniformly distributed triangulations have been recently in-
vestigated in combinatorics. For instance, the study of the asymptotic behavior of the maximal
vertex degree has been initiated in [34] and pursued in [47]. Afterwards, the same random
variable has been studied in the case of dissections [14].

We shall continue the study of graph-theoretical properties of large uniform dissections and
in particular focus on the maximal vertex degree. Our method is based on finding and ex-
ploiting an underlying Galton-Watson tree structure. More precisely, we show that the dual
tree associated with a uniformly distributed dissection of P,, is a critical Galton-Watson tree
conditioned on having exactly n — 1 leaves. This new conditioning of Galton-Watson trees has
been studied recently in [70] (see also [94]) and is well adapted to the study of dissections, see
[69]. In particular we are able to validate a conjecture contained in [14] concerning the asymp-
totic behavior of the maximal vertex degree in a uniform dissection (Theorem 7.3.7). Using
the critical Galton-Watson tree conditioned to survive introduced in [65], we also give a simple
probabilistic explanation of the fact that the inner degree of a given vertex in a large uniform
dissection converges in distribution to the sum of two independent geometric variables (Propo-
sition 7.3.6). We finally obtain new results about the asymptotic behavior of the maximal face
degree in a uniformly distributed dissection.

As a by-product of our techniques, we give a very simple probabilistic approach to the

following enumeration problem. Let A be a non-empty subset of {3,4,5,...} and DY the set
of all dissections of P,,;; whose face degrees all belong to the set A. Theorem 7.2.7 gives an

explicit asymptotic formula for #DYY asn — oo (for those values of n for which DY # @). In
particular when Ay = {3,4,5,.. .}, then D,,_; := D(Aoi is the set of all dissections of P,, and

n—

1 2—14
“Dn ~ —\/—99f 03723 4 23",
n—oo 4 7T

This formula (Corollary 7.1.5) was originally derived by Flajolet & Noy [45] using very different
techniques.
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From a geometrical perspective, Aldous [7, 6] proposed to consider triangulations of P,, as
closed subsets of the unit disk D := {z € C : |z] < 1} rather than viewing them as graphs.
He proved that large uniform triangulations of P, converge in distribution (for the Hausdorff
distance on compact subsets of the unit disk) towards a random compact subset. This limiting
object is called the Brownian triangulation (see Fig.7.2). This name comes from the fact that
the Brownian triangulation can be constructed from the Brownian excursion as follows: Let
e : [0,1] — R be a normalized excursion of linear Brownian motion. For every s,t € [0, 1], we
set s ~ t if we have e(s) = e(t) = min;sa,sv¢) € The Brownian triangulation is then defined as:

B o= U [6_217(3, e—Zint}) (71)

s~t

where [x,y] stands for the Euclidean line segment joining two complex numbers x and y. It

Figure 7.2: A sample of the Brownian triangulation B.

turns out that B is almost surely a closed set which is a continuous triangulation of the unit
disk (in the sense that the complement of B in D is a disjoint union of open Euclidean triangles
whose vertices belong to the unit circle). Aldous also observed that the Hausdorff dimension
of B is almost surely equal to 3/2 (see [77]). Later, in the context of random maps, the Brownian
triangulation has been studied by Le Gall & Paulin in [77] where it serves as a tool in the proof
of the homeomorphism theorem for the Brownian map. See also [27, 69] for analogs of the
Brownian triangulation.

However, neither large random uniform dissections, nor large uniform non-crossing trees
have yet been studied from this geometrical point of view.

WO

Figure 7.3: Uniform dissection, triangulation and non-crossing tree of size 50. The
same continuous model?
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In this work, we extend Aldous’ theorem by showing that both large uniform dissections
and large uniform non-crossing trees converge in distribution towards the Brownian triangu-
lation (Theorem 7.2.1). The maybe surprising fact that large uniform dissections (which may
have non-triangular faces) converge to a continuous triangulation stems from the fact that many
diagonals degenerate in the limit. For both models, the key is to use a Galton-Watson tree struc-
ture, which was already described above in the case of dissections. In the case of non-crossing
trees this structure has been identified by Marckert & Panholzer [81] who established that the
shape of a uniform non-crossing tree of P,, is almost a Galton-Watson tree conditioned on having
n vertices (see Theorem 7.1.7 below for a precise statement).

We also consider other random configurations of non-crossing diagonals of P,, such as non-
crossing graphs, non-crossing partitions and non-crossing pair partitions, and prove the con-
vergence towards the Brownian triangulation, again by using an appropriate underlying tree
structure. We also show that a uniformly distributed dissection over D\ converges towards
B asn — oo. The Brownian triangulation thus appears as a universal limit for random non-
crossing configurations. This has interesting applications: For instance, let X,, be a random
non-crossing configuration on the vertices of P,, that converges in distribution towards B in
the sense of the Hausdorff metric. Then the corresponding angle of the longest diagonal of X,
suitably normalized, converges in distribution towards the length of the longest chord of the
Brownian triangulation with law

1 3x —1
Tx2(1 —x)2v/1 —2x

This has been shown in the particular case of triangulations in [6] (see also [34]).

1 dx.

1<x<

The paper is organized as follows. In the first section we introduce the discrete models and
explain the underlying Galton-Watson tree structures. The second section is devoted to the con-
vergence of different random non-crossing configurations towards the Brownian triangulation
and to applications. The final section contains the analysis of graph-theoretical properties of
large uniform dissections, such as the maximal vertex or face degree.

Acknowledgments. We are indebted to Jean-Frangois Le Gall for a very careful reading of a
tirst version of this article and for useful suggestions. We thank the participants of the ANR
A3 meeting in Nancy (March 2011) for stimulating discussions and especially Jean-Francois
Marckert for telling us about non-crossing trees.

7.1 Dissections, non-crossing trees and Galton-Watson trees

7.1.1 Dissections and plane trees

Throughout this work, for every integer n > 3, P,, stands for the regular polygon of the
plane with n sides whose vertices are the n-th roots of unity.

Definition 7.1.1. A dissection D of the polygon P, is the union of the sides of the polygon and of
a collection of diagonals that may intersect only at their endpoints. A face f of D is a connected
component of the complement of D inside Py; its degree, denoted by deg(f), is the number of
sides surrounding f. See Fig. 7.4 for an example.
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Let L, be the set of all dissections of P,, 1. Given a dissection D € LL,,, we construct a (rooted
ordered) tree ¢(D) as follows: Consider the dual graph of D, obtained by placing a vertex
inside each face of D and outside each side of the polygon P, ; and by joining two vertices if
the corresponding faces share a common edge, thus giving a connected graph without cycles.
Then remove the dual edge intersecting the side of P,,,; which connects 1 to e~+I. Finally, root
the tree at the corner adjacent to the latter side (see Fig. 7.4).

Figure 7.4: The dual tree of a dissection of Pg, note that the tree has 7 leaves.

The dual tree of a dissection is a plane tree (also known as rooted ordered tree in the litera-
ture). We briefly recall the formalism of plane trees which can be found in [73] for example. Let
N = {0, 1, ...} be the set of nonnegative integers, N* = {1, ...} and let U be the set of labels

u=Jmr,
n=0

where by convention (N*)° = {&}. An element of U is a sequence u = u, - - - u,, of positive
integers, and we set [u| = m, which represents the “generation” of u. If u = u; ---u,, and
vV = vy ---Vvy belong to U, we write uv = u; -+ - UV - - - Vi, for the concatenation of u and v.
Finally, a plane tree 7 is a finite or infinite subset of U such that:

1. ger,

2. ifv e tand v = uj for some j € N*, thenu € T,

3. for every u € 1, there exists an integer k,,(t) > 0 (the number of children of u) such that,

for everyj € N*, uj € tif and only if 1 <j < k(7).

In the following, by tree we will always mean plane tree. We denote the set of all trees by
T. We will often view each vertex of a tree T as an individual of a population whose T is the
genealogical tree. If T is a tree and u € 1, we define the shiftof tatuby oy,t={ve U: uv € 1},
which is itself a tree. If u,v € T we denote by [u, V] the discrete geodesic path between u and
v in T. The total progeny of T, which is the total number of vertices of T, will be denoted by
((t). The number of leaves (vertices u of T such that k, (t) = 0) of the tree T is denoted by A(T).

Finally, we let Ty denote the set of all plane trees with n leaves such that there is no vertex
with exactly one child.

The following proposition is an easy combinatorial property, whose proof is omitted.

Proposition 7.1.2. The duality application & is a bijection between D, and T,

181



Chapitre 7. Random non-crossing plane configurations

The dissection is conversely easily obtained from the tree as shown in Fig. 7.4.

Finally, we briefly recall the standard definition of Galton-Watson trees. Let p be a prob-
ability measure on N such that p(1) < 1. The law of the Galton-Watson tree with offspring
distribution p is the unique probability measure P, on T such that:

1. Py(ko =3) = p(j) forj >0,

2. for every j > 1 with p(j) > 0, conditionally on {kg = j}, the subtrees o1, ..., 05T are

ii.d. with distribution P,.
It is well-known that if p has mean less than or equal to 1 then a p-Galton-Watson tree is almost
surely finite. In the sequel, for every integer j > 1, P, ; will stand for the probability measure
on TV which is the distribution of j independent trees of law P,. The canonical element of T’
will be denoted by f. For f = (ty,...,7;) € T/, let A(f) = A(11) + - - - + A(T5) be the total number
of leaves of f.

7.1.2 Uniform dissections are conditioned Galton-Watson trees

In the rest of this work, D,, is a random dissection uniformly distributed over D,,. We also
set t, = ¢(D,) to simplify notation. Remark that t,, is a random tree which belongs to T,
Fix ¢ € (0,1/2) and define a probability distribution (¢} on N as follows:
() _ 1—2c (c) (c)

H“O - 1 c ) ul - 0) p’i == Ciil for i 2 2.

It is straightforward to check that u!¢) is a probability measure, which moreover has mean
equal to 1 when ¢ = 1 — 272, In the latter case, we drop the exponent (c) in the notation, so
that p := p(=1/v2) The following theorem gives a connection between uniform dissections of
P,, and Galton-Watson trees conditioned on their number of leaves. This connection has been
obtained independently of the present work in [91].

Proposition 7.1.3. The conditional probability distribution P (- | A(T) = n) does not depend on the
choice of ¢ € (0,1/2) and coincides with the distribution of the dual tree t,, of a uniformly distributed
dissection of Py 41.

Proof. We adapt the proof of [69, Proposition 1.8] in our context. By Proposition 7.1.2, it is
sufficient to show that for every ¢ € (0,1/2) the probability distribution IP,,c)(- | A(T) = n) is
the uniform probability distribution over T\, If Tis a tree, we denote by ug, ..., Uzr)—1 the
vertices of T listed in lexicographical order and recall that k,,, stands for the number of children
of u;. Let 1y € Tg ), By the definition of P, ), we have

1 C(to)—1
P.olt=1|AT)=n) = ()
wolt=m A =n) = g 1} M

C(to)—1 AlTo) A(To)
] e = (1 —2C> " 2T —1-(LlT0)A(x0)) _ -1 (C(l —2‘3)) i
Ku. — :
. wy 1—C 1_C
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Thus P, (T = To | A(T) = n) depends only on A(T;). We conclude that P,)( - [ A(T) = n) is the
uniform distribution over ']I‘Ef ), O

In the following, we will always choose ¢ = 1 —271/2 for u{¢) = p to be critical. Hence, the
random tree t,, has law P, (- | A(T) = n). A general study of Galton-Watson trees conditioned

by their number of leaves is made in [70]. In particular, we will make an extensive use of the
following asymptotic estimate which is a particular case of [70, Theorem 3.1]:

Lemma 7.1.4. We have

T1_3/2
n—oo 9 /7.(\/5'

Let us give an application of Proposition 7.1.3 and Lemma 7.1.4 to the enumeration of dissec-
tions. There exists no easy closed formula for the number #D,, of dissections of P,, ;. However,
a recursive decomposition easily shows that the generating function

P, [A(1) =nl (7.2)

D(z) = ZZ“#Dn—h

n>3

isequal to (1 +z—+/z? — 6z + 1), see e.g. [14, Section 3] and [45]. Using classical techniques of
analytic combinatorics [46], it is then possible to get the asymptotic behavior of #D,,, see [45].
Here, we present a very short “probabilistic” proof of this result.

Corollary 7.1.5 (Flajolet & Noy, [45]). We have

1 /99v2 — 140
#Ln ~ <\ —\/_ n=/2(34+2v2)™
n—o0 4 s

Proof. Letn > 3 and let 1) = {9, 1,2,...,n — 1} be the tree consisting of the root and its n — 1
children. By Proposition 7.1.3, we have

1 . Pilr=m) 0 eyt
L, - Pe(r=mlA®=n—1)= P.AT) =n—1) P.A1)=n—1)
Thus
o _ 3 —n—
il = BO@=n-D (2 4@ Pu(A(T) o 0] 73
(2 — /2)n1 <%§> (3—2v2)
The statement of the corollary now follows from (7.2) and (7.3). O

7.1.3 Non-crossing trees are almost conditioned Galton-Watson trees

Definition 7.1.6. A non-crossing tree ¢ of P,, is a tree drawn in the plane whose vertices are all
the vertices of P,, and whose edges are Euclidean line segments that do not intersect except
possibly at their endpoints.
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Chapitre 7. Random non-crossing plane configurations

Every non-crossing tree ¢ inherits a plane tree structure by rooting ¢ at the vertex 1 of P,
and keeping the planar ordering induced on ¢. The children of the root vertex are ordered
by going in clockwise order around the point 1 of P,,, starting from the edge connecting 1 to
e 27/ which may or may not be in €. As in [81], we call this plane tree the shape of ¢ and
denote it by S(%’). Obviously ((S(%)) = n. Note that the mapping ¢ — S(%) is not one-to-
one. However, we will later see that large scale properties of uniform non-crossing trees are
governed by their shapes.

In the following, we let 6, be uniformly distributed over the set of all non-crossing trees
of P,. We also set .7;, = S(%,) to simplify notation. We start by recalling a result of Marck-
ert and Panholzer stating that .7, is almost a Galton-Watson tree. Consider the two offspring
distributions:

vg(k) = 237K, fork=1,2,3,...
v(k) = 4(k+1)37%2 fork=0,1,2,..

Following [81], we introduce a modified version of the v-Galton-Watson tree where the root

vertex has a number of children distributed according to v and all other individuals have
offspring distribution v. We denote the resulting probability measure on plane trees obtained

by P, . The following theorem is the main result of [81] and will be useful for our purposes:

Theorem 7.1.7 (Marckert & Panholzer, [81]). The random plane tree 7, is distributed according to
Py(- [ (1) =n).

7.2 The Brownian triangulation: A universal limit for random
non-crossing configurations

Recall that D,, is a uniform dissection of P,,;; and that T,, stands for its dual plane tree.
Recall also that %, is a uniform non-crossing tree of P,, and that .7, stands for its shape. In the
following, we will view both D, and %), as random closed subsets of D as suggested by Fig.7.1.
Recall that the Hausdorff distance between two closed subsets of A, B C D is

diaus(A,B) = inf{e >0:A CB®and B Cc A9},

where X'¢) is the e-enlargement of a set X C . The set of all closed subsets of D endowed with
the Hausdorff distance is a compact metric space. Recall that the Brownian triangulation B is
defined by (7.1). The main result of this section is:

Theorem 7.2.1. The following two convergences in distribution hold for the Hausdorff metric on closed
subsets of D:

i) D, L, B, (i) %, -2, B
n—o0 n—oo

The main ingredient in the proof of Theorem 7.2.1 is a scaling limit theorem for functions
coding the trees T,, and .7,. In order to state this result, let us introduce the contour function
associated to a plane tree.

184



7.2. The Brownian triangulation: A universal limit for random non-crossing configurations

Fix a tree T and consider a particle that starts from the root and visits continuously all the
edges of T at unit speed (assuming that every edge has unit length). When leaving a vertex,
the particle moves towards the first non visited child of this vertex if there is such a child, or
returns to the parent of this vertex. Since all the edges will be crossed twice, the total time
needed to explore the tree is 2({(T) —1). For 0 <t < 2(¢(t) —1), C(t) is defined as the distance
to the root of the position of the particle at time t. For technical reasons, we set C.(t) = 0 for
t € [2(¢(t) — 1),2(7)]. The function C.(-) is called the contour function of the tree t. See [73]
for a rigorous definition. For t € [0,2(¢(T) —1)] and u € T, we say that the contour process visits
the vertex u at time t if the particle is at u at time t. Similarly, if we say that the contour process
visits an edge ¢ if the particle belongs to ¢ at time t.

Let e bet the normalized excursion of linear Brownian motion. The following convergences
in distribution will be useful for our purposes:

Cq, (2¢(Tn)t) () iy
<T)O<t<l py <(3\/§_4) 1 ze(t))ost@’ @.4)
C,J/*n(?nt)) (d) 2\/? ” 5
( \/ﬁ 0<t<1 m ( 3®(t)>0<t<1‘ 7

The convergence (7.4) has been proved by Kortchemski [70, Theorem 5.9, Remark 5.10], and
(7.5) has been obtained by Marckert and Panholzer [81, Proposition 4]. Although not relevant
for our purposes, let us mention that it follows from [70, Corollary 3.3] that {(7T,) is concen-
trated around p;'n as n — oo and thus (7.4) means that the global shape of T, is the same as
that of a p-Galton-Watson tree conditioned on having |, 'n | vertices in total.

The proof of Theorem 7.2.1 will be different for dissections and non-crossing trees, although
the main ideas are the same in both cases. Notice for example that in the case of non-crossing
trees, there is no need to consider a dual structure since the shape of the non-crossing tree
already furnishes a plane tree.

7.2.1 Large uniform dissections
The Brownian triangulation is the limit of large uniform dissections

In [69], a general convergence result is proved for dissections whose dual tree is a condi-
tioned Galton-Watson tree whose offspring distribution belongs to the domain of attraction of
a stable law. Since our approach to the convergence of large uniform non-crossing trees towards
the Brownian triangulation will be similar in spirit, we reproduce the main steps of the proof in
our particular case.

The following lemma, which is an easy consequence of [70, Corollary 3.3], roughly says that
leaves are distributed uniformly in a conditioned Galton-Watson tree. Formally, if T is a plane
tree, for 0 < t < 2¢(1) — 2, we let A(t) be the number of leaves among the vertices of T visited
by the contour process up to time t, and we set A.(t) = A(1) for 2¢(T) — 2 < t < 2((7).
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Chapitre 7. Random non-crossing plane configurations

Lemma 7.2.2. We have

A, (20t )t
0<t<1 n n—oo

where (P) stands for the convergence in probability.

Proof of Theorem 7.2.1 part (i). We can apply Skorokhod’s representation theorem (see e.g. [20,
Theorem 6.7]) and assume, without loss of generality, that the convergences (7.4) and (7.6) hold
almost surely and we aim at showing that D,, converges almost surely towards the Brownian
triangulation B defined by (7.1). Since the space of compact subsets of D equipped with the
Hausdorff metric is compact, it is sufficient to show that the sequence (D, )n>1 has a unique
accumulation point which is B. We fix w such that both convergences (7.4) and (7.6) hold for
this value of w. Up to extraction, we thus suppose that (D, ),>; converges towards a certain
compact subset D, of D and we aim at showing that D, = B.

We first show that B C D,,. Fix 0 < s < t < 1 such that e(s) = e(t) = minae, sy e We
tirst consider the case when we have also e(r) > e(s) for every r € (s,t). Let us prove that
[e~%7s e2™] C D,,. Using the convergence (7.4), one can find an edge of t, such that if s, is
the time of the first visit of this edge by the contour process and if t,, is the time of its last visit,
then s,,/(2¢(Tn)) = sand t,,/(2¢(T)) — t asn — oo, see Fig. 7.5.

s Ag (tn)
72171'77?41

A, (sn)

e—217r T

Figure 7.5: The arrows show the first visit time s,, and last visit time t,, of an edge
of Th.

Since the sides of P, 1, excepting the side connecting 1 to e2/(n+1) are in one-to-one cor-
respondence with the leaves of T,, we have (see Fig. 7.5):

. Agy (sn) . A (tn)
[6_217{ T )6_21” | c D'rv

We refer to [69] for a more complete proof. From Lemma 7.2.2, we can pass to the limit and
obtain [e 27, e727 C D .

Let us now suppose that e(s) = e(t) = min;a¢ sy ©€ and, moreover, there exists v € (s, t)
such that e(r) = e(s). Since local minima of Brownian motion are distinct, there exist two

186
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sequences of real numbers (x, )n>1 and (3 )n>1 taking valuesin [0, 1] such that o,y — s, fry = t
as n — oo and such that for everyn > 1 and r € (x,,, Bn) we have e(r) > e(x,) = e(pn). The
preceding argument yields [e 27 e~ %7Bn] C D for every n > 1. Since D, is closed, we
conclude that B C D.

The reverse inclusion is obtained by making use of a maximality argument. More precisely,
it is easy to show that D, is a lamination, that is a closed subset of D which can be written as a
union of chords that do not intersect each other inside D. However, the Brownian triangulation
B, which is also a lamination, is almost surely maximal for the inclusion relation among the
set of all laminations of D, see [77]. It follows that D,, = B. This completes the proof of the
theorem. O

Application to the study of the number of intersections with a given chord

We now explain how the ingredients of the previous proof can be used to study the number
of intersections of a large dissection with a given chord. For «, 8 € [0, 1], we denote by I%F the
number of intersections of D,, with the chord [e~%™*, e~%7P], with the convention [%F = ( if
[67217'(0(’ 672171[5] C ‘Dn-

Proposition 7.2.3. For 0 < o« < 3 < 1 we have

F @ ep—o

7

\/ﬁ n—00 3\/5_4)

where e is the normalized excursion of linear Brownian motion.

Proof. For 1 < i < n, denote by 1™(i) the i-th leaf of t, in the lexicographical order. Then,

for 1 < i < j < n, the construction of the dual tree shows that for every s € ( :;11, niﬂ) and

te (T]l;ﬁl, ﬁ)' %' is equal to the graph distance in the tree t, between the leaves 1™(i) and

1"(j). Indeed, the edges of D,, that intersect the chord [e~ %™, e~%"™F] correspond exactly to
the edges composing the shortest path between 1™ (i) and 1"(j) in 7,,. However, the situation

is more complicated when e 27 or e ™" coincides with a vertex of P, ;. To avoid these

1 1

s /
particular cases, we note that for ¢,¢" € (— -7, ;77) we have

I$1+£,t+€, o I;’t < 2A(n))

where A™) is the maximal number of diagonals of D, adjacent to a vertex of P,,,;. We claim
that

— —— 0. (7.7)

We leave the proof of the claim to the reader since a (much) stronger result will be given in
Theorem 7.3.7. Let 0 < « < 3 < 1. Seti,, = [N+ 1)| + 1 and j,, = [(n +1)B| + 1. Choose n
sufficiently large so that j,, < n. The preceding discussion shows that

|I$’B - dgr(ln(in))ln(jn))’ < 2A(n)> (78)
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where d,, stands for the graph distance between two vertices in t,. Now note that the graph
metric of the tree t,, can be recovered from the contour function of t,,, see [37]: If u,,, v,, are two
vertices of t, such that the contour process reaches u,, (resp. v,) at the instant s,, (resp. t,),
then

dgr(un,\)n) = Ctn(sn) + Ctn (tn) -2 ue[sn/\lgflsn\/tn} Ctn (U,) (79)
If we choose u,, = 1"(i,) and v,, = 1"(j) with respective first visit times s,, and t,,, Lemma
7.2.2 shows that s,,/2¢(t,,) = « and t,,/2((t,) — P in probability as n — oco. Consequently,
using (7.7),(7.8), together with (7.4), and (7.9) we finally obtain

m_ 2 4)1/2 — 2 inf .
R e BV2T4) (‘B("‘”@“” Mé%vm@)

To conclude, observe that by the re-rooting property of the Brownian excursion (see [80, Propo-
sition 4.9]), the variable e(x) + e(f3) —2inf{xAp,«vp] € has the same distribution as e(f — ). O

Remark 7.2.4. The preceding proof can be adapted easily to show the following functional
convergence in distribution

IO()B (d) 1/2
n —= 3v2—4)"? (e(x)+e(B)—2 inf e .
vn oigg n—oo (AR, oV B] ) 0<a<

0\\ Px

7.2.2 Large uniform non-crossing trees

In order to study large uniform non-crossing trees, the following lemma will be useful. It
roughly implies that the location of a leaf in a non-crossing tree 4" can be deduced from its
location in the shape of " up to an error that is bounded by its height. Recall that if T is a tree
and u € T, k. denotes the number of children of u.

Lemma 7.2.5. Let € be a non-crossing tree with n vertices and shape S(¢’) = . Fix a vertex u € T
and let a € {0,1,...,n — 1} be such that the vertex in € corresponding to u is exp(—2ima/n). Then
there exists iy € {1, ..., ky + 1} such that

la—##HveT:v<ui) < [,
where < stands for the strict lexicographical order on U.

Proof. Letu € T\{@}. Consider the discrete geodesic path from @ to uwin T and its image £ in %'
There exists 1 < iy < ky + 1 such that, in &, the first i, — 1 chidren of u as well as their descen-
dants are folded on the left of £ (oriented from the root) and the rest of the descendants of u are
folded on the right of £, see Fig. 7.6. Now, consider the set E = {1, exp(—2imt/n), ..., exp(—2ima/n)}
of all the vertices of P,, that are between 1 and exp(—2ima/n) in clockwise order. A geometric
argument (see Fig. 7.6) shows that if a vertex x of ¢ belongs to E, then its corresponding vertex
in the tree T must belong to the set {v € T: v < uiy}. On the other hand, if w € {v € T:v < uip}
and if, moreover, w is not a strict ancestor of u in T then its corresponding vertex in ¢ belongs
to E. Consequently, we have

Hvet:v<uipgl—u/+1 < H#E=a+1 < FH#HveT:v=<uip
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Figure 7.6: lllustration of the proof of Lemma 7.2.5. We represent the non-crossing
tree ¢ with curved chords for better visibility. The left-hand side of £ is in gray
whereas its right-hand side is in white.

The lemma follows (the case u = @ being trivial).
O

For our purpose, it will be convenient to reinterpret this lemma using the contour function.
Fix a tree T, and define Z(j) as the number of distinct vertices of Tt visited by the contour process
of T up to time j, for 0 < j < 2¢(t)—2. For technical reasons, we set Z(j) = (1) forj = 2¢(T)—1
and j = 2((7), and then extend Z.(-) to the whole segment [0, 2((1)] by linear interpolation.
Note that a vertex u € T with k,, children is visited exactly k,, + 1 times by the contour function
of 7, and that if t\; ... t*«"1) are these times, then for every iy € {1,...,k, + 1} we have

HveT:v<uip) =2, (t“O)) ) (7.10)

The idea of the proof of Theorem 7.2.1 part (ii) is the following. Let ¢ be a large non-crossing
tree with shape S(%). Pick a vertex u € S(%’) corresponding to the point exp(—2ia/n) in €. The
goal is to recover a (with error at most o(n)) from the knowledge of S(¢’) and u. Assume that
u is a leaf of S(¢). Then u is visited only once by the contour process, say at time t,,. By
Lemma 7.2.5 the quantity |a — Zs«)(t.)] is less than the height of the tree S(¢") which is small
in comparison with n by (7.5). Hence a in is known up to an error o(n). We will see that the
control by the leaves of S(%) is sufficient for proving the convergence towards the Brownian
triangulation.

The next lemma is an analogous to Lemma 7.2.2.

Lemma 7.2.6. We have

27 (2nt
sup | 2220 _ t’ SN (7.11)
0<t<1 n n—o00
Proof. This is a consequence of (7.5). Indeed, by [73, Eq. (13) in Section 1.6]:
2.7 (2nt) ' 1 1 1 Csr(2nt) 1  (p
sup |—— —t| < — sup Cz (2nt)+ — = sup ———+— —— 0.
0<t21 n 2n 0<t21 7 (2nt) n  2yn ogltlgl vn n  n-ow
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]

Proof of Theorem 7.2.1 part (ii). Similarly to the proof of part (i) of the theorem, we can apply
Skorokhod’s theorem and assume that the convergences (7.5) and (7.11) hold almost surely. We
tix w such that both convergences (7.5) and (7.11) hold for this value of w. Up to extraction, we
thus suppose that (%;,)n>1 converges towards a compact subset %, of D and we aim at showing
that ¢, = B.

We first show that B C %.. Fix 0 < s < t < 1 such that e(s) = e(t) = minja¢,sve) € and
assume furthermore that e(r) > e(s) for r € (s,t). Let us show that [e 27 e=2™] C €. To
this end, we fix ¢ > 0 and show that [e~27, e~27t] ¢ %% for n sufficiently large (recall that
X¢) is the e-enlargement of a closed subset X C D). Using the convergence (7.5), for every n
large enough, one can find integers 0 < s, < t,, < 2n — 2 such that if u,, (resp.v,) denotes the
vertex of .7, visited at time s,, (resp.t,,) by the contour process, the following three properties
are satisfied:

- Sn/2n — s, t./2n — t,

— u, and v,, are leaves in .7,

— for every vertex w,, in [un, v, ] (the discrete geodesic path between u,, and v,, in .7;,) and

every visit time r,, of w,, by the contour process, we have

. Tn
min||f-——:s

om ’

Tn
o t)) < e (7.12)
For the second property, we can for instance use the fact that local maxima of e are dense in
[0,1]. We now claim that under these assumptions, for n large enough, the image £,, in ¢,
of the discrete geodesic path [un,v,] in 7, lies within Hausdorff distance 6¢ from the line
segment [e 27 e 27,

Indeed, let w,, € [un,vn] andlet a, € {0,1,...,n—1} such that the vertex of ¢, correspond-
ing to wy, is z,, = exp(—2ima,/n). Applying Lemma 7.2.5 to u = w, and using (7.10) we can
tind a time 1, at which the contour process is at w,, and such that

|an - Z’ﬂn (rn” < |Wn|

By the convergence (7.11) and the bound (7.12), there exists an integer N > 1, independent of
the choice of w,,, such that forn > N

n (‘ Zﬁn (rn)

n

b

Z(rn) —t < 2
n =T

On the other hand, thanks to the convergence (7.5) we have

1 1 1
—sup ul=—=—= sup Cz (2nt) —— 0.
N ez, NV oS! n—oo

We conclude that there exists an integer N’ > 1, independent of the choice of w,,, such that for
n > N/, we have min(|9» — s|,[9> — t]) < 3¢ and thus that min (|z, — e 27|, |z, — e7*""]) < 6e.
It follows that for large n, we have

Ln C [ef2iﬂs)672i7rt](6£)' (713)
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On the other hand, u,, and v,, are leaves, so they are visited at a unique time by the contour
process. By the same arguments, for every n sufficiently large, we deduce that their images o,
and B, in ¢, satisfy |0, — e 27| < 6e and [B, — e #™| < 6¢e. Consequently, since £,, is a finite
union of line segments connecting o, to 3,,, we deduce from (7.13) that for every n sufficiently
large enough

[6721715) ef2i7'ct] - L%Gd - (g.r(l&z). (714)

The case when there exists r € (s,t) such that e(s) = e(r) = e(t) (this r is then a.s. unique
by standard properties of the Brownian excursion) is treated exactly as in the proof of the first
assertion of this theorem. We conclude that B C %,. The reverse inclusion is obtained by
making use of a maximality argument, see part (i). O

7.2.3 Universality of the Brownian triangulation and applications

The convergence in distribution of random compact subsets towards the Brownian triangu-
lation yields information on their asymptotic geometrical properties that are preserved under
the Hausdorff convergence. Let us give an example of application of this fact.

Let xn be a random configuration on the vertices of P,,, that is a random closed subset made
of line segments connecting some of the vertices of the polygon. Assume that x,, converges
in distribution towards B in the sense of the Hausdorff metric. Let diag(x.) be the angle of
the longest diagonal of x, (by definition, the angle of [e ?7™ e 2™ with 0 < s < t < 1is
min(t —s,1 —t +s)). Then, as n — oo, the law of diag(x,) converges in distribution towards
the angle of the longest diagonal of x.,, given by:

1 3x —1
Tx2(1 —x)2v/1 —2x

This distribution has been computed in [6] (see also [34]). The preceding convergence follows
from the fact that the length of the longest chord is a continuous function of configurations for
the Hausdorff metric. Similar limit theorems hold for a large variety of other functionals, such
as the area of the face with largest area, etc.

1

It is plausible that many other uniformly distributed non-crossing configurations (see [45])
converge towards the Brownian triangulation in the Hausdorff sense. We give here a few in-
stances of this phenomenon.

Dissections with constrained face degrees.

Theorem 7.2.7. Let A be a non-empty subset of {3,4,5,...}. Let DY be the set of all dissections of
P41 whose face degrees all belong to the set A. We restrict our attention to the values of n for which

DM +£ .

(i) There exists a probability distribution v 4 on N such that if 0% denotes the variance of v, we have
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Chapitre 7. Random non-crossing plane configurations

(i) Let DYV be uniformly distributed over DY, Then DY converges towards the Brownian triangu-
lation.

Note that the case A = {3} corresponds to uniform triangulations and the case A = {3,4,5, ...}
corresponds to uniform dissections.

Proof. The proof of this statement goes along the very same lines as the proofs of Corollary 7.1.5
and Theorem 7.2.1 (i) by noticing that the dual tree ¢ (DELA)) is a Galton-Watson tree conditioned
on having n leaves for a certain finite variance offspring distribution v4. More precisely, if we
denote theset{a —1: a € A} by A —1, letcy € (0,1) be the unique real number in (0, 1) such

that ‘
Z icl t=1.
ieA—1
Then v, is defined by
v4(0)=1— Z cli va(i) =cyforie A—1.
i€A—1
Note that v4(2) = ¢4 and that v4 automatically has a finite variance 0% > 0. l

Non-crossing graphs. A non-crossing graph of P, is a graph drawn on the plane, whose ver-
tices are the vertices of P,, and whose edges are non-crossing line segments. Let §,, be uniformly
distributed over the set of all non-crossing graphs of P,. Note that G,, can be seen as a compact
subset of D. Then §,, converges in distribution towards the Brownian triangulation.

This fact easily follows from the convergence of uniform dissections towards the Brownian
triangulation. Indeed, if § is a non-crossing graph of P,,, let {(§) be the compact subset of
D obtained from § by adding the sides of P,,. As noticed at the end of Section 3.1 in [45],
P(9) is a dissection, and every dissection has 2™ pre-images by 1. It follows that the random
dissection {(G,,) is a uniform dissection of P,,. The conclusion follows, since the Hausdorff
distance between {(G,,) and G,, tends to 0.

Non-crossing partitions and non-crossing pair partitions. A non-crossing partition of P,, is
a partition of the vertices of P,, (labeled by the set {1, 2, ...,n}) such that the convex hulls of its
blocks are pairwise disjoint (see Fig. 7.7 where the partition {{1, 2, 4, 8}, {3},{5},{6, 7}} is repre-
sented). A non-crossing pair-partition of P,, is a non-crossing partition of P,, whose blocks are
all of size 2 (see Fig. 7.7 where the pair-partition {{1, 16}, {2, 3}, {4, 7},{5, 6},{8, 15},{9, 10}, {11, 14},
{12, 13}} is represented).

Let P\ be a uniformly distributed random variable on the set of all non-crossing pair-

partitions of P,,,, seen as a compact subset of D. Then P converges towards the Brownian
triangulation.

To establish this fact, we rely once again on a coding of P\? by a critical Galton-Watson tree.
One easily sees that the dual tree of P (see Fig. 7.7) is a uniform tree with n edges, which is
also well-known to be a Galton-Watson tree with geometric offspring distribution, conditioned
on having n edges. One can then show the convergence of P,, towards the Brownian trian-
gulation using the same methods as in the case of uniform dissections. Details are left to the
reader.
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7.2. The Brownian triangulation: A universal limit for random non-crossing configurations

Figure 7.7: A non-crossing partition of Pg and a non-crossing pair-partition of P4
together with its dual tree.

Let us now discuss non-crossing partitions. Let P,, be a uniformly distributed random vari-
able on the set of all non-crossing partitions of P, and view P,, as a random compact subset of
D. Then P, converges towards the Brownian triangulation.

This follows from the convergence of non-crossing pair-partitions. Indeed, given a non-
crossing pair-partition of Py, we get a non-crossing partition of P,, by identifying the n pairs
of vertices of the form (21 — 1,21i) for 1 < i < n (see Fig. 7.7 where the non-crossing partition
of Pg is obtained by contraction of vertices from the non-crossing pair-partition of Pys). This
identification gives a bijection between non-crossing partitions of P, and non-crossing pair
partitions of Py, and the desired result easily follows.

= SSs
\ / —
NN

Figure 7.8: Uniform non-crossing partition and pair-partition of Pyq.
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Let us state the previously discussed results in a global statement:

Theorem 7.2.8. The following convergences hold in distribution for the Hausdorff metric on closed
subsets of D

d d d
g, -, 3 p W g p, U, 5
n—oo n—oo n—oo

At first sight, it may seem mysterious that Galton-Watson trees appear behind many differ-
ent models of uniform non-crossing configurations. In [45], using suitable parameterizations,
Flajolet and Noy manage to find a Lagrange inversion-type implicit equation for the generat-
ing functions of these configurations. Generating functions verifying a Lagrange inversion-type
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Chapitre 7. Random non-crossing plane configurations

implicit equation are those of simply-generated trees, which are very closely related to Galton-
Watson trees (see [4, Section 2.1]). This explains why Galton-Watson trees are hidden behind
various models of uniformly distributed non-crossing configurations.

7.3 Graph-theoretical properties of large uniform dissections

In this section, we study graph-theoretical properties of large dissections using the Galton-
Watson tree structure identified in Proposition 7.1.3. Let us stress that as in Proposition 7.2.7,
all the results contained in this section can be adapted easily to uniform dissections constrained
on having all face degrees in a fixed non-empty subset of {3, 4, .. .} (and in particular to uniform
triangulations).

As previously, D,, is a uniformly distributed dissection of P, ; and T,, denotes its dual tree
with n leaves. We start by recalling the definition and the construction of the so-called critical
Galton-Watson tree conditioned to survive.

7.3.1 The critical Galton-Watson tree conditioned to survive

If T is a tree and k is a nonnegative integer, we let [t]x = {u € T : [u| < k} denote the tree
obtained from T by keeping the vertices in the first k generations. Let = (&;)i>( be an offspring
distribution with &, # 1 and ) _i&; = 1. We denote by T,, a Galton-Watson tree with offspring
distribution & conditioned on having height at least n > 0. Kesten [65, Lemma 1.14] showed
that for every k > 0, we have the following convergence in distribution

[Tn]k E) [Too]k )

where Ty, is a random infinite plane tree called the critical £-Galton-Watson tree conditioned to
survive. R

We denote the law of the £&-Galton-Watson tree conditioned to survive by Pz and by T, a
random tree distributed according to ]IA”E. Let us describe this tree (see [65, 78]). We let & be the
size-biased distribution of & defined by & = k& for k > 0. Let (Di)i>0 be a sequence of i.i.d.
random variables distributed according to &. Letalso (U;)i>1 be a sequence of random variables
such that, conditionally on (D;)i>o, (Ui)i>1 are independent and Uy, is uniformly distributed
over {1,2,...,Dy} for every k > 0. The tree T, has a unique spine, that is a unique infinite
path (&, Uy, Uy Uy, Uy UsUs, .)€ N*N" and the degree of U;U,...Uy is Dy. Finally, conditionally
on (Ui)i>1 and (Dj)i>o all the remaining subtrees are independent &-Galton-Watson trees, see
Fig.7.9.

The critical Galton-Watson tree conditioned to survive also arises in other conditionings of
Galton-Watson trees. Recall that t,, is a u-Galton-Watson tree conditioned on having n leaves.

Theorem 7.3.1. For every k > 0, we have the convergence in distribution
[tn]k — [(-Too]k )

n—oo

where T, is the critical Galton-Watson tree with offspring distribution u conditioned to survive.
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Figure 7.9: An illustration of T,, under @a.

Remark 7.3.2. Theorem 7.3.1 is true when p is replaced by any finite variance offspring distri-
bution v such that P, (A(t) =n) > 0 for every n large enough.

Proof. This follows from another description of the law I@u: If Ty is a plane tree and k > 0 is an
integer, we denote by Ly (1,) the number of individuals of T, at height exactly k. Then, if T, has
height k, we have from [65, Lemma 1.14]:

~

Pu(lth =t) = Li(to)Pu([tlx = T0).

Fix an integer k > 1 as well as a tree T, € T of height k. In order to prove the theorem, it is thus
sufficient to show that

Pp([ﬂk =T |A(T)=n) — Lk(TO)Pu([T]k = To).

n—oo

Denote by q the number of leaves of T, that have a height strictly smaller than k. By the branch-
ing property of Galton-Watson trees, we have

Puti(xo) M) =n—q)
Pu(A(t) =n) ’

]P)u([ﬂk =To|A(T) =n) = Pp([T]k = To)

where we recall that P, ; denotes the probability distribution of a forest of i independent
Galton-Watson trees with law P,. Since q and Li(7)) are fixed, it is thus sufficient to show
that for a fixed integeri > 1,asn — oo

P i(A(f) =n) ~ ix P, (A(T) =n).

n—oo

This follows from the next lemma, which we state in a more general form than needed here in
view of further applications. O
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Chapitre 7. Random non-crossing plane configurations

Lemma 7.3.3. There exists ¢ > 0 such that if (in)n>1 iS a sequence of positive integers such that
in < M° forevery n > 1, we have

P, (A(f) =n) ~ in - Pu(A(T) =n).

n—oo

Proof. We show that the conclusion of the lemma holds for any ¢ € (0,1/9). To simplify nota-
tion, we set px := P, (A(T) = k) for every integer k > 1 and write i = 1i,, in the proof. By the
definition of P,, ;, we have

PoiA)=n) = Y [[ps

Ki4...tki=n j=1

We will show that when n is large, the main contribution in the previous sum is obtained when
the indices ki, ..., ki are such that only one of them is of order n and the others are small in
comparison. Let A > 1. Firstly, notice that at least one of the indices k4, ..., k; is larger than n/i.
Secondly, let us evaluate the contribution of the sum when k; > n/i and k; is larger than A. By
Lemma 7.1.4,

> IIry < sw pi- (Z pk2> JI D v | < coyp?2a12

Kyt tki=n j=1 kizn/i ka>A j=3 \kj=1
ki =n/i
Ka>A

for some constant C > 0 which is independent of n and i. Hence, provided that A < n'~¢,
i i1
Kiteotki=n j=1 1<k, ki 1<A j=1

We apply this to A = A(n) = n®® in such a way that the right-hand side of the above inequality
is negligible in comparison with ip,,. Then note that for 1 < ky,...,ki_; < A, we have

Moreover, since 9¢ < 1, Lemma 7.1.4 gives p;/pn — 1 uniformly inn —n’® <j < nasn — oo.
Thus, using Lemma 7.1.4 again

i1 nse i1 e \
. . . n .
1 E Pn-y. K | |pk- ~1Pn (E pk> ~  1pn <1 — ) ~ 1Pn,
1<Ky oo ki1 KA i k=1 V2

which completes the proof of the lemma. O
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7.3. Graph-theoretical properties of large uniform dissections

7.3.2 Applications

The “local convergence” given in Theorem 7.3.1 allows us to study “local” properties of large
uniform dissections by reading them directly on the critical Galton-Watson tree conditioned to
survive. We will focus our attention on the following two local properties of random uniform
dissections: Vertex degrees and face degrees.

Let us introduce some notation. Recall that D,, stands for a uniformly distributed dissection
of P,,1. Denote by 8™ the degree of the face adjacent to the side [1, e*™/("*1] in the random
dissection D,, and by D™ the maximal degree of a face of D,,. Similarly, denote by 3™ the
number of diagonals adjacent to the vertex corresponding to the complex number 1 in D,, and
by A™) the maximal number of diagonals adjacent to some vertex of P,,;1. Finally, for b > 0,
we write log, (+) for In(-)/In(b).

We shall establish that §™) and 9™ converge in distribution, and read their limiting distri-
butions on the random infinite tree T,,. We also provide sharp concentration estimates on D™
and A™, confirming in particular a conjecture of [14] concerning A™).

Face degrees

Proposition 7.3.4. As n goes to infinity, ™) converges in distribution to the random variable X with
distribution o
2—v2\

A7 e

B(X = 1) = (k— Uy = (k—1) (

Proof. This is an immediate consequence of Theorem 7.3.1 and the construction of the critical
Galton-Watson tree conditioned to survive, after taking into account the fact that §™) — 1 is the
number of children of & in the dual tree of D,,. O

Proposition 7.3.5. Set 3 = 1/, = 2 + /2. For every ¢ > 0, we have

P (logg (n) — clogg logg(n) < D™ < logg(n) + clogg logg(n)) —— 0.

n—oo

Proof. By construction of the dual tree T, of D,,, we have D™ — 1 = maxyeq, ky. Thus, by
Proposition 7.1.3, for every measurable function F: R, — R we have

E[F(D™ —1)] =E, [F (mgxku) IA(T) = n] .
The result now follows from [70, Remark 7.3]. ]

Vertex degrees

We are now interested in another graph-theoretical property of large uniform dissections,
namely vertex degrees. Since these vertex degrees are read on the dual tree in a more compli-
cated fashion than face degrees, the arguments are slightly more involved.

Recall that 9™ stands for the number of diagonals adjacent to the vertex corresponding to
the complex number 1 in the uniform dissection Dj,.
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Chapitre 7. Random non-crossing plane configurations

Proposition 7.3.6. As n goes to infinity, 0™ converges in distribution to the sum of two independent
geometric random variables of parameter 1 — uy = /2 — 1, i.e. for any k > 0 we have

PR™ =k) —— (k4 1ud(l — )"

n—oo
See also [14] for a closely related result.

Proof. If T is a plane tree, we introduce the length {(t) of the left-most path in 7T starting at &
(that is following left-most children until we reach a leaf),

(t)=max{i>0:1; € t}, wherel;=1...1 (itimes)withl,= 2.

Using the bijection between a dissection and its dual tree, it is easy to see that the number of
diagonals adjacent to the vertex 1 of the random dissection D, is {(7,,)—1. By Theorem 7.3.1, for
every k > 1, [ta], — [Tl as 1 — oo. It follows that oM =¢(T,)—1 converges in distribution
towards {(T) — 1. Let us identify the distribution of this variable using the first description of

the law @u: The length £(7.,) — 1 can be decomposed into
E(‘Too) —1= (21 - 1) + €2)

where {; is the smallest integer i > 1 such that the element 1; = 1...1 (i times) is not on the spine
of T, and €y, = {(T) — ({1 — 1) is the length of the left-most path in the critical u-Galton-Watson
tree grafted on the left of 1;. By the description in Section 7.3.1, the two variables {; — 1 and {,
are independent. It is straightforward that {, is distributed according to a geometric variable of
parameter v/2—1. Let us now turn to {; — 1. Recall the notation introduced in Section 7.3.1. For
k > 0, we have:

P, >k+1) = P(U, =1,Uy=1,..., U =1)

k—1 o)
— (Z P(D; =j)P(Uiy1 =1| Dy = j))
o K
= (Z(l - 21/2)”) = (1—po)".

j=2
We thus see that {; —1 is also geometric with parameter v/2—1 and the desired result follows. [

Recall that A(™) stands for the maximal number of diagonals adjacent to a vertex of P, ;.
The following theorem proves a conjecture of [14].

Theorem 7.3.7. Set b = 1/(1 — ) = /2 + 1. For every ¢ > 0, we have

P (A™ > logy(n) + (1+¢)logy logy (n) —— 0.

n—oo

Proof. Let p,n > 1 be integers. By rotational invariance, the degrees of the vertices of D,, are
identically distributed random variables. It follows that

PA™M>p] < m+1P(Q™ >9p).
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7.3. Graph-theoretical properties of large uniform dissections

We have already noticed that the number of diagonals adjacent to the vertex 1 of the random
dissection D,, corresponds to {(7;,) — 1, where {(t,) denotes the length of the left-most path in
T, starting at @. Thus, by Proposition 7.1.3,

(m+ 1P (3" >p) = (n+1)P(€(1) > p+1|AT) =n)

We now estimate the right-hand side and show that it tends to 0 whenn — coand p = p,, =
logy, (n) + (1 + ¢) logy, logy, (n) for ¢ > 0. If £(t) = p, define O(t) = kg + ki + ki, + ...+ ki, —p
(0(7) can be interpreted as the total number of those children of vertices in the left-most path
that are not in that path). Note that under P, {(7) is distributed according to a geometric
random variable of parameter V2 —1.In particular, for « = [4/log(1 — po)l,

n’*P, [0(1) > alog(n)] — 0. (7.16)

n—oo
Note also that for positive integers j, k we have P, [0(7) =j | £(T) = k] = P(Y** = j), where Y**
is distributed as the sum of n independent random variables distributed according to v(j) =

w41/ ([, 0ol).
Choose ¢ > 0 such that the conclusion of Lemma 7.3.3 holds. We first claim that if A,, =
{6(1) < n®}, then P, (A,) > 1 —n"3 for n large enough. To this end, write

|alog(n

)]
TL?’]P’LL (0(t) >n®) < TL3]P’LL (1) > «log(n)] +n? Z P, [0(t) >n® [ (1) =] P, [{(T) =]
j=1

< 1P, (1) > alog(n)] + nlaclog(n)P, [0(T) > n® | (1) = [alog(n)]].

The first term tends to zero by (7.16), and the second one as well by the previous description
of the law of 6(7) under the conditional probability distribution P,, [- | £(T) = k] and a standard
large deviation inequality. Thus our claim holds and it follows that, for n large enough,

M+ DP(AS [A(T) =n) < M+ 13 /P (A(T) =n) —— 0 (7.17)

n—oo

by Lemma 7.1.4. We now consider the event A,,. We have

P, [{e(t) =plNAL|A(T) =n]

Z K S Py rotrittry A1) =n-—1)
To+1 Tp—1+1 ]P)H(}\(T) — n) .

< Ho
Ty Tp—120
2 Tsn®
We can then apply Lemma 7.3.3 to get that the quotient in the last display is bounded above by
some constant C, times 0(t) =19 + ... + 1, so that

P, [l(t) =p,0(1) <n[A(T) =n] < Capp Z Mro41 My yt1(To+ oo +Tp1)

T0y-.sTp—120
= Copug(l—po)?

where we have successively calculated these sums by using

Z Hir1 = 1 — Ho, Z Kitk+1 = Ho-
k=1 k=1
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Chapitre 7. Random non-crossing plane configurations

Consequently, setting p,, = log, (n) + (1 + ¢) logy, logy, (n) we deduce from the above estimates
that

M+ 1P, (1) = pn,0(T) <N [A(T) =) —— 0,

n—o0

which together with (7.17) completes the proof of the theorem. O

On log log concentration

In [14], it is shown that for every ¢ > 0

P (A™ <log,(n) — (2 +c)logy logy(n)) —— 0.
n—oo
Using the connection between uniform dissections and Galton-Watson trees conditioned on
their number of leaves, it is possible to refine the above lower bound and to replace (2+c) by c.
However, we believe that the optimal concentration result is given by the following conjecture:

Conjecture 7.3.8. For every c > 0 we have

P (|A™ — (logy (n) 4 logy log, (n))| > clogy, logy (n)) — 0
If the degrees of vertices in D,, were independent, this concentration result would hold.
However, the difficulty comes from the fact that this independence property does not exactly
hold. Let us mention that this conjecture (for a different value of b) has been proved in the
particular case of triangulations using generating function methods [47].

It is worth pointing out that although 8™ and 9™ have a similar limiting distribution (roughly
speaking a size-biased geometric distribution), the maximal degree of a face and the maximal
degree of a vertex in a random uniform dissection possess a different concentration behavior:
D™ is strongly concentrated around loggs () + o(loglog(n)), whereas A™ is (conjecturally)
strongly concentrated around logy, (n) +logy, logy, (n) 4+o0(loglog(n)). This comes from the heuris-
tic observation that a “typical” vertex has a limiting distribution which is given by a sized-
biased geometric distribution, whereas a “typical” face of D, has a limiting distribution which
is a geometric distribution (which is not size-biased). Let us give some details.

We start with the vertex degree. By Proposition 7.3.6 and by rotational invariance, a “typi-
cal” vertex has a limiting distribution which is given by a sized-biased geometric distribution.
This is why A(™) should have the same concentration behavior as n independent random vari-
ables distributed as size-biased geometric laws, that is, A™ should be concentrated around
logy, (1) + logy, logy, (n) + o(log log(n)).

The situation is however different is the case of face degrees. Choosing the face adjacent
to [1, €2/ ("+1)] introduces a size-biasing in the distribution of a "typical" face (indeed, the face
containing a given side of P, is not a typical face but a size-biased one; a typical face would
be a face chosen "uniformly" among all faces of the dissection). In other words, a typical face
of D,, follows a geometric distribution, but 8™ is a size-biased distribution of a typical face
of D,,. This is why D™ follows the same concentration behavior as n independent geometric
variables (which are not size-biaised), and hence explains why D™ is concentrated around
logg(n) + o(loglogn).
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