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Résumé

Francais

Dans cette thése on étudie certains modeles d’arbres (D-arbre, P-arbre, ICRT) et de graphes
(modele de configuration, graphe multiplicatif) a suite de degrés fixés. Pour cela, on développe de
nouveaux algorithmes qui construisent ces modeles en collant des branches les unes sur les autres.
En analysant ces constructions, on obtient des résultats sur la géométrie de nos modeles.

Pour les analyser, on utilise principalement deux méthodes. Tout d’abord, on modifie nos
algorithmes pour étudier les tailles des premiceres branches et 1a ou elles sont collées. Ensuite, pour
prouver que nos modeles sont proches de leurs premieres branches, on utilise la méthode de chainage.
Plus précisément, on divise nos algorithmes en grandes étapes, et on prouve qu’entre deux grandes
étapes les objets que I’on construit ne changent pas beaucoup.

Dans le chapitre 2, on étudie les ICRT et notamment leur compacité et dimensions fractales.
Dans le chapitre 3, on prouve des limites d’échelles des arbres a suite de degrés fixés, et on majore
leur hauteur. Dans le chapitre 4, on prouve des limites d’échelles pour les multigraphes a suites
de degrés fixés et surplus fixés, et on précise des connexions entre le modele de configuration et
les graphes multiplicatifs. Dans le chapitre 5, on invente une théorie d’ R-arbre plan ce qui nous
permet de définir et d’étudier les ICRT plans, leurs "arbres-boucles", et des champs sur ces objets.
Ce chapitre a pour but d’étre appliqué a I’étude des cartes aléatoires a suite de face-degrés fixés.

English

In this thesis, we study several models of trees (D-trees, P-trees, ICRT) and graphs (configuration
model, multiplicative graph) with fixed degree sequence. To this end, we introduce several new
stick-breaking constructions for those models, which glue branches on one another. By studying
those constructions, we prove several results on the geometry of our models.

To study those constructions, we mainly use two methods. First, we develop several modifica-
tions of our algorithms to study precisely the size of the first branches and where they are glued.
Then, to prove that the trees or graphs are close from the first branches, we use the chaining method.
More precisely, we split our algorithms in main steps, and prove that between two main steps the
objects we construct do not change much.

In Chapter 2, we study ICRT and notably their compactness and fractal dimensions. In Chapter 3,
we prove scaling limits for trees with fixed degree sequence, and we upper bound their height.
In Chapter 4, we prove scaling limits for multitrees with fixed degree sequence and fixed surplus,
and we explain several connections between the configuration model and multiplicative graphs.
In Chapter 5, we develop a new theory of plane R-tree, to define and study plane ICRT, the ICRT’s
looptrees, and some fields on those spaces. This chapter has been developed for the study of random
maps with fixed face-degree sequence.
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Chapter 1

Introduction

"Judge an artist not by the quality of what is framed and hanging
on the walls, but by the quality of what’s in the wastebasket."

Anon., quoted by Leslie Lamport

In this PhD thesis, we study uniform rooted trees with fixed degree sequence, and their limits,
‘P-trees and inhomogeneous continuum random trees (ICRT). This thesis contains four articles:

e [29] Compactness and fractal dimensions of inhomogeneous continuum random trees.

Probability Theory and Related Fields. https://doi.org/10.1007/s00440-022-01138-9

e [28] Limit of trees with fixed degree sequence. arXiv:2110.03378

e [27] Limit of connected multigraph with fixed degree sequence. arXiv:2112.07725

e [30] Looptree, Fennec, and Snake of ICRT. arXiv:2203.10891
In this introduction we explain the backgrounds, results, methods, and applications of those articles.
For applications, we will not detail all implications of our results to the old ones. Instead, we will
explain how they may or can be used to prove new ones. Notably, some of our results were actually
partly written to be used in two forthcoming articles, which should have been in this thesis:

e [26] Limit of looptree, fennec, and snake of trees with fixed degree sequence. In preparation.

e [25] A few notes on ICRT excursions. In preparation.
Since they are closely related to the others, we will explain some of their background and goals.
Along the way, the framed algorithms and results are new.

Contents
1.1 Main motivations, background, and algorithms . . . . .. ... ....... 10
1.1.1  Thechoiceofthemodels . . . . . . ... ... ... .. ........ 10
1.1.2 Geometric background . . . . . . ... ... 15
1.1.3  Mainalgorithms . . . . .. ... ... .. . ... . 19
1.1.4 The chainingmethod . . . . . ... .. ... ... .. ......... 24
1.1.5 Some new martingale inequalities . . . . . . ... ... ... ..... 27
1.2 Overviewofthechapters . . ... ... ... .00ttt eeneennn 28
1.2.1 Compactness and fractal dimensions of ICRT . . . . . ... ... ... 28
1.2.2  Limit of trees with fixed degree sequence . . . . . . . ... ...... 31
1.2.3  Limit of connected multigraph with fixed degree sequence . . . . . . . 35

1.2.4 Looptree, Fennec, and Snake of ICRT . . . . . .. .. ... ... ... 38
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1.1 Main motivations, background, and algorithms

1.1.1 The choice of the models

The configuration model

Our goal is to study graphs, also called networks. A graph is a set of vertices V' connected by
some edges E C {{v,w},v # w € V}. Let (V;);en denote some vertices. Graphs are used in
many sciences to encode and study a large amount of information in a concise way. And usually,
having only partial information on real life networks, one use probabilistic models for their studies.
The main idea is to infer some properties of real life network by proving that they hold with high
probabilities for the theoretic graphs.

By doing so, we can use the properties of real life networks that we expect to hold, together
with some randomness to "fill our gap of knowledge". To choose a model, we must make a tradeoff:
On the one hand, with more information, the theoretic graphs usually get closer to real life networks.
On the other hand, with more information, the graphs get harder to study.

In this thesis, our only information are the degrees. Given a graph G = (V, E), we call the
degree of v € V, the number of edges incident to v, that is deg(v) := #{w € V,{v,w} € E}.
Thus, given a degree sequence (d;)1<;<n, we consider a random graph G uniform among all those
with vertices (V;)1<i<y and such that for every 1 < i < n, degq(vi) = d;.

For technical reasons, we actually consider the configuration model introduced by Bollabas [31].
In this model, we allow multiple edges between two vertices, and "self-loops", that is edges between
a vertex and itself. Since there are few multiple edges and few self-loops, and since they appear with
small probability, the configuration model is close to uniform graphs with fixed degree sequence.
Moreover, this model is much simpler to construct.

The configuration model is widely used as a reference model for social network: Vertices
are peoples, edges represent a friendship relation, and the degrees are the numbers of friends.
This model is often criticized as in social networks people tends to have connections with others that
are similar in some way (ideas, jobs, locations...), while in this model the vertices are "indifferent".
Despite those critics, this "indifference" leads to many useful combinatorial properties.

Multiplicative graphs

Another model of reference in both mathematics and computer science is the Erdos—Rényi graph
introduced in [51]. In this thesis we are interested in one of its generalization: multiplicative graphs.
In this model, given some weights (w;)1<i<n, we sample a graph G = ({V; }1<i<n, E) such that
independently for every 1 < i # j < n, the edge {V;, V;} is in E with probability 1 — e™"i"3.
This model is introduced, by Chung and Lu [41], Norros and Reitu [73], Britton and Deijfun [34],
as a modification of the configuration model. Their idea is to replace the degrees by mean degrees,
to keep the independency of the edges of the Erdos Renyi model, to simplify the study of the graphs.
This proximity between those two models appear in several of our algorithms. And, we formalize
this connection by proving that the configuration model can converge toward multiplicative graphs.

Multiplicative graphs may also be generalized as follows: Given some weights (w; ;j)1<i,j<n»
we may sample G = ({V; }1<i<n, E) such that independently for every 1 < i # j < n, the edge
{Vi,V;} is in E with probability 1 — e~*#i. The name "multiplicative graphs" then comes from
wj j = w;w;. Although this generalization can modelize some "preferences" between the vertices,
it loses many key combinatorial properties of the configuration model and multiplicative graphs.
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From graphs to D-trees and P-trees

We first recall some background. Consider G = (V, F) a graph. A tuple (vy,va,...,vk) is a path
from vy to vg in G if {vy,ve},. .., {vg_1, vk} € E. We call k its length. Two vertices v,v" € V
are connected if there is a path from v to v’. G is connected if every v, v’ € V are connected. The
connected components of G are the largest subsets C' C V such that every v, v’ € C' are connected.
A path (v, v2,vs3, ..., v1) isacycle if K > 3 and (v;)1<i<y, are distincts. G is acyclic if it does
not have any cycle. A tree is a connected acyclic graph.

The configuration model and multiplicative graphs can morally be divided in three regimes.
When the degrees are small, the graphs only have small connected components. When the degrees
are large, there is one large component that contains most of the vertices, and the others are small.
In the critical regime, there are many connected components of "intermediate size". (See e.g. Dhara
[46] Chapter 1 and reference therein for a detailed account of the literature on the subject.)

In this thesis we focus on the critical regime. In this regime the components are "tree like": By
deleting a few edges, those components become trees. Reciprocally, the component can be obtained
by adding some edges to some "tree versions" of the configuration model and multiplicative graphs,
"D-trees" and "P-trees". We will detail this connection later, which is the heart of Chapter 4.

Given a degree sequence D = (d;)1<i<n, We call a D-tree a random tree 7" uniform among all
those with vertices {V; }1<;<y and such that for 1 < i < n, degy(v;) = d;. Given some weights
P = (pi)1<i<n, we call a P-tree a random tree 7" such that for every tree t = ({V;}1<i<n, F),

P(T=t)oc [[ (i), (1.1)

e={Vi,V;}€E

writing o for proportional. For convenience, we use some tiny modifications of those models.

Some brief words on a generalization of P-trees.

Similarly to multiplicative graphs one can generalize P-trees as follows: Given some weights
W = (w; j)1<i,j<n, We call a W-tree a random tree 7" such that for every tree ¢t = ({V;}1<i<n, ),

]P’(T = t) X H W ;-

e={Vi,V;}€E

Again P-trees can be seen as "multiplicative-trees" with w; ; = p;p;. Another important example
of W-tree are the uniform spanning trees: Consider G = ({V; }1<i<n, E¢) a connected graph.
A spanning tree of G is a tree T' = (V, E) such that E C E¢g. The adjacency matrix of G is
Mg = (1{Vi,Vj}eEG)1§i,j§n- It is easy to check that a M-tree is a uniform spanning tree of G.

Wh-trees can be sampled with Aldous—Broder’s algorithm [9, 35] and Wilson’s algorithm [81].
Those algorithms are currently widely used for the study of uniform spanning trees. We refer for
instance to [18, 19, 56, 59, 74, 76] for the study of uniform spanning trees in finite dimensions.
Since our algorithms are also derived from Aldous—Broder’s algorithm, we expect that some of the
methods developed in this thesis should be useful to study W-trees.

Connection with Galton—Watson trees

Independently of the studies around the configuration model, Galton—Watson trees have received
a tremendous amount of attention, and notably in combinatoric. This model was introduced by
Galton and Watson in 1875, as a model of genealogical tree, to study the extinction of surnames.
In this model, vertices represent peoples, and edges represent a parent-child relation. For simplicity,
we consider only the people who give their surname, so everybody has one parent.
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Galton—Watson trees can be sampled as follows: Start with an ancestor. It gives birth to a
certain number of children according to a probability distribution z on {0} U N. Then each of those
children gives birth independently of the others to a certain number of children according to (.
Then the same holds for their children, and so on. ..

To define Galton—Watson trees rigorously, we need a way to encode them. To be coherent
with the rest of the thesis, we do not use Neveu’s notations, and instead use labeled rooted trees.
A rooted graph (resp. tree) (V, E, p) is a graph (V, E) with a distinguished vertex p called the root.
Think of the root as the ancestor. Since it has O parent, its number of children is its degree. Since
the other vertices have one parent, their number of children is their degrees - 1. Hence given a
probability distribution x on {0} U N, a Galton—Watson tree with vertices {V; }1<i<y, is a random
tree 7" such that for every rooted tree t = ({V;}1<i<n, E, p),

n n

P(T =t) oc [ [ (degy(Vi) — 1+ Ly=p)! [ [ 1 (degy (Vi) — 1+ 1y;—)) (12)
i=1 =1

(where the factorials come from a counting argument.)

Before we explain how Galton—Watson and D-trees are related, we need to clarify something:
D-trees stand for either of two closely related models. On the one hand, we consider a uniform tree
T with true degree sequence (d;)1<i<n, that is such that for every 1 < i < n, V; have degree d;.
On the other hand, we consider a uniform rooted tree 7" with fixed degree sequence (d;)i<i<n.
that is such that for every 1 < i < n, V; have d; children. There is actually a simple bijection
between those two models. From a tree 7" with true degree sequence (d;)1<i<p With d,, = 1, one
can construct a rooted tree with fixed degree sequence (d; — 1)1<ij<n—1 by rooting 7" at the only
vertex connected to V;, and by removing V,,. Since this bijection only removes a leaf, that is a
vertex of degree 1, it does not change our results.

Then, by (1.2), a Galton—Watson tree conditioned on its degree sequence (the number of
children of (V});en) is a D-tree. Hence, Galton—Watson trees can be studied in two parts: the
degrees, and D-trees. This thesis focus on D-trees, while the degrees can be studied completely
apart as a sequence of independent random variables conditioned by their sum.

Some brief words on the connections with multiplicative and additive coalescent

Coalescent processes arise naturally in many sciences (see e.g. Bertoin [22] or Berestycki [21]). The
main principle is the following: we have some particles with some masses and those particles tends
to fuse at some rate to form new particles. To study coalescent we must make some assumptions:
First two disjoint fusions cannot hold at the same time. Then there is no fusion of three or more
particles. Also we often assume the law of conservation of mass that is (a) when two particles fuse,
the mass of the fusion is the sum of their mass, and (b) outside of fusions masses do not change.
Finally, the rate at which two particles fuse is a function x : RT2 — R¥ of their masses.

This thesis is related to two coalescent. Indeed, the multiplicative graphs, and by extension
the configuration model, are related to the multiplicative coalescent, where « : (z,y) — xy. Also
P-trees, and by extension D-trees, are related to the additive coalescent where k : (x,y) — = + y.
Since those relations helped us find our algorithms, we will detail them. Moreover, they showcase
two crucial points of view on our models. On the one hand, the configuration model and D-trees
may be seen as multiplicative graphs and P-trees with "mass loss". On the other hand, multiplicative
graphs and P-trees are configuration models and D-trees with "infinite degrees and leaves".
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Connection with multiplicative coalescent

Informally the configuration model is constructed as follows. Consider D = (d;)1<;<n a degree
sequence. Consider around each V;, 1 < ¢ < n, d; half edges. The edges of the configuration model
are obtained by uniformly fusing those half-edges pair by pair.

Formally, we encode a multigraph G on {V; };cn as a matrix (#; ;(G));, jen, where for every
i, € N, #; j represents the number of edges between V; and V;. We call a function f : I — I a
matching if f o f = Id and for every x € I, f(x) # =.

Algorithm 1.1. Construction of the configuration model from D = (dy, . ..,ds):
- Let f = (f1, f2) be a uniform matching of { (7, j) }1<i<s1<j<d,-

P

- The configuration model is the random multlgraph CMP with vertices (V;)1<i<s and such
that for 1 <4 < s, #;,;(CMP) := QZa 114 (ia)=i and for 1 <@ # j < s,

#Z,J CM Zlﬁ(la Zlfl(]a

Informally, the configuration model can be constructed by recursively forming a full edge with
a uniform pair of half edges. By doing so, we have at each steps a collection of "half graphs"
which have some full edges and some half edges that still needs to be completed (see Figure 1.1).
Since when two half edges fuse, their half graphs fuse, this construction may be seen as a coalescent.
To add some independency in our construction, we consider that two half edges fuse at rate one.
Two half graphs with n; and ny half edges then fuse together at rate nyns. And when they fuse,
since two of their half edges fuse, their fusion have n; + no — 2 half edges. In addition a half graph
with n half edges, can have two half edges that fuse together at rate ("21)

Q
1
Vi ' Va Ve
e---0 o--- -Z-0 o---
Vs !
o
Vs
0 -~ -0 o- - - ‘/7
1
.tV

Figure 1.1: A partial construction of a configuration model with D = (3, 4,2, 2,1, 2, 2). Half edges
are in black dashed. The full edges of the configuration model already constructed are in red.

This coalescent is thus a multiplicative coalescent with some "mass loss" when half edges fuse.
This mass loss appears repeatedly in this thesis, and is the source of the new technical difficulties of
dealing with the configuration model and D-trees.

We can actually modify the configuration model to preserve the mass. Indeed, by multiplying all
the degrees by a constant ¢ — 0o, we proportionally preserve the rates at which the half graphs fuse,
and the mass loss is negligible. However, we obtain at the limit infinitely many edges between each
pair of vertices. To avoid this issue, we temporary add some leaves that we remove on the limit.
Moreover, we prove in Chapter 4 that with the right amount of leaves the configuration model
converges toward multiplicative multigraph:
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Algorithm 1: The multiplicative multigraph from P = (py,...,p,) € RT*":

- Let (ij)lgi,jgs be independent Poisson random variables, such that for 1 < < s,
szz have mean p?/2 and for 1 <1 # j <s, NZP] have mean p;p;.

- The multiplicative multigraph is the random multigraph MG”* with vertices
(Vi)1<i<s and such that for every 1 <i,j < s, #Z-J(MGPJF) = NZDJ

Then by deleting the multiple edges and loops we recover multiplicative graphs. This is
not surprising since multiplicative graphs were introduced [41, 73, 34] as modifications of the
configuration model which preserves the independency of the edges, and because the "mass loss"
is due to the lack of independence in the configuration model. Furthermore, the connection
between Erdos—Rényi graph and multiplicative coalescent was already discovered by Aldous [12].
Nonetheless, understanding that multiplicative graphs are "configuration models with infinite degree
and leaves" helped us find many of our algorithms and results.

Connection with additive coalescent

Recall that D-trees and P-trees are "tree versions" of the configuration model and multiplicative
graphs. We discuss here "tree versions" of the coalescents presented before.

First let us introduce some notions. A plane tree is a rooted tree with for each vertex an order
for its children. We encode a plane tree 7" as a matrix (V; j(T"))1<i<n,1<j<d;» Where for 1 < i < n,
1<j<d;V;;(T)is the 4% child of V;. A matrix (Vi,j)1<i<n,1<j<d, is arooted tree if and only if
((Vi)i<i<n, {Vi, %,j})1§i§n71§j§dj) is a tree, all vertices but the root have 1 parent, and the root
has O parent. As a result, we can construct plane D-trees as follows:

Algorithm 1.2. Matching construction of a plane D-tree from D = (dy, ..., d,):

Let (A;)1<i<n be a uniform permutation of (V;)1<i<n.

Let ((Bi, ji))1<i<n—1 be a uniform permutation of ((Vj, j))i<i<n,i<j<d;-

Let T = (V;j(T))1<i<n,1<j<d; be such that forevery 1 <i <n —1, Vg, .,(T) = A;.
Let TP be the matrix T conditioned by being a rooted tree.

* 1 Vil
v > v
Vo
A A \ P
* Vs *Vi Vs
v v v v

Figure 1.2: A partial coalescent construction of a D-tree with D = (3,0,2,1,0,2,0,0,0). Half
edges are in black dashed. The full edges already constructed are in red. The arrows provide the
orientation of the half edges (downward/upward).

Algorithm 1.2 can morally be interpreted as follows. First consider for each 1 < ¢ < n, one
half downward edge and d; half upward edges around V;. The half downward edges are encoded by
(Vi)1<i<n, and the half upward edges by ((V;, j))1<i<n,1<j<d,- By permuting those half edges we
are actually forming pair between those half edges. And the final edges are the fusions of an half
downward edge with an half upward edge.
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As for the configuration model we can construct those pairs recursively. We must however take
care of not forming any cycle by pairing an half upward edge with its wrong half downward edge.
By doing so, we have at each step a collection of "half trees" which have some half upward edges
and one half downward edge (see Figure 1.2). And when we pair two half edges two half trees fuse.
Moreover, by a counting argument (see Addario-Berry, Barrett [3]), at each step the choice of the
pair of a downward edge and an upward edge is uniform among those that does not form a cycle.
Then we may consider that each such pair fuse a rate 1. By doing so, two half tree with a; and a9
upward edges fuse at rate a; + a9 and their fusion have a; 4+ a2 — 1 upward edges.

Hence, this coalescent is an additive coalescent with "mass loss" when two half edges fuse.
Here again we can modify D-trees to preserve the mass by multiplying the degrees by ¢ — oo and
adding leaves. Moreover, we prove in Chapter 3, that in this case D-trees converge toward P-trees.
Finally we recover the link between additive coalescent and P-trees (see Evans, Pitman [52]).

1.1.2 Geometric background

""Scaling limit" as a main objective.

Now that we have introduced our models, let us explain what kind of properties we are studying.
We want to study the "geometry" of our graphs. More precisely, let G = (V, E') denote a graph.
One can put a metric dg on G such that for every x,y € V the graph distance between = and v,
dg(z,y) is the minimum length of a path in G between x and y. We are interested in the distance
between some random points, in the diameter of G, in the height of a tree T = (V, E, p) that is in
maxgey dr(x, p), in more complex object such as a random walk. ..

We study such properties for "large" random graphs, that is as the number of vertices diverges.
To this end we follow a method proposed by Aldous in [10, 8, 11]: Instead of studying each property
individually, we study all of them at once by proving and studying some "scaling limits".

The "scaling limits" of graphs are then metric spaces. And for trees, the limits are R-trees
(geodesic loopless metric spaces, see Le Gall [61]). Since we want to study the geometry of the
limits, we naturally look at their compactness and fractal dimensions.

"Scaling limits" are also interesting to provide universal point of views on several models.
Indeed, if several models share the same limits, then they all asymptotically share similar properties.
As a result, each model may be a way to understand or even study many others. Then, the properties
that hold for many models tend to also hold in real life networks.

Brief overview of the past results on the geometry of our spaces

In the pioneer papers [10, 8, 11], Aldous introduce two main approaches to study random trees:
stick-breaking construction, and tree encodings by real process. Le Gall [61] throughly develop tree
encodings. This allows Le Gall and Le Jan [64, 63] to construct Lévy trees from Lévy processes.
From there Le Gall and Duquesne [50, 49] study in detail the geometry of Lévy trees, and notably
prove that Galton—Watson trees converge toward Lévy trees.

At the same period, using stick-breaking construction, Aldous, Camarri, and Pitman [16, 40]
prove that P-trees converge toward ICRT. Then Aldous Miermont, and Pitman [14, 15] introduce
encodings of P-trees and ICRT. They however fail to obtain precise results on the geometry of
‘P-trees and ICRT, and so leave some conjectures by comparison with Lévy trees [50, 49].

The objective of Chapter 2, 3 is to solve those conjectures using stick-breaking constructions.
Notably, we prove that D-trees converge toward ICRT. This implies, since Galton—Watson trees
are mix of D-trees with random degree sequence, that Lévy trees are mix of ICRT. We thus extend
several results from [50, 49].



16 CHAPTER 1. INTRODUCTION

Due to the many development around Galton—Watson trees, tree encodings have earned an
interest of their owns. For this reasons we come back in Chapter 5 on the encodings of ICRT.
Although those encodings are real processes, our approach is entirely based on stick-breaking
construction, and we only see those processes as geometric objects on R? constructed from ICRT.

In parallel, scaling limits have been used to study the configuration model (see e.g. [42, 54, 47])
and multiplicative graphs (see e.g. [37, 36]). However, for technical reasons, the previous works
consider random degrees sequence. This weaken the main strength of our models which is to
incorporate arbitrary degree sequence. We remove this technical assumption in Chapter 4.

Fractal dimensions

This part can be skimmed on a first reading. In the entire part X is a metric space, and for every
xz € X,e >0, B(z,¢) denotes the closed ball centered at = with radius ¢.

Definition. (Minkowski dimensions) For every € > 0 let N, be the minimal number of closed balls
of radius € to cover X. Define the Minkowski lower box and upper box dimensions respectively by

log Ny log Ny,

dim(X) := lillgcigf o] and dim(X) := liIlIifi)lp o

Definition. (Packing dimension) For every s > 0 and A C X let

P5(A) := limsup {Z diam(B;)®| { Bi }ier are disjoint balls B(x,r) withx € A and r < 5} .

6—0 icl

and

P*(X) := inf {Z P3(A)
=1

[e.9]
i=1
Then P? is a decreasing function of s, and we define the packing dimension of X as
dimp(X) := sup{s, P*(X) < oo}.
Definition. (Hausdorff dimension) For every s,r > 0 write

H:(X):= inf {i diam(A4;)*
i=1

diam(A;)<r

reQa)

i=1
The Hausdorff dimension of X is defined by
dimg (X) := sup {s, sup H:(X) < oo} .
reR+

We have the well-known inequalities (see e.g. Falconer [53]). As a result, we only need to lower
bound the Hausdorff and Packing dimensions, and to upper bound the Minkowski dimensions.

Lemma 1.1.1. For every metric space X we have
dimy(X) < dim(X) < dim(X) and dimg(X) < dimp(X) < dim(X).

To lower bound the Hausdorff and Packing dimensions, we do not use their definitions, and we
use instead the following extension of Theorem 6.9, and Theorem 6.11 from Matilla [70].

Lemma 1.1.2. Let p be a Borel probability measure on X and s € RT.
a) If p-almost everywhere liminf p(B(z,¢€))e™® < +o0 as e — 0, then dimp(X) > s.
b) If p-almost everywhere p(B(z,¢)) = O(®) as € — 0, then dimy(X) > s.
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Some brief general words on transport theory

To formally define "scaling limit", we need to explain the meaning of "having a similar geometry".
To this end, we use some distances from transport theory (see e.g. Villani [80] Chapter 27).
Those distances can be decomposed in two main parts: First a way to "move" a metric space with
eventually some additional structure, and a way to "deform" them. The distance between two metric
space then consists in the minimal cost of the deformations.

To study the graph distances, we must conserve the metrics when we "move" the metric spaces.
For this reason, isometries (functions from a metric space to another which preserves the metrics)
are our references to move the metric spaces. In addition, our metrics space may be "pointed",
to force that while we move our spaces, some specific vertices reach some specific locations.
For instance, to study the height, we must point the trees at their root in order to preserve the height.
Similarly, when we consider the distance between random vertices in a graph, we must preserve the
law of the distance and so the probability measure on the metric spaces.

On the other hand, when we choose a way to "deform" the spaces we must estimate by how
much some quantities differ (height, diameter, distances between some vertices...). So we must be
able to change those quantities, and the cost of the deformations must be relevant for them.

In the rest of the subsection we formally define the main metrics we consider. The reader may
wish to simply skim this part on a first reading, and refer back to it if needed.

Gromov-Prokhorov (GP) topology

A measured metric space is a triple (X, d, ) such that (X, d) is a Polish (separable complete
metric) space and y is a Borel probability measure on X . Two such spaces (X, d, u), (X', d’, i)
are called isometry-equivalent iff there exists an isometry f : X — X’ such that if f,u is the image
of i by f then fou = 1. Let Kgp be the set of isometry-equivalent classes of measured metric
space. Given a measured metric space (X, d, i), we write [ X, d, p] for the isometry-equivalence
class of (X, d, u) and frequently use the notation X for either (X, d, 1) or [ X, d, p].

We now recall the definition of the Prokhorov’s distance. Consider a metric space (X, d). For
every A C X ande > 0let A° := {z € X,d(x, A) < e}. Then given two (Borel) probability
measures (i, v on X, the Prokhorov distance between p and v is defined by

dp(p,v) :=inf{ e > 0: u{A} < v{A°} and v{A} < u{A}, for all Borel set A C X }.

The Gromov—Prokhorov (GP) distance is an extension of the Prokhorov’s distance: For every
(X,d,p), (X', d, u") € Kgp the Gromov-Prokhorov distance between X and X' is defined by

dop((X,d, p), (X', d', 1)) = Sk dp(dsp, Oot'),

where the infimum is taken over all metric spaces S and isometric embeddings ¢ : X — S,
¢ : X' — S. dgp is indeed a distance on Kgp and (Kgp, dgp) is a Polish space (see e.g. [1]).

We use another convenient characterization of the GP topology which relies on convergence of
distance matrices: For every measured metric space (X, d, u*) let (:X);cn be a sequence of i.i.d.
random variables of common distribution yX and let M~ := (d (z¥, :nj( ))i,jyenz- We have the
following result from [66],

Lemma 1.1.3. Let (X"),en € KX, and let X € Kgp then X™ —6F X as n — oo if and only if
MX" converges in distribution toward M.

With the next extension, we morally need less information on the limit to prove convergence.
Its proof, in Chapter 3, is short and use only basic topology.
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Let (X")nen € K&p and let X € Kgp. Let (y;%)ien be a sequence of random variables on
X and let N¥X := (dX(yf(,y;())(m)eNQ. If
(d) RS (d)
X’IL X X
M- —5 N+  and 526y5<—>u ,
i=1

then X" —CP X and thus M~ and N¥X have the same distribution.

Gromov-Hausdorff (GH) topology

Let Kgy be the set of isometry-equivalent classes of compact metric space. For every metric space
(X, d), we write [ X, d] for the isometry-equivalent class of (X, d), and frequently use the notation
X for either (X, d) or [X, d].

For every metric space (X, d), the Hausdorff distance between A, B C X is given by

di(A,B) :=inf{e > 0,A C B°, B C A%}.
The Gromov—Hausdorff distance between (X, d),(X’,d") € Kgy is given by
dan((X, d), (X',d) := inf (du($(X),¢'(X")),

where the infimum is taken over all metric spaces S and isometric embeddings ¢ : X — S,
¢ : X' — S. dgp is indeed a distance on Kgy and (Kgpy, dgn) is a Polish space. (see e.g. [1])

Gromov-Hausdorff-Prokhorov (GHP) topology

Let Kgup C Kgp be the set of isometry-equivalent classes of compact measured metric space. The
Gromov-Hausdorff-Prokhorov distance between (X, d, u),(X’, d’, ') € Kgnp is given by
dne(X, d, ), (X', d' 1)) = dnf (dp(dun, o) + du(6(X), /(X))

'

where the infimum is taken over all metric spaces S and isometric embeddings ¢ : X — S,
¢ : X' — S. dgnp is indeed a distance on Kgpp and (Kgpp, dgup) is a Polish space. (see [1])
Note that GHP convergence implies GP convergence and that random variables GHP measurable
are also GH measurable. For all [ X, d, p] € Kgpp, let [X, d] denote its natural projection on Kgy.
Note that GHP convergence implies GH convergence of the projections on Kgy, then that the
projection on Kgy is a measurable function. Moreover, we prove the following result in Chapter 3:

Let ([X™,d", p"])nen and [X, d, p] be GHP measurable random variables in Kgpp. Assume

that almost surely [X, d, p] have full support. Assume that ([X", d", p"]),en converges
weakly toward [X, d, p] in a GP sens, and that ([X™, d"]),en converges weakly toward
[X, d] in a GH sens. Then ([X, d, p])nen converges weakly toward [ X, d, p] in a GHP sens.

The proof morally goes as follows: We use the GP and GH convergence to prove GHP tightness.
We then consider a GHP limit [X’, d’, p], which is thus also a GP and a GH limit. So we may
assume that almost surely [X, d, p] =7 [X’,d’,p']. On the one hand, the GH convergences imply
that X and X’ have the same size. On the other hand, the GP convergences imply that the support
of p and p’ have the same size. As a result, since p has full support, p’ must also has full support.

We deduce with basic topology that almost surely [X, d, p] =“HF [X', d', p'].
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1.1.3 Main algorithms

Notations: Throughout this thesis, similar variables for our models share similar notations. To
avoid any ambiguity, the models that we are using and their parameters are indicated by superscripts
D, Pn, On... We often drop those superscripts when the context is clear.

Time complexity and geometry

Up to this point, we defined our models, we explained some of their combinatorial interpretations,
and we decided to study their scaling limits. We now present our main tools to study their geometry.
First, since we research some complex properties, we want "simple" constructions for our models.
The "simplicity" of a construction can be measured with its time complexity, that is the number of
steps needed to run it. In research, having low complexity, means that we need to study less steps,
and that we may access more directly to some specific informations.

Then, constructing a tree of size n, requires at least n steps to add each vertex. We call a
construction linear if it takes O(n) steps. And a construction may be seen as "simple" if it is linear.
In fact, many linear algorithms, notably coalescents, are hard to use, and we can somehow be faster.
Indeed, to measure the distance between a few vertices, we do not need to construct the whole tree
as we only need the paths between those vertices. Moreover, studying the distance between random
vertices is by definition directly equivalent to study the GP geometry of our trees.

More generally, we use the notion of leaf tightness introduced by Aldous [11]. First, a subgraph
(resp. subtree) (V’, E') of a graph (resp. tree) (V, E), is a graph such that V' C V and E' C E.
Given a tree T' = (V, E) and some vertices V' C V/, the subtree 77 = (W, E’) of T spanned by V’,
is the subtree of T such that for every v € V, v € W iff v is on a path between two vertices in V.
Morally, a family of tree is leaf tight if the subtrees spanned by a few leaves approach well the trees.

Formally, consider some random trees (7"),cn, with eventually some additional structures.
Let (d"),en be the graph distances on (T"),,cn, and let (A\"),,cn be some scaling factors in R,
For every n € Nlet (L}");en be independent uniform leaves in 7™. And let forevery n € N, k € N,
T} be the subtree of 1" spanned by L7...., L}. Finally let d, be a distance on metric spaces, with
eventually some additional structures. We say that (7™),,cy is leaf tight for d, if

Ve > 0, limsup lim sup P(d. ((T{, A"d"™), (T™, \"d")) > ¢) = 0.

k—00 n—r00

Aggregations of paths/Stick—breaking constructions

Given a tree T, a subtree 7" of T', a vertex v € T, the projection of v on T” is the closer vertex from
vinT’. Any tree T with root p and leaves L1, ..., Lj is an union of some paths (see Figure 1.3):
the path between L and p, the path between Lo and its projection on the subtree spanned by p, L1,
the path between L3 and its projection on the subtree spanned by p, L1, L, and so on...

Based on this description, we use Aldous—Broder’s algorithm [9, 35] to construct our trees. Let
(A;); be a sequence of vertices. Start with a root vertex A; then recursively add the edge { 4;_1, A; }
when A; is "new", that is when A; ¢ {A4,}<;. In this thesis, we add an edge between A;_; and a
new leaf when A; is a "repetition", that is when A; € {A,} ;. By doing so, the previous paths
corresponds exactly to the vertices between two repetitions.

A better way to understand this aggregation of paths is through stick-breaking constructions.
Morally, first consider (A;); as a line of distinct vertices. Then recall that there is no edges
{A;_1, A;} when A; is not new, so cut those edges. This gives you a collection of paths or sticks.
Finally identify the vertices which are equal, or equivalently glue the paths at the repeated vertices.
So our trees can seen as a collection of sticks glued on one another. And we can study their geometry
through the positions of the cuts and the positions of the glue-points.



20 CHAPTER 1. INTRODUCTION

Stick breaking construction of D-trees

A sequence (d;)1<;<s is a degree sequence of a rooted tree if and only if > >, d; = s — 1, and by
convention d; > dy > --- > ds. Let Q0p be the set of such sequences. Recall that we encode a
plane tree 7' as a matrix (V; ;)1<i<n1<j<d;>» Where V; j denote the j"* child of V;. Also, for every
D e Qp welet LP, L?, ... be the leaves (that is the vertices V,,, Vg, ... witha; < ag < ... and
dg, = dg, = --- = 0). For every graph G = (V, E) and edge e = {v1,v2}, G U e denotes the
graph (V U {v1,v2}, E U {e}). We say that a vertex v € G if v € V. The following algorithm is a
bijection between some permutations and plane trees with degree sequence D = (dy, da, . .., ds).

Algorithm 2: Stick-breaking construction of a plane D-tree (see Figure ).

- Let (AP, UP)1<i<s—1 be a uniform permutation of {V;, j }1<i<s1<j<d;-
- Forevery1 <i<s—1let

= A if i1 ¢ {Aj}i<ie
v Linf{k,Lk¢Ti,1} if A; € {Aj}jgi ori=s—1.

- Let TP be the plane tree (W ;)1<i<s1<j<d;-

Figure 1.3: Stick breaking construction of a plane D-tree with ((AP,UP))i<i<s—1 =

((Va,2), (V3,3), (Va,2), (Vs 1), (Va, 1), (Va, 3), (V5,2), (Va, 1), (Vi, 1), (Va, 1)). The exploration
starts at V4 then follows the white-black arrow toward L, then jumps at V5 toward Lo and so on. ..

Let us give a combinatorial interpretation of Algorithm 2. First, recall the connection between
plane D-trees and additive coalescent. In particular, recall that for every 1 < ¢ < s, we consider
one downward and d; upward edges around V;. Also, we can construct plane D-trees by recursively
fusing a uniform pair of a downward edge and an upward edge that does not form any cycle.
We now instead sample only the upward edges, and choose the downward edges. More precisely,
we first sample a permutation of the upward edges. Then we may fuse at each step the upward edge
with the downward edge corresponding to the next upward edge. Those fusions have several issues.
First, we try to fuse upward edges with a downward already fused. Also, we are forgetting the leaves.
To avoid those problems, instead of fusing some upward edges with a downward edge already fused,
we instead fuse them with a downward edge of a new leaf.

This construction may be seen in a different order: Start at L;. Repeat until you hit the root:
look at your downward edge, look at the upward edge fused with this downward edge, go to the
corresponding vertex. .. Next restart at Lo and go down as previously to the subtree spanned by
the root and L;. Repeat for L3, Ly, ... In a wider setting, this order is used in Wilson’s algorithm,
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which is also a modification of Aldous—Broder algorithm to recursively look at the subtrees spanned
by specific vertices. We changed this order thanks to the many symmetries of D-trees.

In Chapters 3—4, we use the following simplification of Algorithm 2, which was independently
found by Addario-Berry, Donderwinkel, Maazoun, and Martin in [6] while I was writing this thesis.

Algorithm 3: Stick-breaking construction of a rooted D-tree.

- Let (AiD)lgz‘g s—1 be a uniform D-tuple (tuple such that Vi € N, V; appears d; times).
- Let TP := ({A1},0) then for every 2 < i < s let

A R {4i—1, Ai} if A; ¢ Ti—1.
‘ T;—1 U {Ai—h Linf{k,Lk§ZT¢,1}} ifA; € T;_qori=s.

- Let TP denotes the rooted tree (T}, Ay).

Stick-breaking construction of P-trees

Historically, P-trees was first introduced by Pitman and Evans [52] to study additive coalescent.
They also noticed that P-trees can be constructed by Aldous—Brdder algorithm. This construction
was then used by Aldous, Camarri, Pitman [16, 40] to study the geometry of P-trees.

In this thesis, we slightly extends this model to consider all the possible limits of D-trees.
Morally, in terms of coalescent, we are adding some "dust", which consists in infinitely many
particles of mass null with total mass no null. From a tree point of view, many vertices of small
degrees may contribute together to the total degrees.

Let Qp be the set of sequence (p;);enuoo) in R such that 372, p; + poo = 1, p1 > 0 and
p1 > p2 > .... Let (Vi)ien and (L;)icn be some vertices different from (V;);en. For every
P € Qp, the P-tree is the tree constructed as follows:

Algorithm 4: Definition of the P-tree for P = (p;);enu{cc} € 2p-

Let (A?);en be i.i.d. random variables such that for all i € N, P(AT = V;) = p;.

For every i € N, let BZD = A; if A; € N, and let BZP = Vo,; otherwise.
Let 77 := ({Bi1},0) then for every i > 2 let

TP =

)

Ti_1 U{B;_1,B;} if B; ¢ T;_1.
Ti—1 U{Bi-1, Lint{ren,Li¢1i_1} ) if Bi € Ti-1.

- Let T denote the rooted tree (J,,cx Tn, B1)-

Using that ‘P-trees are D-trees with "infinite degrees and leaves", we deduced Algorithm 4 from
the weak limit of (AiD)ieN in Algorithm 3. In particular, we introduced the vertices (Vo i)ien to
fill the eventual "gap" produced by the vertices with small degrees. Moreover, we introduced the
leaves (L;);cn, We think that they are crucial to fully understand several objects related to P-trees.
However, P-trees are no longer separable with the leaves , which leads to several topological issues.
For this reason we sometimes omit them.
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From D-trees to their scaling limits ICRT

First let us introduce a generic stick breaking construction. It takes for input two sequences in R™
called cuts y = (y;);en and glue points z = (z;);en, Which satisfy

Vi <j, yi <yj ; Y; —> 00 ; VieN, z <y,

and creates an R-tree (loopless geodesic metric space) by recursively "gluing" segment (y;, yi+1] at
zi, or rigorously, by constructing a consistent sequence of distances (dy,)nen on ([0, ypn])nen.

Figure 1.4: A typical step of the stick-breaking construction: the "gluing" of (y;, y;+1] at z;.

Algorithm 5: Generic stick-breaking construction of R-tree (see Figure ).

Let dj be the trivial metric on [0, 0].
For each 7 > 0 define the metric d;;1 on [0, y;11] such that for each z < y:

d1($7y) leL',y € [anl]
div1(z,y) == S di(z, 2z;) + |y — il ifz € [0,4], ¥y € (i, Yi]
‘.’L’—y‘ lf$,y S (yi7y’i+1]7

where by convention yg := 0 and 2 := 0.
Let d be the unique metric on R™ which agrees with d; on [0, y;] for each i € N.
— Let SB(y, z) be the completion of (R, d).

Recall Algorithms 2, 3. To study the geometry of D-trees (and similarly for P-trees) we are
interested in the cuts, that is the indexes Y;P, Y;2, ... such that AP ¢ {AJD} j<i» and in the glue
points that is the indexes ZID, ZQD, ... such that forz > 1, ZiD :=inf{z, A, = Ayp}. To this end,
we modify our algorithms to have direct access to those variables. '

First, we want to accelerate our constructions. Generally, there are two basic ways to accelerate
an algorithm: approximation, and parallel processing. We can do both by adding independency.
To this end, we use a classic trick: We generate the uniform permutation of Algorithm 2 by ordering
independent exponential random variables. We then rewrite an approximation of Algorithm 2 using
those variables. This idea was already used by Aldous, Camarri, Pitman [16, 40] to study P-trees.

We also introduce another modification which is central in the whole thesis. In algorithm 3
we look at each step at a vertex A; and act differently depending of whether it is new or not. The
main idea is to invert the order: we first see if it is new or not, and then look at its precise value.
To this end, we need at each step the probability of taking an old vertex. Using Algorithm 2, this
probability is the probability of choosing an half upward edges in the tree we already constructed.
For this reason, we keep track of the number of half upward edges in the tree using a measure p. To
do so, we look at the instants (X;);en when we see the vertices (V;);cn for the first time.

This measure also indicates where those upward edges are, which is necessary to know where
will be the glue points. We often call i the "uniform measure", since at each step, conditionally on
taking an old vertex, we take an uniform upward edge in the tree already constructed.
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Finally, recall that we lose half upward edges when we fuse them with an half downward edge.
To add independency and simplify p, we forget this mass loss. Precisely, we do not remove the
upward edges when we get a repetition. As a result, for each new vertex V; in the tree we get d; — 1
upward edges, and the number of upward edge does not decrease. Then we rectify the bad fusions.

Also to have some "scaling limits" we need to rescale the distances in the tree. Some basic
estimations shows that the typical distance in the tree is of order o := /Y7, d;(d; — 1).

Combining those ideas we get the next algorithm. Although, it may seem more complex, since
we are only interested in the cuts and glue points it repels the non essential informations to the end.

Algorithm 6: Definition of the continuum D-tree.

— Let (X;);en be independent exponential random variables of parameter (d; /0 );en.
— Let 41 be the measure on R defined by = > 7, dx, (d; — 1) /o.

— Let (Y, Z;):en be a Poisson point process on R*2 of intensity 1,>.dy x du(z).

— Forevery i € Nwith d; > 1, let Ux ; be uniformin {1, ..., d;}.

— For j € N, let U; be uniform in {1,...,d;}\{Ux ;} where i is such that X; = Z;.

— Let ki < --- < kn be the indexes such that (Z;, Uy) ¢ {(Z;,U;),j < k}.

— Foralll <i< N,letY; = Yki and let Z; = Zki. Forall: > N,letY; = Z; = +o0.
— The continuum D-tree is the random R-tree SB(Y;, Z;) (see Algorithm 5).

. J

Finally, by making each line of Algorithm 6 converge, and by removing the non essential
informations, we recover the ICRT introduced by Aldous, Camarri, and Pitman in [16, 40]. Let Q¢
be the space of sequences (6;);eoyun in R* such that Y>°° 62 = 1 and such that §; > 6y > ....

=0 "1

Algorithm 7: New construction of the O-ICRT for O € Qg.

Let (X;);en be independent exponential random variables of parameter (6;);en.
Let u be the measure on R defined by o = 63dx + Y52, dx,0;.

Let (Y, Z;);en be a Poisson point process on R of intensity 1,>.dy x du(z).
The ©-ICRT is defined as (7, d) = SB((Yi)ien, (Zi)ien) (see Algorithm 5).

In addition, in Chapter 5, to define plane ICRT, we keep the lines 4 and 5 of algorithm 6.

The original definition of Aldous, Camarri, Pitman [16, 40] of the ICRT is slightly different.
Indeed, at each step we first look at if the vertices are new or not, and then look at their values.
Since they chose otherwise they found the following algorithm, which is harder to use:

Algorithm 1.3. Classical construction of the ©-ICRT from [16, 40].
— Let (A;, Bi)ien be a Poisson point process of intensity 63 on {(a,b) € R™2 : b < a}.
— Let ((4i;)je{oyun)ien be a family of independent Poisson point processes of intensity
(0;);en on RT and independent of (4;, B;);en.
— Sort the elements of the (almost surely) locally finite set (J;Z; {4} U U2, U2, {Aij} as
U= (Ui)izl withU; < Us < ...

Bj if U;is of the form  A;

— Fori>1,letV; = andlet V = (V;);>1.

i0 ij
— The (old) ©-ICRT is defined as (7*,d*) = SB(U, V).

We prove in Chapter 2, using a simple computation, that the two constructions are equivalent.

Proposition 3

Let (7, d) be the tree constructed by Algorithm 7. Let (7*, d*) be the tree constructed by
Algorithm 1.3. Then (7, d) and (7%, d*) have the same distribution.




24 CHAPTER 1. INTRODUCTION

1.1.4 The chaining method

The chaining method is one of the most important basic technique in concentration theory. It
is directly related to trees, and has found many applications to study random metric spaces and
stick-breaking constructions (see e.g. Aldous [10], Amini, Devroye, Griffiths, Olver [17], Curien,
Haas [43], Sénizergues [77]). In this thesis, we use this method in most of our main results’ proof.

On the other hand, by understanding the metric structure of trees spanning a metric space, one
can show precise bounds for suprema of empirical process'. Following this principle, we proved
general concentration inequalities that have their own interest.

Main principle

The goal of this method is to estimate the max of a given function f on a space S. To this end,
consider a sequence of increasing subspaces® (.S;);>o of S "approximating" S, and for every i > 0,
a projection p; : S;11 — S;. The main idea is that if (.S;);cn are properly chosen then

o0

max f(z max (f(z) = f(pi(z)))- (1.3)

zeS =0 ES’Hrl

As aresult, one can decompose a complex estimate into many simpler ones.

Interpretation with trees

First let us introduce some definitions. Consider a rooted tree ' = (V, E, p), and consider for
each edge ¢ € F alength I(e) € RT. The length of a path vy, va, ..., vy is Z?;ll 1(vi, vig1).
As before, the graph distances between two vertices is the minimal length of a path between them.
And we write H;(T") as the height of tree T". Also, given for each edge e € F a cost ¢(e), we define
the total cost of the tree as being ¢(T') := > . c(e).

Now, for simplicity, we assume that Sy = {p} with f(p) = 0. We consider the edges
E = J2{z € Sit1,{z,pi(x)}}, and the rooted tree, T' := (S, E, p). And for every i € N,
x € Si11 we give to the edge (z, p;(z)) the length | f(z) — f(pi(z)]. So (1.3) can be rewritten as

max f(z) < H(T).

We now add probabilities. Consider some arbitrary length [ : £ — R™. We associate to [ some
costs ¢; : {z,y} € E— P(|f(x) — f(y)| > l(e)). By (1.3) and an union bound,

P (wax f(o) > (D)) < en ()
zes

Hence, to optimize the chaining method we minimize the height of a tree given a maximum cost.

To this end, we need some a priory on the "geometry" of (S, f) to properly choose (S;);cn and .

However, there is no proper way to study the "geometry" of (S, f) since (.S, f) is not a metric space.

For this reason, outside some precise setting, optimizing the chaining method require some a priori

informal optimization and geometric guesses.

'Talagrand [79] p.148 "Many of the results of this book were first discovered by following the idea that 7" is "large" if
and only if it contains a large tree".

2For more complex algorithms one may want to consider general (X;);cn and a family of functions f; on X;. (See
e.g. Sénizergues thesis [78] for several such applications of this method).
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Basic examples, and contributions to empirical process

First consider f a Brownian motion on [0, 1]. [0, 1] can be approximated via dyadic numbers. For
everyi > 0letS; := {k/2°,0 < k < 2'}. Andfori > Oletp; : © € S;11 — max{y € S;,y < z}.
We thus approximate [0, 1] with a dyadic tree (see Figure 1.5). And since for every z < y € [0, 1],
f(z) — f(y) have order \/y — = we give a length of order \/y — x to an edge (z,y) in the tree.
By being more precise we can obtain sharp upper bound on the maximum of a Brownian motion.
This simple example, called the classic or generic chaining, is extended in many settings where we
have some "dimension-type conditions" on .S, and some "Holder-type conditions" on f.

This kind of chaining immediately fails when f has a discontinuity. For instance consider
frxel0,1] — > 1,<py, — nx, where (U;)1<i<p are independent and uniform on [0, 1]. In
this case, we technically count the jumps an infinite number of times in the tree. To avoid this issue,
one usually approximate [0, 1] as {i/2%} -, ox Where 2¥ have approximatively order n. Then, in
each of the intervals of the form [i /2" (i + 1)/2¥], f slightly vary since there are very few jumps.

This method however fails when the sizes of the jumps are inhomogeneous. To deal with this
case we need to understand better the "geometry" of ([0, 1], f). The main idea is that the instants of
the jumps are important to understand its geometry of the graph of f. Hence, to approximate better
the "geometry" of ([0, 1], f) we need to use those jumps. By adding those jumps to the previous
dyadic decomposition we prove the following results:

Let (\;)ien € RN, Let (X;);en be independent real random variables with density (f;)sen.
Leta <b. LetS:xz— > 2 Ai(lx,<z — P(X; < x)). Assume that the previous series
converges uniformly on [a, b].

(a) Assume that ()\;);cn is decreasing. Let,

C:=3 sl 3 Di=2l0g(2) > qldai]
q=1 =1

W::i/\?(b—a) max f;(z) ; E:i
=1

a<z<b
For every t > 0,
P ( sup |S(x) — S(a)| > 6VWt+ (t+ 1)C’—|—D+2E> < et
a<z<b

(b) Let

o 2 . — (_ .
V.—Z;)\l ;o M= (b a)rzne%xargjgbfl(x).

For every t > 0,

P( sup |S(x) — S(a)| > 7\/V(t+M)> <t

a<z<b

Although those results are already precise enough to be used in a large variety of settings, we
think that there are many rooms for improvement and notably to generalize them. Also, the bounds
are bad to deal with the ¢ such that | \;| is large and P(X; € [a, b]) is small. To avoid this issue, we
advise to condition by (1 x,¢[q,4))ieN, and replace, up to reordering, (A;)ien by (Milx,e[q,p))ieN-
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Figure 1.5: Approximating [0, 1] with a dyadic tree. Points in a same column have the same value.

We then derive from Proposition 4, and a slicing argument (see [32] Section 13.7) the next
bound, which will be used in [26] to consider non centered process on trees. It can also be used
to study several other process related to trees (the mass x — [0, x|, process with exchangeable
increments, the exploration process of the configuration model/multiplicative graphs...)

Lemma 5

We keep the notations of Proposition 4. For every k € N, let

k
Sk Y Ai(lx,<e — P(X; < ).

p=ll

For every t > 0,

keN a<z<b

P (sup sup |Sk(x) — Sp(a)| > 42VV (t + M)) < b7

Chaining method to study random geometry

Our algorithms can be resumed as follows: we construct a tree 7' (with eventually some additional
structures) by recursively adding some edges and vertices to some subtrees. We want to estimate the
distance between those subtrees and the whole tree. To this end, in most of our main results’ proof,
we use the chaining method. Notably, we use it to study compactness, compute fractal dimensions,
prove leaf tightness, estimate height. . .

Although we detail those applications in the next section, let us explain how we use the chaining
method in general. The main idea is to split the construction of the trees in different main steps, and
to prove that between two main steps the trees (7;);cn that we construct does not change much.
For simplicity let us consider a reference example. We want to estimate the Hausdorff distance d gy
between our trees. Let d be the graph distance on 7. For z € T, j € N, let p;(z) be the projection
of x on T}, that is the vertex y on T} which minimizes d(x,y). By definition of the Hausdorff
distance, for i € N, dg (T}, T) = max,er d(x, p;(z)). And the chaining argument (1.3) with the
function x € T' — d(z, p;(x)) can be rewritten into,

du(T;,T) < max d(x,pj(z)). (1.4)
j>i IGTjJrl
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Here using the chaining method might seem problematic. Indeed, to optimize this method we
need to understand the "geometry" of (7, d). But, we use the chaining method to study (7', d).
Actually, the main strength of this method is that it only needs a few geometric results/guesses to
prove precise bounds. In our case, we already have the necessary information: The typical length
between any new leaf and the previous subtree is given by the length of a single branch.

Moreover in (1.4) the maximum is reach on the leaves of 7T’ 1. So we only need to estimate and
optimize the number of leaves in (7;);cn and the distance between a leaf and the previous subtree.
Alternatively, for technical reasons, we approximate the maximum by not considering leaves but
instead sufficiently many vertices on (7) jen.

1.1.5 Some new martingale inequalities

We regroup here some martingale concentration inequalities proved in this thesis. Their proofs are
both disconnected from the rest of the thesis, and classic (moments computation+Doob inequality).
Nonetheless, those results are strong and precise enough to have their own interest. The first result
concerns the speed of convergence of general P6lya urns.

Let {m,, },>0 be a positive real-valued sequence. Let (A,,),>0 be a sequence of positive
real-valued random variables such that Ay < mg and such that for every n > 0,
A M, — A
I[D(An+1 = A, +mn+1|An) = ﬁz ) P(Am—l = An‘ An) = nTnna
where for every n > 0, M,, = Y ;" my,.
a) If >°° m2 /M2 < oo, then almost surely for every a > 0 and ¢t € RT,

A A A
P e t=—214,
(fgg lul lﬂa - lwa )
t2/4)(Aq /M,
“sex (12/4) (Aa/Ma)

2 2
. e, mn
s e T tmax (Zn>a M2 aXn>q Mn)

A

b) If {my }nen is bounded, then almost surely for every a > O and t € R™,
A, A
P (sup ) s

12 A
A, ] <2e — a .
e | M, M|~ M, “) = Xp( A(1+1) maxn>amn>

. J

The second result concerns empirical process, and is derived from Marcinkiewick’s inequality.

Let k > 2, and let (7;);en € RN, Let (X;);en be independent centered, random variables.
Forevery Kk < nlet Sy := 2 € R — Zigk 1,<., Xi. Assume that for every i € N,
v; := E[X}]%/* < 00, and let V := > ien vi- Then for every t > 0,

P <Sup (= t) <Ce(VVR)",
€N

where Cy, is a constant which depends only on k.
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1.2 Overview of the chapters

In Section 1.1 we presented this thesis as a whole, our models, algorithms, and their connections.
We now focus on each chapter appart, and particularly on our main results and proofs. Since we
now follow the publication order, the logical order of this section and Section 1.1 differ.

1.2.1 Compactness and fractal dimensions of ICRT

We discuss here Chapter 2, whose aim is twofold. We introduce several tools to study ICRT, notably
a stick-breaking construction (recall Algorithm 7), and a probability measure on ICRT. We also
prove refined results on ICRT, in particular concerning compactness and fractal dimensions.

We first prove with basic concentration inequalities several bounds on y and the cuts (Y;);en.
To simplify the notations, for n € N let [,, := Y,, — Y, denote the length of the nth branch, and
let my, := pu(Y,—1, Y] denote its weight. Then let M,, := p[0,Y,,] = mq + -+ - + m,.

The following assertion hold a.s. (almost surely):
(a) The map [ — E[u[0,]] is concave.
(b) Asl — oo, u[0,1] ~ E[u0,]] = 631 + o(l).
(c) For every [ large enough, there are at most /[0, {] < 212 cuts on [0, ].
(d) For every i large enough, ;11 < 5log(Y;)/M,;.
(e) For every i large enough, m; 1 < log(¥;)?/Y..

The uniform probability measure on ICRT

As explained in Section 1.1, we prove that the first branches approximate well the whole tree 7.
We consider two main metrics: GH and GP. We deal here with GP approximation, by introducing
the "uniform probability measure" on ICRT.

To this end, we need the ICRT to have infinite mass, that is 83 > 0 or 221 0; = oo. In this
case, we write = oo since a.s. u(R1) = co. Otherwise the ICRT has finite mass and p < oo.
For technical reasons, there is no proper way to define the uniform probability measure on ICRT
with finite mass. So we assume throughout this section that ;1 = oo.

Let forevery I € RT, 7, = ([0,1], d), let p; be the restriction of 1 on 7;, and let p; := /1[0, 1].

Almost surely (p;);cr+ converges weakly toward a probability measure p on 7. Furthermore,

p has support 7, has no atoms and gives measure 1 to the set of leaves, (that is the set of
x € T such that 7\{z} is connected).

The next equivalent definitions may be interpreted with the discrete setting as the uniform
probability measure on the edges/leaves. So we call p the "uniform probability measure" on 7.

Proposition 9

Let 4~ be the Lebesgue measure on R™ and p® = Y 72, dy,. For every [ € RT let 1)
(resp. p) be the restriction of 1™ (resp.u®) to T; = ([0, 1], d). Also let for every | € RT,
p;” = 1" /1[0, 1) and p; = w7 /477 [0,1]. Then

~ weakly o weakly

po —p and p; —'p
l—00 l—o0
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To prove Theorem 1, and Proposition 9 we estimate precisely the evolution of the mass p
as we add branches to the tree. The main idea is that the mass evolves as a P6lya Urn. More
precisely, for all z € 7,1 € R™, let the projection of x in 7; be the nearest point from z in 7.
Also for every I € RT,.S € T, let ST be the set of z € T such that the projection of z in 7 is in S.
For every i € N, S C 7Ty,, conditionally on y, {Y; }ien, {1y, (ST}, is a generalized Pélya urn.
So, with Lemmas 6 and 8 (e), we can estimate the evolution of the mass glued on a set.

Then to estimate globally 1, we cover (7;);~ with many small sets and estimate the mass glued
on them. This idea is not new and goes back to the very study of the CRT by Aldous [10]. But in
our case, many topological argument are much more complex for non compact ICRT.

Comparisons with Lévy trees

Recall that Lévy trees are the limits of Galton—Watson trees which are mix of D-trees. And recall
that we will prove in Chapter 3 that D-trees converge toward ICRT. So Lévy trees are ICRT with
random parameter. We now precise this connection to compare our results with some previous ones,
and notably those of Le Gall and Le Jan [64, 63], and of Le Gall and Duquesne [50, 49].

For short, Lévy trees are constructed from real random processes modified from Lévy processes.
Morally, the large degrees are given by the jumps of the Lévy process, and for ICRT to (6;);cn.
The small degrees contribute proportionally to the brownian part of the process, and for ICRT to 6.
For both models, the geometry is dictated by the tail of the degrees. Equivalently, for Lévy trees,
since this tail is morally concentrated, it is dictated by the Laplace exponent v of the Lévy process.
An analog of 1 for ICRT is the function [ — [E[u[0,]].

Compactness of ICRT

The next result was conjectured by Aldous, Miermont, Pitman [14] by comparison with Lévy trees .

The ICRT is almost surely compact if and only if

/°° dl <
[E[uf0,1] =

To prove Theorem 2 we estimate the Hausdorff distance for [ € R™ between 7; and 7. More
precisely, 7 is compact if and only if (7;);cr+ is a Cauchy sequence for the Hausdorff distance.
We prove it with the chaining method (recall Section 1.1.4).

Our starting point is to estimate the distance for every y, z € R™ between z and 7y. To this end,
we adapt an approach of Curien and Haas [43] (see also Sénizergues [77] for an extensive use):
We follow the path from z to 7. In [43, 77], they use deterministic branches, and show that each
branch [Y;, Y;11) intersect the path independently of each other with probability m;/M;. When
it does the length of the intersection is at most /;. As a result, conditionally on the branches, the
distance between z and 7, is bounded by a sum of independent random variables. Here we shortcut
this argument, by sampling the cuts and glue points as we go down in the tree (or equivalently RT).
By estimating the length of this path, we obtain the next exponential bound:

For every y, z € RT, ¢ > 6, conditionally on u, P(d(Ty, z) > 4t/p[0,z]) < e™".

We then apply the chaining method. Here, the generic chaining seems optimal. More precisely,
for every | € R™, by Lemma 8 (a), there exists a unique real X; € R™ such that E[u[0, X;]] = L.
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With a topological argument, and Lemma 10 we deduce that almost surely for every k large enough,
di(Tay, > Tx,,) < 211log Xow /2", (1.5)

Hence, the ICRT is a.s. compact when > log Aok / 2% < o0, which appear to be equivalent to the
condition of Theorem 2.

Reciprocally, it is easy to prove a reverse bound for (1.5). However, this does not yield a reverse
bound for dgy (’TX2 ., 7). To do so, we adapt an argument of Amini, Devroye, Griffiths, Olver [17].
The main idea is to prove that a.s. for every k large enough there are many segments of length
of order Xy /2F between Xyr—1 and Xyi, and that moreover those segments form long chains by
being glued on one another. In conclusion we show that morally a.s. for every k large enough,

[e.9]

log Xon /OO dl
dg (Tx.,, T ) =~ ~ . (1.6)
H ( Xk ) nz::k Xgn X2k l,u,[O, ”

Fractal dimensions

Recall the definitions of the fractal dimensions in Section 1.1.2. Almost surely

log
dimp(7) =dim(7) =1+ limsup ——————.
p(T) = dim(7) 5P fog B0, 1]

Furthermore if log ! = E[u[0, 1]]°™") then

log
. — =14+liminf —————
dimg (7) = dim(7) + 1{2};‘ log E[u0, 1]

To prove Theorem 3, by Lemma 1.1.1, it is enough to upperbound the Minkowski dimensions
and to lowerbound the packing and Hausdorff dimensions. To upperbound the Minkowski di-
mensions we first cover for [ € R, Tx, with some balls then increase their radius to cover 7.
The computations are straightforward. First 7y, have total length A} and so can be covered with
1X; balls of radius 3/1. Then by (1.5) and the condition of Theorem 3, d(Tx,, 7) = O(1/1*T°M).
(For the upper Minkowksi dimension the upperbound is otherwise trivial.)

To lowerbound the packing and Hausdorff dimensions, the main idea is to estimate p of the
open balls around a uniform random vertex on 7. To do so we proceed in two steps. First we lower
bound the mass glued on a branch. This is done as explained previously with a Polya urn argument.
Then, we lower bound for [ € R the distance between a uniform vertex and 7;.

Using discrete trees as an alternative.

Many arguments of Chapter 2 can be shortcut using that P-trees converge toward ICRT. Indeed this
convergence yield many equalities in law. For instance, for every ¢ < j € N, conditionally on 7y,
d(Ty,,Y;) =((d) d(Ty,, Yiy1) which completely replace Lemma 10. Another example, concerns the
fractal dimensions. Since the root, Y7, Y5, ... are uniform vertex we can estimate the mass around a
uniform vertex by looking at the neighborhood of 0, or even at the probability that Y7 (and Y3, Y5. ..
when needed) are close from 0. Also, we repeat many computations of Chapter 2 in Chapter 3.
We could have, as Aldous [10], study at the same time our discrete models and their limits.

In this thesis, we decided to avoid those shortcuts as most as possible for several reasons.
First, they complicate our setting. Then, they are less generalizable to small perturbations of our
algorithms. Also, they actually require many technical arguments to be fully rigorous.
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1.2.2 Limit of trees with fixed degree sequence

Regimes of convergence

Recall Section 1.1.3. We discuss here Chapter 3 where we study the limits of our trees. The methods
are the same as in the last section. But some proofs are more technical since we need to be more
precise and deal with the mass loss of D-trees. On the other hand, we shortcut some proofs.

First let us precise the different regimes we work on. Recall {2p, (2p, Qg from Section 1.1.3.
Let (D) nens (Pn)nens (O )nen denote some sequences in Qp, Qp, Qg respectively.

Assumption 1.1 (D,, = P). Foralli > 1, diD" /sPn — pP and sPr — 0.
Assumption 1.2 (D,, = ©). Foralli > 1,d""/oP» — 69 and dT" /sP» — 0.
Assumption 1.3 (P,, = ©). Forall i > 1, pf” JoPn — Hi@ and p?” — 0.
Assumption 1.4 (©,, = ©). Foralli > 1, 67" — 69.

In addition, one can put a topology on €2 := Qp U Qp U Qg such that = coincide with the
notion of convergence on (). The subset {)p is dense, so our results on D-trees imply the others.
Moreover, (2, =) is Polish, so our results can be used to study trees with random degree sequence.

Convergence of the first branches

Recall that to prove that our trees converge, we first prove that the first branches converge, and
finish by proving the leaf tightness. To prove the convergence of the first branches, we transform
our algorithms and prove that each lines of the algorithms converge as explained in Section 1.1.3.

Our first main result in Chapter 3 says that under the above regimes the first branches converge.
I wrote it not only for Chapter 3, but also to study several other objects in the forthcoming [26, 25].
We detail those objects (looptree, contour process, exploration process, snake. ..) in Section 1.2.4.
Since this result is technical to formally state, let us only explain what we mean by "convergence of
the first branches".

First, to prove GH convergence, we prove that the cuts and glue points converge. Also, to
prove the GP convergence, we may look at the measure i which dictates where the mass is glued.
Actually, by Lemma 1, to study the GP convergence, we only need to prove that the distances
between random vertices converge. And this can be done by using only the cuts and glue points.
On the other hand, we still prove that 1 converge to study several other objects. Also, in some of
those objects the vertices are expanded proportionally to their degrees. So we prove the convergence
of the indicator functions that a branch is glued on a fixed vertex of large degree.

Lastly, the convergence of the first branches presented in Chapter 3 is slightly incomplete.
Indeed, this chapter omit the plane order of the trees. We will add this order in [26, 25] by sampling
it with uniform random variables.

Gromov-Prokhorov convergence

Beforehand let us introduce some notations. Let €2, be the set of measures on {V;};cn. We say
that a sequence (P, )nen € QL\T converges toward p € Q, when max;en |pn (Vi) — p(Vi)| — 0.
For every D € Qp let p? denote a probability measure with support on VP := {V;,1 < i < sP}.
Similarly, for all P € Qp let p” denote a probability measure with support on V¥ := {V.F},., ~o.
Also, we sometimes let 0 denote the null measure on {V;};cn. Recall that "u® = oco" means
08 > 0o0r 32, 69 = co. Also recall the definition of p© from Theorem 1.

i=1"1
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Next for every D € Q let s? := max{i,d? # 0}, and recall that (60)% = 3", d;(d; — 1).
Also for every P € Qp, let (¢7)% := 3", (pl’)?. Finally, let d” denote the graph distance on 77,
and let d” denote the graph distance on 77 .

The following convergences hold weakly for the GP topology (see Section 1.1.2).
(a) If D,, = P and pP» — p” then

(VD,L’ dD",pD") M(VP, P, pP)_
() If D, = ©, pP» — 0, and ;© = oo then
(VPn, (0P /sPm)dPr, pPr) BE(T®, 49, p°).
(c) If P, = O, p"» — 0, and ;u® = oo then
(VP,L’ UP"dP",pP") W_GI;(T(a’ d°,p®).
(d) If©,, = O, and ;® = oo then

(707, d®, p®) YE(T©,d°, p®).

\. J

When 1© < oo, the distances between random vertices still converge, but p® cannot be
defined. (c) and (d) was already mostly proved by Aldous, Camarri, and Pitman [16, 40]. Our only
contribution to those results is the small extension of the PP-tree model. (a) directly follows from
the convergence of the first branches. For (b), although the convergence of the first branches imply
that the distances between random leaves converge, we need to consider arbitrary random vertices
that are not necessary leaves.

To this end, we modify Algorithm 3 to also construct the subtrees spanned by specific vertices.
With this algorithm we prove that the subtree spanned by fixed vertices of small degree is close in
distribution to the subtree spanned by the first leaves. Since random vertices tend to have small
degree this shows the GP convergence. The algorithm goes as follows:

Algorithm 8: General stick-breaking construction of a D-tree from a permutation

(Wi)1<i<sp of VP,

- Let AP = (Ay,..., As_1) be a uniform D-tuple.
- Let TP := ({A;},0) then for every 2 < i < s let

TPV . _ Tio1 U{A;_1, Ai} if A; & Tj_q,
’ Ti1 U{Aim1, Wint (e wie 13} ifAi € Tiqori=s.

- Let T?"W denote the rooted tree (T}, A1).

Gromov-Hausdorff-Prokhrov convergence

By Lemma 2 and Theorem 1, the GHP convergence follows from the GP and GH convergence. So
we only have to consider the GH convergence. To this end, we use the same approach we used to
prove the compactness of ICRT. With this approach we compute precisely the Hausdorff distance
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between the first leaves and the whole tree. In particular, recall from (1.6) the next approximation:

o0 dl
(T T~ [ ey

Hence, to have leaf tightness, we assume for ICRT that:

Assumption 1.5.

+oo
lim lim sup/ __dr = 0.
Y—=+00 notoo Jy ZE[MGn [0,1]]
We do similarly for P-trees. Recall Algorithm 4. For i € Nlet X; := inf{j € N, B}) =Vi}.
Then let u” := 3772, p;i/o7 6,7 x,. Here, the previous integral diverges since 1”0, 0o] < co. To
solve this issue, we truncate the integral and rely on

/

Y dl
© O\
d“E””N/ZMMwn

Y

The main idea is then to take v/ as large as possible such that the approximation stays "optimal"
and then to estimate d H(Er, T). For this reason we assume for P-trees that:

Assumption 1.6. The two following assumptions hold:
(i) Forevery P € Qp, lett” :=inf {l € N, E[”[0,1]] > 1/(2067)}. We have,

a—pn tPn dl
lim i ——— = 0.
ﬁﬁﬂml EPD

(i) Ins™ =0 (1/""), where for P € Qp, s” := #{i € N,pI’ > 0}.

For D-trees, we add an extra assumption to deal with the vertices of degree 1. Those vertices
are particular to deal with since they cannot result in repetitions, but still add length to T'P.
Recall Algorithm 3. For D € Q, let N? be the number of leaves in 72. For i € N, let
Xi :=inf{j € N, AT = V;}. Then let u* := 3722 (d; — 1) /0P 6,0 /5px,.

Assumption 1.7. The three following assumptions hold :
(i) Let for every D € Qp, t* :=inf {l € N, E[uP[0,1]] > NP /(207)}. We have,

O'D”tD”/sD” dl
lim li = 0.
e /y [E [uP~[0, I]]

(ii) ln(sgg)sD”/ND" = o0 (sPn /o) where for all D € Qp, sgg = #{i € N,dP > 2}.
(iii) In(NP~)/In(sP~/sPm) =0 (sP»/oPn) where forall D € Qp, sT := #{i € N,dP = 1}.

Those assumptions are close from optimal, and only the assumptions (ii) can be improved. We
refer to Section 3.4.2 for details. Instead, we would like to insist on how to apply those results. First
it is not necessary to compute t” or t*. Indeed, since [ dl/(1u[0,1]) vary slowly, t can morally be
replaced by an upper bound at small cost. In particular, note that t”» = O(s%») and tP» = O(SQD”).
Moreover, under the assumptions (ii) it is equivalent to use t”, t” or those upper bounds.

Also, one do not need to compute exactly E[x[0, []]. Moreover, x can be approximated by a sum
of independent random variables (see Algorithm 6). Then, we do not need to estimate E[u[0, {]]
for [ small. And for [ large one morally only needs the tail of the degrees to approximate E[u]0, ]].
Hence, for random degree sequence, since this tail tends to be morally concentrated, one can prove

and use large deviation inequalities for E[x]0, []].
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The following convergences hold weakly for the GHP-topology.
(@) If D, = 6, MP» — 0, and Assumption 1.7 is satisfied then

(VP (0P /sPr)dPn, MPn) 2 (T9, d®,p°).
(b) If P, = 6, MP» — 0, and Assumption 1.6 is satisfied then
(VP", O'P"dpn,./\/lpn) V\ﬂp(,]—@7 d@7 pe)
(c) If ©,, = O, and Assumption 1.5 is satisfied then

(T@n’ d@n 7 p@n) WEI})(T@, d®, ]39)

Height of D-trees, P-trees and ICRT

With the same method, we obtain some upper bounds for the height of D-trees, P-trees and ICRT.
Those bounds are similar to those proved by Addario—Berry, Devroye, Janson [7] and Kortchemski
[58] for Galton—Watson trees and Lévy trees.

There exists some constants ¢, C' > 0 such that:
(a) Forevery D € Qpandx € R*:

D
D Co= ) D \,D D D
g D sD dl 1D(S>2)O' g h’l(N ) _ IE[ D[O ]]
P|e—=H(T = — < Ce™ @R T
G ER r  R n(@)) =
S7

(b) Forevery P € Qp and z € R™:

O.'Pt'P
dl P
P CO'PH TP > Jj—|—/ e — _1_0-73 In SP < Ce—ch[,u [071:”'
( >+ ) wrpag T )

(c) Forevery ©® € Qg andz € R™:

P CH(T@) >+ /—HX) L < 06_C$E[H®[O,$]].
= ERC0,1]) ~

Rerooting and rebranching principle

Since D-trees converge toward ICRT, and since D-trees satisfies some equality in distribution, then
so must ICRT. From those equalities, we derive several main technical principles. First for i € N,
one can reroot the ICRT at X; by simply changing in Algorithm 7, X; by 0. It is useful to estimate
what happen around a vertex of large degree. Then {Y; };>0 behaves as independent random leaves.
So we can use the first cuts to estimate the mass of some sets in the ICRT.

As explained earlier at the end of Section 1.2.1 , we tried to avoid using those principles.
However, we needed them to compute the fractal dimensions of the ICRT’s looptree in Chapter 5.
And we will expansively use them in [14] to prove the dual local time property for ICRT.
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1.2.3 Limit of connected multigraph with fixed degree sequence

Main approach to study the connected components

We now discuss Chapter 4, which concerns the configuration model and multiplicative graphs. To
study the geometry of their connected components, Addario-Berry, Broutin, and Goldschmidt [4],
developed a general approach which is divided in two main steps:
(a) First one encodes the random graphs into stochastic processes, and study those processes to
deduce several limits for relevant quantities of the largest connected components such as the
size, surplus, degrees. .. This has been noticed in the ground-breaking work of Aldous [12].
(b) Then, one use those convergences to reduce the problem to a study of a single connected
component conditioned on those quantities.
This approach was first used in [4] for Erd6s—Rényi graphs. It has then been further developed for
multiplicative graphs and the configuration model in many different regimes. We refer to [4, 24, 23]
for the homogeneous case, [42, 47, 54] for the power law case, and [36, 37] for a unified regime for
multiplicative graphs. In Chapter 4 we solve (b), under what we believe the weakest assumptions.
So we reduce the study of the largest connected components to (a), which tends to be simpler.
The other main contribution of Chapter 4 is that multiplicative (multi)graphs are limits of the
configuration model. We have further developed this point of view all along this introduction.
Notably, we will come back at the end of this section to (a), to provide a new combinatorial point of
view on the exploration process of Broutin, Duquesne, Wang [36, 37].

Cycle breaking algorithm.

The surplus of a connected multigraph is the number of edges that one needs to delete to transform
it into a tree. For D = (dy,da,...,ds), and k € N, we call a (D, k)-graph a uniform connected
multigraph among those with surplus &k and such that for every 1 < ¢ < k, V; has degree d; + 1. In
Chapter 4 we generalize the results of Chapter 3 to (D, k)-graphs and their limits (P, k)-graphs
and (O, k)-ICRG (inhomogeneous continuum random graphs).

To this end, we actually focus on the connections between (D, k)-graphs and D-trees. The main
idea is to revert the cycle breaking algorithm of Addario-Berry, Broutin, Goldschmidt, Miermont [5]
to construct (D, k)-graphs from a biased D-trees. We use this algorithm as follows (see Figure 1.6).
Take a connected multigraph with surplus k, and repeat k times: choose an edge uniformly among
all the edges that can be removed without disconnecting the graph, then cut this edge in the middle.
By doing so, we add 2k named leaves (*;)1<i<2r and keep the degrees. Then to reconstruct the
original multigraph it suffices to repair the broken edges by fusing the pairs in (%;)1<;<2k.

*1 *9 *1 *9 e

* %3
\40 *4

Figure 1.6: The steps of a cycle breaking of a multigraph with surplus 2. At each step we chose an
edge (in red) among those that does not disconnect the graph (in red/blue) and "break it". Those
edges can be repaired by fusing x; with xo and x3 with x4. We omit the labels of the other vertices.
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Although the cycle breaking preserves the degrees, it is not a bijection between (D, k)-graphs
and D-trees. Indeed, for a given graphs there are many corresponding trees. To avoid this issue we
bias the trees by the probability that they was obtained at the end of the cycle breaking. This bias is
then a function of (d(*;, *j))1<i j<2k. And by proving that it converges, we deduce from Chapter 3,
that (D, k)-graphs also converges.

Finally, although the GP convergence of D-trees implies the convergence of (d(x;, *;))1<i, j<2k-
some extra care is needed since the bias explodes when (%;)1<;<of are close. For this reason, the
main part of the proofs consists in lowerbounding (d(x;, x;))1<s,j<2k, Which we do with the first
branches of our stick-breaking constructions.

The exploration processes of the configuration model

We now discuss the exploration processes used to study the degrees and surplus of the configuration
model and multiplicative graphs. We first discuss the configuration model. Recall that in this model,
we construct a multigraph by uniformly fusing some pair of half edges. Actually, we can construct
the multigraph by recursively fusing an half edge that we chose together with a uniform one.

The main idea is then to construct the connected components one by one. Think of this
construction as an exploration (see Figure 1.7). We have at each step a connected component
with some full edges and some half edges. We pick at each step one half edge of our connected
component then look at the half edges it is fused. (The order we pick the edges is not relevant here.)
We then add the new edge, the eventual corresponding new vertex and its half edges. When our
component no longer have half edges we explore a new one starting from a single vertex.

VY

Figure 1.7: An exploration of a connected component. At each step the edge we will explore is red.
Half edges are represented as segments between a known black vertex and a unkwown white vertex.

The exploration process is then the real process which associate to each step the number of half
edges of our current connected component minus twice the number of component we have explored.
This process thus encodes the sizes of the connected components, the degrees of the vertices in the
components, and so the surplus of the components.

It can be approximated as follows. Let D = (di,...,d)) be our degree sequence. Let
S = Z;?:l d;. Let (A;,U;)1<i<s be a permutation of our half edges (7, j)1<i<k,1<j<d,- Each time
we need to sample a new edge, or pick a new half edge to start a new connected components we
pick the first half edge in (AZ-), UiD )1<i<s that is not yet fused. By doing so, an approximation of
the exploration process is

P i Y (daylagay,n,_ ) — 2). (1.7)
j=1

Indeed, when we see a new vertex we add its half edges, and at each step we lose the two half edges
we fuse. It is though only an approximation as we need to morally skip some steps in (A;, U;)1<i<s.
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A new point of view on the exploration processes of multiplicative graph.

In Chapter 4 we prove that the configuration model can converge toward multiplicative multigraphs.
Recall Algorithms 1.1 and 1. Recall also that multiplicative graphs are obtained by removing the
multiple edges and loops of multiplicative multrigraphs.

Let P = (p1,...,ps) atuple in R™. Forn € N, let D,, = (d")1<i<sn a tuple of integer
with even sum. If s — oo, and for 1 <1 < s, d} ~ v/s"p;, and for s < i < 5", d}! = 1.

Then,

(d)
(#:5(CMP™)) ¢, s — (F#e(MGPH)) ;e

Based on this convergence, we present a new point of view on the exploration process of
multiplicative graphs. We refer to Aldous, Limic [13] who introduce a similar process to study
the sizes of the connected components. We also refer to Broutin, Duquesne, Wang [36, 37] who
recently introduced a way to reconstruct multiplicative graphs from their exploration processes.

First, we can rewrite (1.7), by writing for ¢ € N, XZ»D = inf{t € N, AP = V;}, as

XPrie ) dplxpc — 21
1<k<s™

Then under the assumptions of Lemma 11 it is easy to check that (X" /+/s")1<;<s converges
toward some independent exponential random variables (X7 )1<;<s of rate (p;)1<;<s. One then
deduce that the rescaled process t € RT .’{an ([t/v/s™])/+/s™ converges as n — oo toward

:{P (= Z ple;?Si —t.
1<k<s

This is exactly the exploration process used by Broutin, Duquesne, Wang [36, 37].

To morally compare with the configuration model, first recall that multiplicative multigraphs
can be seen as a configuration model with "infinite degrees and leaves". Then (X} )x<, are the
first instants we see (V})x<s. The jumps then corresponds to the new vertices we encounter in the
exploration, and to the fact we add their half edges. And the linear drift corresponds to the fusions.
Here since the largest degrees are negligible in front of the total degree, we actually spent most of
the time fusing an half edge of a vertex of large degree with an half edge of a new leaf.

Once we have the exploration process the main question is to reconstruct the connected
components. To this end, we know at each step which edge of which vertex we decided to explore.
(Here different ways to explore lead to different constructions.) And we know when we encounter a
new vertex. When we do, we add an edge between the vertex we explore and the new one. We do
not know however when we pick an half edge of a vertex we already explored in the exploration.

We can still add the edges in this cases with extra randomness. Indeed, X directly gives how
many half edges we currently have in our connected components, and depending of our exploration
we also know where they are. So we know at each step the probability of picking an half edge in
our connected component and where. This idea was first introduced by Addario-Berry, Broutin, and
Goldschmidt [4], and then extended for multiplicative graphs by Broutin, Duquesne, Wang [36, 37].

The major point of Chapter 4 is that we actually do not need to consider those edges. Indeed
from the exploration process we have the degrees of the vertices in each connected components, and
the surplus which corresponds to the number of edges between between a new vertex and an old one.
From those degrees and surplus, we have results on the geometry of the connected components.
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1.2.4 Looptree, Fennec, and Snake of ICRT
Plane trees and plane R-trees

We now discuss Chapter 4 and the closely related forthcoming papers [26, 25]. In those papers we
will prove several limits of objects constructed from D-trees. In Chapter 4 we define and study the
limits. The methods of Chapter 4 are close from those we used to study ICRT in Chapter 2, and the
main difficulty was to formally define the limits.

The object we study was usually defined for Lévy trees using their associated Lévy processes.
We might have adapted those definitions using the processes of Aldous, Miermont, Pitman [14, 15].
However, as they explained those processes are hard to study. So we decided to use instead our
stick-breaking constructions. To do so we introduced a new theory of plane R-tree.

Recall that a plane tree is a rooted tree with for each of its vertex an order for its children.
Similarly one can give to a R-tree 7, for each vertex x € 7T, an order on the connected components
of T\{x}. This was done by Aldous [11] for binary continuum trees, then by Duquesne [48] for
general R-trees. However, using general order is not enough to define several objects. And it leads
to measurability issues which prevents us from studying limits. For those reasons, we introduce the
notion of angle which can be seen as a numbering of the children of each vertex.

For every R-tree 7, and z,y € T, let [z, y] denote the geodesic path between x and y. The
closest common ancestor of =, y € T is the vertex x Ay € [p, z] N [p, y] which maximizes d(p, z).
For every x € T, the degree deg(x) of = in T is the number of connected components of 7 \{x}.
An angle function on a rooted R-tree (7, d, p) is a function u : 72 — [0, 1] such that:

e Forallz € T, uz ), = g, = 0.

e Forallz € T,y,z € T\{z}, uzy = us . iff y and z are connected in 7 \{x}.

A plane R-tree is a rooted R-tree equipped with an angle function. For technical reasons, we further
assume that a plane R-tree is balanced: for every x,y € T if deg(z) = 2 then u, , € {0,1/2}.

Plane ICRT

Recall Algorithm 7. We root ICRT at 0. To define an angle function, it suffices to define for each
x € T, for each connected component C' of 7\{z} with 0 ¢ C, the value of U, , € [0, 1] for a
unique y € C. So, the following algorithm a.s. does well define an angle function on ICRT.

Algorithm 9: Construction of the uniform angle function U on the ICRT.

- Let (Ux i)ien, (Uz,i)ien be independent uniform random variables in [0, 1].
- Let U be the unique angle function on 7 such that:
- Forevery i € N, U(Xl7 }/inf{aeN:Ya>Xi}> = UXJ
- Foreveryi € N, U(Z;,Yi41) = Uz;.
- Forevery x € R\ ;cn{ X, Yi}, we have U(z, Yip(aen:v, >a}) = 1/2.

This angle function was already in the lines 4 and 5 of Algorithm 6 the construction of the
continuum D-trees. And Algorithm 9 is just the limits of those lines. This will be useful in [26, 25]
to study scaling limits of objects constructed from plane D-trees.

Before we explain our other constructions we have to speak about P-trees. Those trees can be
seen as ICRT with finite mass and a modified distance (see Section 3.5.2). Since we do not use here
the tree distances, we simply see P-trees as ICRT with finite mass. This also corresponds with the
fact that P-trees can be seen as having infinite degrees and leaves.



1.2. OVERVIEW OF THE CHAPTERS 39

The contour order

To encodes tree with real processes, we need to define an order on the trees. We informally define
this order as follows (see Figure 1.8). Embed the tree in the plan. Start at the left of the root. Then
continuously turn clockwise around the tree. Stop when you reach the right of the root. We use the
order we visit the vertices.

Figure 1.8: The plane tree is black, the order we explore the tree is given by the red arrows. We visit
in order Vy, Vi, Vs, Vi, Vo, Vi, Vi, Vs, Vi, Vo, Vs, Vi, Vy. The discrete contour order is (Vy, 1) <
(‘/Ylvl) = (%71) = (‘/112) = (‘/271) = (V173) = (‘/;172) = (V571> = (V473) = (‘/771)

This order is however badly defined as we visit each vertex several times. To avoid this issue
we might use the first instants we visit each vertex. But this order "jump" in the tree which raises
several issues. Instead, we consider each vertex several times and consider an order on {V;} x N.
The limit analog is then an order on the couples of a vertex and an angle.

We now formally define the order. Let (7, d, p, u) a plane R-tree. Forz € T, (y,w) € T x[0, 1]
let Uy y o = Ugy if © # y and let ug y 4 := w otherwise. For a = (z,v), 8 = (y,w) € T x [0, 1],
we say that « is at the left of 5 (or 3 is at the right of o) and write o« ~ B if Uppy 2,0 < Uzry,y,w-
We say that 3 is in front of o and write o <1 8 if € [0, y] and w4, = v. (See Figure 1.9.)

Front

(%

Left x Right

0
Figure 1.9: A vertex (z,v) € T x [0, 1] with its left (red), front (purple), right (blue) are represented.
Lemma 12: Definition of the contour order.
Let < be the binary relation defined on 7~ x [0, 1] such that for all o, 5 € T X [0, 1]:
a=<p <= (an f)or(a<p).

Then < is a total order relation on 7 x [0, 1], and is called the contour order.
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The contour path on ICRT

Several real processes are constructed as follows. Let f denote a function defined on a plane tree.
Consider the previous exploration and write the vertices we visit in order as zg, 1, T3, .... We
consider the process § : i — f(z;). The contour path is a way to formalise the function i — x;.
The advantage of using this path is that we can split and study our constructions in two partsx: the
contour path, and some functions defined on our trees.

We formally define this path as follows. Recall the probability measure p on the ICRT 7.
Let pz := p X Ljgpo,1dl. The mass on the left of a« € T x [0,1] is p~(a) == p{B: B ~ a}.
Think of the mass of the left as morally the number of steps before we see z € T x [0, 1].

Proposition 13

Assume that the ICRT is almost surely compact. Then almost surely there exists a unique con-
tinuous function €7 : [0, 1] — 7 such that for every (z,u) € T x [0, 1], €7 (pA(z,u)) = .
We call € the contour path on 7.

Looptrees

For several processes it is more convenient to use instead a contour path on 7 x [0, 1]. To this end,
we use the looptrees introduced by Curien and Kortchemski [44]. Informally, the looptree of a tree
is obtained by replacing each vertex by a loop of size proportional to its degree.

Formally for every plane tree 7' = (V;;(T'))1<i<si<j<a, and 1 < i < slet Vio(T) =
Vid,+1(T) = V;. We define the looptree of 1" as the graph £(T") on {V;}i1<i<s with edges
Ui<icsia,>1{Vii (1), Vij+1(T) }o<j<d,- In [26] we will prove that the looptrees of plane D-trees
with a distance close from the graph distance converge toward the ICRT looptrees.

To define the looptree £ of an ICRT 7 we want to replace each vertex by a loop. So we let
L =T x [0,1] with a proper pseudo-distance d corresponding to the cycles. Morally, the size of
those cycles are proportional to the degrees. Also recall that morally the vertices of large degrees are
(X5)ien, and their degrees are proportional to (6;);en. Also recall that the parameter 6 corresponds
to the contribution of the vertices of small degree.

So, we formally define the ICRT looptree as follows: Let ¢ be the distance in the torus [0, 1].
Forevery z,y € T,u € [0,1],let Uy y = Uy if © # y and let U, ., = u otherwise. We define
a pseudo-distance dz on 7 x [0, 1] such that for every (z,u), (y,v) € T x [0, 1],

dﬁ((xv u)? (y7 U)) = 9%/4617’(1‘, y) + Z Hic(UXz‘,I,U? UXi,y,v)-
i€N
Finally let (£, d.) be the completion of the pseudo-metric space (7 x [0, 1],dr).
We prove the next results in Chapter 5. The proofs are similar to those we used to study ICRT.

Theorem 7

Almost surely d is finite on 7 x [0, 1], and (£, d) is compact.

Theorem 8

| r

Let,

log E — log E
D::1+lilminf0g[u[0’l“ : a;:1+ﬁmsupw'

1.8
—00 log =5 log (1.8)

Almost surely the upper Minkowski dimension, and Packing dimension of £ are 0. Almost
surely the lower Minkowski dimension, and Hausdorff dimension of £ are d
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The contour path on the looptree of the ICRT.

Let ~ denote the equivalent relation on £ such that for every a, 8 € L, a ~ S iff dg(a, ) = 0.
We prove in Section 5.5.3 that a.s. p~ extends on L to a function continuous at £\(R™ x [0, 1]).

Theorem 9

Almost surely there exists a continuous function € : [0, 1] — £ such that for every a € L,
C(p~(a)) ~r . We call € the contour path on £ (see Figure 1.10).

To prove Theorem 9, we first construct the contour path on the looptrees of the first branches.
We then prove that those paths converge. Our proof is very technical and use many types of
argument : the chaining method for the looptrees, our estimates on p and several topological
arguments to estimate the evolution of p ~, some logical arguments to deal with the plane relations.

Figure 1.10: A looptree £, with its contour path € : [0, 1] — £ in red. The path start at the root
(0,0) then "turn around" each cycle clockwise. It is continuous, "surjective", not "injective".

The density of {p~(a),a € L} (see Lemma 5.5.3) implies that € is unique up to ~ 2. Moreover
it also implies with the existence of € the next result which in turns implies Proposition 13. We will
use it to construct several classical processes from ICRT.

Proposition 14

Almost surely for every continuous function £ : £ — R, F' o € is the unique continuous
function f such that for every a € L, f(p~(a)) = F(a).

Alongside Theorem 9 we also prove the next result. Recall that a function f : (X, d) — (Y, d’)
is a-holder continuous if there exists C' € R™ such that Vz,y € X, d'(f(z), f(y)) < Cd(z,y)*.

Theorem 10

Recall (1.8). Almost surely € is Holder continuous with any exponent smaller than 1/9.
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The height process

The height process is the simplest example of process that can be constructed with the contour path.
For discrete trees it is informally constructed as follows. Follow the contour of the tree. Associate
to each step ¢ the height of your position (see Figure 1.11). So we define the Height process of the
ICRT as ) : z € [0, 1] — d7(0, &7 (x)).

Figure 1.11: A plane tree with the graph of its height process.

Actually Duquesne [48] already gave, with its own formalism, a similar definition for general
R-trees. He furthermore prove that writing for every z,y € [0, 1],

d(z,y) = H(x) + H(y) — inf H(z),

z€[z,y]

([0, 1], d), after taking its quotient by identifying points of [0, 1] that are at d-pseudo distance 0,
is isometric to original tree 7. This relation is well known for the discrete trees. And the height
process is used precisely because this relation can be used to prove scaling limits of discrete trees.
We refer to Le Gall [61] for more details on the subject.

Lukasiewicz walk and Exploration process

The exploration process is in a weird position. Indeed, it is one of the easiest process to study when
one constructs the tree with real processes, but is hard to study with stick-breaking constructions.
For discrete trees this process is called Lukasiewicz walk and is constructed as follows. Consider
the contour of the tree. We associate at each new instant we see a new vertex the number of vertex
that we have not visited that are connected to a vertex visited previously (see Figure 1.12).

Zg T Tg \
I Ty T5 i) T Ty 0—0 T5
] I3 T X o—lt))c—o XT7
o Zo 0/ -

Figure 1.12: A plane tree, its dual, and its Lukasiewicz walk. We indicate the order we visit each
vertex for the first time by zg, x1, x2, . .., x7. The dashed edges of the dual have length 0. Note
that the Lukasiewicz walk associate to each ¢ € N the distance between x; and the root in the dual.
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The Lukasiewicz walks of Galton—Watson trees are random walk with independent increments.
Those random walks converge toward the exploration processes of Lévy trees, the Lévy processes.
This is the starting point of the works on Galton—Watson trees and Lévy trees (see e.g. [50, 49]).

By analogy Aldous, Miermont, Pitman [14, 15] defined the exploration processes of ICRT as
processes with exchangeable increments. They also defined the exploration process of P-trees.
This process is similar to the exploration of multiplicative graphs presented in Section 1.2.3. Also,
similarly, the exploration process of P-trees appear as the limit of the Lukasiewicz walk of D-trees.
And by seeing P-trees as having infinite degrees and leaves, their exploration processes can be
interpreted as a Lukasiewicz walk. We refer to Section 1.2.3 for a detailed analog point of view.

We now give an other definition. To distinguish from processes with exchangeable increments,
we call our processes the Lukasiewicz walk. And we will prove in [25], using the unicity of the
limits of the exploration process of P-trees, that the Lukasiewicz walk and the exploration process
of ICRT coincide. First let

2
e eTx 01 Lar0a)+ Y 01~ Uxeu) (1.9)
1€EN:X;€[0,2]

Then the Lukasiewicz walk of the ICRT is the unique cadlag process such that for every z € T,
X(p~(z,0)) = £(x,0) (see [25]).

A geometric way to think (1.9) is through a dual tree. We construct the dual of a plane tree as
follows (see Figure 1.12). For each vertex, for each of its children we add an edge between the
children and the next one for the plane order. For the last child we add instead an edge of length 0
between this child and the father. We remove all the other edges. A simple counting argument then
shows that the Lukasiewicz walk associates to a vertex its distance to the root in the dual tree.

This dual tree is very close from the looptree. Indeed, it can be obtained from the looptree by
removing for each vertex of the original tree its edge connecting it to its left most child. They are
also similar at the limit, and many partial results of Chapter 5 can be used to study the dual of ICRT.
In particular, a.s. the dual is also compact and have the same fractal dimensions as the looptree.
However because some edges are missing in the dual, the contour path is discontinuous on this tree.
This makes many topological arguments around the Lukasiewicz walk very complex.

One of the most important relations between the tree and its dual concerns their local times:
Assume that the ICRT is almost surely compact. Then a.s. for every x > 0, writing dl for the
Lebesgue measure,

1
= lim — <y<zx<l: < i
H(x) ?_)n% 5dl {O <y<z<l:X(y) < zelﬁ)f,‘m] X(z) + 5} , (1.10)
and .
X(z) = lim dl{xﬁyélrﬁ(y)ﬁ inf f)(z)+e}. (1.11)
e~0¢€ z€[z,y]

We will prove those dual relations in [25]. The first relation have been used repeatedly to prove and
study scaling limits of Galton—Watson trees. And we found the second one while proving the first.
The main idea behind our proof is to estimate the mass around a branch on the ICRT and its dual.

More precisely we have to estimate for each vertex x the p-mass of the part that is at the left
(resp. right) of = and at distance at most € in the dual (resp. ICRT). To this end, we use the fact that
{Y; }ien behaves like independent uniform random leaves. Hence, by estimating the probability
that Y5, Y3, . .. are at distance € of the first branch and at the left (resp. right) of Y; we estimate the
mass around a branch between 0 and a uniform leaf. By proving sufficiently precise concentration
inequalities we can then conclude with some topological arguments.

This proof differ a lot from the rest of the literature. Indeed, to prove local times one would
usually use some Markov property, but we use here our stick-breaking constructions. This proof is
thus unique to the ICRT, and it is still open to prove local times for general non Markov process.
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Field on discrete trees

We consider functions on trees constructed as follows. Let D = (dy, . .., ds) be a degree sequence.
LetT = (V;,j (T))lgigs,lgjgdi be a plane tree. Let Mf = (fi(j))lgigs,lgjgdi be a matrix in RT.
We consider the function F-Mf on T such that if p denotes the root of T then,

In [26] we will prove the convergence of § when D converge, taking 7" a D-tree, under some regime
of convergence of M. To prove the convergence of I’ we proceed as usual by first proving the
convergence of F' along the first branches then proving leaf tightness.

The function F' is easy to study along the first branches. Indeed, recall Algorithm 2. Studying
F" on the first branches is mostly equivalent to study (with the first branches themselves) the process
ko Zle fa;,u;» which can be done with some classical methods.

To prove the leaf tightness of F' one can adapt the proof of the leaf tightness of D-trees in
Chapter 3. However, there is no general way to optimize this method for every matrix My, so one
must think case by case. To this end, one must first upperbound by how much F' can vary along a
single branch. We proved Lemmas 4, 5, and 7 for this reason.

Some brief words on an application to random maps.

The below remarks on random maps are written for the specialist readers. For the others we refer to
the courses of Miermont [71] and of Le Gall and Miermont [65] for an introduction to the subject.

Due to the relations with uniform planar maps with fixed even face degree sequences, we are
interested in the case where for every 1 < i <'s, {fi(j)}o<j<a, is a random walk with independent
increments 1 conditioned by f;(0) = fi(d;) = 0. We refer to Bouttier, Di Fransesco, Guitter [33]
and to Janson, Stefdnsson [55] for the bijections involved. We also refer to Marzouk [68, 67, 69]
for elaborate discussions on the subject.

More generally, we think that studying § for more M should be useful to study maps with
arbitrary degrees. Indeed the above bijections send those maps to some trees with two types of
edges and a field. By counting for each vertex its number of edges of a given type, we can define
two kind of degrees. When those degrees are fixed, we can extend our stick-breaking constructions
to the involved trees. (For three or more types our algorithms are biased.) However, because we
could not estimate those degrees we could not get any relevant results on those maps.

Fennec and Snake of ICRT

Under the above described regimes, we will prove in [26] that F’ converges toward the "fennec" (for
field+snake) of the ICRT (see also Marzouk [69] for a similar result). We now recall the definition
of the fennec from Chapter 5.

Let 7 denote the ICRT, let £ denote its looptree. Let B : R™ — R be a Brownian motion.
Define inductively & on R such that for every i € Nand Y; < z < Y; 1, we have &(z) :=
&(Z;) +B(x) —B(Y;). To construct the fennec §, we need to show that & extends to a continuous
function on 7T if 6y > 0. We actually prove the much stronger result with the chaining method.

Almost surely & extends to a continuous function on 7 if

/oo _ 4 (1.12)
I\/E[p0,1]]




1.2. OVERVIEW OF THE CHAPTERS 45

In Chapter 5, we prove that when the ICRT is a.s. compact, in particular when 6y > 0, a.s.
L=T x[0,1],and a:s. pg 7 : (x,u) € L — x is continuous. Then the fennec is

8o
3 aeﬁb—>7(’50pg7' +Zf% (Ux,.0)- (1.13)

With another application of the chaining method we prove the next result.

Almost surely the sum in (1.13) converges uniformly on £, so § is continuous.

We actually prove a stronger statement where the functions (28;);cn are replaced by more
general random functions (see Section 5.9). We proved this extension in order to eventually study
other regime of convergence for the random field described in the previous part.

A direct corollary of Theorem 12 is that § is a Gaussian free field on £:

Proposition 15

Almost surely, conditionally on X, Y, Z, U, for every «, 5 € L, F(a) — §(5) is Gaussian
with variance

2
= gOdT(Oé,ﬁ) + ) 0:lUx, 0 — Ux; gl(1 = |[Ux; 0 — Ux, g)-
€N

. J

Finally we define the snake of the ICRT as Z := § o €. This process has historically been
used mostly to study the fennec. We think that the fennec should be used when one work with
stick-breaking constructions, while the snake should be used when one work with tree encodings.

Due to the connections with the fractal properties of random maps we prove the next result.

Almost surely § is Holder continuous with any exponent smaller than 1/2, and Z is Holder
continuous with any exponent smaller than 1/29.

We deduce the first part from the fact that § is a Gaussian free field on £, which has finite upper
Minkowski dimension. Our proof is quite general and is again based on the chaining method. We
then deduce the second part using the Holder continuity of € (Theorem 10).

A brief remark on random maps of ICRT

Since we defined for ICRT the looptrees, the contour order, and the fennecs, one can potentially use
the bijection of Bouttier, Di Fransesco, Guitter [33] to define the ICRT maps. However, they may
be defined in two ways. On the one hand, one can consider the map constructed from the whole
looptree. On the other hand, one can consider the maps constructed from the first branches then take
the eventual limit as the number of branches grows. To prove that those definitions are coherent,
one would then have to prove leaf tightness. Proving leaf tightness would also be a way to prove
scaling limits. However, as we add branches to the tree the maps evolve in a very complex way.






Chapter 2

Compactness and fractal dimensions of
inhomogeneous continuum random trees.

"Easy reading is damned hard writing."

Nathaniel Hawthorne

This chapter is adapted from [29], which is published in Probability Theory and Related Fields.
Reproduced with permission from Springer Nature.

We introduce a new stick-breaking construction for inhomogeneous continuum random trees
(ICRT). This new construction allows us to prove the necessary and sufficient condition for
compactness conjectured by Aldous, Miermont and Pitman [14] by comparison with Lévy trees.
We also compute the fractal dimensions (Minkowski, Packing, Hausdorff).
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2.1 Introduction

Since the pioneer work of Aldous in [10], the study of continuum random trees (CRT) is considered
as a powerful tool to study properties of large random discrete trees. In particular, it has been
conjectured in [10], that the Brownian CRT is a universal limit for numerous models of trees with
large height. This has been verified over and over. Furthermore the Brownian CRT model has
been extended, for discrete trees with smaller height, toward two main distinct directions. On the
one hand, Lévy trees are introduced, in Le Gall Le Jan [64] (see also Le Gall Duquesne [50, 49]
for an extensive treatment), as limits of Galton-Watson trees. On the other hand, inhomogeneous
continuum random trees (ICRT) are introduced by Aldous, Camarri and Pitman, in [16, 40], as
limits of P-trees. Those two distinct but similar models leave the following main problem: Finding
a universal model for limits of random discrete trees (with no restriction on the height).

To solve this problem, we prove in a forthcoming paper (Chapter 3), that ICRT appears as
limits of uniform random trees with fixed degree sequence. Since many models of interest can be
studied under the spectrum of those trees, this proves that ICRT are universal. In particular Lévy
trees are ICRT with random parameters. The aim of the present paper is twofold: obtain refined
information about the ICRT, the universal limit object in particular concerning compactness and
fractal dimensions, and introduce some tools for convergence that will be used in Chapter 3.

Our main results are derived from a new version of the stick-breaking construction of the ICRT
from Aldous, Pitman [16]. Stick-breaking constructions generate a R-tree (a loopless geodesic
space see Le Gall [61] for an extensive treatment) and are separated in two steps:

e the line R is first cut into the segments ("sticks") [0, Y1], (Y1, Ya], (Y2, Y3]. ..
e the segments are then re-arranged sequentially in a tree-like fashion by gluing (Y, Y;11] ata
point Z; <'Y;. (see Figure 2.1)

Such a construction has been introduced by Aldous [10] for the Brownian CRT. Recently Amini,
Devroye, Griffiths, Olver in [17] studied a case where cuts are fixed with (Y;11 — Y;);ecn decreasing.
The condition of monotonicity has been removed by Curien and Haas in [43] where they construct
a probability measure on 7T, give a sufficient criterion for compactness of 7 and compute the
Hausdorff dimension of 7. We use similar methods in a setting where cuts and glue points are
generated according to a random measure ; on R,

2.2 Model and definition of the fractal dimensions

2.2.1 The ICRT and its construction

Let us first present a generic deterministic stick-breaking construction. It takes for input two
sequences in R called cuts y = (y;);en and glue points z = (2;);cn, which satisfy

Vi <j, ¥i <yj ; Yi — 00 ; VieN, z <uwy,

and creates an R-tree by recursively "gluing" segment (y;, y;+1] at position z; (see Figure 2.1), or
rigorously, by constructing recursively a consistent sequence of distances (dy,)nen on ([0, yp])nen-
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Figure 2.1: A typical step of the stick-breaking construction: the "gluing" of (v, yi+1] at z;.

Algorithm 2.1. Generic stick-breaking construction.
— Let dj be the trivial distance on {0}.
— For each n > 1 define d,, on [0, y,,] such that for each z < y:

dnfl(xvy) lfSU,y € [annfl}
dn(x7y) = dn_l(ﬂf,zn_l) + ‘y - yn—1| ifz € [ann—1]7 ) € (yn—17yn]
[z -y if 2,9 € (Yn—1, Y

where by convention yg := 0 and 2y := 0.
— Let d be the unique metric on R™ which agrees with d,, on [0, y,,] for each n € N.
— Let SB(y, z) be the completion of (RT, d).

Remark. There is a more general way of gluing metric space. (see [39] for definition or [77] for
similar work in this context). We prefer to work directly on R™ for practical reasons.

Now, let  be the space of sequences {0; };cry in RT such that:

D=1 6>06,>... ; Gh#Oor Y 6 =oc0.
i=0 i=1

The ICRT of parameter © € 2 is the random R-tree constructed via the following algorithm.

Algorithm 2.2. Classical construction of the ©-ICRT from [16, 40]
— Let (A;, Bi)en be a Poisson point process of intensity 62 on {(a,b) € R™2 : b < a}.
— Let ((Ai;)je{oyun)ien be a family of independent Poisson point processes of intensity
(0;)ieny on RT and independent of (A;, B;);en.
— Sort the elements of the (almost surely) locally finite set ;2 {4} U U2, U2, {Ai;} as
U= (Ui)iZI withU; < Uy < ...

Bj if U;is of the form A

— Fori>1,letV, = andlet V = (V;);>1.

4,0 1,5

— The (old) ©-ICRT is defined as (7*,d*) = SB(U, V).
For technical reasons, it is convenient to deal with the following alternative construction.

Algorithm 2.3. New construction of the ©-ICRT

— Let (X} )ien be a family of independent exponential random variables of parameter (6;);en.
Let u be the measure on R™ defined by p = 02dx + 22, 6x,0;.
— Foreach [ € R™ let ; be the restriction of x to [0, ].
— Let (Y;);en be a Poisson point process on R™ of rate [0, I]dl.
Let (Z;);en be a family of independent random variables with respective laws %, 1 €N.
The (new) O-ICRT is defined as (7, d) = SB(Y, Z).
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Remarks. o The construction may fail because 4]0, I] may be infinite for some /. However, since
E[u[0,1]] < oo, this almost surely never happens. (See Lemma 2.4.1)

e When 6y = 1, the ICRT is the Brownian CRT.

e When 6 = 0 and ) ;2 0; < oo, the ICRT is still well defined and can be seen as a P-tree with a
modified distance (see Section 3.5.2, or Camarri Pitman [40]). Although we exclude this case to
avoid any technical issues starting Section 2.5, it is easy to check the following properties. First the
ICRT is almost surely not compact nor even separable. So the dimensions we compute are infinite.
Also p(RT) < 0o so Theorem 2.3.1 still holds. But Proposition 2.3.2 does not hold in this case.

The constructions in Algorithms 2.2 and 2.3 are equivalent that is:
Lemma 2.2.1. (7*,d*) and (T, d) have the same distribution.

Proof. First conditionally on {A4; o }ien, {Ui, Vi }ien is a Poisson point process on A := {(a, b) €
R*2: b < a} of intensity
oo
O3dwdy + > 014, 4<adm X 6.,
i=1

Also, conditionally on (X;)en, (Y;, Z;)ien is a Poisson point process on A of intensity

oo
98d:cdy + Z 0;1x,<zdx X Ox,.
i=1
So since (X;)ien and {A; o }ien have the same distribution, (U, V') and (Y, Z) also have the same
distribution. Finally (7*,d*) = SB(U, V) and (T, d) = SB(Y, Z) have the same distribution. [

Finally let us introduce some notation that will simplify many expressions later.

Definition. For n € N let [, := Y,, — Y,,_1 denote the length of the nth segment, and let
My, = wW(Yn_1, Yy] denote its weight. Then let My, := u[0,Y,] = mi + - - - + my,

2.2.2 Fractal dimension

In the entire section X is a metric space and for every 2 € X, € > 0, B(x, ) denotes the closed
ball centered at = with radius €. We recall the definitions of the fractal dimensions we compute in
this paper.

Definition. (Minkowski dimensions) For every € > 0 let N be the minimal number of closed balls

of radius € to cover X. Define the Minkowski lower box and upper box dimensions respectively by

log N- N log N-

dim(X) := liminf S nd dim(X) := limsup chaeVly
I=-cc  logl l—oo  logl

Definition. (Packing dimension) For every s > 0 and A C X let

Pj(A) := limsup {Z diam(B;)*| { Bi }ier are disjoint balls B(x,r) withx € A and r < 6} .

=0 iel

and

P*(X) := inf {Z PS(A;)
=1

=1

Then P? is a decreasing function of s, and we define the packing dimension of X as

dimp(X) := sup{s, P*(X) < oo}.
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Definition. (Hausdorff dimension) For every s,r > 0 write

Hi(X):= 1nf {Z diam(A

diam(A

XCUA}

=1

The Hausdorff dimension of X is defined by

dimpy(X) := Sup{s, sup H;(X) < oo}.

reR+

To compute the Packing dimension and Hausdorff dimension of the ICRT we will use the
following extension of Theorem 6.9, and Theorem 6.11 from [70]. ([70] deals with subsets of
Euclidian space, but the same arguments hold for every metric space.)

Lemma 2.2.2. Let p be a Borel probability measure on X and s € RT.
a) If p-almost everywhere liminf p(B(z,¢))e™® < +oc as € — 0, then dimp(X) > s.
b) If p-almost everywhere p(B(z,¢)) = O(°) as € — 0, then dimgy(X) > s.

We have the well-known inequalities (see e.g. Chapter 3 of Falconer [53]):

Lemma 2.2.3. For every metric space X we have

dimg(X) < dim(X) < dim(X) and dimg(X) < dimp(X) < dim(X).

2.3 Main results

The first theorem defines a probability measure on ICRT.

Theorem 2.3.1. Almost surely there is a probability measure p on the tree T such that

i weakly
= —
PE=0000,7] 5o

Furthermore p has support T, has no atoms and gives measure 1 to the set of leaves (the set of
x € T such that T\{x} is connected).

This probability is also the limit of other natural empirical measures on 7

Proposition 2.3.2. Let (1" be the Lebesgue measure on R™ and p* = "2, dy,. For everyl € R
let 1}~ (resp ;) be the resmctzon of 1~ (resp.p®) to T = ([0,1], d). Also let for every | € R,

P = [0 1 and p; = [0 T Then
weakly ~, weakly
pi —>p and p~ —p.
=00 l—o0

Intuitively speaking this comes from the fact that x "dictates" how segments are glued together
so the convergence of p; implies the convergence of many others quantities.

Remark. Proposition 2.3.2 shows that p corresponds to the probability measure introduced in
Aldous Pitman [16]. In particular independent leafs sampled by p "behave" like (Y;);en. (see [16]
Corollary 8)

Then we prove the conjecture of Aldous, Miermont, Pitman in [14] about compactness.
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Theorem 2.3.3. The ICRT is almost surely compact if and only if

o dl

Remark. The conjecture in [14] is based on a comparison between the ICRT and Levy trees
introduced by Le Gall Le Jan [64]. Levy trees are characterized by their Laplace exponent ¢ and
are compact if and only if f o % < oo (see [49]). The formulation of the conjecture in [14] is
based on an analog of the Laplace exponent in the setting of ICRT, which behaves like [E[[0, []]
(see Lemma 2.6.1) which turns out to be equivalent to (2.1).

For the proof of Theorem 2.3.3, we first translate the condition in (2.1) into a more convenient
one: it turns out (Lemma 2.6.1) that

[e.9]

& dl ) ) log Xan
——— < oo if and only if < 00,
/ IE[u[0, 1] g Z Xon

where for every [ € RT, A} is the real number such that E[u[0, X}]] = [ (see Lemma 2.4.1 for
existence and uniqueness).

To prove that the condition is sufficient, we will upper bound the law of the distance between a
random point in Tx,, and its projection on 7x,, ,. We then use this bound to prove that

log Xon
du(Tagn s Tx,, ) < C i, z,
2"’1

where dy denotes the Hausdorff distance on subsets of 7. For the Hausdorff topology, Cauchy
sequences of compact sets converge toward a compact set so this proves that » - logéff" < 00
implies that 7 is compact.

The fact that the condition is necessary follows from an adaptation of an argument of Amini,
Devroye, Griffiths, Olver in [17]. We show that, for some fixed constants ¢, C' € (0, c0) and for all
k large enough:

2. log X 2. log X
2n 2n
¢ Z XQn S dH (T, 7}(2’6) S C Z XQn )
n=k+1 n=k+1

We then proceed to the computation of some fractal dimensions.

Theorem 2.3.4. Almost surely

log
di T)=dim(7T)=1+1 _
() = (T =1+ 1000

Furthermore if log 1 = E[u[0,1]]°) then

log
. — =1+liminf ——————
dimg (7) = dim(7T) + 1{2})2 log E[u[0, 1]

Remark. If one replaces [E[u]0, []] by the Laplace exponent ¢ then one recovers the formulas for
the fractal dimensions of Levy trees obtained by Duquesne and Le Gall [50].

To prove Theorem 2.3.4, it suffices by Lemma 2.2.3 to upper bound the Minkowski dimensions
and to lower bound the Packing and Hausdorff dimension. To upper bound dim(7") and dim(7")
we use some cover of 7~ which relies on log ! = E[[0, 1]]°(Y). Then we derive the lower bound on
dimp(7) and dimg (7)) from Lemma 2.2.2.
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2.4 Preliminaries

This section should be seen as a tool box: we gather here a collection of lemmas that will be used
repeatidly throughout the paper. Most of them are straightforward.
2.4.1 Fundamental properties of ;.

Lemma 2.4.1. The map | — E[u[0,1]] is differentiable and its derivative decreases to 02 as | — oo
we thus have as | — oo:

E[u[0,1]] = 621 + o(l).

Proof. By Fubini’s theorem,

E [u[0,1] - 03] = [29 1X<l] :i9¢P(Xi<l Zg =0l

Thus,
E[u(0,1]] = 631+ > 6:(1 — e~ (2.2)

i=1
Each term of the sum is positive and increasing so we can differentiate term by term:

d 2
S E[ul0. 1] _90+Ze

Since >°2°, #? < oo, by bounded convergence the last term decreases to 63 as | — oo. O

Lemma 2.4.1 implies that the map [ — E[u[0, []] is strictly increasing, continuous, and diverges,
so is invertible. Thus for every [ € R, there is a well-defined real number X; with E[u[0, X;]] = I.

Lemma 2.4.2. We have almost surely

0,1~ E[u[0,1]].

l—0o0

Proof. Forevery | € R the variance of ; is given by:

egl—i'zeilXﬂl] ZV [0:1x,<1] < Z
=1 i=1

=1

Viplo,] =V

Therefore for every n € N,

P (|ul0, X,e] — E 4]0, X,a]]| > n) < .

n

By definition of &}, we deduce by the Borel-Cantelli lemma that for every n large enough
n?—n< w1[0, X,2] < n? +n.

We thus have almost surely
[0, X,2] ~ E[u[0, X,2]] = n?.

This result is then extended to every [ € R™ by monotonicity of [ + 1[0, []. O

Note that Lemmas 2.4.1 and 2.4.2 implies that for every [ large enough p[0,1] <.
The following lemma should be seen as an estimate for the "density" and "jump" of [ — 1[0, [].
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Lemma 2.4.3. Almost surely there exists Ly € R such that for everyl > Lo and 0 < § <,

E[p[0,1] | 13log(l)
l I

ull, 1+ 6] <26

Proof. First let us prove a concentration inequality for p[l, [ 4+ §]. We have by Fubini’s Theorem,

o0 oo

E [e%“[l’lﬂs]} =E [65935 Heéeillﬁxiﬁl”] — 3000 H <1 + (eéei -DP(I<X;<Il+ 5)) .
i=1 i=1

(2.3)

Furthermore we have for every ¢ € N, since X is an exponential random variable of parameter 6;,

(€2 —DP (I < X; <1+6) = (1—e %P (é <X; < ;+5> < éeip (é <X; < é+5) :

Therefore by (2.3) and (2.2),
E {e%”[l’”&]} < exp £926 + i 191-1?’ L <X; < L +46
= 270 &2 2 =772

= exp (;E [u B, é + (5”) i (2.4)

Moreover by Lemma 2.4.1, t — E[u]0, t]] is concave and increasing, hence,

E [u [; % +5H < 27515 [u [0, ;H < 275IE 000,1]]. 2.5)

Finally it follows from Markov’s inequality, (2.4), and (2.5) that for every [,1’,t € R™,
26 2t
P (mz,z o2 PR + l) <ot 2.6)

We now derive the desired result from (2.6). First by the Borel-Cantelli Lemma, there exists
almost surely an NV € N, such that for every n > N and n < m < 8n,

pl, Vi) < 2 o, ] 4 SR

Now fix I > N+10,0 < § < I thenlet n := max{i, /4 < [} and letm := min{i,1+6 < V/i}.
Since [ — p[0, ] is non decreasing, we have,

pll, 1+ 0] < plv/n, v/m] < QWIE (1[0, v/n]] + 12bg(\/‘ﬁ/ﬁ)
log(1)

E [ [0, 1] + 12 . 2.7)

<012/ z

==

Finally by Lemma 2.4.1, E [11 [0, []] = O(l) as | — oo and the desired result follows from (2.7). [

2.4.2 Key results on cuts and sticks

For every random variables A, B on R we recall that A is stochastically dominated by B, and write
A <y Biff foreveryt € RT,P(A >t) <P(B >1t).
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Lemma 2.4.4. Almost surely there exists Loy € R such that for every | > L there are at most
211[0,1] < 212 cuts on [0,1].

Proof. Conditionally on p, {Y;};en is a Poisson point process with rate [0, {]dl so the number of
cuts in [0, {] is stochastically dominated by a Poisson random variable o with mean /1[0, (] and for
[ large enough

3 1

Thus by the Borel-Cantelli lemma almost surely for every [ € N large enough, there are at most
3110, 1] cuts on [0, 1]. This can be easily extended to all [ € R large enough using Lemmas 2.4.1
and 2.4.2. We omit the straightforward details. O

Lemma 2.4.5. Almost surely there exists 1o € N such that for every i > igp:

5log(Y3)
lip1 < ————=.
i+1 > M,
Proof. Because the cuts are made at rate 1[0, []dl, for every ¢ € N, (Y; 11 — Y;)u[0, Y;] is stochasti-
cally dominated by an exponential random variable with mean one. Therefore

P ((Yir1 — Y)ul0, Yi] > 2log(i)) < 1/i2
So by the Borel-Cantelli lemma and Lemma 2.4.4, for every 4 large enough,

2log(7)

2log(2Y;%) _ 5log(Yi)
1[0, Y]

A0.Y) S .Y -

Yis1 - Y <

IN

Lemma 2.4.6. Almost surely there exists Ly € R such that for all | > Lo and i € NwithY; > I,

log?1
M1 < Of? .

Proof. We have by Lemmas 2.4.5,2.4.2, and 2.4.3, as 1 — o0,

log¥; p[0,Yi] log¥i) log ¥ -
pl0,Y:] Y; Yi Yi

5logY;
1 < p |V Y+ el <0
e < i+ G <o

2.4.3 An estimate of distances in 7

For every | € R, let Exp([) denote an exponential random variable of mean .
Lemma 2.4.7. For every z,y € R, t > 6, conditionally on yi, P(d(Ty,y) > 4t/pl0,z]) < et

Remark. Proving an equivalent of Lemma 2.4.7 is crucial for each studies on stick-breaking
constructions, notably for compactness [43, 77] and convergence [10], Chapter 3. Although the
proof below uses strong properties on i, more general methods can be found in [10, 43, 77], Chapter
3. Finally, we believe that such methods can be useful to study several other classes of algorithms.

Proof. To simplify the notation let for every [ € R, F; := o (p, { (Y5, Zi)}ieN N [l,400] x RY).
We first prove that if 1[0, 2] > 2u[0,y) then conditionally on F;, d(7.,vy) <st Exp(ﬁ). If
y < x then d(7, y) = 0. We assume henceforth that it is not the case. Let us "follow" the geodesic
path from y to 7. More precisely we define the next sequence by induction (see Figure 2.2). Let
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ZT+1 T
21 -
“0 =Y« Glue/
Yo "~ Yr1°-_- "

Figure 2.2: A typical construction of (y;, z;);en. Note that in general we do not know if y1 € 7.

2o := Yy, then for every i > 0, let k; := max{k € N: Y} < z;} and let y; := Y}, and 24 := Zy,.
Additionally let T' denote the smallest integer such that 27,1 < z. Note that

T
d(y, T) = Z (zi — max(y;, x)). (2.8)
=0

7

Now recall that conditionally on y, {(Y;, Z;), 7 € N} is a Poisson point process, so { (v, zi), Fy, }i>0
is a Markov chain. Also note that 7'+ 1 = inf{n : 2, < x} is a stopping time for { (v, 2;), Fy, }i>0
Moreover, for every ¢ € N conditionally on (1, i, 2i), zi+1 has law p,,. Hence if y; > «,

p[0, z]
1[0, y)

P(Zi-i-l < x\,u, yivzi) = Dy; [Ovr] > >

N

So T is stochastically dominated by a geometric random variable of parameter 1/2. Furthermore, if
i < T, conditionally on (i, y;), {Y; }ien N [z, y;) is a Poisson point process of rate 1[0, 1] > 1[0, z]
0 z; — max(y;, x) <st Exp(m). Finally it follows from (2.8) that d(7;,vy) <st Exp(ﬁ).
Let us now treat the general case. As previously, we bound d(7, y) by following the geodesic
path between 7, and y. More precisely, let for every i > 0, z; := inf{a € RT, [0, a] > 2u[0, 2]}

and let y; be the nearest point from y on [0, z;]. Note that

“+o00
d(z,y) = Z d(Yis Yiv1)- (2.9)
i=0

Then for every i > 0, since 2/:[0, 2] > 1[0, x;11), the first case yields, conditionally on F,, ,

9 21—1
d(yi,ym) = d(’];“yz‘—i—l) <st Exp </M> <st Exp (M) . (2.10)

Finally since for every j > i, d(y;, yj4+1) is Fy,,, measurable, the desired result follows follows

from (2.9), (2.10) and Lemma 2.8.3. ]

2.5 The mass measure

First we prove Lemma 2.5.1 that describes precisely the evolution of the mass u as we add branches
to the tree. Then we prove that (p;);>0 is tight and use Lemma 2.5.1 to prove that for every bounded
Lipschitz function (p;(f))i>o converges. It proves, by the Portmanteau Theorem, that (p;);>0
converges weakly toward a probability measure p (Theorem 2.3.1). Then we adapt the argument to
prove Proposition 2.3.2.
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2.5.1 The mass conservation lemma

Definition. For every | € R™ let the projection of x in T] be the nearest point from x in T|. Also
for every S C T, let S be the set of & € T such that the projection of x in T is in S.

Lemma 2.5.1. Almost surely (u, (Y;)ien) satisfy the following property. For every a large enough,
conditionally on Ty,, for every measurable set S C Ty, the following assertions hold.
(i) Almost surely {p;(STY*)},cr+ converges toward a real number p(STV*).

.. log6 Yo
(ii) If u(S) > with probability at least 1 — de,,for everyl >Y,

<1 - lolea> pv,(S) < m (STY”) < < log;lYa> P, (9).

(iii) If p(S) < log Ya with probability at least 1 —

Ys,for everyl >Y,

i (s7) < Los Xl

Proof. First for every i > a, let A; := py; (STY“) and F; := o (p, {Yn }nen, {Zn}1<n<i) . Note
that for every 7 > a, since Z; has law £ we have (Y;, Y4 1] € STa with probability 4

i L SO
A M — A,
]\/.;i ;o P(Ai = 4;) = 7ZMZ‘ .

Thus (A, F;)i>q can be seen as a Pélya urn in the sense of Lemma 2.8.1. Furthermore by Lemma

P(Ait1 = Ai + mi1) =

2
2.4.6, we have almost surely for every a large enough, max,~, m, < logyiy“, hence by Lemma

2.8.1 (b), for every t € [0, 1],
A A, 2 ALY,

P <sup Aa> < 2exp <—t2) . (2.11)
i>a 8 log” Yy,

Also still by Lemma 2.4.6 we have for every a € N large enough, 7 > a,and ¥; <1 <Y,

M, M,

1Yo 1Yo . . .

pl(STY“) _ pu(STe) < py; (S1) + mip _ ﬁ + mz+1 Az log Y, 7
w0, 1] 1[0, Y] M; M; M Y. M,

Aq

>t—
M,

and similarly

p(S™Y) py (ST —mi A mana S A1 log” Ya

1Yay _ _
P (S = > = — > .
(ST ©[0,1] 1[0, Y] Miyw M1 — My Y,M,
Therefore,
Ao A A log2Y
su STYa) — <sup|— — 22 a (2.12)
lzﬁz i ) a z>£) M; M, Y, M,

The claims in (i) (ii) (iii) are applications of the inequalities in (2.11) and (2.12).
Consider first (i). Note that (2.11) implies that { ﬁ" }ien is almost surely Cauchy, and hence
lo g Ya

converges. Furthermore {3

Towards (ii), we have by assumption A, > 1°gy Yo g0 if a > 10, 105 ](\;/“) < 210; Yalj\%'

Therefore by (2.12) it suffices to estimate the right-hand side of (2.11) with ¢ =

}aeN almost surely converges to 0. (i) then follows from (2.12).

ogYa:

2 A,Y, 1 log® Y, 1
2exp | —w—— <2exp| — 3 3 =0l s
8 log” Yy, 32log” Y, log” Y, Y,

and (i7) follows. (7i7) can be treated similarly using (2.11) with ¢ = lzc’}g,iﬁ. We leave the details to

the reader. This concludes the proof. O
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2.5.2 Weak convergence of /i, : proof of Theorem 2.3.1

In this section we prove Theorem 2.3.1. Let us start with the tightness of (p;);cr+ Which follows
from the following lemma.

Lemma 2.5.2. For everyn € N let A,, be the set of © € T such that, d(z, [0, Xon]) < 8n/2" and
B, = ﬂmz” Anp,. The following assertions hold:

(i) Almost surely for every n large enough, for every 1 > 0, p; (B,,) > 1 — 272",

(ii) For every n large enough B,, is compact.

Proof. First for every n < m € N large enough, conditionally on p we have by Fubini’s theorem,
Lemma 2.4.7, and Lemma 2.4.2,

Xom d n 10, %gn]
E [paym (T\An)| 1] = / P(z ¢ An) _du(z) <o B on(ito(1)).
0 H[Ov XZ"‘]
It directly follows by Markov’s inequality and the Borel-Cantelli lemma that almost surely for
every n large enough and m > n,

Paym (T\A,) < 272773,

Therefore for every n € N and | > A5n, writing k for the smallest integer such that [ < &,x we
have by Lemma 2.4.2,

M[Ov XZ”
1[0, 1]

Note that the latter is also true for | < AXon since in this case 7; C Tx,, C A,. (i) then follows
from a union bound on n.

Toward (i), note that A,,, is a closed set for m > n, so B, is a closed set as well. Therefore it
suffices to show that any sequence (;);cn in B,, has an accumulation point. Fix (z;);en then for
every m € N let z]" be the projection of x; on [0, Xom]. Since for every m € N, Tx,,,, is compact,
by a diagonal extraction procedure there exists an increasing function ¢ : N — N such that for
every m € N, (xgl(i))ieN converges. Hence, for every m > n there exists N € N such that for

P, (T\A,) < #1022

P (T\A) < <0 ]

pXQk (T\An> < 2—2n—1'

every a,b > N, d(a:g@(a),xgl(b)) < 1/m and so

U4 (), Tow) < A@pa): Tg(a)) + ATga) Tom) + @5 Tow) < 5 + - 5o

—om gy 2m
Therefore (z4(;))ien is Cauchy and thus converges since 7 is complete by definition. Since (;);en
is arbitrary, B,, is compact. 0

Definition. Let F be the set of positive, 1-Lipschitz functions that are bounded by 1 on T. For every
finite measure v on T and measurable function f : T — Rletv(f) := [ f(z)dv(x).

Lemma 2.5.3. Almost surely, for every f € F, pi(f) converges as | — oc.

Proof. First for every a € Nlet {I{}1<;<n, be a partition of Ty, = ([0, Y], d) into intervals of
diameter at most 1/a. Then for every a € Nand 1 < i < N, let J¢ := (I#)™a and let 2¢ € I
Note that for every a € N, {J?}1<i<n, is a partition of 7. So for every [ > Y, and f € F,

N, Ng Ng
pi(f) =Y o (Lef) =D (I F@f) + D o (s (f = f(af))) - (2.13)
=1 =1

=1
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By Lemma 2.5.1 (i), almost surely for every f & I the first sum converges toward Zz 10 (JE) f(zd)
as [ goes to infinity. Let us bound the second sum in order to prove that (p;(f));er+ is Cauchy. For
every a € N let k,, be the largest integer such that X5k, < Y. We have for every f € F:

S (L (F — ) = S (Lo, (F — £2) + (1, (F = F@0))
i=1 i=1
and
Zpl Lya (f — f(= <sz Lyangy, |f = F@i)]) +pu(T\Br,)-
i=1 i=1

Furthermore for every a € Nand 1 < i < N, recall that by definition /;* has diameter at most
1 and that dH([O Koo ], Br,) < 8kq27Fa. Therefore J* N By, = (I#)"™e N By, has diameter at
most d, 1= —|— lﬁk“ . Hence for every f € F,

Na

<D p (I N Br,) ba+ pi(T\Br,) < 6+ pi(T\Bi,)-
=1

Ng
S p (L (f — F(@))

i=1

Moreover by Lemma 2.5.2 for every a large enough p;(7\ By, ) < 2~ %%, Finally for every f € F,

Na
lim sup lim sup Zpl e (f = f(z ))) =0, (2.14)
a—o0  l—oo i
which implies together with (2.13) that (p;(f));cgr+ is Cauchy and thus converges. O

Proof of Theorem 2.3.1. First by lemma 2.5.2, (p;);er+ is tight. The convergence of (p;);cr+ then
directly follows from Lemma 2.5.3 and the Portmanteau theorem.

Towards proving that p has full support, we first prove that p has almost surely full support.
Note that it suffices to prove that for every a < b € RT, almost surely p[a,b] > 0. If p > 0
then pla,b] > (b — a)0? > 0. So we assume henceforth that f = 0. Note that in this case,
Y2y 6; = oo. Moreover, recall that {X;};cn is a family of independent exponential random
variables of parameter {6; };cn so that,

ZIP’XGab Ze ia(— (ba)):oo.

Therefore by the Borel-Cantelli lemma, for every a,b € R* almost surely there exists an i € N
such that X; € [a, b] and so u[a, b] > 6; > 0. Thus, p has almost surely full support.

Next we prove that p also has full support. Fix z € R" and ¢ > 0. Additionally for every
a € N let k, be the largest integer such that X5k, < Y,. Note that for every a € N large enough, by
definition of By, B(z,£)™a N By, has diameter at most £ + 16k,2~%s < 2¢. Tt follows that,

p(B(x,2)) >p <B(x,5)TY” N Bka> >p (B(:c,s)TY“) — p(T\Bk,)- (2.15)

On the one hand, recall that almost surely p(B(z, <)) > 0. Thus by Lemma 2.5.1 (ii), for every a
large enough, with probability at least 1 — 1/Y2,

3 (Ba,) = L),

(i) 2
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On the other hand, by Lemmas 2.5.2 (i), 2.4.2, and the definition of k,, for every a large enough,
P(T\By,) < 27%% < 2u[0, Xor, | < 2u[0,Ya] > = 0 (1/M,) .

Therefore by (2.15), almost surely p(B(x,2¢)) > 0. Since x, € were arbitrary and since rational
numbers are dense on 7, it follows that p has full support.

Finally, we prove that almost surely p gives measure 1 to the set of leaves and is non-atomic.
Foreverye > 0and S C T,let B(S,e) = {z € T : d(x,S) < }. Then let (¢,)qcn be a sequence
of positive real numbers decreasing sufficiently fast so that for every a > 0 and 0 < ¢ < a we have
py, (B((Y:, Yit1],€4)) < 2py, (Ya, Yat1]. By Lemma 2.5.1 (ii) (iii), for every a large enough and
0 < i < a, with probability at least 1 — 1/ Ya5, forevery l > Y,,

(log Ya)6

y2i (B((Y},KHL%)TYCL) < max {2pYa (B((Yi7 Yz‘+1]7€a)>$ Y]W} . (2.16)

Since by Lemma 2.4.4 a = O(Y,?), the Borel-Cantelli lemma implies that almost surely (2.16)
is true for every a large enough, 0 < ¢ < a and ! > Y,,. Furthermore by Lemma 2.4.6 M :=
6
max;en p(Y;, Yig1] < oo. Also note that % — 0 as a — +o0. Therefore for every a large

enough, 0 <i¢ < a,and! > a:

AM
n (B((E,Yﬂl],sa)m) < 2.17)

— Ma .
Moreover since for every a € N the projection on Ty, (see 2.5.1 for definition) is a continuous
fonction, for every 0 < i < a, B((Y;, Yit1],€q)™¥ is open. Thus by letting | — oo in (2.17), the
Portmanteau theorem yields for a large enough:

p (B((Yi,Ym],aa)TY“) < (2.18)

M,’
which tends to 0 as a — oo. So for every i € N, p[Y;,Y;+1] = 0. Summing over all i € N we
get p(R™) = 0 and so p gives measure 1 to the set of leaves. Note that (2.18) also yield for every
a €N,

sup p{z} = max sup ple} < —
x€T o) 0si<a yey; v, 4] Ya {z} M,’

which implies, taking a — oo, that p is non-atomic. O

2.5.3 Other convergences toward p : proof of Proposition 2.3.2

In this section we prove Proposition 2.3.2, and the following stronger result.

Lemma 2.5.4. Let u* be a random Borel measure on R which is o(u, {Y; }ien) measurable. Let
for every | € R, u* be the restriction of p* to T; = ([0,1],d) and p{* := wf[i(l),l]‘ Suppose that
almost surely the following assertions hold:
(i) Foreveryl > 0 u®[0,1] < oo, and p*(R") = +o0.
(ii) There exists € > 0 such that u®(Y;_1,Y;] = o(u®[0, Y;]17%).
(iii) Foralle >0, > ", p*(Yic1,Yilly,—y, ,>e = o(p®]0, Y3]).
Then almost surely {p}*};cg+ converges weakly toward p.

To prove Lemma 2.5.4, we first show the following strong law of large number.
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Lemma 2.5.5. Let u® be such as in Lemma 2.5.4 and S C T be a random measurable set such
that for every n large enough, py,, (S) is o(p, {Yi tien, {Zi }1<i<n) measurable. Almost surely,

hmsupr i—1,Yi]lz, ,es < limsupp(95).

n—00 l—00
Proof. Let {U, } nen be a family of independent uniform random variables on [0, 1]. Since for every
n € N, conditionally on (1, {Y}}jen, {Z;j}1<j<n), Zn has law py,, we may couple {Up, } ncn and
{Z,, }nen such that for every n large enough, Z,, € S if and only if U,, < py, (5). Therefore, by
Lemma 2.8.2 and assumptions () and (i¢), almost surely for every ¢ > lim sup;_, . pi(S),

Zz’:l :U’Q(Yi—layi]lzifles Z?:l :U’Q(Y;—lﬂyi]lUiflSt

lim su < limsu =t. 2.19
n—)oop Na [0, Yn] B n—)oop Ma [0> Yn] ( )
Taking ¢t — lim sup;_, ., p;(.S) in (2.19) yields the desired inequality. O

Proof of Lemma 2.5.4. First by the Portmanteau’s theorem it suffices to prove that for every f € F,
p(f) — p(f) where I is the set of positive, 1-Lipschitz functions that are bounded by 1 on 7.
Moreover since we work with probability measures and since for every f € F, (1 — f) € F, it
suffices to prove instead that for every f € F, limsup p*(f) < p(f). To this end, we proceed
as in the proof of Lemma 2.5.3 and will hence use the same notations. In addition, for e > 0 let
Ie :=U, v, —vi<e (Y, Yiq1) and forevery @ € T, let (@) := Zpax{i v, <a}-

Now fix € > 0 and recall from the proof of Lemma 2.5.3 that for every a € N, {J?}1<i<n,, is
a partition of T, so forevery f € Fand [ > Y,

Na

PP <) P (Flaesenp,, In.) + 0P (Flaygn,, ) + PP (FIr.)- (2.20)
i1

We now upper bound each term of (2.20) separately. First, recall that Ji* N By, have diameter
at most d,, thus for every 1 < ¢ < N, and s € S¢ := {x,z(x) € J* N By, } NT'c we have
d(s,xf) < e+ d,. Therefore for every f € F,

Ng
Zp, (f1s2) gz )+ e+ 84)1se) Z (z( eJa>+e+5a. 2.21)

Furthermore by Lemma 2.5.1 (i) almost surely for every a € Nand 1 < ¢ < N, p; (J&) — p(JF)
as [ — oo, hence by Lemma 2.5.5 almost surely

lim Supp?(lz(.)ejg) < p(J}).

=00

Therefore since 6, — 0 as a — oo, we have by (2.21) and (2.14) for every f € I,

N, Nq
hmsuphmbuprl (flse) <hm5up2f p(J*) +e < p(f) +e.
a—00 =00 i—1 a—00 i—

Next we have by Lemma 2.5.2 (i) and Lemma 2.5.5, almost surely for every a large enough,

limsup pi*(1.()¢B,,) < 92k,
l—00

Futhermore by assumption (iii), pf*(1\r.) — 0 as [ — 0. Finally (2.20) yields, for every f € F,

lim sup pf*(f) < limsupp(f) + &+ 27 = p(f) +«.

l—00 a—o0

Taking € — 0 in the previous inequality concludes the proof. O
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Proof of Proposition 2.3.2. We now justify that ™, u® satisfy the assumptions of Lemma 2.5.4.
First (i) and the o (u, {Y; }ien) measurability for ™, u® are straightforward from their definitions.
(i) for 1™ is an immediate consequence of Lemma 2.4.5. (ii) for x® comes from p* (Y, Y4+1] = 1.
(iii) is a little tedious to prove and follows directly from the fact that conditionally on p, {Y; }ien is
a Poisson point process with rate 1[0, {]dl and that by Lemma 2.4.2 almost surely [0, (] — oo as
I — 0o. We omit the details. This concludes the proof of Proposition 2.3.2. O

2.6 Compactness

2.6.1 Equivalent condition

In this section, we obtain a condition equivalent to that of Theorem 2.3.3 which is more convenient
to study the compactness of the ICRT from the bounds provided by Lemmas 2.6.2 and 2.6.5.
Additionally we also prove that the condition conjectured in [14] is also equivalent to that of
Theorem 2.3.3. For [ > 0, recall that ] is defined by E[u[0, X}]] = [ and let

9(2) 2 = —106;
=1 +Z(e —1+16;).

Lemma 2.6.1. The following conditions are equivalent:

L[ dl L [T dl R log A
(1) / m<+oo , (i9) —— < +oo , (i) Z on <

Proof. Since foreveryz € RT, e — 1+ 2 <xz(l —e %) <2(e™® —1+x), forevery | > 0:
62 (3] (S} 00

P4y (eflei 1+ wi) <6+ 16, (1 - e*ail) <O+ 2 (efzei 14 l@i) .
i=1 i=1 i=1

So by (2.2) for every [ > 0, ¥(1) < IE[u]0,1]] < 2¢(1). It follows readily that (i) and (ii) are
equivalent. Furthermore

ok+1 2k+1 dl logXQk
_ “log X
/XllIE [0, 1] Z/X oz Z/ ok 08
—1

and similarly

>~ dl — [ dl S
| mma ,;/X B, 1] = 2

So (i) and (iii) are equivalent. O]

/sz+1 dl ilogXQk log X

[2k+1 9k+1 9
k=1

2.6.2 The condition of Theorem 2.3.3 is sufficient for compactness

The aim of this section is to prove Lemma 2.6.2 below. This Lemma implies that under condition
(iii) of Lemma 2.6.1, (TXQk )ken is a Cauchy sequence of compact sets for the Hausdorff topology
and thus converges toward a compact set. Since (73 X, )ken is increasing (for C) toward 7, T is the
only possible limit, and hence is compact.

Lemma 2.6.2. Almost surely, for every k large enough:

log X.
dH(TX2k717TX2k) <21 g2 2k
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Proof. Forevery k € Nand x € T, let Ei(x) denote the event d(z, [0, Xpe-1]) > 201log Xpu27F.
First by Fubini’s theorem and Lemma 2.4.7, we have conditionally on p, for every k large enough,

Xﬂ
0

Then by Lemma 2.4.2 as k goes to infinity 1[0, X,x] ~ 2¥. So for every k large enough:

XQk
0

Furthermore by Lemma 2.4.1, 2% = O(Xy:) so Y XQ_kl/ % < 0. Hence by Markov’s inequality
and the Borel-Cantelli lemma, for every k large enough:

2

Yok log X.
u}z [ B E@ < e (—5 08 A1
0

2k

M[OaXQk—1]> :

u] < X224/ .

Xy .
/ 1Ek(x)dx < sz .
0
Note that it implies that, for every k large enough and = € [0, Xy ],
d(x, [0, Xor-1]) < 20log Xoe27% + X1,

since otherwise the geodesic path from x to [0, Xyx—1] would contain a segment .S of length at least

%k such that d(S, [0, Xyr—1]) > 20log Xyx2~*. Finally by Lemma 2.4.1, for every k large enough
2

Xor > 2% hence X;,cl < log Xy 2~ This concludes the proof. O

2.6.3 The condition of Theorem 2.3.3 is necessary for compactness

The following section is organized as follows: Lemma 2.6.3 defines and proves the existence of
"long" segments, Lemma 2.6.4 proves that they tend to "aggregate". Lemma 2.6.5 deduces a lower
bound on d H(Tx2 ., 1) from the two previous lemmas, thus proving that the condition is necessary.
Finally Lemma 2.6.6 gives a more precise view of the geometry of the tree in the non-compact case:
"the tree is infinite in every direction".

Lemma 2.6.3. Foreveryn € Nlet L,, := 102gni_(22" and let T,, be the set of segments [Yy + Ly, Yo 11]

with

Yy € [Xgn, Xpns1) 5 Yo+ Ln <Yar1 3 plVat Ly, Yay1] > 1/ X500,

Almost surely for every n large enough we have #I,, > 2" %X, 1,{ 3,

Proof. Write 7/, for the set of segments [Y, + Ly, Y,1+1] with
Y, € [Xgn, X2n+1) i Yo+ L, <Yer1 ;5w [Ya + L, Ya+1] < 1/X22n+1.

First by Lemmas 2.4.4 and 2.4.2, for every n large enough, there are at most 22 X,.+1 cuts on
[0, Xyni1], hence #Z7, < 22X, 11. Furthermore, by Lemma 2.4.6, for every n large enough and
I € T,,, we have (1) < log? Xon / Xgn s0

2n+2

log® Xyn
S n= 3 p(D+ 3 ul) ST+ S

1€T,UT), I€T, I€T),

Therefore, since Xynt+1 > Xon, it suffices to prove that, writing .S, := 1€T,UT I,

10 (Sn) > 272052 Plog? Xgn + 2772 X (2.22)
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Note that for every x € [Xan, Xont1], € Sy, if and only if there is a cut in [Xan, z] and no cut
in [z — Ly, x]. So if there is a cut in [Xon, Xon + 1],

X2n+l

w(Sn) > / 0ur, 2dp(z),
Xgn +L,+1

where for every z < y, 0, = LvieN, vig[e,y- Let An denote the right-hand side above. Since,

conditionally on , (Y;);en is a Poisson point process of rate u[0, []dl, for every n large enough

P (A, > p(Sn)l 1) <P (Dxyn xpnt1 =0 p) < e—rl0.Xon] 2t
Therefore, by the Borel-Cantelli lemma, almost surely for every n large enough 1 (S,,) > A,,.
We now lower bound A,, via a second moment method. We have, still by the properties of

(Yi)ien,

Bl > |

XQn +Ln+1

Xon+1
e*#[07X27L+1]L”du(£U) = 67“[0’X2’L+1]Lnﬂ [Xor + Ly + 1, Xgna] .

(2.23)
Furthermore note that % — 0 as n — 00, hence by Lemmas 2.4.2 and 2.4.1 a.s. as n — oo,

w[Xon + Ly + 1, Xont1] = E[p[0, Xon+1]](1 + o(1)) — E[u[0, Xon 4+ Ly, + 1]](1 + 0(1)) ~ 2.
It follows from (2.23), Lemma 2.4.2, and the definition of L,, that, as n — oo,
E[An|p] > X512 HeWan, (2.24)

Moreover we have by Fubini’s theorem,

X2n+1 X2n+l
Vidulul = [ / CoV [0 1y L ] dia(w)dpy).
X2n +Lnp+1 Xgn +Ln,+1

Note that for every z,y € R", Cov [0,—r, o0y—1, 4| 1] <E[Dy_r, |, and that conditionally
on pt, Oy—r,, » and 0,1, , are independent when |y — x| > L,,. It follows that,

X27L+1 y+Ln
W&Ms/ E%%Mm/ dpa()dp(y)
Kogn+Ln+1 y—Ln
< E[A, L,y + L. 225
< E[A,|4] e wly y+ Ly (2.25)

Furthermore by Lemma 2.4.3, for every n large enough and y € [Xon + 1, Xyn+1 — Ly,

E[p[0, y]] 1?)logy < 4log Xon E[u[0, Xynt1]] N 13log XQn.

2L,] < 4L, < 2.26
1y, y +2Ly] < ” + ; o2 on o (2.26)
Put together (2.25) and (2.26) yield as n — oo,
17 log Xon
V[Anly] < B[4y M]%. (2.27)

Therefore, by Chebyshev’s inequality, (2.27), and (2.24), we have as n — oo,

E[An|y] ’ > V[An|pl _ O()log Xon . —1/2+0(1)
PlA, < —— <4 < <27"X,. .
< 2 |") = TE[ALZ T XnE[A, ) 2

So by the Borel-Cantelli lemma, almost surely for every n large enough A,, > E[A,,|u]/2. Finally
the inequality in (2.22) follows from (2.24) and the fact that for every n large enough p(.S,) > A,.
This concludes the proof. O
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Formally we call the segments in | J,, .y Z,, "long". The following lemma proves that those long
segments tend to "glue" to one another.

Lemma 2.6.4. For every I € |,y Iy let ar denote the only integer such that I C (Yo, Ya, 1]
Almost surely for every n,m € N large enough with n < m and Xom > X28n+1, forevery I € T,
there exists I' € T, such that Z, € L. In this case we say that I "is glued on 1.

Proof. Conditionally on F := o (u, (Yi)i>1), (Z;)i>1 are independent random variables with law
(py; )ien so foreveryi € Nand I € 7,

, ~ IO N W OO
P (VI € L, Zay & I| ‘7:) - I’gm <1 M[anay]) = p( #Im [0, XQ"L-H]) .

Furthermore we have by definition of I,,, u(I) < X2, < Xym 4

5 . It follows from Lemmas 2.6.3
and 2.4.2 that for every m large enough,

2m+2X17{L3
P (VI' € Ty, Za,, ¢ I| F) < exp ( X, 1/42m7+22 — exp (—le,é”) .

Moreover, by Lemma 2.4.4, for every ¢ large enough #7,, < 2X22n+1, and by Lemma 2.4.1 for
every m € N, Xom > 2™. So for every m large enough,
/ o _xMr? m
P (3 €Ly, VI' € Iy, Za, ¢ 1| F) < 2X50e” "2 < f(Xom) < f(27),

where f : 2 — 222¢==""_ Since Yoo o, f(2™) < oo the Borel-Cantelli lemma yields the
desired result. ]

Lemma 2.6.5. Almost surely for every k large enough:

1 > IOg XQ’!L
din (T, T) 2 75 2 o
n=
Proof. First define by induction (n;);cn such that ng = k and such that for every ¢ > 0, n;41 =
inf{n € N : n > n;, Xon > X3, }. Note that for i € N, Xynaiyo > Xony, ) > in +1, S0 by
Lemma 2.6.4, there exists a sequence (I;);c such that for every i € N, I; € Z,,,. and I;1q is glued
on ;. On this event, note that for every j € N and x € I;, x is at distance at least Zg;& Ly, of

Xor 50 dpg (Tay,, T) 2 2220 Liny,- Similarly we have dp (Tx,,, T) > 322 Ly, » hence

1 o
di(Tay, T) > 5 ; Ln,.

log Xon
277.

Finally we compare »7° Ly, with >, . By definition of {n; };c we have:

oo Nir1—1

SIS SR

oo Nit1—1

B SS

n=~k =0 n=ny i=0 n=n;
This concludes the proof. O
The previous lemma proves that when % = oo the tree is not compact, thus finishing

the proof of Theorem 2.3.1. The next lemma gives a more precise description of the geometry of
the tree in the non-compact case: "the tree is infinite in every direction".
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Lemma 2.6.6. Suppose that " log Xon2™" = 00 then almost surely for every a < b < ¢, |a, b]™
has infinite diameter.

Remark. A similar result is proved in Le Gall and Le Jan [16] for non-compact Lévy trees: the set

of values taken by the height process on any non-trivial open interval contains a half line [a, 00).

Proof. First one may adapt the argument of the proof of Lemma 2.6.5 to prove that for every k € N
large enough and I € 7,

1 > log Xon
dlam((YaI,Ya1+1]T a1+1 > Lk + 5 (Z Ln2z+1 + ZLn2z> = 64 Z an = 0

n=ns
(2.28)
where {n; };cn is defined in the proof of Lemma 2.6.5 and a; in Lemma 2.6.4. We leave the details
to the reader.
We now fix a < b < ¢ € RT. Since conditionally on F := o (p, (Y;)i>1), (Zi)i>1 are
independent random variables with law (py; );cn, we have for every m € N,

Pt etz 019 = 11 (1= f152) <o (535

I'elm

Since p has full support it follows from Lemmas 2.4.2 and 2.6.3 that the right-hand side above
converges to 0 as m — oo. Therefore for every n € N, there exists almost surely m > n and
I € T, such that Z,, € [a, ]. Tt follows from (2.28) that if 1 is large enough [a, b]™¥e1 has infinite
diameter, hence [a, b]™ also has infinite diameter. Since a < b < c are arbitrary and since rational
numbers are dense on R, the desired claim follows. OJ

2.7 Fractal dimensions : proof of theorem 2.3.4

In this section we prove Theorem 2.3.4. By Lemma 2.2.3, it suffices to upper bound the Minkowski
dimensions and to lower bound the Packing and Hausdorff dimension. We obtain the upper bounds
from some simple cover of 7 and we derive the lower bounds from Lemma 2.2.2.

2.7.1 Upper bound for the Minkowski dimensions

First from the change of variables u = Aj, note that the upper bound for the Minkowski dimensions
given by Theorem 2.3.4 are equivalent to

—_ log(lX] log(lX]
(a) dim(7) < limsup 0g(14) and (b) dim(7) <lim infM when log X} = 1o,
I— 00 log [ ogl
Then for every [ € IR, Ty, has total length A7, hence one can construct a cover of Ty, using [X]
balls of radius 2/1. By increasing the radius of those balls by df(Tx,, T) one obtains a cover of 7.
So forevery [ € RT,
Nojigdgx,x) < & (2.29)

The claims (a) and (b) are applications of the inequality in (2.29).

Toward proving (a), we may assume that log X; = O(log!) since otherwise the bound is trivial.
It follows from Lemma 2.6.2 that dp (T, _,, Tx,,,) = O(k/2%) and summing over all & > log,(1),
we obtain d (X}, T) = O(log(l)/1). Therefore by (2.29),

— 108 No /14y (Ta, T og(14))
dim(7) = limsu = limsu v < limsup ———=~.
(T =Mnse =oe = 3 o+ dn (T 7)) e log

and (a) follows. (b) can be treated similarly by observing that Lemma 2.6.2 and log &; = 1o
implies that dgr (X}, T) =1 —1+o(1) | We leave the details to the reader. This concludes the proof.

IOg Nl/l
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2.7.2 Lower bound for the Packing dimension and the Hausdorff dimension

In this section we show that almost surely,

) , log! ) . log!
dimp(7T) > a:=1 +h§riso.1jp m and dimg(7)>p:=1 +hlrg£f m.
To this end, by lemma 2.2.2 it suffices to prove that if A is a random variable with law p then almost
surely for every § > 0, liminf p(B(A, €)™ < oo and p(B(A,¢)) = O(e#+°) as ¢ — 0. The
two previous inequalities can be proved via an elementary computation using [0, 1] ~ E[u[0,]]
(Lemma 2.4.2),

1
@ p(BAAAT) < ——m——
a p( ( ( Y))) Y1+O(1)IUJ[O,Y;]

7

and (b) d(A,Ty,,,) > ul0, ;] 1ol

‘We omit the details and focus on the proof of (a) and (b).
Toward (a), let y be the geodesic path from 0 to A and let for every ¢ € N, j; := min{j > i :
(Y;,Yj11] N~y # 0}. Note that since by Theorem 2.3.1 almost surely A ¢ RT,

B(A’ d(A’ 73/1)) - {Zji} U (}/Jm 1/}¢+1]Tyji+l-

Furthermore we have by Lemma 2.4.6, u(Y},, Y}, ] < % Therefore by Lemma 2.5.1 (iii),

conditionally on (u, {Y;}en), for every 4 large enough with probability at least 1 — Y]j‘r’ > 1-Y;°,
log’Vj, _, log°V;
Ym0, 5]~ Yap[0, Vi)
Moreover by Lemma 2.4.4, we have i = O(Y;?), hence Y °, V;® < oco. The Borel-Cantelli
lemma then yields that almost surely (2.30) holds for every ¢ large enough, hence (a) holds.

Toward (b), let us first upper bound {p(.Sy,) }nen Where for n € N, S,, denotes the set of x € T
such that d(z, [0, Xon]) < §), := 2%716 Let for every n € N,

an :=max{a: Y, < Xp2on}, S) = {x € (Xon +0pn,Ya,]: [ — On,z] N {Y;}ien # 0} .
Note that for every n € N, S,, C ([0, Xon + 6,] U S%,)Yan . Therefore by Lemma 2.5.1 (ii), 2.4.2
and 2.4.6, almost surely for every n large enough:

PO, Xon + 6] + u(Sn) 2"+ u(Sh)
[O, Xn22n] - M(Yan, Xn22n] - n22n

Furthermore since conditionally on p, (Y;);cn is a Poisson point process of rate [0, |dl, we
have by Fubini’s theorem, for every n € N:

P (B(A (A, Ty)) < p (15, Vi ) <2 (2.30)

p(Sn) < 2py,, ([0, Xon +0,]US,,) = 2 . (231

X 2on
E[u(S))|] < /0 P ([ — 6,2] N {Yi}ien # 0] 1] dpu(z)

XTLQ n
< / ’ 1-— eiénu[o’Xn%"]du(l‘)
0

It directly follows from Lemma 2.4.2 that almost surely E[u(S!)|u] = O(2"/n?). Thus by
Markov’s inequality and the Borel-Cantelli lemma a.s. u(S],) = O(2"). Therefore by (2.31),
p(Sn) = O (1/n?), hence by the Borel-Cantelli lemma a.s. for every n large enough, A ¢ S,

Finally let for every ¢ € N, n; := inf{n € N,Y;;; < X5»}. We have by Lemmas 2.4.2 and
2.4.6 a.s. pf0,Y;] > 27+O0) Hence, since for every i large enough A ¢ S,,., we have,

d(Avyé—i-l) > d(A, Xgnl) > on

This concludes the proof of (b) and therefore of Theorem 2.3.4.
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2.8 Appendix: Concentration inequalities

We first prove an exponential concentration inequality for general Pdlya urns.
Lemma 2.8.1. Let {my, },>0 be a positive real-valued sequence. Let (Ay,)n>0 be a sequence of
positive real-valued random variables such that Ay < mq and such that for every n > 0,
A M, — A

P(An+1:An+mn+l|An):ﬁT; ; P(An+1:An|An):nTnna
where for every n > 0, M, = > my. We say that in this case (Ay)n>0 is a (Ag, {mi}i>0)
Polya urn.

2
a) If Y0 1% < 00, then almost surely for every a > 0 and t € R,

A, 2 Ag
P(sup —— Aa> <2exp | — 5 4 Mo 5

m m m.
i>a Zn>a M% + tmax (Zn>a 7M:21 , MaXp>q 7MZ>

b) If {my, }nen is bounded, then almost surely for every a > 0 and t € R,
A Ag Aq 12 A
P <sup ! Aa> < 2exp (— 4 > .
i>a 4(1 + t) maXp>q Mnp

- _ = ti
M,

Remark. Note that Lemma 2.8.1 implies that almost surely ( )ZeN is a Cauchy sequence and so

converges. The statement should then be seen as an estimate on the speed of convergence.

Aq

o A
M,

Proof. First let us explain why (b) follows from (a). We have for every a € N,

Z 2 < M _ T dr  maxpsq My

maxm g — < maxm —_—=—
M2 ~ n>a M2~ n>a " 2 M, ’
n>a n>a 1 M, a

and (b) follows by replacing max,>, 77+ and Y onsa 7 M2 by the upper bound =22 in (a).
We focus henceforth on (a). To simplify the notation set for every n € N, X,, := A,,/M,, and
O := My /M,,. Also we write for every a € N, E(@[...] = E[...|X,]. We first prove by induction
that for every a, b, c € N and X\ € R satisfying
1

4 max {Zn>a n» MaXn>q 5"}

a<b<c ; |N<A;:= (2.32)

we have
E(® [eAXC} < f(a,b,c,\) := E@ [e’\(H)‘ZfL:bH‘Sﬁ)Xﬂ . (P(a,b,c,\))

Note that when b = ¢, P(a, b, ¢, \) is trivial. Therefore it suffices to prove that for every a, b, ¢, A
such thata < b < cand A < A, that f(a,b+ 1,¢,\) < f(a,b,c,\). Fixa <b < e, A < A, and
lety :=XA(1+ A5 ;. 502). We have,

f(a7 b + 1, C, )\) = E( ) |:€’YXb+1j|
— E@ [ Xeg®) [ewxbﬂ_ Xb)“

[ Aptmppr Ay
- E | (Xbe”( W) |y (i Xb))]

=E@ [7% (X703 4 (1 ) e 10her % )| (233)
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Furthermore by (2.32), |y| < %]M < ﬁ, hence since for every 0 < x < 1 and |¢| < 1%,

zef1=%) 4 (1 — z)e* < e25°°® | we have
X 01 (12X0) (1 Xp) e 10X < 035770 X, (2.34)
Finally by (2.33), (2.34), and || < 2|)|,
fla,b+1,¢,M) < E® [e(7+%725§+1)X”} <E©@ {e(7+)‘26§+1)x” = f(a,b,c, \).

This concludes our proof by induction of P(a, b, c, \).

We now fix a € N. Forevery n € Nand 0 < A < A,, by P(a,a,n,\) and P(a,a,n,—\),
we have the sub-Gaussian bound, E(®) [e’\‘X"_X‘”] < 2eA"Va/2 \where Vo = 2X, ZDG 51'2-
Furthermore note that { X, },,>, is a martingale, and hence that for every \ € R, {eMX”_X“' tn>a
is a sub-martingale. It follows by Doob’s inequality that for every t € RT™ and 0 < X < A,

ANXn—Xa
E(a) [e | ‘:| S 26)\2%_)&&

P(@) (Sup X, — X,| > t> — pla) <sup A Xn—Xal > e>\t> < sup

n>a n>a n>a eM
(2.35)
On the one hand, for every 0 < t < V, A, taking A := t/V, in (2.35) gives,
2
p(@) (Sup X — Xao| > t) < 2 e (2.36)
n>a
On the other hand, for every ¢t > V,A,, taking A := A, in (2.35) gives,
2 (1 ¢\ 72 t 7!
p(®) <Sup | X — Xa| > t> < 9eMa 5 —Aat — 9o Ve <§(m) _<m) ),
n>a
hence since for every = > 1, ﬁ — % < —Qj%x,
2
P(@ <sup | X, — Xo| > t> < 9¢” Watisha, (2.37)
n>a

By (2.36) the last inequality is also true for 0 < t < V,A,. The desired inequality then directly
follows from a reorganization of the different terms in (2.37). We omit the straightforward details.
O

Lemma 2.8.2. Let p > 0, (X;);en be a family of independent Bernoulli random variables with
mean p. Let (a;)icn be a positive real-valued sequence and let for everyn € N, A, := """ | a;.

2
Suppose that A,, — co and Y7 | 5% < oo, then almost surely Y i1 a; X; ~ pAy,.

2
Proof. Since Y 7, j—g < oo and { X };en are independent random variables, the classical three

series theorem implies that Sy, :== Y ", W almost surely converges as n — co. Therefore,
n n n—1
ai(Xi —p) A Aip1 — A,
- S -8 )=S8, — Si———— — 0. O

Remark. If there exists ¢ > 0 such that a; = O(A] ), then as n goes to infinity,

- a? ° a; An dy
2 4= (Z A3+E> o[ ) ow

n=1 i=1
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Lemma 2.8.3. Let A > 0. Let (X;)i>0 be a family of independent exponential random variables of
mean (m/2')ien. Let S = 3,5 Xi. Then for every t > 6, P(S > 2mt) < e~".

Proof. Without loss of generality, we may assume that m = 1. Then, with A = 2/3,
1
E[e*] = [[E[eM] =[] ——— <€
] = [T R = [ s <
>0 >0
Hence, by Markov’s inequality, for every ¢ > 6,

P(S > 2t) < E[eM]e 2 < 272N < o7t O



Chapter 3

Limit of trees with fixed degree sequence

"Never spend more than a year on anything."

Jeff Ullman

This chapter is adapted from [28].

We use a new stick-breaking construction, also introduced independently by Addario-Berry,
Donderwinkel, Maazoun, and Martin in [6], to study uniform rooted trees with fixed degree sequence
D (D-trees). With this construction we prove, under natural conditions of convergence of the degree
sequence, that D-trees converge toward either P-trees or ICRT. Alongside we upper-bound the
height of D-trees. We deduce similar results for P-trees and ICRT. We also confirm a conjecture of
Aldous, Miermont, and Pitman [14] stating that Lévy trees are ICRT with random parameters.
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3.1.1 Overview of the results

Let {V; }ien be a set of vertices. A rooted tree 7" have degree sequence (d;)1<i<s if T" has vertices
{Vihi<i<s and for every 1 < i < s, V; has d; children.

The aim of this paper is to study D-trees: uniform rooted trees with fixed degree sequence D.
Notably we show, under natural conditions of convergence of the degree sequence, that D-trees
converge either toward P-trees, or after normalisation by s/+/>_;_, d;(d; — 1) toward ICRT, for
the Gromov—Prokhorov (GP) topology. Furthermore we show, under a given tightness assumption,
that D-trees also converge toward ICRT for the Gromov—Hausdorff—Prokhorov (GHP) topology.
Alongside we provide a near optimal upper bound for the height of D-trees.

Those results are in direct continuity with the work of Aldous, Camarri, Pitman [16, 40], which
proves that P-trees converge toward ICRT for the GP topology. We also complete their results by
considering the GHP topology, and by proving an upper bound for the height of P-trees and ICRT.

When taken together, those results on D-trees, P-trees and ICRT can be used to study the
different models of trees that are uniform when conditioned to their exact degree sequence (see the
end of the introduction and Section 3.8.1 for more details).

Finally, this paper is simplified thanks to the results of a companion paper (Chapter 2), which
introduces and studies a new construction for ICRT. Notably, the probability measure introduced in
Chapter 2 and the compactness of ICRT avoid us many computations and topological arguments.

3.1.2 Overview of the proof

Our approach relies on a new construction for D-trees, which can be seen in three different ways:
as a modification of Aldous—Broder algorithm, as a recursive construction of subtrees spanned by
specific leaves, and as a stick-breaking construction. Our proof is strongly based on those points of
view so let us recall them: (see also Figure 3.1 for a construction)

- (a) Aldous—Broder algorithm: Fix an arbitrary random walk (A4;);. Start with a single vertex
Ay, then recursively add the edge {A;_1, A;} when A; is "new", that is when A; ¢ {4;};<.
It is well known, since its introduction in [9, 35], that this algorithm yields a random tree.



3.1. INTRODUCTION 73

Along the construction, we add an edge between A;_; and a new leaf when A; is not "new".
By doing so, the number of children of a vertex equals the number of times it is visited.
Moreover we show that if (A4;); is uniform among all D-tuple, that is tuple such that for every
1 € NV appears d; times, then this algorithm constructs a D-tree.

- (b) Subtrees spanned by specific leaves: Note that the last algorithm, when stopped at the
k'" repetition (k' index such that A; € {A,},<;) constructs a subtree spanned by the root
and k leaves. In fact the labels of those k leaves can be fixed in advance: In other words, the
stopped algorithm constructs the subtree of a D-tree spanned by the root and & fixed leaves.
This allows us to study the distance matrix between random leaves, and hence, by definition,
the geometry of a D-tree in a Gromov—Prokhorov sense.

- (c) Aggregation of paths / Stick breaking construction: Note that the previous random walk
(A;); starts at the root Ay then follows the minimal path toward the first leaf, then "jumps"
to follow the minimal path between a "repeated" vertex and the second leaf and so on...
Hence, one can see the previous spanning tree between the root and the k" first leaves as
an aggregation of £ minimal paths. A better way of understanding this aggregation of paths
is through a stick-breaking construction: First consider (A;); as a "line of distinct vertices".
Then recall that there is no edges {A;_1, A;} when A; is not "new", so "cut" those edges.
This gives you a collection of paths or "sticks". Finally identify the vertices which are equal,
or equivalently "glue" the paths at the repeated vertices. So the previous aggregation is fully
understood through the positions of the "cuts" and the positions of the "glue-points".

To sum up, we use a modification of Aldous—Broder algorithm to construct D-trees from some
random tuples. Through a study of repetitions in those tuples, we study this algorithm as a stick-
breaking construction. In particular, we prove the convergence of the "cuts" and the "glue-points".
We then use this convergence to prove the convergence of the subtrees spanned by specific leaves,
which turns out to be exactly what is needed to prove the GP convergence of D-trees.

The idea of using an Aldous—Broder algorithm to study the geometry of a random tree is not
new and goes back to the very study of the CRT by Aldous [10]. It is also used by Aldous, Camarri,
Pitman in [16, 40] to prove that P-trees converge toward ICRT for the GP topology. Here such an
approach is possible thanks to our new construction for D-trees. Furthermore its strong similarity
with P-trees construction explains the similarity between D-trees, P-trees and ICRT.

Finally, we deduce the GHP convergence from the GP and GH convergence (see Lemma 3.3.3).
To prove the GH convergence, we prove that, in addition of the convergence of the first branches,
the whole tree is close from its first branches. To do so, we consider a sequence of trees (77);>0,
corresponding to the different steps of our construction, and we upper bound for a well-chosen
sequence (I,), the sum ) dy (17,17, ).

We deduce our upper bound for the height of D-trees from the same estimates.

3.1.3 Historical motivations.

Since the pioneer work of Aldous [10], scaling limits of random discrete trees are at the center of
many studies. The aim of such a study is to find an algorithm to construct a given model, and to
show that, while the number of vertices diverges, the algorithm "converges" (in a suitable sense).
By doing so, one can prove that the corresponding discrete tree converges, after proper scaling,
toward a limit tree constructed from the limit algorithm, in order to study geometric properties
(height, diameter,. .. ) of the discrete tree from the limit tree.

The main strength of this approach is to give a universal point of view on several models at the
same time. Indeed, if several models have the same limit, then they all share similar properties.
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This approach becomes even stronger when one considers that there may be several constructions
for each model and that each construction may be a way to study all the connected models.

Hence, D-trees, as essential "building blocks", are prime tools for the study of many other
models. Let us briefly present some of the main models connected with D-trees (see also Broutin,
Marckert [38] for some detailed applications of D-trees in the finite variance case).

o Galton—Watson trees and Lévy trees: Since Aldous [11], scaling limit of Galton—Watson trees
have generated a large amount of literature due to the many connections with random walks, Lévy
processes, superprocesses (see Le Gall [61, 60] for an introduction). The most important results
are due to Duquesne Le Gall, [50, 49], who prove that Galton—Watson trees converge toward Lévy
trees and study some geometric properties of Lévy trees (see also Le Gall, Le Jan [64, 63]).

Galton—Watson trees can be seen as D-trees with random degree sequence D. Hence, provided
some preliminary estimates for the degree distribution, our results implies the convergence of
many conditioned Galton—Watson trees (see Section 3.8.1). We do not prove such estimates, since
they are already proved in most studies. However given the results of [61, 60], we can confirm
the conjecture of Aldous, Miermont, Pitman [14] stating that Lévy trees are ICRT with random
parameters. This explains why Lévy trees [61, 60] and ICRT (Chapter 2) have similar geometries.

Finally our stick-breaking construction is a new tool for Galton—Watson trees. In particular,
until now, there has been a strong interest in several random objects build from those trees. Such
objects may often be built by following the same construction, hence providing a powerful tool
for their studies. As an example, some forthcoming notes [25] will use our construction to study
height process, Luckasiewikz walk and snake of D-trees and ICRT. The study of those processes
are motivated by random planar maps with fixed degree sequence (see Marzouk [68]).

e Additive coalescent: Coalescent processes arise naturally in many sciences (see Bertoin [22]
or Berestycki [21]). A classical way of studying those processes is to embed them into genealogical
trees. Sadly, in general, little is known on those trees and many questions remain open.

Still, there is one unique model, the additive coalescent, who is far more easier to study than
every other coalescent due to his many properties. The corresponding trees, P-trees (biased by
the root), and their scaling limits, ICRT, are thoroughly studied in [16, 40], Chapter 2, and their
geometries are already well understood thanks to their stick breaking constructions.

Despite P-trees may be seen as D-trees with random degree sequence D, studying them as
such makes little sense. Indeed P-trees stick-breaking construction is easier to study than D-trees.
Instead, we provide a new description of P-trees as "degenerate" D-trees. This description gives a
new and fresh point of view on many of the strong "combinatorial" properties of P-trees and ICRT,
and is a powerful tool to prove new ones (see for instance Section 3.8.2).

o Multiplicative graphs, and the configuration model: Recently, those models of graphs have
interested many computer scientists as natural generalizations of Erdos Renyi graph, which seems
closer to real life network thanks to the "inhomogeneity in their degree distribution" (see e.g. [72]).

Without entering in the details, those models are "graph versions" of P-trees and D-trees.
Notably, one can construct and study those graphs from D-trees and P-trees (see e.g. [37, 36] on
multiplicative graph, and [54, 47, 42] on configuration model). Hence, our results on P-trees and
D-trees should help at improving the current understanding of those graphs, and in particular they
should help at removing the arbitrary and omnipresent randomness in the degree sequence, which
exists only to avoid some technical issues. (See e.g. Chapter 4.)

Moreover our upper bound for the height of D-trees and P-trees should help at proving upper
bounds for the height of those graphs (see e.g. Safsafi thesis [75]). Such an upper bound has been
one of the main missing ingredients for a precise study of Prim Algorithm in all generality (see e.g.
Addario-Berry, Broutin, Goldschmidt, Miermont [5] for the "Erdos Renyi case").
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Plan of the paper: In Section 3.2, we present some constructions for D-trees, P-trees and ICRT.
In Section 3.3 we introduce the different topologies that we are using in this paper (SB, GP, GHP).
Our main results are stated in Section 3.4. Their proof are carried in Section 3.5 (SB), Section 3.6
(GP), and Section 3.7 (GHP and height). Finally we discuss some applications of our main results
in Section 3.8: we prove in Section 3.8.1 that Lévy trees are ICRT with random parameters, and we
introduce in Section 3.8.2 a new computation tool for ICRT: the re-rooting principle.

Notations: Throughout the paper, similar variables for D-trees, P-trees, ©-ICRT share similar
notations. To avoid any ambiguity, the models that we are using and their parameters are indicated
by superscripts D,,, Pn, ©,. We often drop those superscripts when the context is clear.

We use the letter d for both degrees and distances. From the context, it is always clear which one it
refers to.

3.2 Models and algorithms

3.2.1 D-trees: the new stick breaking construction

Recall that a sequence (d1, . . ., ds) is a degree sequence of a tree if and only if 7, d; = s — 1,
and by convention d; > ds - - - > ds. Let {2p be the set of such sequences.

Let us present our construction for D-tree. For simplicity, we use the next conventions: For
every graph G = (V, E)) and edge e = {v1,v2}, G U e denotes the graph (V U {vy,v2}, E U {e}).
We say that a vertex v € G if v € V. Also, for every D € Qp we let LP, LD, .. be the leaves (that
is the vertices Vg, , Vg, ... witha; <ag < ... anddg, = dg, = --- =0).

Algorithm 3.1. Stick-breaking construction of a D-tree (see Figure 3.1).
- Let AP = (A?)lgig s—1 be a uniform D-tuple (tuple such that Vi € N, V; appears d; times).
- Let TP := ({A;},0) then for every 2 < i < s let

oo . ) Ti-UiAion, A} if A; ¢ Ti .
i T U{Ai1, Linf{k,Lkngi_l}} ifA; € T,_10ri=s.

- Let TP denotes the rooted tree (T}, Ay).

Lo Lg Ly

Figure 3.1: Stick breaking construction of a D-tree with D = (1,2,1,3,3,0,0,...) and
(A?)lgigsfl = (Vy, V5, Vo, V5, V3, Vy, Vs, Vi, Vi1, Vo). The exploration starts at V then follows
the white-black arrow toward L1, then jumps at V5 to follow the path toward Ly and so on...
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Proposition 3.2.1. For every D € Qp, TP is a D-tree.
Proof. See Appendix. O

Remarks. (a) Addario-Berry, Donderwinkel, Maazoun, and Martin [6] independently found the
same construction while I was writing the article.

(b) We introduce later a generalisation of Algorithm 3.1, Algorithm 3.6, which will be used to
simplify many of our computations.

(c) One might prefer to consider "pure degree sequence”: A tree 1" have pure degree sequence
(di)1<i<s if T have vertices (V;)1<i<s, and for every 1 < i < s, V; have degree d; (not d; children).
From a tree 7" with pure degree sequence (d1, ..., ds) with ds = 1, one can construct a tree with
degree sequence (dy — 1,...,ds—1 — 1) by rooting 7" at the unique vertex adjacent to Vs and then
removing V. This is a well known bijection between tree with pure degree sequence (dy, .. ., ds)
and tree with degree sequence (d; — 1,...,ds—1 — 1). Since this bijection only removes one leaf,
it does not change much the geometry of the tree. So our results on D-trees easily adapt to uniform
trees with fixed pure degree sequence.

As claimed in the introduction 3.1.2 (d), we are interested in the stick-breaking point of view to
prove the convergence of D-trees. To this end, let us formally define the cuts and the glue points.
Note that there is N := >"7 ,(d; — 1)14,>; indexes Y1, ... Yy such that A; € {A;,..., A1}
Also, for every 1 < ¢ < N, let Z; denote the smallest integer z such that A, = Ay;. We call
{Yi}1<i<n the cuts, and {Z; }1<;<n the glue points.

Let us introduce some new tools to study those processes. First, note that the cuts and the glue
points are encoded by "when" and "where" there are some "repetitions" in A”. Therefore, it is
natural to look at the law of A; conditioned on (A;)i<j<;. In particular, since AP is a uniform
D-tuple, note that forevery 1 <i<s—1land1 <a <s:

do—#{1<j<i:Aj =V}

P(Ai = Val(Aj)i<j<i) = P (3.1)
Hence, we have forevery j < i <s—1,
. da, —#{1<k<i:Ap=A4;}
P((i,7) € {(Yi, Zi) hien| (Ak)1<i<i) = La;¢{A 1cne; — Py . (32

To fully understand the behavior of the cuts and the glue points, let us rewrite (3.2). Since we
are mostly interested in the first cuts, note that typically #{1 < k <i: Ay, = A;} = 1 and so we
have the following informal approximation

P((i29) € {(¥ Z)hien] (Aghsier) = 200, 33
where p is the real measure defined by
s—1

=D 0 A (da, = 1) (3.4)
j=1

As aresult, the cuts and glue points are mostly encoded by this measure u. Finally to understand
the behavior of p, let us rewrite (3.4). Let for every ¢ € N,

X;=inf{l <j<s,A4; =V}

(by convention X; = oo and d,, = 0 when there is no such index) and note that
S
p=> 0x,(di—1). (3.5)
i=1

So u can be directly studied through (X;)1<i<s.
Finally we need to rescale D-trees. So let for D € Qp, (6P)? := Y7, di(d; — 1).
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3.2.2 ‘P-trees: construction and connection with D-trees

Fix (D,,)nen a sequence in Qp and assume that for every i € N, diD” /sPn — p; as n — oo. Note
that po := 1 — 3772, p; > 0. We suppose further that p; > 0 and let P := (p;);ienufoo}-

In this regime (AP),cy converges: Let V., be an additional vertex and put a metric on
{Vi}ienufoo} such that V; — Vi as @ — oo. One can easily check that (APn),cn converges
weakly toward (A7);en as n — oo where (AT);cy is a family of i.i.d. random variables such that
forevery i € NU {oo}, P(AT = V;) = p;.

Hence, intuitively, the steps of Algorithm 3.1, which are encoded by those tuples, "converge".
Therefore D,,-trees should converge toward the tree 77 defined by the "limit algorithm":

Let Qp be the set of sequence (p;);enufoo) in R such that 372, p; + poo = 1, p1 > 0 and
p1 > p2 > .... Forevery P € Qp, the P-tree is the tree constructed as follows:

Algorithm 3.2. Definition of the P-tree for P € Qp.

- Let (AT);en be a family of i.i.d. random variables such that for all i € N, P(AT = V;) = p;.

- For every i € N, let BZ’ = A;if A; € N, and let Bf = Vio,; otherwise.

- Let T7 := ({B1},0) then for every i > 2 let

Ti-1U{Bi_1,B;} ifB; ¢ Tj_.
Ti 1 it B; € T;4.

TP =

)

(3.6)

- Let T” denote the rooted tree (,,cx T, B1).

Remarks. (a) We choose to delete the leaves {L; };cy of TP in (3.6) to avoid measurability issue.
(b) Note that the infinite vertex V is split into many others. Indeed this vertex "fills the gap"
produced by vertices with small degree. The introduction of V, allows us to consider a slightly

more general definition than the one introduced in [40] which requires Z:;Of p; = 1.

Finally let us introduce a list of notations similar to those for D-trees. For every P € Qp:
- Letpl,...,p5 € RT besuch that P = (p]’,...,p%).

- Let s7 := max{i € NU {oo},p; > 0} and let (¢7)% = Y22, ()%

- Let (Yf)ieN be the indexes of repetitions in (B;);cnN.

- Fori € N, let Z] := inf{z, B, = By, }.

- Fori € N,let X7 =inf{j € N, A; =i}. Thenlet u” = > pidx,.

3.2.3 ICRT: construction and connection with D-trees

Fix (Dp)nen € Q5 and assume that d7" /sP» — oo and that Vi € N, " /oPn — 0; as n — oo.
Note that 7%, 67 < 1and let 6y := 1 — > 2, 67. Then let © := (6;);c{o1un-

Let us briefly explain why D,,-trees converge in this regime. We stay informal here, and
details are done in Section 3.5.3. First some quick estimates show that (X ZD " /o Pn);en converge
weakly toward some exponential random variables (X ie)z‘eN- By (3.5), this implies that after proper
rescaling (P),en should converges weakly toward some random measure ©©. Finally, by (3.3)
the cuts and the glue points are "encoded" by 1P, so they should also converge after rescaling.

Those estimates suggest that D,,-trees should converge after rescaling toward some limit tree.
If one pursue the computation further, then one notice that this tree is in fact the ©-ICRT.

We now construct the ©-ICRT. First let us introduce a generic stick breaking construction. It
takes for input two sequences in R called cuts y = (y;);cn and glue points z = (z;);en, which
satisfy

Vi<j, i<y Yyi—>ro0 VieN, z <y,
and creates an R-tree (loopless geodesic metric space) by recursively "gluing" segment (y;, y;+1]
on position z; (see Figure 3.2), or rigorously, by constructing a consistent sequence of distances
(dn)nen on ([0, Yn])nen-
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Figure 3.2: A typical step of the stick-breaking construction: the "gluing" of (y;, yi+1] at z;.

Algorithm 3.3. Generic stick-breaking construction of R-tree.
— Let dy be the trivial metric on [0, 0].
For each ¢ > 0 define the metric d;;1 on [0, y;+1] such that for each x < y:

dl(x7y) lf.ﬁ,y € [anl]
div1(z,y) = di(w,z;) + ly —wil ifx €[0,u], vy € (Y, yit1]
‘117 - y‘ lfx7y € (yi7yi+1]7

where by convention yg := 0 and 2 := 0.
Let d be the unique metric on R* which agrees with d; on [0, y;] for each 7 € N.
Let SB(y, z) be the completion of (R, d).

Now, let g be the space of sequences (6;);coyun in RT such that 3~ #? = 1 and such that
01 > 6 > .... Forevery © € (g, the O-ICRT is the random R-tree constructed as follows:

Algorithm 3.4. Construction of ©-ICRT (from Section 2.2)
- Let (X;);en be a family of independent exponential random variables of parameter (6;);en.
- Let p1 be the measure on RT defined by pn = 02dz + > 50, x,6;.
- Let (Y}, Z;)ien be a Poisson point process on {(y, z) € R*2 : y > 2} of intensity dy x dp.
- The ©-ICRT is defined as (7, d) = SB((Y)ien, (Zi)ien)- (see Algorithm 3.3)
Remarks. (a) Although one usually excludes the ICRT with 6y = 0 and Zf; 0; < oo, there are
some D-trees which converge toward such ICRT. Furthermore those ICRT may be seen as P-trees
with a modified distance (see section 3.5.2).
(b) The term 63dx in 1? encompass the fact that some cuts may occur "because” of vertices with
small degree. The case where 8y = 1 corresponds to the Brownian CRT.

3.3 Notions of convergence

The reader may wish to simply skim this section on a first reading, referring back to it as needed.

3.3.1 Stick-breaking topology

Let M denote the set of locally finite positive Borel measure on R*. Let Kgp := (RT)3N x M. For
every A € Q:= Qp U Qp U Qg let

YA = ((XiA7}/iA7 Zz'A)iENnU‘A) S KSB7

where by convention for D € Qp, and i > NP Y; = Z; = +o0.
We say that a sequence (((X,Y;”, Z")ien, ™) )nen converges toward ((X;, Y, Z;)ien, p) for
the stick-breaking (SB) topology if and only if
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a) Foreveryi € N, X' — X;,Y" = Y,, Z' — Z,.
b) Foreveryi,j € N, lxznzzjn — 1x,=z,.
¢) pu" — u for the Skorohod topology on M (that is [ — u"[0, [] converges toward [ — 1[0, []).
Note that the SB topology on Kgp is well defined and that Kgg equipped with the SB topology
is a Polish space (separable complete metrisable space) as a product of Polish spaces.

Remark. b) is here to "avoid fusion" between two branching points. Although (b) is not used in this
paper, it is crucial for our study in [25]. The presence of (X;);cn is also motivated by [25].

Finally let us introduce some notations to rescale our trees on Kgg. For every A1, Ao > 0, and
w € Mlet (A1, A2)p € M such that for every Borel set B,

()\1, )\Q)M(B) = )\Qu{)\lx,SU S B}
For every A1, Ao > 0and Y := {(X;,Y;, Z;)ien, 1} € Kgp let
(A1, A2) T = (M1 X4, M5, A1 Zi)ien, (A1, A2) ).

Note that for every A1, Ao > 0, the map Y — (f, )T is continuous and so measurable.

3.3.2 Gromov-Prokhorov (GP) topology

A measured metric space is a triple (X, d, ;1) such that (X, d) is a Polish space and p is a Borel
probability measure on X. Two such spaces (X, d, u), (X', d’, ') are called isometry-equivalent
if and only if there exists an isometry f : X — X’ such that if f, is the image of i by f then
fx«it = . Let Kgp be the set of isometry-equivalent classes of measured metric space. Given a
measured metric space (X, d, 1), we write [ X, d, u| for the isometry-equivalence class of (X, d, )
and frequently use the notation X for either (X, d, p) or [ X, d, p].

We now recall the definition of the Prokhorov’s distance. Consider a metric space (X, d). For
every A C X ande > Olet A° := {z € X,d(x, A) < €}. Then given two (Borel) probability
measures 4, v on X, the Prokhorov distance between y and v is defined by

dp(p,v) :=inf{e > 0: u{A} < v{A°} and v{A} < u{A°}, for all Borel set A C X}.

The Gromov—Prokhorov (GP) distance is an extension of the Prokhorov’s distance: For every
(X,d,p), (X', d, ") € Kgp the Gromov-Prokhorov distance between X and X' is defined by

dep((X,d, p), (X', d', 1)) == ot dp(Gup, Oott),

where the infimum is taken over all metric spaces S and isometric embeddings ¢ : X — 5,
¢ : X' — S. dgp is indeed a distance on Kgp and (Kgp, dgp) is a Polish space (see e.g. [1]).

Remark. For stick breaking construction a natural choice for S is the completion of (RTN ||||;) as
one may simply use one direction for each branch (see Aldous [10] for more details).

We use another convenient characterization of the GP topology which relies on convergence of
distance matrices: For every measured metric space (X, dX, ) let (wZX )ien be a sequence of i.i.d.
random variables of common distribution X and let M~ := (d* (z¥, CL']X ))(i,j)enz- We have the
following result from [66],

Lemma 3.3.1. Let (X")pen € Kgp and let X € Kgp then X" —YF X as n — oo if and only if
MX" converges in distribution toward M.

For convenience issue we use the following extension of Lemma 3.3.1.
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Lemma 3.3.2. Let (X")pen € KIEP and let X € Kgp. Let (y,X)ieN be a sequence of random
variables on X and let NX := (d* (y¥, ij))(i’j)eNz. If

1 n
MXn ﬂNX and EZéyix ﬂ,ux,
i=1

then X" —9P X and thus MX and NX have the same distribution.

Proof. Fix k <m € N. Let (Ay, ..., A) be a uniform tuple of k different integers in {1, ..., m}.
Since MXn —(d) N, we have

X" (X" X" (@ (xn (.x" X" @ (x( x X
(% (; T ))1§i,j§k_ (d (xAi’mAj)>1gi,j§k—) " \va v, 1<i,j<k

. 1 m X . . . .
Now since as m — oo, -~ ) ;= %x — u*, taking m — +oo in the above equation yields

Xn oo X" X" @), (X (X X
(d (wz Ly ))1§i,j§k — (d (:CZ ' Ly ))19’7]'99 :
Finally, since k is arbitrary, Lemma 3.3.1 concludes the proof. 0

3.3.3 Gromov-Hausdorff (GH) topology

Let Kgy be the set of isometry-equivalent classes of compact metric space. For every metric space
(X, d), we write [ X, d] for the isometry-equivalent class of (X, d), and frequently use the notation
X for either (X, d) or [X, d].

For every metric space (X, d), the Hausdorff distance between A, B C X is given by

du(A, B) :=inf{e > 0,A C B°,B C A%}
The Gromov—Hausdorff distance between (X, d),(X’,d") € Kgy is given by
dGH((X7 d)7 (X/7 d/)) = Siggb’ (dH(¢(X)7 ¢/(X/))) )

where the infimum is taken over all metric spaces S and isometric embeddings ¢ : X — S,
¢’ : X" — S. dgp is indeed a distance on Kgy and (Kgy, dgh) is a Polish space. (see e.g. [1])

3.3.4 Gromov-Hausdorff-Prokhorov (GHP) topology

Let Kgup C Kgp be the set of isometry-equivalent classes of compact measured metric space. The
Gromov-Hausdorff-Prokhorov distance between (X, d, u),(X', d’, ') € Kgpp is given by

danp((X, d, ), (X', d', 1)) := inf (dp(dap, Popt') + du(H(X), ¢/ (X)),

where the infimum is taken over all metric spaces S and isometric embeddings ¢ : X — 5,
¢’ : X" — S. dgpp is indeed a distance on Kgyp and (Kgpp, dgup) is a Polish space. (see [1])

Note that GHP convergence implies GP convergence, then that random variables GHP measur-
able are also GH measurable. For every [X, d, p] € Kgnp, let [X, d] denote its natural projection
on Kgp. Note that GHP convergence implies GH convergence of the projections on Kgy, then that
the projection on Ky is a measurable function. We will need the following statement.

Lemma 3.3.3. Let ([X",d", p"|)nen and [X, d, p] be GHP measurable random variables in Kgpp.
Assume that almost surely [ X, d, p| have full support. Assume that ([X™,d", p"])nen converges
weakly toward [ X, d, p] in a GP sens, and that ([ X", d"])nen converges weakly toward [ X, d) in a
GH sens. Then (| X, d, p])nen converges weakly toward [ X, d, p] in a GHP sens.

Proof. See Appendix O
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3.3.5 Measurability

We briefly explain why D-trees, P-trees, and ©-ICRT are measurable for the SB, GP, and GHP
topologies. First D-trees are measurable as discrete random variables. Then, it is easy to prove
from the definitions of X, Y, Z, u, that P-trees and ICRT are SB measurable. Also, it is proved
in [16, 40] that P-trees and ICRT are GP measurable. Furthermore, P-trees are GHP measurable,
since we restrict to a finite discrete case.

The GHP measurability of compact ©-ICRT is harder to prove so let us give a sketch of proof.
Let for every [ > 0, uf be the restriction of 1© to [0,1] and let 7,° := ([0,1],d®, uP /u®[0,1]).
One can show that, for every | > 0, ’7;@ is GHP measurable by proving the continuity of SB
(Algorithm 3.3) from Kgp to those subtrees. Then, by Theorems 2.3.1 and 2.3.3, almost surely
(ﬁ@)leR+ converges toward 7 © for the GHP topology so 7© is GHP measurable.

3.4 Main results

In the whole section (D) nen, (Pn)nen, (On)nen are fixed sequences in Qp, Qp, Qg respectively.
Furthermore we always work under one of the following regimes:

Assumption 3.1 (D,, = P). Foralli > 1, dzp" /sPn — pP and sPr — 0.
Assumption 3.2 (D,, = ©). Foralli > 1,d"" /oP» — 69 and d /sP — 0.
Assumption 3.3 (P,, = ©). Foralli > 1, p/" /oP» — 69 and p]™ — 0.

Assumption 3.4 (©,, = ©). Foralli > 1, 9" — 9.

A few words on =-. In most of the paper =- is only used as a notation. However, one can put a
topology on (2 := Qp U Qp U Qg such that = corresponds with the notion of convergence on 2.
Let us briefly explain the main advantages of this approach (see Section 3.8.1 for more details).
First, one can check that (€2, =) is a Polish space, so one can do probability on this space.
Moreover, one can see our results as continuity results for the function which associate to a set of
parameters a tree. Hence, our results can be used to study trees with random degree distributions.
Furthermore one can check that Q)p is dense, so our results on D-trees implies all the others.

3.4.1 Convergence of the first branches

Intuitively, the next technical result on Algorithms 3.1, 3.2, 3.4 tells that the first branches converge.
It is absolutely central for this paper (recall Introduction 3.1.2) and also for the forthcoming [25].

Theorem 3.4.1. The following convergences hold weakly for the SB topology (see Section 3.3.1).
(a) Suppose that D,, = P, then (1,1/sPn)YPn WSB YP,
(b) Suppose that D,, = ©, then (oPn /sPn 1 /oPn)YPn WSB 1O,
(c) Suppose that P, = ©, then (oFn,1/aPn)YFrn WSB 1O,
(d) Suppose that ©, = O, then YOn _WSB YO

3.4.2 Gromov-Prokhorov convergence

First let us specify the measures that we consider. Let €21 be the set of measures on {V; };cn. We say
that a sequence (M, ),en € Q) converges toward M € Q¢ iff max;en M, (V;) — p(V;)| — 0.
In the whole paper, for every D € Qp, MP is a fixed probability measure with support on
VP .= {V;,1 < i < sP}. Similarly, for every P € Qp, M” is a fixed probability measure with
support on V7 := {V.P},., 0. Also, we sometimes let 0 denote the null measure on {V; };en.
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Then we recall the probability measure on ICRT introduced in Chapter 2. For convenient issue,
we write #© = oo when either 89 > 0 or 3.2, 69 = oo, (since u® = oo iff a.s. 1[0, 00] = 00).
Definition (Theorem 2.3.1). Ler © € Qg be such that u® = co. For every | > 0, let ul@ be
the restriction of u® on [0,1] and let pP = p® /1u®|0,1]. Almost surely there exists a probability

measure p© on T such that (p?) 150 converges weakly toward p®.

Let us now state the main result of this section. In what follows, d” denotes the graph distance
on TP and similarly d” denotes the graph distance on 7% .

Theorem 3.4.2. The following convergences hold weakly for the GP topology (see Section 3.3.2).
(a) If D, = P and MP» — MP then

(VP dPr, MP) XL WP aP | (P

(b) If D, = O, MPn 0, and MG = o0 then

(VP (o [P )dPr, MP) ZE(TO,dO,p°).

(c) If P, = O, MPr =0, and MG = o0 then
(VP gPrdPr, MP) 2K (T 4 p®).
(d) If©,, = 0O, and u® = oo then
(Ten, den , p("‘)n) ‘H(T67 d@’ p®)

Remarks. e Theorem 3.4.2 (a) follows from Theorem 3.4.1 (a) since we consider discrete trees.
e There are several canonical measures on trees: uniform on leaves, uniform on vertices. .. We use
generic measures M P so that Theorem 3.4.2 applies to such a variety of measures.
e If MPn denotes the uniform measure on the leaves of 77, then Theorem 3.4.2 (b) follows from
Theorem 3.4.1 (b), Lemma 3.3.2 and the weak convergence % Z?:l dye — pe(Proposition 2.3.2).
To prove the convergence for general MP» we use a coupling between Algorithms 3.1 and 3.6.

e In passing, by Lemma 3.3.2, we reprove (see [16] Theorem 9) that the cuts "are" uniform vertices:
Let © € Qg such that 4® = oco. Let (Aze) be a family of i.i.d.random variables with law p®. Then

(@2, Y2))sjen =V (d°(AD, AD))i jen.

e Results (¢) and (d) are already mostly proved by Aldous, Camarri and Pitman in [16, 40]. Our
only contribution to those results is the small extension of the P-tree model.

3.4.3 Gromov-Hausdorff-Prokhrov convergence

We deduce (see Lemma 3.3.3) the GHP convergence, from the GP convergence given by Theorem
3.4.2, and the GH convergence. To prove the GH convergence, we use the convergence of the first
branches, and prove that the whole trees are close from their first branches. We already estimated
the distance between the ICRT and its first branches in Chapter 2, and we apply similar methods
for D-trees and P-trees. From those estimates, we know when there is convergence, and so state
assumptions to focus only on those cases.

Let us enter the details. We proved in Section 2.6 the following approximation for ICRT:

o +or _ [ dl
w279~ | ey &7

where for every © € Qg and y € RY, 7;9 = ([0, ], d®, pg)). Hence, since we want the trees to be
close from their first branches, we assume for ICRT that:
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Assumption 3.5.
lim limsu /+00 L =0
Y—+00 n—>+o<1? y ZE[M@" [07 lH o

Let us make a similar assumption for P-trees. Here, the previous integral does not converge
since u” [0, 00] = > o2, pi < oo. To solve this issue, we truncate the integral and rely on from the
following generalisation of (3.7):

/

o N Y dl
(2T~ [ e 9

The main idea is then to take 3’ as large as possible such that the approximation (3.8) stays "optimal"
and then to estimate d g (7,, 7). For this reason we assume for P-trees that:

Assumption 3.6. The two following assumptions hold:
(i) Forevery P € Qp, lett” :=inf {{ € N, E[u”[0,{]] > 1/2} and let i” := (07, 1/07 )"
(see Section 3.3.1 for definition of rescaled measure). We have,

oPntPn

lim limsu / L =0
y—+00 n—)-i-oop y [E [Ia’/)n [Oa ZH o

(i) InsP» =o (1/0’73").

For D-trees, we make similar assumptions with another one for vertices of degree 1. Those
vertices have the particularity of "not adding mass" to x while "adding length" to T7. This is an
issue, since intuitively, as the construction goes on, adding vertices normally increases p which
results into having smaller branches.

Assumption 3.7. The three following assumptions hold :
(i) Letforevery D € Qp,tP :=inf {l € N, E[P[0,1]] > NP /2} and iz := (6P /sP,1/0P )P

We have,
oPn Dn
lim i o a___
1m l1imsu e T .
v 0 nston Sy IE [0, []]
(i1) In (s>2) ]fﬁ;; =0 (j ") where for every D € Qp, 322 = #{i €N, iD > 2}.
(iii) ﬂ% =0 ( ) where for every D € Qp, sP := #{i ¢ N,dP = 1}.

Remarks. We discuss here the necessity of the different assumptions for the GHP convergence.

o First (i) corresponds to the compactness of ICRT. Although we do not prove it, we are conviced
that (i) is necessary as one can adapt the argument of Section 2.6.3 to prove that there is no possible
convergence otherwise. In applications ¢t and 7 are hard to compute, however since the integral
"grows slowly" one can often choose much more convenient bounds for the integral.

e Although natural, Assumptions 3.6 (ii) and 3.7 (ii) are not necessary as Lemma 3.7.8 is sub-
optimal.

e Assumption 3.7 (iii) is optimal: The right hand side is the typical distance between two vertices.
The left hand side is the typical size of the longest paths that are composed of vertices of degree 1.
Hence when those paths are too long D,,-trees can not converge.

e Although (ii) and (iii) of Assumption 3.7 look similar, they are not equivalent. However, we have
the following implications: If (ii) holds and either s2" = O(sgg) or NPr = O(s>2) then (iii)

holds. If (iii) holds and 525 = O(s7™) then (ii) holds.
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Theorem 3.4.3. The following convergences hold weakly for the GHP-topology.
(a) If D,, = O, MP» — 0, and Assumption 3.7 is satisfied then

(VP (o 5P )dPr, MPr) SR (T, a0, p°).
(b) If P,, = ©, MPr — 0, and Assumption 3.6 is satisfied then

(VP o PrdPr, MPn) Y (T 49 ).

(c) If ©, = O, and Assumption 3.5 is satisfied then
(7—9”’ d®n,p®n) VVG_H>P(7-@’ d®7 pe)
Our proof of Theorem 3.4.3 follows a method of Aldous [10]. The main idea is to upper bound

for a suitable sequence (k;,), the sum ) dp (Ty, , Tykn+1 ). To this end note that for every n,

dH(TYknvnan) =k max  d(Y;, Ty, ),

7L<71Skn+1
and that for 7 > k,,

d(YtM TYkn) :(d) d(Ykn+17 7-Yvkn) - Ykn-l-l - Ykn

The rest of the proof is just a computation using large deviation inequalities and union bounds.

Remark. This method was used in [10] to prove that the Brownian CRT is compact, and by taking
the limit of those bounds one can give an alternative proof for the compactness of ICRT.

3.4.4 Height of D-trees, P-trees and ICRT

With the same method, we obtain some upper bounds for the height of D-trees, P-trees and ICRT:

Theorem 3.4.4. There exists some constants ¢, C > 0 such that:
(a) ForeveryD € Qp and x € RT:

oP

D
tP dl In(s2,)e? 4P In(NP)
P (e H(TP 22 —
¢p (T7) > x—l—/l B

_ + + < Ce_ch[ﬂ’D[va”.
oA ()

(b) Forevery P € Qp and x € RT:
P (coPH(TP) > +/
1

(c) Forevery©® € Qg and x € R*:
oo dl

P <cH(Te) > T —I-/x B[O, 1]

Remarks. e There is a (non matching) lower bound in the case of the ICRT. Indeed, note that
H(T®) > Y{ then that

P(YE > 2|u®) = e Jo nI0Mdl > o—wu®l0a]

PP

dl

Pin(sP) | < p—ceElE" [0,2]]
E[P[0, 1] + 0" In(s )) <Ce .

) < Ce—ch[u@ [0,z]] _

and then by convexity of [ — ¢!,
[[D(Y19 > 1) > o vEluC[0,]]

Although we do not pursue in this direction, one can show similar bounds for D-trees and P-trees.
e The other terms are almost optimal as they correspond to Assumptions 3.5, 3.6, 3.7.

e Addario—Berry, Devroye, Janson [7] and Kortchemski [58] prove similar upper bounds for Galton—
Watson trees and Lévy trees. Also Addario—Berry [2] prove a weaker result on D-trees, which is
similar to our result in the "small"-degree case and simpler to compute.
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3.5 Convergence of the first branches of D-trees

3.5.1 Convergence of D-trees toward P-trees: proof of Theorem 3.4.1 (a)

Recall Algorithms 3.1 and 3.2. Let (D,,),en be a sequence in 2p and let P € Qp such that
D,, = P. We saw in Section 3.2.2 that in this case (AD")neN converges weakly toward AP as
n — oo. Hence, we may assume that a.s. for every ¢ € N, A?” — AP,

Our goal is to prove that (1,1/sP»)YP» — Y7 for the SB topology defined in Section 3.3.1.
Since we work with discrete random variables, note that it suffices to show that for every i € N,
XiD” — XZJ, YZ.D” — Yip, ZiD” — ZZ-P and that MD"/SD” — ,up. First we have for every ¢ € N,
XPr =inf{j e N,A?" =V} —inf{j € N, AT =V;} = X7

]

Then we have for the Skorohod topology: (There is no issue involved with the sum of diracs here
since all atoms lie at integer point.)

D.
n D. (e'e]
1 : > —1
Dy _ i sko P_ P
$Dn M _E:‘Sxf" <Dn 35:5X2’pi It
i=1 i=1

We now study the cuts and the glue points which correspond to repetitions in (A?”)lgg Dn—1.
Here, some extra care is required since the vertex V. "is split" into many others in Algorithm 3.2.
For every i, j, k,n € N, we have

X @ (@Pr-1) 0 X1

PAP = A7 < Vado) = 3 iy (g < O o0

So, we may also assume that for every ¢,j € N, there exists k& € N such that for every n large
enough we do not have AZD" = A?” € {Va}a>k- Or equivalently, for every 4, j € N such that
AP = A}D = V&, for every n large enough AiD” # A?”. Also, for every ¢,j € N such that
AZP = A}D # Vo, for every n large enough AiD” = A?". It directly follows that for every ¢ € N,
V;Pr — Y7 and ZP" — ZT. This concludes the proof.

3.5.2 Preliminaries: D-trees and P-trees can be seen as modifications of ICRT

In this section, we give a rigorous meaning (Lemma 3.5.1) to the following informal statement: If
one gives to each edge e of a P-tree a length [, such that (.).c7» is a family of i.i.d. exponential
random variables of mean o, then this P-tree is quasi isometric to an ICRT. Also, although the
connection between D-trees and ICRT is not as simple, we prove a similar statement for D-trees
(Lemma 3.5.2), which is key in our proof of Theorem 3.4.1 (b).

We first introduce "length change" on K58 (recall Section 3.3.1). Let IF be the set of increasing
bijection from R™ to R™. Forevery f € F, A > 0and T = ((X;, Y}, Z;)ien, 1) € Ksp, let

Note that for every f € F, A > 0, the map T ~— (f, A\)Y is continuous and so measurable.

Lemma 3.5.1. Let P € Qp, let © = (0,p1/0,p2/0,...). Note that © € Qg. Let {l;};cn be a
family of i.i.d. exponential random variables of mean o. Let f € F be such that for every i > 0,
f(oi) =31 _, lg. Then (f,1/0)YT and Y® have the same distribution.

Proof. We omit the proof of Lemma 3.5.1 since it would be too similar to the proof of Lemma
3.5.2. (See also Camarri, Pitman [40] Section 4.1 who introduce a similar connection.) L]

The connection between D-trees and ICRT is not as simple. However we have the following
construction which "replaces" ICRT.
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Algorithm 3.5. Definition of "the continuum D-tree": TP,

— Let (X;);en be a family of independent exponential random variables of parameter (d;/o);en.

— Let 2 be the measure on R defined by i = > 7, 0%, (di—1)/o.

— Let (Y;, Z;)ien be a Poisson point process on {(y, z) € RT2 : y > z} of intensity dy x dji.

— Forevery i € Nwith d; > 1, let Ux ; be uniformin {1, ..., d;}.

— Forevery j € N, let U; be uniform in {1 ,di}\{Ux} where 1 is the unique index such
that X; = Z (U; is well defined since Z is in the support of /i, which is {X;};. «d;>0-)

— Let ky < -+ < ky be the indexes such that (Zi, Uk) ¢ {(Z;,U;),j < k}. (Thereis a.s. N
such indexes since N = Y., o di—1=#{(i,u) e N*: d; > 0,1 < u < dj,u # UXl})

— Forevery 1 <i < N, let Y; = Yki and let Z; = Zk For every i > N, let Y, = 7; =

- Let TP = (X3, Yi, Zi)ien, )-

The following result is the analog of Lemma 3.5.1 for D-trees.

Lemma 3.5.2. Let D € Qp. Let (EP )1<i<sP—1 be a family of independent exponential random
variables of mean (o /(s? — i) ;<o and let fP € F such that for every 1 < i < sP — 1,
fP(i) =>4 _, EP. Then (fP,1/0P)YP and TP have the same distribution.

Proof. Note that it suffices to construct a coupling between Algorithms 3.1 and 3.5 such that a.s.
(f(X3), f(Y2), f(Z:))ien = (Xs, Y3, Zi)ien. To this end we use the same "starting randomness"
for both algorithms:

Firstlet I := {(i,j) € N},1 <i < s,1 <j < d;}. Forevery (i,j) € I, let P; ; be a Poisson
point process on R™ with rate 1/0 and let E; ; = min P; ;. For every i € N such that d; > 1 let
k; = argmin{E; ;,1 < j < d;}. Finally let Iy = I\ {3, k; }1933.

Toward Algorithm 3.1, sort {(E; j, Vi, j) } (i,5)er by the first coordinate as (¢;, Bi, K;)1<i<s—1-
One can easily check, that (¢;)1<i<s—1 is independent of (B;, k;)1<i<s—1, that (¢;);en have the
same distribution as (f(i))1<i<s—1, and that (B;, k;)1<i<s—1 is a uniform permutation of I. We
omit the trivial details. As a result, (¢;, B;)1<i<s—1 have the same distribution as (f(7), A;)1<i<s—1.
Therefore we may assume that forevery 1 <i < s — 1, (t;, B;) = (f(i), 4;). It directly follows
that for every ¢ € N such that d; > 1,

f(Xi) = f(min{j € N, A; = V;}) = min{f(j), 4; = Vi} = min{E;,1 <k < d;} = E

(3.9)
Then by a similar argument,
Y0, f(Zi) h<isn = {Eijs Bik: }j)el- (3.10)
Toward Algorithm 3.5, note that E; i, is an exponential random variable of mean d; /o and that
k; is uniform in {1, ..., d;}, hence we may assume that
Xi=Eir, ; Uxi=ki (3.11)

Then, note that conditionally on (k;)1<i<s and on (E; 1, )1<i<s. U(i Vel Pijx{Eik}x{j}isa
Poisson point process on RT3 of intensity

> g, <edr X 0p,, % 5. (3.12)
(i-j)€l2

Also note that conditionally on (Xihgigs and on (Ux i)1<i<s, {}Afz, Z;, Uz.i}ien is also a Poisson
point process with the same intensity as in (3.12). So we may assume that

(i, Zi,Uzitien = |J Pij x {BEix} x {4} (3.13)
(i,)€l2
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Therefore, by "keeping" the first point of each line {y, 2, u},cr+ in both side and by "deleting" the
last coordinate, we have,

(Y, Zih<i<n = {Eij. Ei g, Yij)eto- (3.14)

Finally by (3.9) and (3.13) we have (f(X5))ien = ()N(i)ieN.~Al~so by (3.10), (3.14), and by
monotony of (Y;);en and (Y;);en we have (f(Y;), f(Z;))ien = (Yi, Z;)ien. d

3.5.3 Convergence of D-trees toward ICRT: proof of Theorem 3.4.1 (b)

Fix (Dy)nen € Q% and © € Qg. We assume that D,, = O, that is d?”/sD” — 0and Vi € N,
dPr JaPn — 69, and we prove that (6P /sPn 1 /aPn)YP — T© weakly for the SB topology.
To this end, we follow the steps of Algorithm 3.5 and concludes by using Lemma 3.5.2.

Lemma 3.5.3. If D,, = O then jointly in distribution for every i € N, )N(Z-D” — Xie and i’ — p.

Proof. The convergence of the variables (X ;D ")ien is immediate from their definitions. Hence by
the Skorohod representation theorem we may assume that a.s. for every i € N, X iD " — XZ-@.

We now prove that jointly with the previous convergence, ji”" — u© weakly for the Skorohod
topology. To this end, for every D € Qp and k € N we split z — P[0, z] into

k 00
FPsh g > lgpo,(df —1)/o” and FPZ* .z > lipe, (dP —1)/o”.
i=1 i=k+1
And we show that if (k,),en is a sequence increasing sufficiently slowly to +oo then for every
z > 0 (a) almost surely FP»<Fn(z) — S, 1ye,0; and (b) FPr>kn (1) — 022 in probability.
Note that provided (c) (#P=)™€N is tight for the Skorohod topology, a sum of (a) and (b) yields the
desired result.

Toward (a), recall that for every ¢ € N, a.s. XiD” — XZ-@, and that D,, = 0. So if (kp)nen
increases sufficiently slowly to +oco then by bounded convergence for every z € R™ a.s.

kn
Dn,<kn _ Dn, Dn ©
FPn= (93) = lef’ngx(dz‘ - 1)/ — Z 1X@<xez .
i=1

¢ n—00
=1

To prove (b) we use a second moment method. We have for every z > 0,

. = dPr -1 D N . | dP»
DTL7 n p— i % n J— : j
E [F z (aj)} = E ZJT]P’ (Xi < 1‘) = E ZJDn 1 —exp xUZDn .
i=kp+1 i=kp+1
Then, since k,, — oo and since D,, = O,
[e’e] D. D. kn D D.
d"—ld" d”d”—l)

E |:FDn7>kn } =1 — — T — 92 = 9 s

(x E =5 =zr—z E r—x E x0;

i=kn+1 =1

where the last convergence holds by bounded convergence when (k,, ),cn increases sufficiently
slowly to +o00. Also similarly for every x > 0,

400 d'Dn -1 2 5 an
dmonia]s (T e(em <) < Bosalrmonca] -
i=kp+1

And (b) follows.
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Toward (c), forevery 0 < x <y < z,and n € N we have,

A™x,y,2) = E [[57" (y) = 57 (@) || (2) = 57" ()]
00 D D,
P 1 P -1
=E [ 1x<XD"<y U Zly<XD”<z (TDn ]
=1
N dPr — 1 N dPr —1
:ZP(:B<XZ.D”§y) — IP’(y<X]D"§z) jD
ag-n ag-n
i#]
> . a1\’
g( Po<XPn<z) "y ) . (3.15)
0’ n
i=1

Then by definition of (X iD ")ien and by convexity of z — e”,
P(.T < X’Z)n S Z) — 6—diD7l/o'Dnz _ e*diDn/g"Dnm S dZDn/O_Dn (Z _ x)

Hence, by (3.15) and definition of oPn,

2
00 D D.
d:." d.m—1
Ay < | Y -0t | = et
i,0;=1
Finally since z, y, z are arbitrary (c) follows. O

It directly follows from Lemma 3.5.3, and the definition of (}AfiD", Z? ") (see Algorithm 3.5),
that

5 5 ‘ A ~py WSB
TP = (X7, Y5 20 )ien, A7) = 0. (3.16)
We omit the trivial details, and refer for instance to Lemma 4.24 (ii’) of Kallenberg [57] for more
precision on convergence of Poisson point process.

The following lemma implies that we can "replace” in (3.16) (YiD”, ZZD” )ien by (f@D”, ZZ.D” )ieN-

Lemma 3.5.4. Assume that D, = © then for every i € N,

P (VP = ¥VPrand 2P = ZP7) — 1.

n—o0

Proof. Let for D € Qp, mP = inf((YiD)z‘eN\(ﬁDhgigN). Note that it is enough to show that
for every [ € RT, P(mP» > [) — 1. To this end, we lower bound P(mP > [) for D and I fixed.

First let us recall some notations introduced in the proof of Lemma 3.5.2. Let I := {(i,j) €
N?,1 <i<s,1<j<d;}. Forevery (i,5) € I, let P, j be a Poisson point process on R™ with
rate 1/0 and let E; ; = min P, ;. For every ¢ such that d; > 1let k; = argmin{F; ;,1 < j < d;}.
Then let I, = I\{Z k; }1<1<5

Now, recall that {Y; }ien\{Vi }ien = U {P;;\{E; ;}}. So that by the union bound,

J)EL2
Pm>1) < S P(I1 <) <di: (i,9) € b, #(P; 01 [0,1]) > 2). (3.17)
=1

To simplify the notation, let ), ., . S; denote the sum above. We split this sum in two according
to "whether d; is small or large", and we upper bound each part.
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On the one hand, note that if there exists 1 < j < d; such that (¢, j) € Iy and #(P; ;N[0,1]) >
then # (U <j<q, 2, N [0,1]) > 3 and d; > 2. So that for every 1 <i < s,

ld;  12d? di\?
Si<P|#| |J Pyn[0,1] =3 :1—e_ld"/‘7< 20>§<zo),

1<5<d;

where the last inequality comes from the fact that for every z > 0, 1 — e (1 + x + 22/2) < 23
Then for every € > 0,

AN di(di —1) 4
D S Y lax (zg) <o’e Yy g e (3.18)
i,d; <eo i,d;<eoc i,d;<eoc
On the other hand, we have by a similar argument,
Si < AP (#(Pi1N10,1]) >2) < dil*/o?,

and when eo > 1,

l2

Y P< Zl Z — dgl)gw_l. (3.19)

i,d;>e0 i,di>e0 d;>e

Therefore, summing (3.18) and (3.19), we have for every n € N,

2

P(mPr > 1) < 203 + (3.20)

ggPn —1°

Then as n — 400, D,, = O so 0P — 0o and the right hand term in (3.20) converges to 2¢. Since
¢ is arbitrary, P(mP» > ) — 0. Since [ is arbitrary, this concludes the proof. O

Proof of Theorem 3.4.1 (b). Recall for D € Qp the definitions of fP and { EP}, ., introduced
in Lemma 3.5.2. First it directly follows from Lemma 3.5.4 and equation (3.16) that weakly for the
SB topology TP» — Y© as n — oo. Furthermore by Lemma 3.5.2, (fPr,1/0P»)YP~ and YPr
have the same distribution. So, by Skorohod representation theorem we may assume that both the
convergence and the equality holds almost surely, hence almost surely

(fPn,1/6P)YPn — 1O, (3.21)

Let forn € N, \, := sPn/aPn. For every x € RT and n € N, we have by definition of fP»
and {Eipn}ngst

[Anz] [Anz] Dn oDn

E[fP ()] = Y E[EP )= Y — o

S N P —
i=1 i=1 sPn — i At sPn — O(An) n—oe

Similarly,
Anz] Anz] oD \2
VP (W)l = 30 VIEL = 3 (=) —0
i=1 i=1
Therefore =+ fPn(\, ) converges in distribution for || - || toward the identity on any interval.

Then by Skorohod representation theorem we may assume that this convergence holds almost
surely. The convergence (1/\,,, 1/0P7)YP» —SB Y© then follows from (3.21) and a deterministic
topological verification. O
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3.6 Gromov-Prokhorov convergence of D-trees

3.6.1 Preliminary: vertices with small degree behaves like leaves

Recall that, by Lemma 3.3.2, to prove the GP convergence, we need to show that the distances
between random vertices converge. To do so, we introduce a generalisation of Algorithm 3.1 which
constructs sequentially the subtree spanned by the root and W7, ..., W; where W = (W;); <;<¢p is
any permutation of V7. Then, we couple it with Algorithm 3.1 to show that whenever W W, ...

have "small" degree, those subtrees are close from the subtrees spanned by the first leaves (see
Lemma 3.6.2). This agrees with the intuition that vertices with small degree behave like leaves.
Naturally, this is also true for random vertices, which typically are distinct and have small degree.

Algorithm 3.6. General stick-breaking construction of D-tree.
- Let AP = (Ay,..., A,_1) be a uniform D-tuple.
- Let TPV .= ({A,},0) then for every 2 < i < s let

oW _ Tioa U{Ai-1, Ai} if A; ¢ T,
’ Tia U{Ai1, Wingewier,_ 1yt ifAi € Tiqori=s.
- Let TPV denote the rooted tree (T}, A1).

Remark. If forevery 1 <¢ < N + 1, W; = L; then Algorithm 3.1 and Algorithm 3.6 follow the
exact same steps, hence T7'W = TP,

T’D,W

Proposition 3.6.1. For every D € Qp, and W permutation of VP is a D-tree.

Proof. See Appendix. 0

Before stating the main result of this section, let us define the relabelling operation. For every
graph G = (V, E) and bijection f : V — V', let f(G) := (V', {{f(2), f(¥)}} {zp1cE)-

Lemma 3.6.2. Let D € Qp and W = {W;} ;< 0 be a permutation of VP. Let 1 < k < NP
and let f;, : VP — VP be a bijection such that:

Vi<i<k fi(Wi)=Li ; YV &{Wih<<U{Lih<i<t fr(V)=V.

Then for every 1 < 1 < sP, (where by convention for i € N, dei = diD)
P (fk (T%)W> ” T;zp) <PYP >0 +1(dR, +...d5,) /(5P —1).

Proof. Note that fk(T;fk/) = Ty, whenever {W;}1<;<k N {A1,..., Ay, } = 0, since in this case,
up to relabelling, Algorithm 3.1 and Algorithm 3.6 follow the exact same steps. Therefore:

P (fu(Ty)) # Tv,) < P(Vi, > 1) + PUWihi<i<i N {A1, ..., A4} #0),
l k

<SP >0+ Y PA=W)),

i=1 j=1
ZP(Yk>l)+l(dW1+...de)/(s—l). ]
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3.6.2 Convergence of D-trees toward ICRT: proof of Theorem 3.4.2 (b)

To simplify the notations we write for D € Qp, AP := sP /o,
First recall the assumptions of Theorem 3.4.2 (b): D,, = ©, MP» — 0, and ® = 0. In this
case we have by Theorem 3.4.1 (b) the following joint convergence in distribution,

(VP NP i, (ZP7 AP ien) ~5((Y2)iens (Z2)ien)- (3.22)

Moreover, note that the distance between the leaves of a tree constructed by stick breaking is
"entirely determined" by the positions of the cuts and the glue points. More precisely, for every
i < j € N, there exists a measurable function g; ; : RT? +— R such that for every n € N large
enough (such that there is at least j leaves) and © € Qg:

(dPr /AP (LE L2 = gi g (VP IAP )1<hsss (Z07 /AP )1<h<s),
and
d°(V2,YP) = gi; (Vi )1<k<js (Z9)1<k<y)-

Therefore, by (3.22) we have the following joint convergence in distribution:
w
((dPr /NP (LD L)) jen —(d (Y2, Y)0)i jen)- (3.23)

Now for every n € N let (Wip")ieN be a family of i.i.d. random variables with law MP».
Recall by Lemma 3.3.1 and by Proposition 2.3.2 (see Section 3.4.2) that it suffices to prove that

w
((dPm /AP Y (WP WP jen —=(d2 (Y2, Y}2))i jen (3.24)
To this end we use the coupling introduced in Section 3.6.1 to derive (3.24) from (3.23).

Beforehand, note that for every n € N, (WiD")ieN is not a permutation of VP so we

can not directly apply Lemma 3.6.2. However, since MPn 0 we have for every 7,5 € N,
P(W; = W;) — 0. Hence, there exists a family (WPn),cn = ((Wp"hgigsDn)neN of random

(2
permutations of VP such that for every i € N, P(W" = WPr) — 0.
We now apply Lemma 3.6.2 to those permutations: We have for every n,k € Nand [ € R™,

N D
v [ 7Dn,WPn D, D, D AT D, . Dn
P(fk <TYan ) TYan> gIF’(Yk >\ z)+ELDn_1 <d~lpn+ +d~’?n>},

where f,? " is the relabelling function defined in Lemma 3.6.2. Moreover note that the last term
converges to 0. Indeed since MP» — 0, for every i € N, d%pn /oP» — 0 in probability. And by

bounded convergence the last also convergence holds in expectation since d?" JoPr — ) < 0.
Therefore for every k, [ fixed,

limsup P (fk n (ng;WDn> #* qu%) <limsupP (YkD” > )\D"l> .
k

n
n—o0 k n—o0

Therefore, since [ is arbitrary and since by Theorem 3.4.1 (b) AP~ YkD" — Y,? weakly as n — o0,

n—o0

lim sup P ( fPn (Tpg;fVD") ” TDgn> — 0. (3.25)
Yk Yk
Finally, since relabelling does not change the distance in the tree,
drv ((dD” (L7 L)) j<ks (dD”(WZ-D",W]p"))i,jSk) — 0,
where dry stands for the total variation distance. Therefore since Vi € N, P(W" = WPr) — 0,
drv ((dD”(L?"v L7™))i <k (dPn (WP, W]-D”))i,jgk) — 0. (3.26)
And finally, (3.24) directly follows from (3.23) and (3.26). This concludes the proof.
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3.7 Gromov-Hausdorff-Prokhorov convergence and height of D-trees

3.7.1 Preliminaries: purely technical results on 1 and ;

The reader can safely skim this section on a first reading and refer back to it when needed.

We want to estimate p since it "dictates" the stick breaking construction. However p is hard to
estimate as a sum of dependent random variables. For this reason, we estimate instead [ introduced
in Algorithm 3.5, and we use in the next sections Lemma 3.5.2 to "replace" by i when needed.

Lemma 3.7.1. ForeveryD € Qp andl € RT,

P (iP[0,1] < E[iP[0,1])/2) < e ="M/,

Proof. Recall that (X;);cn is a family of independent exponential random variables of parameter
(di/0)ien, and that i = Y071 64 (di — 1) /o. Soforevery 1 <i < s, P(X; < 1) =1 — e 4/,
and hence /1[0, {] — E[f[0, []] can be written as a sum of independent centered random variables:

0,1 — E[a[0,1)] =Y M; whereforl <i<s M;:= (%@-gz 14 e*ldi/ﬂ) (di — 1) /0.
=1

We now compute some exponential moments. First for every ¢ such that d; > 2,

E [GXP (ld,d_i 1M1'>] = exp (—(ldi/a)e‘ldi/”) (IP’(XZ- <) +P(X; > z)eldi/o)
— exp (_(ldi/o_)e—ldi/a) (1 _eldifo e—ldi/creldi/a>
= exp (—(ldi/a)e_ldi/" + log (2 — e_ldi/">> .

Then since for every z > 0, —ze " +log(2 —e @) < z(l —e %) /4,

E [exp (—z didi 11\4)} < exp ((ldi/a)(l _ eldifo) /4) .

So by concavity of t — ¢t(di—1)/di on R,

di —1

E [exp (—IM;)] < exp (l (1- e_ld"/”)/4> :

Therefore, since M; = 0 when d; < 1, multiplying over all ¢ such that d; > 2 we get,
E lexp (=1 (a[0,1] — E [a[0,]]))] < exp (IE [a[0,1]] /4) .
Finally the desired result follows from a simple application of Markov’s inequality. O
We now upper bound some "numbers of cuts". More precisely, for every 0 < m < N/o let
Xy, = inf{l € R* E[z[0,]]] <m} andlet &, :=min{ieN,j0,Y;]>m}. (327

It is easy to check that [ — E[f]0, m]] is a continuous and strictly increasing function of m so that
forevery 0 < m < N/o, E[1[0, X,,,]] = m. Moreover, we have the following upper bound on &,,:

Lemma 3.7.2. Forevery 0 < m < N/(20),

P(gm > 3Xy,,m + 1) < Qe—XQmm/Q.
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Proof. First by Lemma 3.7.1 1[0, Xa,,] < m with probability at most e~%2mm/2 In the following
we work conditionally on /i and assume that this event does not hold.

Note that &, — 1 = max{i, [0, Y;] < m} < max{i, 1[0, Y;] < m}. Also since conditionally
on /i, {¥;}ien is a Poisson point process on RT with intensity /[0, {]dl, max{i, u[0,Y;] < lo}
is a Poisson random variable with mean [ 7i[0, {|dt where a := max{a € R", [0,a] < m}.
Therefore since by our assumption o < X, and since [0, ) < m, &, — 1 is bounded by a
Poisson random variable of mean X5, m. Finally the result follows from some basic concentration
inequalities for Poisson random variables (see e.g. [32] p.23). 0

Lemma 3.7.3. The following assertions holds:
(a) Forevery0 <m < N/(160), Xap, < 0/8.
(b) Forevery x > 0, E[1]0, z]] < x. Hence, for every 0 < m < N/o, m < X,.
(c) Foreveryx >1/2, E[f[0,z]] > 1/6.

Proof. Toward (a), simply note that x — E[[0, ]| is increasing and that

1.0 " di—1 4 o\ d; — 1 2\ N
Blajo§]) =X (1-e®) 2 (1) Ttz = (1 78) T2 2m
Similarly for (b), note that
B . d—1 g (i — 1)(d;)w
B0, = (1-caz) <y D)
[72[0, z]] Z; . € < Z; = T
Finally for (c), since forevery 0 < x < 1,1 — e™* > x/3, note that
. L di—1 4 " (d; —1)(di) 1
E[7[0,1/2] = @—» a)> Wi = NG 2 O

Lemma 3.7.4. Recall that [i is the real measure on R such that for every | > 0, g—z [O, j—f,l} . For
every | € RT, we have E[]0,1]] < 2E[z[0, ]].

Proof. Fix | € R*. Since p = > 7, dx,(di — 1) = >0, Sinf{1<j<s,A,=v;}(di — 1) and since
fi=>;_ 0%, (di —1) /o, we have by (3.1) and linearity of the expectation,

) =3 (1P (e #0)) S =3 1 TT (1-5%5) ) 4

i=1 i=1 j=1

and

On the one hand, if [ > o/2 then:

E[f0, 1] _i (1 —e 7) Z( —1/2) - —1s ;Z dia_ Ly %E[/Z[O,l]].

=1 =1 =1

On the other hand, if | < ¢/2 then, by convexity of z — e®, forevery 1 < i < s:
5] d. d\ st/o] / /
1— 1-——)<1-(1-22 <1 —e2hllo <2(1 — emdil/o),

S —
=1 J

Hence by summing over all 1 < i < o, we get E[2]0,[]] < 2E[z[0,]]. O
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We now prove several results that will be used to prove Theorem 3.4.3 (a).

Lemma 3.7.5. Let (Dy)pen € QlN) and © € Qg. We have the following assertions:
(a) If D,, = O, then for every x € RT, E[iP"[0, z]] — E[u®]0, z]].
(b) If D,, = © and Assumption 3.7 is satisfied, then 1 = oo
(c) If D, = O and Assumption 3.7 is satisfied, then the ©-ICRT is almost surely compact.

Proof. Toward (a), we have have by bounded convergence, provided some justifications,

u dpﬂ -1 Dn ;D dD"
E ~Dn, — 4 1— —xd; " [P /)
P (0.0]) =+ 30 ( e : )

oDn
i—1

—x+ Y 0;(1—e " —26;) = E[u°[0,z]). (3.28)
=1

So it remains to justify (3.28). We have for every n € N and ¢ € N such that dzp" > 2,

(d”) AP —1) i S )2

oDn <2 : ( 'Dn)2 ( Dn)Q

So forevery n € Nand i € N, since forevery 0 <y < v/2,¢e¥ — 1 — z < 42,

2
Dn, D, Dn, Dn,
e S R . i WO et O (L - 23/2
oDn ocDn | =  oDa oDn | = j3/2°

And the convergence in (3.28) follows.
We now prove (b) and (c¢). First by Assumption 3.7 (ii), oPn = o(N D”). Then, by Lemmas
3.7.4 and 3.7.3 (b), forevery n € N, z > 0,

B (1 [0.(:% /o™ )a]] = aB 1 0.5]] < 2007 = o(NP").

So, writing for every D € Qp, tP :=inf {l € N, E[uP[0,1]] > N /2}, we have for every > 0
and n € N large enough,

E[,uD” [O,tD"]] >E [,uD” [0, (sD"/UD”)xH )

Thus, (P /sP)tPr — 0.
Moreover, since for every n € N, z +— E[aP[0,z]] is increasing, we have by (a) and by
bounded convergence, for every 0 < z <y,

voodl vooodl
/x [ [P0, 1]] /ac [E [u®[0, 1]

Hence, by Lemma 3.7.4 and since (6P /sP7)tPr — oo, we have for every 2 > 0,

oPn Dn,
.. Dn 't dl ..
lim inf — > liminf

e dl 1 /°° dl
ey E[ZD0,0] = noee /|, R [P0.0] = 2., E[O0.1]

It directly follows from Assumption 3.7 (i) that f m < 00. Therefore, 1© = oo, and by

Theorem 2.3.3 the ©-ICRT is a.s. compact. O
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3.7.2 Height of D-trees: Proof of Theorem 3.4.4 (a)

Fix D € Qp and 2 € R™". Our proof of Theorem 3.4.4 (a) is based on the following inequality

)+ Cl]@{(TyjK,T)7 (3.29)

K-1
H(T) < H(Tyjo) + Z dH(Tin?TinH
j=0
where 0 < jp < --- < jg < N and K € N are well chosen. We will detail this choice later.
Beforehand, let us introduce some notations that will simplify many expressions. First let for
everyi < j €N,

A(i,7) = dy(Ty;, Ty,). (3.30)
Then for every ¢ € N, let:
A(0,8) == H(Ty,) s A6,27) = | _max d(Ty;, Vo) s A27,00) := max d({Va}i<ossdizz: Vo)-

So (3.29) can be rewritten with those notations, and by splitting the last term in two, as:

K-1
H(T) < A0,j0) + Y AGi jir1) + Aljx, 27) + A(27, 00). (3.31)
=0

Also recall from (3.27) the definitions of A}, and &,,. Define (E;)1<i<s—1 and f as in Lemma
3.5.2. By Lemma 3.5.2 we may assume and will for the rest of the section that a.s. (fP,1/0P)YP =
YP. In particular, for every 0 < m < N/o,

&m = min{i € N, p[0,Y;] > om}. (3.32)

The rest of the section is organized as follows: We upper bound each of the four terms of (3.31)
then we sum the upper bounds to prove Theorem 3.4.4 (a).
First we have the following upper bound on A(0, ) < Y;:

Lemma 3.7.6. For every 0 < m < N/(20) such that Xa,, < 0/8,
P (Ye, > 32 Xop +2) < 5e /2
o

Proof. Let a :=inf{i € N, u[0,7] > om}. Let us upper bound v and then Y¢, — «. First since
(fP,1/6P)YP = TP we have a = inf{i € N, [0, f(i)] > m}. So by monotony of z s ji[0, z]
and by Lemma 3.7.1,

P(Xsm < flam — 1)) < P(EI0, o] < m) < e~ m/2, (333)
Then, by definition f is increasing and forevery 1 < i <'s, f(i) = 22:1 E,? S0,
P((fla—1) < Xom) N (a>2(s/0)Xom +2)) <P(f(2(s/0)Xom + 1) < Xop,)
[2(s/0)X2m ]
< IP’( Y Ei< X2m> . (334
i=1

Furthermore, since { £;} is a family of independent exponential random variables of mean greater
than o /s, we have by classical results on the Gamma distributions (see e.g. [32] Section 2.4),

[2(s/0) Xom ]
]P)< Z E?, < X2m> g e_(s/(QO')XQm)‘

=1
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Therefore, since m < N/(80) < s/(8¢) we have by (3.33) and (3.34),
P (o > 2(s/0)Xom 4 2) < 267 ¥2m/2, (3.35)

Now let us upper bound Y, — «a. Note from (3.32) that Y, is the first index of repetition in
{A;}1<i<s—1 after o, and that « is a stopping time for {A;}1<i<s—1. So by (3.1), conditionally on
{Ai}t1<i<a» Ye,, — ois bounded by a geometric random variable of parameter (1[0, o] — &, +1)/s.
Hence,

P(Ye,, —a > (s/0)Xom| {Ai}1<i<a) < exp (=Xom(p[0,0] = &m +1)/0). (3.36)
Furthermore by definition of a, by X5, < /8, and by Lemma 3.7.2,
P(u[0,0] — &m+1<om/2) <P(&m > om/241) <P (& > 3m&y, + 1) < 20 ¥2m/2,
So by (3.36),
P(Ye, —a>(s/0)Xop) <P (p[0,0] =&, —1<om/2) + e~ mAem/2 < 3emXam/2
Finally summing the above equation with (3.35) yields the desired inequality. O

Lemma 3.7.7. We have the following upper bounds on A(j, k):
(a) Foreveryl < j <k < N,andt > (,

P (A(j7 k) > t| {Az‘}lgigyj) < (k- j)e—t(u[(lj]—j)/s'
(b) Forevery 0 < m < N/(20) such that Xoy, < o/8 andt > 0,
P (A(fm/% gm) > t) S 2€—X2mm/2 -+ 3X2mme_t(am)/(85)_

Proof. Toward (a), note that A(j, k) = max;<;< d(L;, Ty;) where (L;)1<i<n are the different
leaves in VP that are used in Algorithm 3.1. Also by symmetry of the leaves, for every j < i < k

d(Li, Ty;) =Y d(Lis1, Ty,) = Yj1 — Yj. (3.37)
Hence, for every t € R™
P (A k) >t {Ah<icy;) < (k= j)P(Yjp1 — Y > 1).

On the other hand, Y} is by definition the first repetition in {Ai}1<i<s—1 after Y;, so by (3.2)
Yj+1 — Y is bounded by a geometric random variable of parameter (1[0, j] — j)/s and (a) follows.
Toward (b), note that A(,,/2,§m) = 0if &, /2 = &m. So, by union bound, and by Lemma
3.7.2,
P (A(fm/Q,fm) > t) <P (é‘m > 3Xomm + 1) +P ((A(fm/Q, 3Xom + 1) > t) N (fm/g < 3X2mm))
< 272 L P ((A(Eny2, 3Xomm 4 1) > 1) N (G2 < 3Xomm)) .

Furthermore by (a), since &, /5 is a stopping time for (Ai)i<i<os

P ((A(&my2, 3Xomm 4+ 1) > 1) N (&2 < 3Xomm)) < 3Xy,mE -

( ulo. Ve, . —sxzmmﬂ
exp | —1 .

So, since by (3.32) a.s. [0, ng/Q] > om/2, and since Ao, < 0/8,

P ((A(Sm/Za 3X2mm + 1) > t) N (ém/Z S 3X2mm)) S 3X2mm€_t(0m)/(85).

This concludes the proof. O
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Lemma 3.7.8. We have the following upper bounds on A(j,27):
(a) Foreveryl < j < Nandt >0,

P (A(, 27) > t) < 8226%(#[073’]‘]*3')/8_
(b) Forevery0 < m < N/(20) such that Xsy, < o/8 andt > 0,
P (A(&n,27) > t) < 2e12m™/2 4 g pemHom)/(89),
Proof. Toward (a), it is enough to prove that for every a such thatd, > 2and 1 < j < N,
P (d (Va, Ty,) > t| {Aihi<icy;) < e WOYiI=)/s, (3.38)

To this end, let us use Algorithm 3.6. Let W = (W;)1<i<s be any permutation of VP such that for
every 1 < < j, W; = L; and such that W;; = V. Note that Algorithm 3.1 and Algorithm 3.6
follow the exact same steps until Y so a.s. Ty, = T}‘g/ . Thus since 7" and T are both D-trees,

d(Va, Ty;) = a" (Va, ).

Also note that
dV (Va, V) < (Yj41 = Y5) (3.39)

since one of the two following cases must happen:

e Either V;, ¢ (A;)1<i<v;,, and then Algorithm 3.1 and Algorithm 3.6 follow the exact same
steps until Y1 — 1. And at the next step L, is "relabelled" V,. So dW(Va,Tg/) =
(Yip1 = Yj).

e OrV, e (Ai)lgigyj +1»and then Algorithm 3.1 and Algorithm 3.6 follow the exact same steps
until i := inf{k € N, Ay = Vo} < Viy1. Sod" (Vo, YY) = max(i — ;,0) < Yj1 — Y.

Therefore (3.39) holds, and (3.38) follows from Lemma 3.7.7.
The proof of (b) is similar to the proof of Lemma 3.7.7 (b). We omit the details. ]

Lemma 3.7.9. If s > 2 then for every t > (,

P (A(2Z,oo) >3+10 m((i“ﬁ%) < o Nfo

Proof. First, note that A (22, co) corresponds to the length of the largest path whose vertices have
degree O or 1. Furthermore, since those paths cannot contain any glue point,
A(22,00) <24 max{(j —i),1<i<j<s—1,(Va

VAi+27"'7VAj) C Wi}

i+19
where V) is the set of vertices with d; = 1. Then by a simple union bound, for every ¢t € N,

s—t—1
P(A(27,00) > 2+4t) < Y P(Va, ¢ V1, Vis1,-.., Vit € V1)
i=1
s_t_ls—l—sl s1 s1—1 s —t+1
s—1 s—2s5—-3 " s—t—1

(]

i=1

-1 —t+1 t
S . Bl S §2N< ik > :

s—1s—=2" s—t
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where we use for the last inequality the fact that (s — 1 — s;) = N + s>2 <2N and s; < s — 1.
Thus, by monotony of ¢ — P(A (22, 00) > t), we have for every t > 0,

P (A(27,00) > 34t) <2N <$_1>t.

Therefore,

P ;:P(A(zz,oo) > 3+t(‘j+m((?£]\8/81)> <2 (Sill>t(8/g).

Finally, since for every z,y > 0, z¥ < e~(17%)% and since s = (N 4 1) + 51 + 532,

P < 2e-1s/0)(1=51/(s=1)) < 9,—Hs/O)(N/(s-1)) < 9,~tN/o B

Proof of Theorem 3.4.4 (a). Fix x > 0. Recall that we want to use (3.31) to upper bound H (7).

Beforehand, let us make some assumptions to exclude some trivial but annoying cases: Since C'
can be chosen arbitrary large in Theorem 3.4.4 (a), we may assume, without loss of generality, that
zE[[0, z]] > 200. This assumption together with Lemmas 3.7.3 (b), and 3.7.4 imply that > 10.
Similarly, we may assume s > 10. Also we may assume N > 2, since otherwise ¢ = 0 and the
result is trivial in this case. Finally we may assume x < /8, since otherwise the result is trivial
with ¢ = 1/8 because H (1) <

We now treat the general case. Let m := 1E[fi[0, z]] then let K := inf{k € N,2k+1mp > N1}
To simplify the forthcoming computations, let for every ¢ € N, o; := 2*mAXyi+1,,. Note that
Xopm = x < 0/8 and that forevery 1 <1i < K, 2im < % so by Lemma 3.7.3 (a) X5i+1,, < 0/8.
Hence, we have by Lemmas 3.7.6, 3.7.7 (b), 3.7.8 (b), 3.7.9 respectively, for every 0 < i < K:

P (A(o,gm) > Sgsc + 1) < pe~0/2, (3.40)
In(24c; e oij2—
IP’( (Eqims Eaitipm) > Z <2n(20‘) + ;/2)) < 9emi/2 | 2P tam, (3.41)
v (NQKW 2> ( 2;;2 2K/2>> < 2e70K/2 4 72 e, (3.42)
In(V) _
P(A(22 Sop— ) < gmaN/o 3.43
(8@ 0034 ok ) < G4
Now let
s s In(24e;) = s [ In(s>2) s In(N)
A:=3-z+1 B ) A : 22 =2 _ I AP
30m—|— +§ o < 2'm * 22/2)+a ( 2Km + 2K/2>+3+a$+ln((s— 1)/s1)’
and let

K
B :=5e /% 4 Z (267%/2 + 6721./2_4””) + e @N/e,

So that by (3.31), and (3.40)+(3.41)+(3.42)+(3.43),
P(H(T) > A) < B, (3.44)

and it only remains to upper bound A and B.
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Toward upper bounding B, note that x — E[[0, z|] is increasing, so x — X, is increasing,
and thus forevery 0 <i < K — 1,

a; = 2imX2i+1m Z 2i(mX2m> = 2ia0.

Then by definition of m, xm = Xa,,,m = ag, and by assumption, zE[[0, z]] > 200, so by Lemma
3.7.4, ap = zE[f[0, z]] /2 > 50. Hence, by standard comparisons with geometric sums,

K K
(267611'/2 —2i/2— 4xm) l <2e’°‘0/2 i efao/lﬁ) < 9Qe—0/16_
E E 2 <
i=0

Furthermore note that, ag = zE[j1[0, z]]/2 < zE[f1[0, 0]} /2 = 2N/(20). So e~ *N/7 < ¢=0/16
and

K
a0/2 Z( —a; /2 _'_6—21'/2*4;1:771) +e—acN/U < 1006—040/16‘

Therefore, by Lemma 3.7.4,
B < 100e~ElR0.21]/32, (3.45)

We now upper bound A. First, some straightforward inequalities using x > 10, s < o,
s> 51 +2((by N >2), 28, > N/(8c) and s > 10 gives:

K—1
s o In(N) o s In(24a;)
A <100— ——— 4+ =1 2— —_—. 3.46
- o <x+ sln(s/s1) TN n(322)) * o ; 2im (3.46)

Then it remains to upper bound %! ln(;sm)

otherwise the sum is null. It directly follows that 2m < N/(8c). Moreover, we have by Lemma
3.7.3 (b) and since for every 1 <1 < s, o; > 50,

To this end, we may assume that X > 1 since

K-1 K-1

=

-1 K—

In 480@ In(ov;) _o ln(.?\,’21+1m2 m) Z XQZHm (3.47)

2tm, A
=0 =0 i

I
)

1=0

Next, we compare the last sum with the integral that appears in Theorem 3.4.4 (a):

/Xm2K dl /Xm2i+1 dl
o O - 2 )y RGO

21

=

i

=

vV
i\
T

—_

X2kl (]
X . lm2i+1

m2t

S n(Xyig,) — In(Xyip,)
- i+l

i=1
o N () (o)

2i+2m m

I
—

i
So by (3.47), and since z = Xy, > 10 and m > 1/6 (by Lemma 3.7.3 (¢)),

K-1 X

In( 48041 / m2K ] In(x) /szK dl
<16 — +4 <16 ———— + 24z.
Z © IE[2[0,1]] m @ IE[2[0,1]]

1=
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Hence, by Lemma 3.7.4,

K-1 X

In( 48041 / m2K dl
< 32 ——— + 24z. (3.48)
2 . IE[D,1]

Now let ¢ := inf {l € N, E[u[0,]] > N/2}. Note that t > (s/0)X,,ox > 1, since 26m < & and
since by Lemma 3.7.4,

E [ [ , mQKH — GE[[0, X, ox]] < 20E[[0, X, ox]] = m2K+! < N/4.

Therefore by (3.48) and = > 1,

K-1

In 48041 to/s gl
32 424 3.49
/1 | + 24x. (3.49)

[0, 1]

Finally (3.46) and (3.49) gives,

s o to/s dl o In(N)
A <200— —1 — 3.50
S ( e [ et W) 0%
To sum up, (3.50), (3.45) and (3.44) yield together the desired inequality. O

3.7.3 GHP convergence of D-trees: Proof of Theorem 3.4.3 (a)

Recall the assumptions of Theorem 3.4.3 (a): D,, = O, MPr -5 0, and Assumption 3.7. Note
from Lemma 3.7.5 (b) that ,u® = o0. Recall that in this case by Theorem 3.4.2 (b), the following
convergence holds weakly in a GP sens:

(VP (oPn /sPm)dPr, MP) —(T©,d°, p®). (3.51)

We need to prove that (3.51) also holds in a GHP sens. To do so, by Lemma 3.3.3, and since p®
have a.s. support 7© (see Theorem 2.3.1), it is enough to prove that (3.51) holds in a GH sens. To
this end, the main idea is to show that (i) the first branches of D,,-trees converge in a GH sens, and
that (ii) D,,-trees are close from their first branches.

Toward (i), it is straightforward to check from Theorem 3.4.1 (b) that we have for every k € N,

WGH
(T;’gn, (0Pn /sPn)dPr, MD"> WGl (Ty@k@,d@, p@> . (3.52)
Indeed, one can construct both D-trees and ICRT in (R*)" using a dimension for each branches
(see Aldous [10]), and since by Theorem 3.4.1 (b) the cuts and glue points converge, it directly
follows that the subtrees obtained from the first branches converge. We omit the straightforward

details.
Toward (ii), we adapt the proof of Theorem 3.4.4 (a) to prove the following lemma:

Lemma 3.7.10. For everye > 0,
o D D
lim li P dg (T4 T =0.
i s (%o (775,77 ) >

Before proving Lemma 3.7.10, let us explain why it implies together with (3.52), Theorem
3.4.3 (a).
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Proof of Theorem 3.4.3 (a). Fix € > 0. Let k € N. By the Skorohod representation theorem, we
may assume that the convergence (3.52) holds a.s. for the GH topology.
Then, by Lemma 3.7.10, if k£ € N is large enough, we have for every n € N large enough,

oPr D D
]P’( oA (Tygn,T ”) >€) <e.
S n

k

Also, since by Lemma 3.7.5 (c) the ©-ICRT is a.s. compact, if k¥ € N is large enough,
P (dH (7;%,7‘6) > z-:) <e.
Thus, given the a.s. GH convergence in (3.52), if k£ € N is large enough, we have for every n € N
large enough,
P (dou (777, (oPr /sPm)dPr, MP?) , (T©,d%,p®)) > 2¢) < 2e.
Finally, since € > 0 is arbitrary, Theorem 3.4.3 (a) follows. O

Our goal for the rest of the section is to prove Lemma 3.7.10. First, let us introduce some
notations. For every D € Qp let

D UD D tDUD/SD dl O"D ln(ND)
%7 = o5 In(s3p) + = T N 5 DY
N = 1 IE[EP[0,1]] © NP1In(sP/sP)

And for every D € Qp, x > 0 let
LD :=YP where i:=min{j€N,pu0,Y;] > oE[a[0,2]]/2}. (3.53)
By adapting the proof of Theorem 3.4.4 (a) we get the following result.

Lemma 3.7.11. FixD € Qp. Letx >t > 0. Ifx > 10, s > 10, N > 2, =z < ¢/8, and
tE[z[0, x]] > 200 then

P (dn(Te,,T) >3+ 200 (¢ + %)) < 200¢~ERO0L/32 4 =N/,

Proof. We keep the notations of the proof of Theorem 3.4.4 (a). Notably, dy (17, T) = A(&mn, 00).
First by Lemmas, 3.7.7 (b), 3.7.8 (b), 3.7.9 respectively, we have forevery 0 <: < K — 1,

In(24 i t e ifa—
P A(§2im7 €2i+1m) > 2 QM + — < 2e @i/2 +e 2°/2 4tm.
g 2i/2

2im

S 1n(8>2) t _ _oK/2-4
P<A(£2Km722)>0_<2 2K;n +2K/2>> < 2e aK/2+€ 2 tm‘

> S In(N) —tN/o
= _ - )< .
]P’(A(Z ,00) >3+ t—i—l G5 —1)/51) e
Then note that

K—

dH(TEz’T) = A(émv OO) < Z A(&Qimv £2i+1m) + A(éZKm’ 22) + A(ZZ, 00)7
=0

—

so we can upper bound and conclude as in the proof of Theorem 3.4.4 (a). We omit the details. [

We then deduce Lemma 3.7.10 from Lemma 3.7.11.
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Proof of Lemma 3.7.10: Fix t > 0. Fix € R* such that > 10, z > t and tE[®[0, z]] > 200.
Note that for every n large enough, s» > 10, NP» > 2, and 2 < ¢P»/8. By Lemma 3.7.5 (a),
we have we have for every n large enough ¢/iP» [0, 2] > 200. Therefore, by Lemma 3.7.11, for
every n large enough,

D D sn D —tE[iPn[0,2]]/32 | —tNPn/oPn
P(da (T55,,T7") > 3420025 (t+%P) | <200¢ =2 0o1/32 1 ¢ .
O' n

LD )
(3.54)

Then by Assumption 3.7, we have %P — 0. Also since D,, = O, we have sP/oP» — oo and
by Assumption 3.7 (b), we have NP7 /oP» — 0o, So by (3.54) and Lemma 3.7.5 (a),

D D sPn tE[u®[0,2]] /32
limsup P (dH (T 0o T n) > 3005 t> < 200 tEW710.2]]/32 (3.55)

Dn
n—00 Lz

Furthermore it directly follows from Theorem 3.4.1 (b) that (UD" LPn),cn converges weakly, and

that forall k € N 2 U YD” — YD" weakly as n — co. Thus, since a.s. Y9 — oo (see Chapter 2),

lim limsup P(£LP" < V,Pr) = 0. (3.56)

k—00 n—oo

Thus, by (3.55) and (3.56),

Dn
lim limsup P (dH (TQ",TD"> > 300 SD t) < 2006—1515[#@[0713]}/32_
. oD

k—00 n—oo

Finally, since E[1®]0, oc]] = oo, taking z — oo in (3.7.3) yields the desired results. O

3.8 Additional remarks

3.8.1 The space (2 := Qp U Qp U g, its topology and applications

The aim of this section is twofold: explain why our main results on D-trees imply our main results
on P-trees and ICRT, and prove that Lévy trees are ICRT with random parameters.

To this end, let us define on {2 a topology coherent with Assumptions 3.1, 3.2, 3.3, 3.4. For
every D € Qp and i € N, let 6P := dP/oP and let mP := 0P /sP. For every P € Qp and
1 €N, let GZD = plp/op, NP := oo and let m” := o. For every © € Qg, let N® := 0o and
let m® := 0. For every sequence {A,, }nen in Q and A € €, we say that A, — A if and only if
NA» 5 00, mi» — m?, and for every ¢ € N, GZA" — GZA.

Lemma 3.8.1. For every (D)) € 3, (P,) € Q3F, (0,) € QF, P € Qp, © € Qg, we have:
(a) D, =P < D, =L P.
(b) D, = O <= D, »%06.
(c) Pn=0 — P, >%6.
(d) 6, =060 — 0, >%06.
(e) Qp is dense on €.

Proof. Toward (a), if D,, —$ P then for every i € N, d?" / sPn = ngnmpn — Hlpmp = p;. Also,
since NPn — o0, sP» — o0. Hence, D,, = P.
On the other hand, if D,, = P, then it directly follows from Fubini’s Theorem that

D, Dn_
Py = (o757 = 3 G ) —>Zp, = (")

i=1
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It then follows that for every ¢ € N,

60" = (P /sPn) JmP» —(pF) fm® = 6] .
Also since d?" — 00, we have NP» — o0. So D,, = P.
The proof of (b), (c), (d) is similar. We omit the details.
Toward (e). Let us show that Qp is included in Qp, the adherence of Qp. Fix P € Qp.
Let (Dy,)nen € QTN) such that s?» ~ n and such that for every i € N and n € N large enough,
d; = |pin]. Note that D,, = P. Hence, since P is arbitrary Qp C Qp. Similarly, Q¢ C Qp. O

Let us rewrite Theorem 3.4.1 using —*2, to deduce Theorem 3.4.1 (c) (d) from (a) (b). First, for
every D € Qp, let P, denote the distribution of (o7 /s?,1/0P)YP in Ksp (see Section 3.3.1).
For every P € Qp, let PZ; denote the distribution of (67, 1/67)Y”. For every © € Qg, let P,
denote the distribution of Y©. Theorem 3.4.1 is equivalent to the following lemma.

Lemma 3.8.2 (Theorem 3.4.1). The map A — IP’?B is continuous for the weak SB topology.

Proof. The result directly follows from the density of 2p and Theorem 3.4.1 (a), (b). ]

Similarly let us rewrite Theorem 3.4.2. Let Qp a¢ be the set of couple (D, M) such that
D € Qp and M is a probability measure with support on VP, Let Qp rq be the set of couple
(P, M) such that P € Qp and M is a probability measure with support on V*. Let Qg r be
the set of couples (0, M) such that © € Qg, u® = oo and M is the null measure on {V; }icn.
Let Oz pm := Qp am U Qp aq U Qe aq. Recall that €, denotes the set of probability measure on
{Vi}ien, and note that Qp o C € x Qa. So we may equip Q5 ¢ with the product topology.

Then, for every (D, M) € Qp , let ]P’gf,M denote the distribution of (V?, (6P /sP)dP, M)
in Qp aq. For every (P, M) € Qp uq, let PE’M denotes the distribution of ({ B }ien, 07 d”, M).
For every (0, M) € Qg , let ]P’((?’M denotes the distribution of (7, d®, p®).

Theorem 3.4.2 is equivalent to the following lemma.

Lemma 3.8.3 (Theorem 3.4.2). The map (A, M) — IP’g}JM is continuous for the weak GP topology.

Proof. First, since {p is dense on €1, it is straightforward to check that {2p a4 is dense on Q2 4.
The result then follows from Theorem 3.4.2 (a), (b). ]

We now provides some direct applications of our main results to trees with random degree
sequence, and notably Galton-Watson trees. First, note that by Lemma 3.8.1, €2 is a Polish space.
Similarly note that, 5 , is also a Polish space. Then, by classical results on Polish spaces, and by
Lemmas 3.8.1, 3.8.2, 3.8.3 we have the following lemma.

Lemma 3.8.4. Let QF be the set of random variables on (Q, —%), and let Q]/P{,M be the set of
random variables on Qr aq. We have the following assertions:
(a) If (X™)nen is a sequence in (QF) which converges weakly toward X € QF then Py
converges weakly toward ]P’ﬁ% for the SB topology.
(b) If (X™, M™)eN is a sequence in (Q%M) which converges weakly toward (X, M) € QIK,M

then Pé{; M converges weakly toward PéI;M for the GP topology.

Proof. Since (2 and () , are Polish spaces, (a) directly from Lemma 3.8.2, and (b) directly follows
from Lemma 3.8.3. We omit the straightforward details. O
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Remarks. e Le Gall and Duquesne [50, 49] prove that in some specific cases the degree distribution
of Galton-Watson converge (in order to study their Luckasiewickz walk). In those cases, by Lemma
3.8.4 (a), (b), Galton-Watson trees converge toward a "mix" of ICRT.

e Furthermore, Le Gall and Duquesne [50, 49] also proves that Lévy trees appears as GP limits of
Galton-Watson trees. Thus, by unicity of the limits, and by Lemma 3.8.4 (b), this proves that Lévy
trees "are" ICRT with random parameters.

e Finally, although the GP topology is far more popular than the new SB topology, (a) can be used
to study Galton-Watson trees in the condensation cases, in which there is no GP convergence.

To conclude the section, we briefly explain how to adapt the proof of Theorem 3.4.3 (a) and
Theorem 3.4.4 (a) to prove Theorem 3.4.3 (b) (c¢) and Theorem 3.4.4 (b) (c). Those results cannot
be proved directly by the topological argument introduced in this section. However, they can be
proved by adapting the proof in Section 3.7 by using Algorithm 3.4 instead of using Algorithm 3.5.
The proof goes the same way with several simplifications, up to two arguments. To avoid doing
the same work twice, let us briefly focus on those argument and omit the details for the rest of the
proof.

The first one lies in the proof of Lemma 3.7.7 (a) where we explicitly used the symmetry of
the leaves of D-trees to prove (3.37). The second lies in the proof of Lemma 3.7.8 (a) where we
used the Algorithm 3.6 to prove (3.38). Instead of using such arguments for P-trees and ICRT, one
can use the density of 2p on €2 and take the limits of (3.37) and (3.38) by using Theorem 3.4.1 to
prove similar equations.

3.8.2 Re-rooting principle for ICRT

We present here the foundations of a powerful computation tool for ICRT: the re-rooting principle.
Although, it is not used in this paper, it will be extensively used in a forthcoming paper [25]. It is
suitably explained here since it requires a slight modification of Theorem 3.4.1 (b) and of its proof.

The main idea is that the ICRT is "invariant under re-rooting". To be more precise, for every
k € N, let the ICRT rooted at X}, be the ICRT "conditioned" on having X = 0. More rigorously,
let the ICRT rooted at X, be the tree defined by letting X = 0 in the first line of Algorithm 3.4
instead of its normal value, and then by defining every other variables the same way. By "invariance
under re-rooting of the ICRT", we mean every equality in distribution between the ICRT and the
re-rooted ICRT. To prove such an equality, a natural approach is to simply use invariance under
re-rooting in the discrete setting and then to take the limit.

To this end, we can not use our previous results on D-trees as D-trees are not invariant under
re-rooting. Indeed, the "graph structure" of a D-tree conditioned on its roots depends on its root.
For this reason, let us briefly adapt some of our main results to trees with pure degree sequence.

Recall that a tree 7" have pure degree sequence (d;)1<;<s if and only if 7" have vertices (V;)1<i<s.
and for every 1 < i < s, V; have degree d; (not d; children). For every D € Qp, a pure D-tree
is a uniform tree with pure degree sequence (d? + 1,... ,de + 1,1). We have the following
construction for pure D-tree:

Algorithm 3.77. Stick-breaking construction of a pure D-tree rooted at V.
- Let ADF — (A?’k)ogigs—l = (Vkv A?a A2Dv s A?—l)‘
- Let TP := ({Ao}, D) then for every 1 < i < s let

o ._ )iy {Ai—1, A} if A; & Tj_q.
Z Tio1 U{Ai—1, Lingfk, Ly ¢1,_1y} ifAi €Tiqpori=s.

- Let TT'* denote the rooted tree (T, V).

Lemma 3.8.5. ForeveryD € Qpand1 <k <, TPk g a pure D-tree rooted at V.
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Proof. Note that a pure D-tree rooted at Vj is a (dy,...,dx_1,dp + 1,dgs1,...,ds, 1) = D'~
tree conditioned on having root Vj,. The result then follows from Algorithm 3.1 and Proposition
3.2.1. O]

Let us define a list of notations for pure D-tree rooted at V}, similar to those for D-trees: For
every 1 <i < slet (X;") =inf{0 < j < s—1,A7* = V;}. Thenlet uP* = 373, 6, (d; —1).
Let (Y;"*),<;<np 41 be the indexes of repetitions in (A”*)g<<_1. Then for 1 <i < NP 41,
let ZZ-D * denotes the smallest integer z such that AZ" = A p.x. By convention, fori > NP + 1

let V;7F = ZPF — 00, And finally let TP% = (XPF vPF ZPFy o, uPk).

We use the superscript D, k to indicate that we work with pure D-tree rooted at V. Also, to
distinguish re-rooted ICRT from ICRT, we use the superscript O, k for the variables defined for the
O-ICRT "conditioned" on having X}, = 0.

We have the following generalisation of Theorem 3.4.1 (b) for pure D-tree rooted at V.

Proposition 3.8.6. Let (D,,)nen € Q5 and let (k) nen € NN such that for everyn € N, ky, < sPr.
The following convergences hold weakly for the SB topology (see Section 3.3.1)

(a) If D, = © and k,, — oo, then (6P /sPr 1 /gPr)YPrkn LWSB 1O

(b) If D, = O and ky, — k, then (cPn /sPn 1 /gPn)YPrkn L WSB YOk

Proof. One can directly adapt the proof of Theorem 3.4.1 (b) by letting in Algorithm 3.5 X k, =0
instead of its normal value. We omit the details as nothing else fundamentally changes. O

Let us now give a quick example of the re-rooting principle using Proposition 3.8.6.

Lemma 3.8.7. Let © € Qg such that u® = oo, and let k € N. Assume that a.s. there exists a
probability measure pP* on TOF such that % Yoy dyer — pOk, then we have the following
equality in distribution for the Gromov—Prokhorov topolégy:

(T9,d%,p%) =D (TOF,dOF, poF).

Proof. First by Lemma 3.8.1 there exists (Dy,)nen € €2 such that D,, = ©. We may furthermore
assume that that for every n € N, sP» > k. Then recall that for every D € Qp, (LP),~ y» denotes
the leaves of VP. Also for every D € Qp and i < s let dP+ denotes the graph distance on 77"

Now, by Proposition 3.8.6 (a) we have the following convergence in distribution (see e.g.
Section 3.6.2 where we detail this implication for D-trees),

Pn1Dn 1 Dp ()
(dPm " (L7 L)) jen == (d2 (Y2, Y,2))i jen.
Similarly by Proposition 3.8.6 (b),

(@
(P (LP" L7 )sgen ~(dOF VYR jen.

Then, since the matrix distance is invariant under re-rooting, we have for every n € N,
Dp,sPn (7Dn 7 Dn —(d) (qPnk([Dn [Dn
(dPs (L L7 )i genon =D (dPoF (P LT™)) ;s jenmn-

Therefore,

(Y2, YP2))ijen =D (dOF (YO, YPH)), jen. (3.57)

Finally the assumption of the lemma together with Lemma 3.3.2 yield the desired result. 0

Remark. The assumption of Lemma 3.8.7 can be proved by adapting the proof of Theorem 2.3.1
and Proposition 2.3.2. However, it would require far too much work to be done here properly.
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3.9 Appendix

3.9.1 Proof that Algorithm 3.1 and Algorithm 3.6 sample D-trees

Proof of Proposition 3.2.1. Fix D € Qp. For every D-tuple A let (T/')1<;<s and T be the graphs
constructed by Algorithm 3.1 from entry (D, A). We prove that A — T is a bijection between
D-tuple and tree with degree sequence D.

First, for every D-tuple A, note by induction that for every 1 < ¢ < s, TiA is connected.
Furthermore a quick enumeration shows that for every 1 < ¢ < s, V; have d; children in T4, Hence,
T4 is a tree with degree sequence D.

Next it is well known that there are dl,si'dg, trees with degree sequence D and that there are also
th%!.ds! D-tuples. Hence, it is enough to prove that the map A — T is injective.

Let A be a D-tuple. Then for every 1 < i < sP — 1letk; := inf{k € N, Ly ¢ T/'}. Note that
Ay is the root of T4, and that for every 1 < i < s” — 1 the following assertions hold:

e If L, is not a child of A; then A;; is a child of A; and the edge (A;, A;j+1) "disconnects"

the root from Ly;.

o If L, is a child of A; then A, is the vertex in {A;, ..., A;} which is the closest to L, .
As a result given T4 and (A1, ..., A;), the vertex A, is entirely determined. Hence, the map
A+ T is injective. 0

Proof of Proposition 3.6.1. The proof is similar to the proof of Proposition 3.2.1. So we keep
similar notations and skip some details to focus on the points which really differ.
Fix D € Qp, and fix W = {W;}, ;<o an arbitrary permutation of V. For every D-tuple
A, let (T{*)1<i<s and T be the graphs constructed by Algorithm 3.6 from entry (D, W, A). We
prove that A — T is a bijection between D-tuple and tree with degree sequence D.
First for similar reasons, for every D-tuple A, T4 is a tree with degree sequence D. So it is
enough to prove that the map A — T is injective.
Let A be a D-tuple. Then for every 1 < i < sP — 1letk; := inf{k € N,W} ¢ T/}. Note
that A; is the root of T4, and that for every 1 < i < sP — 1 the following assertions holds.
e If W, is not a child of A; then A;; is a child of A; and the edge (A;, A;11) "disconnects"
the root from Wy,.
o If Wy, is a child of A; then either A;11 = W, or A1 € TZ-A. In both cases, A; 1 is the
vertex in 7;* U {W}, } which is the closest to W, ;.
In the second assertion, note that k; 1 = inf{k € N, W}, ¢ T/ U {W;}} does not depend on the
choice of A;;1. As a result given T4 and (Aq,...,A;), the vertex A;;q is entirely determined.
Hence, the map A — T is injective. O

3.9.2 GP and GH convergence imply GHP convergence: Proof of Lemma 3.3.3

Beforehand, let us introduce the covering numbers. For every metric space (X, d), and € > 0 let
N:(X, d) be the minimal number of closed balls of radius e to cover X. Note that if (X, d) and
(X', d’) are isometric spaces then for every € > 0, Nz (X, d) = N(X’,d’), hence for every € > 0,
N is well defined on Kgy. Furthermore, for every € > 0 N; is a measurable function on Kgy.

Now, let ((X™,d"™, p™))nen and (X, d, p) be random measured metric spaces defined as in
Lemma 3.3.3. That is, ([X™, d", p"])nen and [X, d, p] are GHP measurable, [X™, d", p"] —W6P
(X, d,p], [X™, d" p"] —=WVOH [X d], and p have a.s. support X. It directly follows from the GH
convergence that:
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(i) The diameter of [X™, d"] converges weakly as n — oo toward the diameter of [ X, d].
(ii) Forevery € > 0, (N:[X™, d"])nen is tight (see Burago Burago Ivanov [? ] Section 7.4).
Hence, by [1] Theorem 2.4, ([X™,d"™, p"])nen is tight in a GHP sens.
Now, let [ X', d’, p'] be a GHP subsequential limit of ([X™, d", p"|)nen- It is enough to show
that necessarily [X, d, p] =(4CHP) [ X/ d' p/].
On the one hand, since [X",d"] —-WVC! [X d, p] and [X™, d",p"] —WCOHP X, d, p] along a
suitable sequence, we have [X, d] =(4CH) [X’ d']. Hence, we have

Ve >0, MN([X,d]) =D N(X',d]). (3.58)

On the other hand, since [X",d",p"] —WCOP [X,d,p] and [X7, d", p"] —WOHP [X d,p]
along a suitable sequence, we have [X,d,p] =(*OP) [X’ d p/]. So, we may assume that a.s.
dgp([X,d,p], [ X', d,p']) = 0. So, by definition of the GP topology, a.s. there exists a metric space
S and isometric embeddings ¢ : X — S, ¢’ : X’ — S’ such that dp(¢psp, ¢,p') = 0, and thus
o«p = ¢, p'. Hence, if supp denotes the support of a measure, a.s. ¢(supp(p)) = ¢'(supp(p’)).
Therefore, since a.s. supp(p) = X, we have a.s.

Ve >0, NA(X) = N(supp(p)) = Nz(supp(p')) < No(X7). (3.59)

Finally, note that (3.58) and (3.59) implies together that a.s. supp(p’) = X'. Thus, since a.s.
X = supp(p) and ¢(p) = ¢(p'), we have a.s. (X ) = ¢'(X'). Thus, since a.s. ¢(p) = ¢(p’) and
#(X) = ¢'(X'), we have a.s. dgup(X, X') = 0.






Chapter 4

Limit of connected multigraph

with fixed degree sequence

"You don’t write because you want to say something;
you write because you've got something to say."

F. Scott Fitzgerald

This chapter is adapted from [27].

Motivated by the scaling limits of the connected components of the configuration model, we
study uniform connected multigraphs with fixed degree sequence D and with surplus k. We call
those random graphs (D, k)-graphs. We prove that, for every k& € N, under natural conditions of
convergence of the degree sequence, (D, k)-graphs converge toward either (P, k)-graphs or
(0, k)-ICRG (inhomogeneous continuum random graphs). We prove similar results for
(P, k)-graphs and (0O, k)-ICRG, which have applications to multiplicative graphs. Our approach
relies on two algorithms, the cycle-breaking algorithm, and the stick-breaking construction of
D-tree that we introduced in a recent paper. From those algorithms we deduce a biased
construction of (D, k)-graph, and we prove our results by studying this bias.
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4.1 Introduction

The present work is a continuation of our previous paper (Chapter 3), where we introduced a
stick-breaking construction for D-trees (uniform tree with fixed degree sequence D) to prove that,
under natural conditions, D-trees converge, in a GP and a GHP sens, toward either P-trees or ICRT.
Here, we derive from Chapter 3 similar limits for graph versions of those trees, which have
applications to multiplicative graphs and to the configuration model.

4.1.1 Motivations

Computer scientists have introduced multiplicative graphs [41, 73, 34] and the configuration model
[20, 31] as natural generalizations of the Erd6s—Rényi model. They are studied for 2 main reasons:
first many tools introduced for the Erd6s—Rényi model can also be used to study those graphs,
then those models seems closer to real life network thanks to the "inhomogeneity in their degree
distribution” (see e.g. Newman [72]). For those reasons, they are currently great models to study
the evolution of random networks.

A natural question for any model of evolution is to study their potential phase transitions. It
appears that those graphs have an intriguing phase transition where a giant component gets born.
We refer the reader to [46] Chapter 1 and references therein for an elaborate discussion of the nature
of this transition, and an overview of the literature it generated.

From the point of view of precise asymptotics, a main goal is to study the geometry of the
connected components of those graphs in the critical regime. To this end, Addario-Berry, Broutin,
and Goldschmidt [4] have developed a general approach in the case of the Erd6s—Rényi model.
This approach is divided in two main steps:

(a) First one encodes the random graphs into stochastic processes, and study those processes to
deduce several limits for relevant quantities of the largest connected components such as the
size, surplus, degrees. This has been noticed in the ground-breaking work of Aldous [12].

(b) Then, one use those convergences to reduce the problem to a study of a single connected
component conditioned on those quantities.
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This approach has been further developed for multiplicative graphs and the configuration model
in many different regimes. We refer the reader to [4, 24, 23] for the homogeneous case, [42, 47, 54]
for the power law case, and [36, 37] for a unified approach for multiplicative graphs. In this paper,
we focus on solving (b), under what we believe to be the weakest assumptions. So we reduce the
study of the largest connected components to solving (a), which tends to be simpler.

Moreover, we give a universal point of view on those models which can be summarized into the
three following points: we describe multiplicative graphs as degenerate configuration model, we
extend the unified point of view of Broutin, Duquesne, and Minmin [36, 37] to the configuration
model, and we remove the omnipresent randomness assumption in the degree sequence.

4.1.2 Overview of the proof

Fix k € N. Fix {V;};en a set of vertices. We say that a multigraph G have degree sequence
D = (dy,...,ds) if G has vertices (V4,...,Vs) and for every 1 < i < s, V; has degree d; + 1.
(This shift of +1 will be convenient to simplify many expressions, and be coherent with Chapter 3.)
The surplus of a connected multigraph (V, E) is |E| — |V| + 1, and is, informally, the number of
edges that one needs to delete to transform a multigraph into a tree. A (D, k)-graph is a uniform
connected multigraph with degree sequence D and surplus k.

Our goal is to study the connected components of the configuration model conditioned on
having degree sequence D and surplus &, which are close from (D, k)-graphs (see Lemma 4.8.3).
To this end, we rely on two algorithms: the stick-breaking construction of D-trees of Chapter 3,
along with the cycle-breaking algorithm introduced by Addario-Berry, Broutin, Goldschmidt, and
Miermont [5] which we invert to construct (D, k)-graph by adding k edges to a biased D-tree.

We use the cycle breaking algorithm in the following form. Take a connected multigraph with
surplus k, repeat k times: choose an edge uniformly among all the edges that can be removed
without disconnecting the graph, then cut this edge in the middle. By doing so, we add 2k named
leaves (%;)1<;<2k, and keep the degrees of (V;);cn. Note that to invert this algorithm we can
intuitively repair the broken edges by gluing the different pairs in (%;)1<;<2x. Note that however
this algorithm is not a bijection, since for each multigraph there are many corresponding trees. To
bypass this, we bias each tree by the probability that they were obtained by their corresponding
multigraph. This way, we construct a (D, k)-graph from a biased D-tree with % additional edges.

Thus, to study the geometry of a (D, k)-graph, it is enough to study jointly the geometry of a
D-tree, the positions of (x;)1<i<2x, and the previous bias which is a function of (d(x;,%;))1<i j<2k-
Therefore, it is enough to study precisely the distance matrix between specific vertices of a D-tree.
If the bias was a continuous function of this matrix, then our main results would directly follow from
Chapter 3 since the GP convergence of D-trees implies the convergence of this matrix. However,
some extra care is needed since the bias diverges when (x;)1<;<25 are close.

Therefore, we need to prove that (x;)1<j<2; cannot be too close. More precisely we show,
using the structure of D-trees and of the bias, that it is enough to lower bound (d(xo, *;))1<i<k
where % is a root leaf. We then use our construction of D-trees, also introduced independently by
Addario-Berry, Donderwinkel, Maazoun, and Martin in [6], to lower bound those distances using
the £ first repetitions in a random tuple.

Finally, since the bias is a function of the subtree spanned by (*;)1<;<2, it is also a function of
the first branches of the stick-breaking construction. This allows us to consider the limit of the bias,
to directly construct the limits of (D, k)-graphs by biasing the P-trees and ICRT, introduced by
Aldous, Camarri and Pitman [16, 40], and then by gluing the £ first pair of leaves.
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Plan of the paper: In Section 4.2 we introduce the topologies that we are using. In Section 4.3,
we construct D-trees, P-trees, ©-ICRT. In Section 4.4, we construct (D, k)-graphs, (P, k)-graphs,
and (©, k)-ICRG. We state our main results in Section 4.5. We study the bias in section 4.6. We
deduce our main results in Section 4.7. Finally we discuss in Section 4.8 some connections between
(D, k)-graph, (P, k)-graphs, the configuration model, and multiplicative graphs.

Notations: Throughout the paper, similar variables for, D-trees, (D, k)-graphs, P-trees, (P, k)-
graphs, ©-ICRT, (O, k)-ICRG share similar notations. To avoid any ambiguity, the models that
we are using and their parameters are indicated by superscripts D, (D, k), P ,(P, k), ©, (0, k).
We often drop those superscripts when the context is clear.

Acknowledgment Thanks are due to Nicolas Broutin for many advices on the configuration
model and on multiplicative graphs.

4.2 Notions of convergence

4.2.1 Gromov-Prokhorov (GP) topology

A measured metric space is a triple (X, d, ) such that (X, d) is a Polish space and p is a Borel
probability measure on X . Two such spaces (X, d, 1), (X', d’, i’) are called isometry-equivalent if
there exists an isometry f : X — X’ such that if f,u is the image of p by f then f,u = p'. Let
Kgp be the set of isometry-equivalent classes of measured metric space. Given a measured metric
space (X, d, u), we write [ X, d, u] for the isometry-equivalence class of (X, d, 1) and frequently
use the notation X for either (X, d, ) or [ X, d, u].

We now recall the definition of the Prokhorov’s distance. Consider a metric space (X, d). For
every A C X ande > 0let A° := {z € X,d(z,A) < ¢}. Then given two (Borel) probability
measures (i, v on X, the Prokhorov distance between p and v is defined by

dp(p,v) :=inf{ e > 0: u{A} < v{A°} and v{A} < p{A°}, for all Borel set A C X}.

The Gromov—Prokhorov (GP) distance is an extension of the Prokhorov’s distance: For every
(X,d,pn), (X', d', ') € Kgp the Gromov—Prokhorov distance between X and X is defined by

dGP((X7 d7 ,U')a (X/7 dlv M/)) = Sigf(;b’ dP((b*,Uﬂ Q%J/)a

where the infimum is taken over all metric spaces S and isometric embeddings ¢ : X — 5,
¢ : X' — S. dgp is indeed a distance on Kgp and (Kgp, dgp) is a Polish space (see e.g. [1]).

We use another convenient characterization of the GP topology: For every measured metric
space (X, d¥, i) let (x7¥);cn be a sequence of i.i.d. random variables of common distribution
pX and let MX = (dX (2, xif))(i,j)eN% We recall Lemma 3.3.2 (see also [66]),

Lemma 4.2.1. Let (X")pen € KI(\I;P and let X € Kgp. Let (y,X)ieN be a sequence of random
variables on X and let N := (d* (y¥, ij))(i’j)eNz. If

x, @ x 1 ¢ @, x
M*n —5 N*  and n;éyixﬂ,u,

then X" —P X,
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4.2.2 Gromov-Hausdorff (GH) topology

Let Kgy be the set of isometry-equivalent classes of compact metric space. For every metric space
(X, d), we write [ X, d] for the isometry-equivalent class of (X, d), and frequently use the notation
X for either (X, d) or [X, d].

For every metric space (X, d), the Hausdorff distance between A, B C X is given by

du(A,B) :=inf{e > 0,A C B°,B C A%}.
The Gromov—Hausdorff distance between (X, d),(X’,d") € Kgy is given by

dan((X,d), (X'.d)) i= inf (d($(X), (X))

where the infimum is taken over all metric spaces S and isometric embeddings ¢ : X — S,
¢ : X' — S. dgp is indeed a distance on Kgy and (Kgy, dgn) is a Polish space (see e.g. [1]).

4.2.3 Pointed Gromov—-Hausdorff (GH") topology
Letn € N. Let (X,d, (x1,...,2,)) and (X', d’, (2),...,2},)) be metric spaces, each equiped

r'n
with an ordered sequence of n distinguished points (we call such spaces n-pointed metric spaces).
We say that these two n-pointed metric spaces are isometric if there exists an isometry ¢ from
(X, d) to (X', d') such that for every 1 < i < n, ¢(z;) = .
Let K&y be the set of isometry-equivalent classes of compact metric space. As before, we write
[X,d, (x1,x9,...,x,)] for the isometry-equivalent class of (X, d, (x1,...,x,)), and denote either
by X when there is little chance of ambiguity.

The n-pointed Gromov—Hausdorff distance between X, X’ € Kf is given by

(X, 1, 0)). (X (&) 2= 0k (din(9(X), /(X))
where the infimum is taken over all metric spaces S and isometric embeddings ¢ : X — S,
¢' : X' — S such that for every 1 < i < n, ¢(z;) = ¢'(}). dgy is indeed a distance on K¢y and
(K&, dépy) is a Polish space (see [5] Section 2.1).

4.2.4 Extension to pseudo metric spaces

Note that the previous topologies naturally extends to pseudo metric spaces. Indeed, one may say
that a pseudo metric space (X, d) is isometry-equivalent to the metric space given by quotienting
X by the equivalent relation d(a, b) = 0 (see Burago, Burago, Ivanov [39] for details.) It is then
enough to extend the equivalent classes to pseudo metric spaces.

4.3 Constructions of D-trees, P-trees and ©-ICRT

4.3.1 D-trees

Recall that a sequence (d1, . . ., ds) is a degree sequence of a tree if and only if ], d; = s — 2,
and by convention d; > ds - - - > ds. Let {2p be the set of such sequences.

For convenience issue, we want to label our leaves on a set {*; };cn disjoint from {V; };cn. So
let us slightly change our definition of D-trees. Note that a tree with degree sequence D must have
NP +2:= >7_ 1 14,—0 leaves. We say that a tree 7" is a D-tree if it is uniform among all tree with
vertices {V; }i.4,>0 U {*; }o<i<n+1 and such that for every i with d; > 0, deg(V;) = d; + 1.

We now recall the construction of D-trees from Chapter 3. For simplicity, for every graph
G = (V, E) and edge e = {v1,v2}, G U e denotes the graph (V U {v1,ve}, E U {e}).
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Algorithm 4.1 (Algorithm 3.7). Stick-breaking construction of a D-tree TP (see Figure 4.1).
- Let AP = (AP)1<i<s_1 be a uniform D-tuple (tuple such that Vi € N, V; appears d; times).
- Let TP := ({x0, A1}, {{x0, A1}}) then for every 2 < i < s let

D . Tio1 U{Ai1, A} if A; ¢ Tj_q.
l Ti1 U{Aim1, *int (kg 13} ifAi € Tiyori=s.

*2 *6 \ *1
‘/3 *4 l ‘/2
Vs /’

*5

*0

Figure 4.1: Stick breaking construction of a D-tree with D = (1,2,1,3,3,0,0,...) and
(A?)lgigs,l = (Vy, Vs, Vo, Vi, V3, Vi, Vs, Vi, V1, V). The exploration starts at xq then follows
the white-black arrow toward 1, then jumps at x5 to follow the path toward x5 and so on...

4.3.2 P-trees

Let { Voo i }ien be a set of vertices disjoint with {V; },cn and {x; };>0. Let {2p be the set of sequence
(Pi)ienufooy in RT such that 3 7% p; + poo = 1,p1 > 0and p; > pa > ... Forevery P € Qp,
the P-tree is the random tree constructed as follows:

Algorithm 4.2. Definition of the P-tree for P € Qp.
- Let (AF);en be a family of i.i.d. random variables such that for all i € N, P(AT = V;) = p;.

1

- Forevery i € N, let BZj = A; if A; € N, and let Bi7J = Vio,; otherwise.
- Let T := ({0, B1}, {{*0, B1}}) then for every i > 2 let

P . )iy {Bi-1, B} if B; ¢ Tj_1.
Z Tio1 U{Bi-1, *int{kxpgr, 1}y if Bi € Tic1.
- LetT? .= UneN T,.

Remark. Usually, the leaves {x; };cn are omitted in the formal definition of P-trees. We consider
them to clarify the intuition that they are degenerate D-trees with an infinite number of leaves.
4.3.3 ICRT

First let us introduce a generic stick breaking construction. It takes for input two sequences in R™
called cuts y = (y;)ien and glue points z = (z;);en, which satisfy

Vi <j, yi <yj ; i — 00 ; VieN, z <y, 4.1)

and creates a R-tree (loopless geodesic metric space) by recursively "gluing" segment (y;, y;+1]
on position z;, (see Figure 4.2) or rigorously, by constructing a consistent sequence of distances

(dn)nen on ([0, yn])nen.
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’ O/?Jm
ue !

----- Yi

Figure 4.2: A typical step of the stick-breaking construction: the "gluing" of (y;, yi+1] at z;.

Algorithm 4.3. Generic stick-breaking construction of R-tree.
— Let dj be the trivial metric on [0, 0].
For each ¢ > 0 define the metric d;;1 on [0, y;+1] such that for each x < y:

d1($7y) lf.%‘,y € [Ovyl]
dit1(z,y) == di(z,z) + |y — v ifx € (0,5, y € (yi, yiy1]
‘.f—y‘ lf.ZU,y € (yiayi—l-l]v

where by convention yg := 0 and 2y := 0.
Let d be the unique metric on R* which agrees with d; on [0, y;] for each i € N.
Let SB(y, z) be the completion of (R, d).

Now, let Qg be the space of sequences (6;);coyun in RT such that 3, 62 = 1 and such that
01 > 62 > .... Forevery © € (g, the O-ICRT is the random R-tree constructed as follows:

Algorithm 4.4. Construction of ©-ICRT (Algorithm 2.1)

- Let (X;);en be a family of independent exponential random variables of parameter (6;);en:.
Let  be the measure on RT defined by p = 02dx + "2, 6x,0;.
Let (Y;, Z;)ien be a Poisson point process on {(y, z) € R*2 : iy > 2} of intensity dy x dp.
LetY := (Y;)ieny and let Z := (Z;)en. Let (Yo, Zo) := (0,0).
The ©-ICRT is defined as (T, d) = SB(Y,Z). (see Algorithm 4.3)

4.4 Constructions of (D, k)-graphs, (P, k)-graphs and (O, k)-ICRG

4.4.1 Generic gluing and cycle-breaking of discrete multigraphs (see Figure 4.3)

In the entire section, G = (V, E') denotes a multigraph. Let cyc(G) the set of all edges e € E such
that G\{e} := (V, E\{e}) is connected. (For multiples edges the operation \ only remove one
edge at a time.) Let O(G) := # cyc(G).

For every leaves L1 # Lo € (G, we define the operation of gluing L; and Lo in G as follows:
For every leaf L € G, let the father of L be the only vertex ' € G such that (F, L) € G. Let F,
F3 be the father of L1, Lo. The multigraph obtained by gluing L; and Ly in G is

Gr1,1,(G) == (V/{L1, Lo}, E\{{ I, L1 }, { F», Lo} } U {{ I}, F2}}),

and intuitively corresponds to the graph obtained by fusing {F, L1} and {F», La}.
Similarly, for every leaves 1.y # Lo # ..., Lox_1 # Lo, the multigraph obtained by gluing
Ly and Lo,..., Loj_1 and Loy, in G is

g(Li)lﬁiSZk (G) = g(Ll,L2)7(L37L4)~"7(L2k—17L2k)(G) = GLy Ly ©GLs,Ls © 0 GLyy_ Ly, (G).

Note that this multigraph does not depend on the order in which we glue the different leaves.
Now recall Section 4.1.2. Let us give a formal definition of the cycle-breaking algorithm:
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Figure 4.3: Gluing leaves of the tree 71" from Figure 4.1 to form a graph GG with surplus 2. cyc(G)
isred. O(G) = 5. G = G| sy sy 0) (1) Also, P(CB(G) =T) = 225(6,\{‘27‘/5}) m(e) 22*3*5

Algorithm 4.5. Cycle-breaking of a multigraph G = (V, E') with V' C (V});en and surplus k.
- For1 <i <k, lete; = (Wait1, Wait2) be a uniform oriented edge in cyc(G\{e; }1<j<i)-
- Let CB(G) := (V U {*; hi<i<k, (B\{ei }1<i<k) U {{Wi, *2k11-i} hi<i<ok)-
To simplify our notations for every multigraph G = (V, E) and v w €V, we write #, ,(G)
for the number of edges {v, w} in G. Also, let o(G) := [,y 270! G) [Lowev #o.w(G)L

Lemma 4.4.1. For every connected multigraph G with V. C {V; };en and surplus k, we have:
(a) CB(G) is almost surely a tree with vertices V' U {x; }1<i<ok.
(b) Foreveryv € V, degcp () (v) = degg(v). Forevery 1 <i < 2k, %; is a leaf in CB(G).
(c) Almost surely, G(u; xo).....(xop_1.401) (CB(G)) = G.
(d) For every tree T satisfying (a) (b),

°o(G)
28 112 DG\ {ehzici)
Proof. (a) and (b) follows from a quick enumeration. (c) is easy to prove from the definition of G.

(d) follows from an induction. Indeed, the right hand side of (4.2) is just the product over each steps
of the probability that (Wa;t1, Wait2) satisfies {Wajt1, %2k—2i }, {Waita, xok—2i-1} € T. O

P(CB(G) = T) = 4.2)

44.2 (D, k)-graph

Note that (dy, ..., ds) is a degree sequence of a connected multigraph with surplus % if and only
if Zle d; = s+ k — 2, and by convention d; > ds - -+ > ds. Note that by adding 2k numbers 0,
this holds if and only if (dy,...,ds,0,...,0) € Qp.

For convenience issue, let us slightly extend our definition of (D, k)-graph. For D € Qp with
NP > 2k we say that G is a (D, k)-graph if it is uniform among all multigraph with vertices
{Vi}iai>0 U {*i}ic{oyuqak+1,..,Np41} and such that for every i with d; > 0, deg(V;) = d; + 1.
The following result follows from Lemma 4.4.1 and constructs a (D, k)-graph from a biased D-tree.

Lemma 4.4.2. Let TP* be a random tree. Assume that for every tree T such that: T have vertices
{Viti<ics U {*it1<i<ok, forevery 1 < i < sdegy(Vi) = d; + 1, and {x; }1<i<or are leaves of T,

O(g(*z‘)lgigzk (T))
H?:l D(g(*1,*2),...,(*21'_1,*27;) (T))

where o stands for proportional. Then G, TP*)is a (D, k)-graph.

P(TPF =T) , (4.3)

)1§i§2k(
To simplify our notations, we write for every i € N, [; () := DG (4, xp),...,(kos_ 1 40:) () and
Ok () = o(Gxi)rcican (1)) / Hl 1 0i(+). So that the right hand side of (4.3) is O 4 (7).
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4.4.3 (P,k)-graph

Since P-trees appear at the limit of D-trees, it is natural to adapt Lemma 4.4.2 to construct limits
for (D, k)-graphs from P-trees. Thus we informally define the (P, k)-graph as a P-tree biased by
(4.2) where we glued {*2;_1, *2; }1<i<. Below we formally define (P, k)-graph.

Fix P € Qp. First note that Algorithm 4.2 can be seen as a function AB (Aldous—Broder) which
takes a tuple A” in Qap := ({Vi}ieNu{m})N and send a tree 7. We equip Qap with the weak
topology and let Bap be the Borel algebra of this space. Also, we equip {24 With the distribution
P? of (AF);en, and complete the space so that event of measure null for P¥ are measurable.

Then note that U, 1 (AB) is a measurable function from Qg to R since it is locally constant
on the subspace of tuple that have at least 2k repetitions. Also, note that (O ;(AB) < (k + 1)!12*.

Thus we may define PP on (4B, BAB) such that for every Borel space B € Bag,
PP#(B) = E[14re 00 £ (AB(A7))]/E[On 1 (AB(A”))].

Now let A”** be a random variable with distribution P”**, Then let T7"* := AB(AP**). The
(P, k)-graph is the random graph G™F := G,y . (TPF)\{x}ien.

444 (0,k)-ICRG

Since ©-ICRT appear as the limit of D-trees it is natural to adapt Lemma 4.4.2 to construct limits for
(D, k)-graphs from ©-ICRT. Thus we informally define (0, k)-ICRG as ©-ICRT biased by (4.2)
where we glued {*2;_1, *2; }1<i<. Below we formally define (©, k)-ICRG. We stay rudimentary
and refer to Chapter 3 of [39] or to the R-graph theory of [5] for more details.

First we formally define the gluing of two points: For every pseudo metric space (X, d) and
z1, 22 € X let &, ,((X,d)) be the pseudo metric space (X, d’) where for every a1, as € X,

d'(a1,az) := inf{d(a1,as); d(a1,x1) + d(az, z2); d(ai,x2) + d(az, z1)}.

Also forevery k € Nand x1, 9, ...,z9, € X let

6(%)195%(()(7 d)) = ®(x1@2)"“7(m2k—1#32k)((X’ d)) := Sy 000G 05,2,0° '06x2k—1:x2k((X7 d)).

One can check that &), _. ., ((X, d)) does not depends on the order in (z2;—1, T2:)1<i<k-

Recall Section 4.3.3. Let Ky, be the set of couples of sequences y and z satisfying (4.1). In
Section 4.3.3 we defined the stick breaking construction as a function SB : (y, z) € Ky, — SB(y, z).

For every n € N and (y,z) = ((¥i)ien, (2i)ien) € Ky, let cyc, (y,z) be the set of z € R
such that &y, ., (SB(y,z))\{z} is connected. Note that cyc,(y, z) is a finite union of interval
so is measurable. Let [, (y, z) be its Lebesgue measure. Note that (J,,(y, z) only depends on
{yi}1<i<n, {#i }1<i<n, and is a measurable function of ({y; }1<i<n, {2i }1<i<n) (see Lemma 4.10.2).
Let Ok (y, z) == 1/]1F_, O.(y, 2).

Let M be the set of all positive locally finite measure on R*. Let Kgg := M x Ky,. We equip
Kgpg with the weak topology and let Bsg be the Borel algebra of this space. Let © € g. We
will prove in Lemma 4.6.14 that E[Cq ,(Y®, Z®)] < co. Thus we may define P®* on (Kgg, Bsg)
such that for every Borel space B € Bgg,

POH*(B) = E [14re 5004 (SB (Y2, Z29))] /E[On (Y, Z9)).

Now let (9, YO¥ Z9*) be a random variable with distribution PO*, Let YO* = (Yie’k)ieN.

Then let (T®F, d9*) .= SB(Y®F, Z(?’k). The (O, k)-ICRG is the random pseudo metric space
(G(%,k’ d@,k) — ®(Y-®’k)1<-<2k (T®7k7 d@,k)'
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4.5 Main results

In this section (Dp,)nen, (Pn)nens (On)nen denote fixed sequences in Qp, Qp, Qg respectively.
For every D = (dy,...,d,) € Qp, let (6P)? := 7 | di(d; — 1) then let AP := P /sP. Also,
for every P = (pi)ienu{oo} let 87 := max{i € NU {oo} : p; > 0} and let (67)* = >°72, (p;)*.
We always work under one of the following regimes:

Assumption 4.1 (D,, = P). Forall i > 1, d?” /sPn — pZ-D and sPr — oo.
Assumption 4.2 (D,, = ©). Foralli > 1,d"" /oP» — 69 and dP /sP — 0.
Assumption 4.3 (P,, = ©). Foralli > 1, p/" /o"» — 0 and p|™ — 0.

Assumption 4.4 (©,, = O). Forall; > 1, 9?” — 9? .

A few words on =-. One can put a topology on 2 := Qp U Op U Qg such that = corresponds
with the notion of convergence on 2. This has several advantages (see Section 3.8.1 for details).
First (€2, =) is a Polish space. Moreover, our results can be seen as continuity results for the
function which associate to a set of parameters a metric space. Hence, our results can be used to
study graph with random degree distributions. Furthermore (2p is dense on 2. So our results on
(D, k)-graphs imply the others.

4.5.1 The bias does not diverge

As explained previously in the introduction, our approach relies entirely on the stick breaking con-
struction of Chapter 3 and on the study of the bias corresponding to the cycle-breaking construction.
More precisely given the following result, our main results follows from the results of Section 3.4.

Proposition 4.5.1. For every x,m € R™ let hy, := x1;>,. We have,

. Oo4(TP)
mgnoo Deﬂgl:%}%z% |: ( (AD)k

4.5.2 Gromov-Prokhorov convergence

First let us specify the measures that we consider. Let {24 the set of measures on {V; };>1U{*; }i>o.
We say that a sequence (p,)nen € Q) converges toward p € Q4 if max;en [pn (Vi) —p(Vi)| — 0
and max;ey |pn(*;) — p(%;)| — 0. In the whole paper, for every D € Qp, pP>* denote a probability
measure with support on VPF := {V; i : d; > 1} U {x;,4 € {0} U {2k +1,..., NP +1}}.
Similarly, for every P € Qp, p¥ denote a probability measure with support on V¥ := {V.P},., ~q.
Also, we sometimes let 0 denote the null measure.

Then we recall the probability measure on ICRT of Chapter 2. To simplify our expressions, we
write u© = oo when either 6§ > 0 or 3252, 09 = oo, (since 4© = oo iff a.s. u©[0, 0] = ).
Definition (Proposition 2.3.2). Let © € Qg be such that 1° = oo. Almost surely, as n — oo,
% Yoy 5Yi® converges weakly toward a probability measure p© on T©.

Remark. When ;® < oo, % i, 0y does not converge. For this reason, although we prove the
convergence of the distance matrices, one cannot define a proper measure for the GP convergence.

Then let us define a probability measure on G, It directly follows from Proposition 2.3.2, that
as. >, dy-e,x converges weakly toward a probability measure p©* on TO*_ Since convergence

in 7% imply convergence in G©¥, it still makes sense to define p©* on GOF,
We now state the main result of this section. In what follows, d-* is the graph distance on
GPk and similarly d7* is the graph distance on G7*,
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Theorem 4.5.2. The following convergences hold weakly for the GP topology
(a) If D, = P and pP* — p¥ then

(GDn,k’an,k7pDn,k> V@;(GP,k’dnk’p ).
(b) If D,, = 0O, pD"’k — 0, and ,LLQ = oo then
(GDn,k7 /\Dnan,k’pDn,k> V@;(G@,k’ d@,k7p@,k)'
(c) If P, = O, p7» — 0, and §u® = oo then
(GPn,k’UPndPn,k’an> W_>GP(G6,k’ 4Ok Ok,
(d) If©,, = O, u®» = oo for everyn € N, and u® = oo then

WGP
(G@n,k’ dGn,k’ p®n,k) —>(G®’k, d@,k, p®,k)'

4.5.3 Gromov-Hausdorff convergence

GH convergence requires additional assumptions. In Chapter 3 we gave quantitative assumptions.
Here, we simply state rudimentary assumptions. We proved in Section 3.7.3 that the assumptions of
Section 3.4.3 imply the followings. To simplify the notations, for every tree (and every R-tree) T'
and vq,...,v, € T, we write T'({v; }1<i<,) for the subtree spanned by vy, ..., v,.

Assumption 4.5. For every € > 0,

lim limsup P (A\Prdy (TP ({*;}o<i<a), TT") > €) =0,

a—00 400

Assumption 4.6. For every € > 0,

lim lim Sup]P’ (O'P"dH (TP"({*Z‘}OSI‘S(Z),TP”) > 8) =0,

=30 p—+oo

Assumption 4.7. For every € > 0,

lim lim sup P (dH (T@n({Yi@n}ogiga), T9”> > e> ~0.

4% p—+oo

Theorem 4.5.3. The following convergences hold weakly for the GH-topology.
(a) If D, = O, pP» — 0, and Assumption 4.5 is satisfied then

(GDn,k7 )\Dnan,k) M(G@),k7 d@,k)'
(b) If P, = O, pP» — 0, and Assumption 4.6 is satisfied then
(GPn,k’UPndPn,k> WOl Ok Ok,
(c) If ©, = O, and Assumption 4.7 is satisfied then
(GGH,k’dGn,k) @(G@,k, d@,k)'

Remark. e Unlike the assumptions of Chapter 3, Assumptions 4.5, 4.6, 4.7 are necessary.
e By Lemma 3.3.3, the GHP convergence follows from the GP and GH convergence and the fact
that, since p© have a.s. full support on 7© (Theorem 2.3.1), p©* have a.s. full support on GO,
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4.6 Study of the bias

4.6.1 Proof of Proposition 4.5.1 in the typical case

Recall that for every z,m € RT, hy, = 21>, Recall the definitions of (0;)1<;<x and U g,
from section 4.4.2. For every D € Qp with NP > 2k and m € Rt let

In this section we estimate fD under the additional assumption 2N D> 4P / P, which is satisfied
when there are not too many vertices with degree 2.

Proposition 4.6.1. There exists c,C > 0 such that for every D € Qp with NP > max(2k, sP/(207)),
and m > 0, we have fP(m) < Cm™¢.

Our proof is organized as follows: We first upper bound [l .. Then we use Holder’s inequality
to upper bound fP () with the numbers of leaves in some open balls around xg. Then we use
Algorithm 4.1 to upper bound those numbers with (Y;)1<;<. Finally we use the continuum D-tree
construction of Chapter 3 to study (Y;)1<;<j through random Poisson point process.

Let d? be the graph distance in TP. Let d'P(-,-) := APdP(-,-). We have:

Lemma 4.6.2. Let C = 2%%(k 4 1)\. For every ¢ > 0, for every D € Qp with NP > 2k,

1 4
P(Ce™)/(kC) < gP(e) = E dCapa)ze |
fo(Ce™)/(kC) < g7 (e) [Hled’(*zi—l,*zz‘)]

Proof. First by definition of U g, O < (K + 1)!2’“/ Hle (J;. Then note forevery 1 < i < k
that 00;(TP) > d(%2;_1,%2i) — 1 > d(%2;_1, *2;) /2. Indeed, the path between the father of x9; 1
and the father of x9;, together with the edge connecting those two fathers, forms a cycle. Thus,

1

fP(Ce™")/C <E

T1E | d/(x2i—1,%2:)<ek
= .
[T @ (*2i—1,%2i)

The desired result then follows from the symmetry of the leaves (%;)1<;<2x. (That is the fact that
permuting the label of the leaves of 77 independently of 77 does not change the law of 7P.) [

For the rest of the section € > 0, and D are fixed. We have to estimate Hle d' (*2i—1,%2;)-

However, it is hard to estimate since it depends on k separate parts of the tree. For this reason, we
instead upper bound g with the numbers of leaves in some open balls around *q. For every n > 1,
let M,, be the proportion of leaves L € T'\{xq} such that 27"~ < d’ (%o, L) < 27" and let M be
the proportion such that d’(xg, L) > 1/2. Let K. := inf{n € N,27" > ¢}. We have:

Lemma 4.6.3. There exists C > 0 which depends only on k such that,

00 1/k s (k—1)/k
g(e) <CE | > 2 MF|  E Zznkn?’kM,’f]
n=K, n=0

Proof. In this proof C' denotes a real depending only on k& which may vary from line to line. First,
let (L;)1<i<2x be uniform random variables in {x; }o<i<n+1. Note that by symmetry of the leaves,

oLy, 00)<e
9(6) = k ,
[Ty &' (Lai—1, Las)

Vi # i # L
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Then by roughly speaking slightly changing (L;)1<;<2x such that some equalities may hold,

la(ny,00)<e
15, d'(Lai—1, La;)

E a(Ly,L0)<e
d'(Ly, L)

g(e) < CE

V1<i<k Ly # L2i] :

k

1
Ly, Ly # L27T:| I1E [
5 Ld'(Laie1, Loi)

Furthermore, by Holder’s inequality, and by symmetry of the leaves,

=CE

Lo;i—1, Laj—1 # Lo, T}

i k

9(e)* < CE |E [m Ly, Ly # LQ,TF 1'[21@ !E {M Loi—1, Loi—1 # Lzz-,Tr

_CE _E L (xg,L00)<e k 1 K

= [M *HéLQ,T] E E[M *HéLQ,T}
Therefore, we have by definition of (M,,),e{01uns

0 k 0 s
gP(e)* < CE (Z Q”Mn> E (Z 2"Mn> : (4.4)
1=K, =0

If k = 1 the desired results follow from (4.4). If £ > 2 then we have a.s., by Holder’s inequality,
. . Uk / o k1) (E=D/k
s (Eeor) (56
i=K. i=K-. =N
and similarly for Z?io 2™ M,,. And the desired result follows from (4.4). ]

Recall Section 4.3.1. We now upper bound for n € N, E[MF¥] using Algorithm 4.1. Recall the
definition of AP. Let Y7, Y5, ... be the indexes such that AP € {AP ... AP }.

Lemma 4.6.4. For everyn € N,

k
1
E[Mf] < kF Y P (Ya < 2%5) .
a=1

Proof. First, let (L;)1<;<2x be uniform random variables in {*; }1<;j<n-1. By definition of M,’f,

1 1
E[Mﬁ] =P |:2n+1 < d/(*(), Ll), e ,d/(*(), Lk) < 2ni| .
Then we want distinct leaves to use Algorithm 4.1. To this end, we develop the right hand side
above by distinguishing the cases of equality. Let J3(k) be the set of partition of {1, ..., k}. For
every [ = {Iy,...,1,} € PB(k), let &; be the event that for every z,y € {1,...,k}, L, = L, iff
they are in the same [;. Forevery I C {1,...,k} let m; := min(I). We have,

1 1
E [Mrlf:| = Z P |:Q3[, on+l < d/(*g,Ll), N ,d/(*g,Lk) < 2n:|
I={Iy,.... I, }eB(k)
1 1 , , 1
= WP Lmll #-.-#Lmla,W<d(*O,Lmll),...,d(*o,[/m]a)S27

{Iy,....I. }€B(k)
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Then by symmetry of the leaves,

1 1 1
k / !
= . < —.
E [Mn} 3 ESE [2%1 < d'(x0,%1), - ., d (%0, %a) < 24
{11, T} EB(R)

So since there is at most k¥ partitions of {1,...,k},
"o 1 1
E [Mﬂ <Ky e [2n+1 < d (x0,%1), ..., d (x0,%a) < Qn] . (4.5)
a=1

Finally we use Algorithm 4.1. It is direct from the construction that, writing Yy = 0,

Yo=) (Yi=Yim) €Y (dlxo,xi) —1) < (s/0) ) d(x0,%i).
i=1 i=1 i=1

So the desired results follows from (4.5). ]

We now upper bound Y, using a part of the continuum D-tree construction of Algorithm 3.5:
- Let (X;)i<i<s be a family of independent exponential random variables of parameter
(di/o)1<i<s.

- Let 41 be the measure on R defined by = >"7 , dx, (di — 1) /o.

- Let (Y;)ien be a Poisson point process on R* of rate 1[0, y]dy.

- Let (E;)1<i<s—1 be a family of exponential random variables of mean (o/(s — i))1<i<s—1.
By Lemma 3.5.2 there exists a coupling such that Yj, is independent of (E;)1<;<s—1 and such that
a.s. Zzyi1 E; < f/a. Moreover, we have:

Lemma 4.6.5. For every a,n € Nwithn < s/2,
P (Y, <n) <P(Y, < 4no/s)/2.

Proof. Fix n < s/2. Itis easy to check from basic estimates on the Gamma distribution that,

P <ZH:EZ < 4n(0/s)> >1/2.
i=1

So since Y, and (E;)1<i<s—1 are independent,

P(Yagzln%) >IP’<ZE <4n> >IP<Y <n, ZE <4n> Z%P(YaZn). 0

=1 =1
Hence, to upper bound Y, it is enough to upper bound Y,. To this end, we first upper bound .

Lemma 4.6.6. For every a € N,
(a) Forevery z,t > 0, P(u[0,z] > t) < z/t.
(b) Forevery 0 < x <1<t P(u[0,z] >t) < et/

0,2
Proof. Note that by definition of y, (X;)1<i<s and o,

— 1 zd;
di — X>x< $

E[u[0,2]] =

=1

So (a) follows from Markov’s inequality. Also [0, z] is a sum of independent random variables
bounded by 1 so (b) follows from Bernstein’s inequality (see [32] Section 2.8). ]
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Lemma 4.6.7. For everya € Nand 0 < z < e, P(Y, < z) < 327! (—4alog z)®

Proof. By definition of (Y;);cn, conditionally on p, max{i € N,Y; < z} is a Poisson random
variable of mean [ 1[0, ]dt < xp[0,z]. So, by basic inequalities on the Poisson distributions,

P(Y, < 2) = E[P(Y, < alp)] < El(p(0, 2])%]. 4.6)

Then we have by integration by part and Lemma 4.6.6,
o0
Blul0, 217 = [ B(ul0.a] 2 f)(at*a
0

T —4logx )
< / at®dt + / (z/t)(at®dt) + / et (at*dt)
0 T —4logx
< 3x(—4alogx)?,
using basic calculus for the last inequality. This concludes the proof. 0

Proof of Proposition 4.6.1. We now complete our upper bound for f(D). In this proof, ¢, C' denote
reals which depend only on k and which may vary from line to line. First by Lemmas 4.6.7 and
4.6.5 we have forevery 1 <a < kand0 <z < 1/16,

P (Y, < zs/0) < Cz®TL(—log(z))°.
Then by Lemma 4.6.4, and 2N > s/o, for every n € N with (s/0)/2" > 1,

k
1 a s
EIMY <K Y i (Yo < 507
a=1

b o0\ ke a\aotl |
<KD (2) elz)n
Cn®

= SGn “4.7)

Note that (4.7) naturally extends to the n € N with (s/0)/2™ < 1 since for those n almost surely
for1 <a <k, wehaveY, >a> g 2.
Next, since K. = inf{n € N,27" > ¢},

(e e]
E > 2mn¥ Mkl < c27Fc < C(20)",
i=K-
and
oo
E Zzn’fn%M,’;] <C.
i=0
Thus by Lemma 4.6.3,
00 1/k 00 (k=1)/k
gP(e) < CE | 2" n® Myl E| > 2“’“n3’fMj;] < C(2)". (4.8)
=0 i:Ka
Finally, Proposition 4.6.1 follows from Lemma 4.6.2. O

Along the way by (4.8) we have the following result, which we extend in the next section.

Lemma 4.6.8. There exists c, C' > 0 which depends only on k such that for every e > 0, D € Qp
with NP > max(2k, sP/(20P)), gP () < Ce“.
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4.6.2 Proof of Proposition 4.5.1 when there are many vertices of degree 2

This section is organized as follows. We first detail how to remove or add vertices of degree 2. We
then prove from those constructions a connection between the D-trees that do not have any vertice
of degree 2 and the others. Finally we use this connection to prove Proposition 4.5.1.

First for every graph G and x € GG, we call x an edgepoint if x have degree 2. A simple way
to remove the edgepoints is to shortcut them: Formally if T = (V| E) is a tree, then VT be the
tree (V', E') such that V' = {v € V,degy(v) # 2} and for every v,w € V', {v,w} € E’ iff there
exists a path between v and w that only pass by v, w and vertices of degree 2. Note that V keep the
degrees: for every v € T with deg, (T') # 2, we have v € VT and degy(v) = degyr(v).

Remark. One may extends V to general graph. However, the natural way to preserves the degrees
is to work with multigraph. We avoid this issue by working with trees.

Reciprocally one may construct any tree by adding some edgepoints along the oriented edges of
a tree without edgepoint: For every 7' = (V, E) let (€;(7T"))1<i<#r be some fixed oriented edges
of T such that each edge of E appears in one and only one direction. Let ((W; j)1<i<r;)1<i<#E be
some vertices that are not in V. Forevery 1 <i < #FE let (W; o, Wj . +1) := €(G). Let

AT, (Wijh<i<rh<i<gr = (VU{Wi i h<<gpi<i<r, ({Wig Wi+ Hh<i<gro<i<r) -

We now use A,V to study D-trees. Beforehand, let us introduce some notations. For every
D = (dy,...,ds) € Qp, let sZy := #{a € N,d, > 2}, let s2, = #{a € N,d, > 1}, and let
sP :=#{a € N,d, = 1}. Also let VD be the sequence (d1,dz, . .., ds.,,dso,+1,- - -, ds).

Also we say that ((W j)1<j<r;)1<i<n i an ordered partition of size n € N of a finite set E iff
forl1 <i<n,r; € {0} UN, and (4, j) — W, ; is a bijection from {1 <i <n,1 < j < r;} to E.
We have the following connections between D-trees and VD-trees:

Lemma 4.6.9. Let D € Qp. Let W be a uniform ordered partition of size sVP — 1 of {V;},.qo—_1-
Then, a) V(TD) is a V'D-tree, and b) A(TVP, W) is a D-tree

Proof. First note that V(A(TVP, W)) = TVP, since this tree is obtained by adding some edge-
point on TVP, which do not have edgepoint, then by removing all edgepoint. So b) imply a).
Toward b), simply note that A may be seen as a bijection from trees with degree sequence VD
and ordered partition of size s¥VP — 1 of {Vf}di:l toward trees with degree sequence D. (Indeed,
one may recover the initial tree by applying A and then read the ordered partition by, roughly
speaking, following each oriented edges of the initial tree on the image tree.) 0

We now prove Proposition 4.5.1. To this end, it is enough to remove the assumption 2N? >
sP /aP of Proposition 4.6.1. Note that it is satisfied when s = 0 since in this case, o” > 1 and
sP = NP + 31;2 < 2NP. For this reason, our goal for the rest of the section will be to prove the
following result, which together with Lemmas 4.6.8 and 4.6.2 yields Proposition 4.5.1.

Proposition 4.6.10. Recall the definition of g from Lemma 4.6.2. There exists C > 0, which
depends only on k, such that for every D € Qp with NP > 2k and € > 0,

gP(e) < Ce (/1 gVP(8)/6%ds + kgVP (1) + 1) .

€

To this end, it is enough to lower bound (d? (x2;_1, *2;))1<i<k using (dVP (o1, *2i))1<i<k-
To do so, by Lemma 4.6.9 (b), it suffices to study uniform ordered partitions. More precisely, we
have to lower bound the cardinal of the sets of those partitions, which corresponds to the numbers
of edgepoint added on each edge. This is done in the following lemma.
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Lemma 4.6.11. Let ((W; j)1<j<R,;)1<i<n be a uniform ordered partition of size n of a finite set E.
(a) (R;)i<i<n is uniform among all set of integers such that y ;| R; = #FE.
(b) Let (S;)1<i<n be independent geometric random variables of mean # E /n conditioned on
Soi1 Si < #E. Then there exists a coupling between (R;)1<i<n and (S;)1<i<n such that
almost surely for every 1 <i<n, R; > S;.

Proof. Toward (a), simply note that given (R;)1<;<n, there are exactly # E! possible ways to label
((Wi,j)1<j<R;)1<i<n to form an ordered partition of size n of E. Then (b) is an easy exercise. [

Next, in order to use the independency of Lemma 4.6.11 (b), we will use the following lemma:

Lemma 4.6.12. Let T be a tree. Assume that (%;)1<i<or, are leaves of T. For every1 < i < k
let &; be the set of edges that are on the minimal path between *9; _1 and xo;. Then there exists
(ED)1<i<k disjoint subsets of (£;)1<i<k such that for every 1 < i < k, #&! > max(#&;/k, 2).

Proof. Consider the following informal construction of (&])1<;<:
- Firstletfor 1 <4 <k, gz/ = {{*22'_1, FQi_l}, {*Qi,FQZ‘}}, where for 1 < i < 2k, F; is the
father of x; in 7.
- Then while J¥_, & # ¥, &
- For 1 <4 < k: If possible add to £ an arbitrary edge in &; that is not yet in U§:1 &l
It is easy to check that (£/)1<;<y, are disjoint subsets of (£;)1<;<g. Also for 1 < i < k, #&/ > 2.
Finally a quick enumeration gives that at the end of the algorithm #E&/ > #&; /k. O

Proof of Proposition 4.6.10. Lete > 0. Let D € Qp. Let W be a uniform ordered partition of size
51272 of {V;P},.4,=1 and independent of TVP. Let dVPW be the graph distance on A(TVP, W).
Then by Lemma 4.6.9 (b), A(TVP, W) is a D-tree. So, by definition of g, it is enough upper bound

lADdVD,W(*h*Z)SE
[Ty \PAYPW (kg 1, %a;))

To this end, let us use Lemmas 4.6.11 and 4.6.12. Let £ be the set of edges of TVP, Let (Se)ece
be independent geometric random variables of mean s? /#& conditioned on ), ceSi < sP. For
1 < < klet & be the set of edges that are on the minimal path between %2;_1 and *o; in TV, By
definition of A, and by Lemma 4.6.11, note that, there exists a coupling between W and (Se)ece
such that a.s. for 1 < ¢ < 2k,

GP(e, TVP) :=E VP . (4.9)

dVPW (kg1 x2i) = ) (1+Se). (4.10)
ee&;

Then, by Lemma 4.6.12, let (£/)1<i< be disjoint subsets of (&;)1<;<) such that for every
1 <i <k, #& > max(#&;/k,2). It directly follows from (4.10) that a.s. for 1 < < 2k,

AVPW (kg 1, %9;) > Z(l +S,).
ec&]
Therefore,
1yo Seeeq (14+80)<e

[T (VP e (14 50)

Hence, if (S”)c¢ are independent geometric random variables of mean s? /#&,

TVD

GP(e, TVP)<E

Loy (4sn)<e
GP(e, TVP) < 1 €6y -

E TVD
TP(Xeee SLSST|TAP) T, (AP Seees(1+50)
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Then note that there exists a constant C' < oo that does not depends on k,D such that a.s.
P (Y .ce SL < sP|TAP) < 1/C. So, since (€])1<i<y, are disjoint and (S )cee are independent,
L5 cer (1451)<2/3P

TVP| .
2668{( +Sl ]

Therefore we have using Lemma 4.6.13 below, and the fact that for every 1 < ¢ < k, #5{ > 2,

k

H [ eES’(1+S,)

=2

GP(e,TVP) < C (\P)"E

k

GP (e, TVP) < C(2¢)* (AP) " min (1 ee/X” )H ! . @1
’ B "HE(L+ sD/H#E) ) 1 #E(L+ sD/#E)

Next, let us rewrite (4.11). First, note that for every 1 < i < k,
H#E > #E )k = dVP (kai_1,%2:) /K.

Also,
sP sP sVP 4+ sP -1 sP—1 sP AP

1+%:1+SVD_1: sVD _ 1 :SV’D_128VD:)\VD’

noting for the last equality that P = oV, Then by elementary calculus it is easy to prove that,

min (1 es/A” ) < kemin (1 - >
i ; = 1 ’
#E(L+ 5T /#2) AT, %2)
00 dd
= kee L\vPavD (xy,x)) <6 53
g

Therefore by (4.11),

GP (e, TVP) < C(2ek)F+! (AVP kg/ool
(€157 < Cl2ek) ™+ (377) e | WDdVD*l*2<552HdVD*zz )

Finally by taking the expectation and by Fubini’s theorem, we have,

k

e [ 1 dé
E[GP (e, TVP)] < C(2ek)FT (AVP) "¢ / E llxmdm(*mmﬂ el
€ i=1

o
*2i—1,%2;) | 02

which yields by definition of G and g,

> dd
P (e) < C(2ek)F+1e / §7P(6) % @.12)
€
To conclude the proof, note that for § > 1,
- .
VvD <
g " (6) <E 1:[ )\VDdVD(*Qi_lj*Qi)]
1 VD
<E |1+ Z 1)\V’DdV’D(*2J 1,7%25)<1 H /\deD(*Q‘ 1,%2;) =14+kg " (1).
i _] 1 1— 1 1

So the desired result follows from (4.12). ]



4.6. STUDY OF THE BIAS 127

Lemma 4.6.13. Letn > 2, m > 0. Let (S;)1<i<n be independent geometric random variables of
mean m. Then,

E [ 1 } 2e
i (L8] 7 n(l+m)
Also, for every € > 0,

I (148)<e 2e ee
E L = < min (1, ——— ] .
[Z?l(HSi)] ~ n(l+m) ( (1+m)n>
Proof. Note that > " | (1 + S;) is the time needed to get n success for Bernoulli trials that hold
with probability 1/(1 + m). Thus for every = > 0,

P(é(usi)gw) < (L2J>(1+1m) B <1+m> < (fon)ny

It directly follows by integration by part that,

E [M] = /OOOP (i:(l +8;) < :c) ™ 2da

=1

(1+m)n/e n 0o
< / <m> z 2dz + / z2dx
0 (1 + m)n (1+m)n/e

e e
- (I+m)n(n—1) * (I+m)n
< 2e
~ (14+m)n

The second inequality is proved in a similar way. O

4.6.3 Bias of P-trees and ICRT

Recall the definitions of section 4.4.2 and 4.4.4 of (0J;)1<i<x and g ;. Recall that for every
z,m € RY, byt @ = 1>y

Lemma 4.6.14. We have the following assertions:
(a)
lim max E [hm (Dgyk(Tp)/(aP)kﬂ ~0.

m—00 PeQp
b)
lim max E [hy, (O0k(Y®,Z9))] = 0.

Proof. We focus only on (a) since (b) can be proved in the exact same way. Fix P € Qp. Let
(Dn)nen € Q% such that D,, = P (see the start of Section 4.5 or see Section 3.8.1 for existence).
By Theorem 3.4.1, we have the following weak convergence,

d
(dPn (%i,%5) )1<ij<2k Q(dp(*u *j))1<i <2k

Then by Lemma 4.10.2 (see also [5] Corollary 6.6), Oy, (7' Dn)) converges weakly toward (I (T 7)
as n — oo. Furthermore, by Fubini’s Theorem,

Dp\2 Dn /D)2 (d™)(dP =
()2 = (P Py = 3o O ) S —>sz -
i=1
Therefore, for every m > 0,
lim sup E[hun (O o (T77) /(AP))] 2 Elhim+1(Cok(T7)/(07)5)]. (4.13)
Finally, Proposition 4.5.1 concludes the proof. O
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4.7 Proof of the main theorems

Theorems 4.5.2 and 4.5.3 directly follows from three thing: the trees converges, the operation of
gluing leaves is a continuous map, and the bias converge. In this section, we precise the proofs.

4.7.1 Proof of Theorem 4.5.2

Proof of Theorem 4.5.2 (a). Let (Dy,)nen € Q2 and P = (Pi)ienu{oc) € 2p such that D, = P.
Leta € Nsuchthatp, > 0. Foralll <i < aletW; =V,. Forall 1 <1 < 2k, let Wy4; := *;.
By Theorem 3.4.1 (a), it is easy to check that we have the following joint convergence,

(4)
(dPr (Wi, Wi))1<ij<atok —(d" (Wi, Wi))1<i j<at2ks (4.14)
writing dP» for the graph distance on 7P, and d” for the graph distance on 77 .

Then by Kolmogorov representation theorem, we may assume that (4.14) holds a.s. Furthermore,
since we work with discrete trees, note that a.s. for every n large enough equality holds in (4.14).
Hence, by Lemma 4.10.2 a.s. for every n large enough Op x(TP) = Opk(7T7). Thus, by
dominated convergence, for any continuous bounded function f : R(a+20)* _y R+

E[f(dP" (Wi, W)))1<ij<a+or) Dou(T7)] R E[f(d” (Wi, Wj))i<ij<at2e) Bow(T7)]

E[Og ,(TP")] E[0ox(T7)]
JDn7

k for the graph distance on TP* and d** for the graph distance on 77 ¥,

d
(dP* (Wi, W)))1<i j<as2k Q)(Jp’k(WiaVVj))lgi,jga—&-%- (4.15)

Finally by gluing (%1, *2), ..., (*2x—1, *2% ), Which is a continuous map for the matrix distance,

Therefore, writing

d
(@2 (Vi Vi< o 2o (dPH (Vi V)i ja-
And Theorem 4.5.2 (a) follows from Lemma 4.2.1. ]

Proof of Theorem 4.5.2 (b). Let (Dy)pen € QlN) such that D,, = O € Qg. For every n € N let
pPF be a probability measure on VP such that pP»* — 0. Forevery n € Nand 1 < i < 2k,
let Wip" 1= %;. Also, let (WiD")i>2 « be a family of independent random variables with law pPn*,
Fix a > 2k. By Theorem 3.4.2 (b) and Lemma 14, we have

d
()\D" dP(WPr, W]pn)) @ e e, YP))1<ij<a- (4.16)

1<i,j<a

Then by Kolmogorov representation theorem we may assume that (4.16) holds almost surely.
Hence, by Lemma 4.10.2 a.s. Op (7P7)/(AP2)F — O x(Y®,29) as n — oco. Thus, by
Proposition 4.5.1 and dominated convergence, we have for all continuous bounded function f :
R — R,

E[f(APrdPr (WP, WP i< j<a)Dap(TP)] E[f (A2, YP))1<ij<a)Onk (YO, 29)]

—
E[Cox(TP")] E[Oo,k(Y®, 29)]
Therefore,
d
(AP dPm R (WP WP™) 144 j<a Q(J@’k(Yi@a Y2))1<ij<a-
Finally by gluing the & first pair of vertices, which is a continuous map for the matrix distance,
d
()\D" dD”’k(WiD”, ijn))2k+1§i,j§a Q(d@k(yﬁa Yj®))2k+1§i,j§a-
And Theorem 4.5.2 (a) follows from Lemma 4.2.1. ]

Proof of Theorem 4.5.2 (c,d). Since Kgp is a Polish space, and p is dense on (2, =), the results
follows from Theorem 4.5.2 (a,b) (see Section 3.8.1). Also, they can be proved similarly. ]
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4.7.2 Proof of Theorem 4.5.3

Proof of Theorem 4.5.3 (a). Let (Dy,)nen € Q% such that D,, = © € Qg. By Theorem 3.4.2 (b),

d
(AP dP" (s, 5) )i jens ~2(d® (Y2, YO )1 <t jen.

Thus, by Lemma 4.9.3 for every a € N, we have for the a-pointed GH topology (see Section 4.2.3),

WGH*

(TP ({xi hi<ica), AP"dP"  {xihi<i<a) = (TO({Y:2 hi<ica), d°, {V;P hi<i<a).

Therefore, by Assumption 4.5, we have for the 2k-pointed GH topology,

)WGH (

(TP APrdPn {xi}1<i<on T°,d®, {Y;°}1<icon)- 4.17)

Then, by Skorohod representation theorem we may assume that the above convergence holds al-

most surely. Thus by Lemma 4.10.2 a.s. [ x(7P") — Op (Y®, Z®). Then for every continuous

bounded function f on K ’f{ we have by Proposition 4.5.1 and dominated convergence,

E[f(TP, \PrdP, {xih<icon)Top(TP)]  EIF(T9,d° {V }<icon) Do p(Y7, 29)]
E[Dox(TP7)] E[Co4(Y7,29)] |

Therefore,

)WGH (

(TPwk \Pn gDk Lhd) i o TOk Ok {Y }1<z<21€)

Finally since the gluing of k pair of point is a continuous operation for the 2k-pointed GH
topology the desired result follows. O

Proof of Theorem 4.5.3 (b,c). The results can be proved in the exact same way. O

4.8 Configuration model and multiplicative graphs

The main objective of this section is to explain the connections between the configuration model
and multiplicative graphs, and between those models and (D, k)-graphs and (P, k)-graphs.

4.8.1 Definitions

For every multigraph G on {V; };en and 4, j € N let #; ;(G) be the number of edges {V;, V;} in G.
So that a multigraph on {V; };cy may be seen as a matrix.

We call a function f : I — I a matching if f o f = Id and for every x € I, f(x) # z. Let
Qcm be the set of decreasing sequence (d, ... ds) in {0} UN such that Y7, d; is even.

Algorithm 4.6. Construction of the configuration model from D = (dy, ..., ds) € Qcm:
- Let f = (f1, f2) be a uniform matching of {(7, j) }1<i<s1<j<d,-
- The configuration model is the random multlgraph CMP with vertices (Vi)1<i<s and such
that for every 1 < i < s, #; ;(CMP) := 3 Za 1141 (i,a)=i @and for 1 <i # j < s,

#z,] CM Zlfl (i,a) Zlflja

Let Qi be the set of sequence (A, py,...,ps) in RT* with py > -+ > p,.



130 CHAPTER 4. LIMIT OF CONNECTED MULTIGRAPH

Algorithm 4.7. Construction of the multiplicative graph from P = (A, p1,...,ps) € Qua:

- Let (X ,Z’)j)lgi;ﬁjgs be independent Bernoulli random variables with mean 1 — e~ *PiPs,
- The multiplicative graph is the random graph MG” with vertices (V1,..., V) and with

edges {1 <1i,j5 <s:X;; =1}
Next, we introduce multiplicative multigraphs, which are augmented multiplicative graphs.

Algorithm 4.8. Construction of the multiplicative multigraph from P = (A, p1,...,ps) € Qua:

P
- Let (N

Nﬁ have mean Ap?/2 and forevery 1 <i # j < s, NZP] have mean Ap;p;.

)1§i7j§5 be independent Poisson random variables, such that for every 1 <1 < s,

- The multiplicative multigraph is the random multigraph MG”+ with vertices (Vi)i<i<s and
such that for every 1 < i,j < s, #; ;(MGPT) := NZ.”Z._

Lemma 4.8.1. There exists a coupling such that MG” is the graph obtained from MGF* by
removing all its multi-edge. That is, for every i # j, {i, j} is an edge of MG” iff #; ;(MGPT) > 1.

Proof. 1t is easy to check that there exists a coupling such that a.s. forevery 1 < ¢ # j < s
X[ = 0iff N, = 0. The result follows. O

4.8.2 Multiplicative multigraphs as local limit of the configuration model

Lemma 4.8.2. Let P = (\,p1,...,ps) € Qumag. Forn € N, let D" = (d")1<i<sn € Qome If
s" — oo, and for every 1 < i < s, di ~ \/s"Ap;, and for everyn € N, i > s, d}' = 1. Then,

(d)
(#ivj(CMDn))lgi,jgs - (#@j(MGPJF))gi,jgs :

Remark. From this result, one may see the LIFO-queue algorithm of Broutin, Duquesne, Wang
[37, 36] as a limit of a recursive construction, based on a DFS exploration, of a uniform matching.

Proof. Let (D"),en and P be as in the statement. For n € N, let f” = (f{*, f3') a uniform match-
ing of {(4, j) }1<i<sn 1<j<ar. We may assume that CMPn is constructed from f™ by Algorithm 4.6.
The main idea is that for n large enough { f1 (i, j) 1<i<sn 1<j<ar are mostly independent. Since
Poisson random variables appears as the limits of Bernoulli trials this explain the convergence.
From there, there are many standard ways to justify the convergence.

Below we briefly present a method based on random point process. We let the reader refer to
Kallenberg [57] Section 4 for more details on convergence of point process. Let ™ be the random
measure on K := {(4, j) }1<i<j<s x R? defined by

V=Y Y Laa=nOagavamavant Do D L= ia/vam b
1<i<j<s 1<a<d; 1<i<n 1<a<b<d;
1<b<d;

It is enough to prove that {v" },cn converges vaguely toward a Poisson point process of rate

dvi= Y Locw<plosy<op;0ijdady + D loca<y<np,Siidudy. (4.18)
1<i<j<s 1<i<n

Indeed, provided this convergence, the desired result directly follows by integration over dxdy.
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To this end, first note that for every n € N, writing m,, := an dy?

1=1"1>

Ep"(K)= > Y P(fi,a)=(Gb)+ > Y. P(f(i,a)=(i,b)).
1<i<j<s 1<a<d; 1<i<n 1<a<b<d;
1<b<d,

B d;d,; d2/2
= wt 2 2w

1<i<j<s 1<i<n 1<a<b<d;

= > At Y. Y. W2

1<i<j<s 1<i<n 1<a<b<d;

where the last inequality comes from the assumptions of the lemma on (D), ),en. Thus, {v" },en is
tight for the vague topology. Let v be a sub-sequential limit of {v" },cn.
By a similar computation, forevery 1 <i < j <s,and0 <a <a' < Ap;, 0 <b <V < Apj,

Elv({i,j} x [a,d'] x [b,0])] = lim E[v"({i,j} x [a,a’] x [b,6])] = X(a@’ — a)(b — ).

n—oo

Andforevery1 <i<s,0<a<d <b<lV <p,.

Elv({i,i} x [a,d] x [b,b])] = lim E[p"({i,i} x [a,d’] x [b,0])] = Ma' — a)(t/ —b).

n—oo

Next, we prove that v satisfies the independency criterium. Beforehand let us introduce some
notations. Let v(-, -) be the covariance of two random variables. Let

S = {(i,j,a,b)eN4:1gz‘<jgs,}ggg;}u{(i,i,a,b)eN4:1§z'gs,1ga<bgdi}.

For every K1, Ko C K disjoint compact set, for every n € N, Cov(v" (K1), " (K3)) equal

>

(oatmte)
(i.j.a.b)eS VT
(i/7j/7a‘/7b/)es

K. 1(1-/,]-/,;;7, 2 Veks Cov(Lp(i,0)=(3.6)s L1(i0)=(3" b1))-

Then, by distinguishing whether it is possible to have both f(i,a) = (j,b) and f(i’,a’) = (', V'),
note that in the last sum there are O(#S) terms that are equal to 0 —1/(m™)2, O((#5)?) terms that
are equal to 1/(m™)(m" — 2) — (1/m™)? = O(1/(m™)?), and the others that are null. Therefore,

| Cov(v" (K1), V" (K2))| = O(#S)0(1/(m")?) + O((#5)*)0(1/(m")?) = O(1/m") — 0.

Since the last convergence hold for every disjoint compact K7, Ko C K, we have that for every
disjoint compact K1, K, C K, Cov(v(K}),v(K})) = 0.

Finally, to prove that v is a Poisson point process of rate (4.18) it is enough to check that a.s.
for every x € K, v(x) € {0,1}. To this end, one may adapt the previous argument to show that
there exists C' > 0, such that for every « € K, ¢ > 0, writing B(z, €) for the closed ball centered at
x of radius ¢ for ||||c, if B(x, <) does not intersect { (4,4, 1/2,1/2)}1<i<s then

E[v(B(z,¢))(v(B(z,¢)) — 1)] < Ce2.

This implies the desired property, and so concludes the proof. O
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4.8.3 Connections with (D, k)-graphs and (P, k)-graphs
Recall that for every multigraph G on {V; }ien, o(G) := [ iy 2#4,i(G) I jen #i4 (G
Lemma 4.8.3. Let k € N we have the following assertions:
(a) Let D = (d1,...,ds) € Qcwm such that Y}, di = 2s + k — 2. Then CMP biased by
o(CMP) and conditioned at being connected is a ((dy — 1,...,ds — 1), k)-graph.
(b) Let W = (A wi,...,ws) € Qua. Forevery 1l < i < s, let p; :== w;/ 2;21 wj. Let
P = (p1,....0s,0,0,...). Then MGV biased by o(MG"W7") and conditioned at being
connected and having surplus k is a (P, k)-graph.

Remark. The bias is not really important as typically those graphs are studied in a regime where
with high probability the multigraph is a graph. Also removing this bias only remove the term
O(G(x3)1 <s<0x (1)) in Section 4.4.2 which does not change our proofs.

Proof. (a) is a classic and is easy to obtain from a quick enumeration. So we focus on (b). The
main idea is that, on the one hand multiplicative multigraph are limits of the configuration model,
and on the other hand (P, k)-graph are limits of (D, k)-graph. Thus by identification, (b) follows.
Let us detail:

Fix k, W, P € Qug as in (b). Let (D"),,cn be a sequence of Q¢ as in Lemma 4.8.2. Then
write CM"Y* for the random multigraph MG biased by o(MG"”) and conditioned at being
connected and having surplus k. Also, write for n € N, CMP"+* for the random multigraph CM?"
biased by o(CMP") conditioned on the fact that the subgraph of CMP" on (V;);<;<; is connected
and have surplus k. By Lemma 4.8.2, we have,

n d
(#i,;(CMP"F)) 1< j<s Q(#i,j(MGW’k))lgz’,jS& (4.19)

Then, for every n € Nlet S™ 4 2s be the number of vertices that are in the connected component
of (Vi)1<i<s in CMP". Then let D"~ := (d},...,d",1,...,1) with S™ number 1 at the end. It
is well known that for every n € N, conditioned on S™, CMP"* have the same law as CMP"~
(where the vertices outside (V;)1<i<s in CMP" have been relabeled). More precisely,

n d n—
(#a(OMP™ )1 i s D (#1 (OMP" i jee.
Therefore, it directly follows from (4.19), that if for n € N, CMP" ¥ be the random multigraph
CMP"" biased by o(CMP"") and conditioned at being connected, then
n—,k d
(#:,5(CMP" ))1<ij<s Q(#i,j(Mka))lgi,jgs- (4.20)

Next let for n € N, D,, € Qp be the sequence (d} —1,...,d> —1,0,...,0,0,...,0) where
we added S™ + 2k numbers 0 at the end. We have by (a) for every n € N,

@(

(#i5(GPF))1<ijes = (#ig(CMP"F))14i <o

Therefore by (4.20),

d
(#i(GPF))1<i j<s Q(#i,j(MGW’k))lgi,jgs- (4.21)

Finally note that D,, = P. So, by (4.15) and Lemma 4.9.3, as n — oo the subtree of TDnk
spanned by {V;}1<i<s U {; }1<i<ar converges weakly toward the subtree of 1’ Pn:k spanned by the
same vertices. Therefore, we have by gluing (%1, *2), . .., (x2x—1, *2% ), then counting the edges,

(d)
(#i(GP*N1<ijes —#ig(GTM))1<ij<s:
And (4.21) concludes the proof. ]
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To conclude the section let us compute the law of (P, k)-graph.

Lemma4.8.4. Letk € N. Let (p1,...,ps,0,0...) € Qp. We have for every connected multigraph
G on {V;}1<i<s with surplus k, writing « for proportional,

PGPE=G)oc [T (wipy)*0 .

1<i,j<s

Proof. Keep the notations of Lemma 4.8.3 (b). By definition of QK/{V& , we have

i —A\p; s o 2
Pl - - [ e et/
1<i<j<s #Z’] (G)' 1<i<s #l,l(G)!
So the result follows from Lemma 4.8.3 (b). L]

Remark. @ When k = 0 the result is well known and is a classical definition for P-trees.

e When the weight of the edges is not multiplicative, one can still construct similar multigraphs.
Moreover, Lemma 4.8.4 is still true in this case. For £ = 0, this relates those models with the
general spanning trees constructed by Aldous—Broder algorithm [9, 35].

4.9 Appendix A: R-tree reconstruction problem

Recall that a R-tree is a loopless geodesic metric space. If T is a R-tree, we say that x € T isa
leaf of 7 if 7\{z} is connected. Let (7, d) be a R-tree with leaves {*; }1<i<x. In this section we
reconstruct a R-tree isometric to 7 from (d; j)1<; j<n = (d(*i,*j))1<ij<N-

For every a,b € T let [a, b] be the geodesic path between a and b. Since 7T is a R-tree note that
forevery 1 < a # b # ¢ < N there exists a unique vertex g p ¢ in [*q, *p] N [*a, *c] N [*p, *c].

Lemma 4.9.1. Foreveryl < a #b# ¢ < N, 2d(*q, *ab,c) = dap + da,c — dp .

Proof. Note that d, p, = d(*a, *q,b.c) + d(*qp,c, *p), and similarly dp . = d(*p, *q p.c) + d(*q,b.cs *c)
and dg ¢ = d(*q;*q,bc) + d(*q,p.c; *c). The desired equality follows by sum. O

To reconstruct I" we reconstruct recursively for 1 < n < N the subtree spanned by {*i}lgign,
which is 75, := U;<; j<,[*i: %] It is easy to check that for 1 < n < N, (7y,d) is a R-tree.
Moreover, note that 7,41 = 7, U [Wh, *n+1], where W), is the closest point from %1 on 7y,.
Therefore, it is enough to reconstruct (W;)1<j<n and (d(W,,, *p+1))1<n<n. This suggest the
following construction. Below, (/3;);cn is the canonical base of R,

Algorithm 4.9. Reconstruction of a R-tree on (RN, ||||o0) from M = (d; ;)1<i j<N-
- Let«M := 0. Let TM = ({x}},0).
Let x37 = (0, d(xM,«31)) Let TV := {21,0 < o < d(xM, <31},
Forevery 2 <n < N:
- Let 1 < bM £ ¢M < n be the smallest integers (for some predetermined order) that
minimize dn_i_l’b%l + dn_i_l’%w — db%’c%vf.

- Let WM be the vertex of 7,™ at distance Ayt gy + dprr v — dy g v OF *{)\f and at
distance deyr 1 + depr pyr — dyy g par OF *%4. (See below for existence and unicity.)
- Let TN, = T U{WR + 26,0 <@ <dpyq oy + dpyig o — dyy o).
- Let TM .= T,

Remark. The idea of constructing subtrees on (R+N, d~) comes from Aldous [10].
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Lemma 4.9.2. Let (T, d) be a R-tree with leaves {; }1<i<n. Let M = (d(%;,*;))1<i j<n-. Then:
a) Foreveryl <n < N, 7;M is well defined.
b) (T,d,*1,...,%n) and (TM de,*M, ... ,*%[) are isometric (see Section 4.2.3).

Proof. We prove by induction that for 1 < n < N, T,M is well defined and that (7, d, %1, .. ., %)
and (TM doo, M, ..., %M) are isometric. Firstif n = 1 or n = 2 then the result is obv1ous.
Then let 2 < n < N such that 7, is well defined and such that there exists an isometry ¢,, from
(Trydy K1y .oy xn) to (TM doo, x3 . %M,

Recall that 7, = |, <ij<n [%i,*;], and that 1V, is the closest point from %,1 on 7,,. So there
exist 1 < b, # ¢, < n such that W,, € [*p,,%*c,]. Hence W,, = %11, ¢,. Then by Lemma
4.9.1,

d(*n+17 Wn) = d(*n+1a*n+1,bn,cn) = dn—l—l,bn + dnJrl,cn - dbmcn- (4-22)

Also, by Lemma 4.9.1, since W, is the closest point from *,,1.1 on 7Ty,

d(* W,) < min d(% = mln d +d —dpc-
( n+1, ) 1<b<c<n ( n+1, n+lbc) 1<b< n+1,b n+1,c b,c

Therefore, we may assume that b,, = b} and that c,, = cf‘l/f
Furthermore, since Wy, = %415, cn>

d(Wn7 *bn) = dbn,n—l-l + dbn,cn - dn—i—l,cn ; d(Wn’ *cn) = dcn,n+1 + dcn,bn - dn—i—l,bn- (4.23)

W, is the only vertex of T, satisfying (4.23). Indeed, any vertex V satisfying (4.23) must also
satisfy
d(‘/’ *bn) + d(‘/, *C”n) = d(*bn ? *Cn)7

and so must be ,,, the only vertex of [*,, %, ] at distance dy,, ,,+1 + db,, ¢, — dn+t1,c, Of *p,,.
Then, by definition of ¢,, and (4.23), ¢,,(W,,) is the only vertex of 7" satisfying
dm(¢n(Wn)7*£§) = dbn,n+1+dbn,cn_dn+1,cn 5 doo<¢n(wn)a*l])\§) - dcn,n+1+dcn,bn_dn+1,bn-

Therefore, WM and thus 7, +1 are well defined.

Finally recall that 7;L+1 Tn U[Wh, *n+1]. Then by definition of 7, +1, (4.22) and ¢, (W) =
WM, we have TM, = TM U {¢,(W,) + 23,,0 < 2 < d(Wp,*y11)}. Also both union
are disjoint, so one can extend ¢, to an isometry ¢, 1 from 7,1 to T, ‘1 such that for every
x € [Wh,*nt1], Ony1(2) := ¢n(Wy) + d(Wy, ) By This concludes the proof. O

We now prove a corollary, which we use to prove Theorem 4.5.3.
Lemma 4.9.3. Let ((Tn, dy))nen be a sequence of R-trees with leaves {*]' }1<i<n. Assume that

Vlgl#jgn, d(*l,*])—>di7j€R+*.

Then there exist a unique N -pointed R-tree (T ,d, (x1,...,*n)) up to isometry such that for every
1 <14,j <N, d(%j,*j) = d; j. Moreover, ((Tn, dn, (*')1<i<N))nen converges for the N-pointed
Gromov—Hausdorff topology (see Section 4.2.3) toward (T, d, (x;)1<i<N)-

Proof. First uniqueness follows from Lemma 4.9.2. Let us prove existence. For every n € N let
M™ = (d" (%}, *}))1<ij<n- Similarly let M = (d; j)1<i,j<n. Note that for every n € N,
TMn {x e R™ x {0V, dy(0,2) < max d”(*’f,*?)}. (4.24)
1<G<N

Thus for every 1 < m < N, {WMn}, .y is tight.
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. : : M,
Let (n;);en be an increasing sequence of integer such that for every 1 < m < N, (Wpn, ™ )jen

converges toward W°. Then, intuitively, the whole Algorithm 4.9 converges. More precisely,
TMni converges for the Hausdorff distance toward a R-tree 7 that is constructed from Algorithm
4.9 with entry M and where for 1 < m < N, WM is replaced by W°. Furthermore, for every

1<m<N, (*n]\{nl )ien converges toward *>° which is also obtained from the same algorithm.
Then it is easy to check that the leaves of 7 are (x5v )1<m<n. and that for every 1 <i,j < N,
d(x°,%°) = lim d(x", %)) = Tm dn,, (+7,%]) = dij.
Therefore (7, d) satisfies the properties described in the lemma.

Finally, let us prove the convergence. First, the right-hand side of (4.24) is compact so
(TMn),en is a tight sequence for the Hausdorff topology. Then from any converging subsequence

of (TMn), e we may further extract such that (W:{I ");en converges. It then follows from the
first part of the proof that (7" ),,cyy converges for the Hausdorff distance toward 7. Finally by
Lemma 4.9.2 for every n € N, (T doo, (xM)1<i<n) and (Ty, dn, (x7)1<i<n) are isometric.
The desired convergence follows. O

4.10 Appendix B: []. is a continuous function of the matrix distance

Recall Section 4.4.4. Let us extend [J; to general R-trees. Note that for every R-tree (7, d), one
may define a Borel measure A on 7 such that for every a,b € T, A[a,b] = d(a,b). By analogy
with R we call A the Lebesgue measure. For ¢ € N, if {%; }1<i<o are leaves of T, we let cyc,(7)
be the set of all x € R such that &), _,_, (7)\{z} is connected. By Lemma 4.10.1 below
cyc.(T) is measurable. Let [J.(7) be its Lebesgue measure.

It is easy to check that this definition of [, extends the definition of [1. described in Section
4.4.4 and informally equals [J. + ¢ where [, is defined in the discrete setting in Section 4.4.2. The
goal of this section is to prove a continuity result for L.

Lemma 4.10.1. For every c € N, for every R-tree (T, d), if {*i}1<i<2c are leaves of T then

cye (T) = U [xap—1, *2p].-

1<b<c

Proof. On the one hand, for every b < ¢, [*2p_1,%25] C cYC(G(x;),c;c0, (T')) since [sap_1, %] is
acyclein &,,), ., (T) (a geodesic path that have the same starting and ending point).

On the other hand, let x € T\ J; <y [*25—1,*2s]. If T\{} is connected then = ¢ cyc.(T')
since & ..y, _, ., (T)\{x} is also connected. Otherwise T \{z} is disconnected. Let 71, 75 be the
two connected components of 7\{z}. For every 1 < b < 2¢ note that since = ¢ [*2p—1, *2],
either xop_1,%9p € T1 Or *9p_1,%95 € 7To. Therefore, by induction, for every 1 < b < ¢,
B (y)1<s<m (T)\{} is still disconnected. In other words, = ¢ cyc.(T). O

Lemma 4.10.2. Let ¢ € N. There exists a continuous function f, : R***2¢, such that for every
R-tree (T, d) such that {x; }1<i<2c are leaves of T,

Oe((T, d)) = fe((d(i, xj))1<i,<2e)-
Furthermore for every A € RY, O.((T,\d)) = AX.((T, d)).

Proof. Fix ¢ € N. note that [, is invariant under isometry so Lemma 4.9.2 imply that f. exists.
Also, the scaling property is straightforward from the initial definition since rescaling d rescale the
Lebesgue measure. Thus, it remains to prove the continuity property.
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To this end, we prove an explicit formula for O.((7,d)) — O.—1((7, d)) using Lemma 4.10.1.
Let M := (d; j)1<i,j<2c := (d(*4,%;))1<ij<2c. Since (T, d) is a R-tree we may define ¢, as the
unique isometry from [0, da;—1,2;] to [*2;—1, *2;] such that p.(0) = %91 and p¢(d2i—1,2;) = *2i.
We have by the transport formula,

O.((T,d) — Oc-1 (T, d)) = A([[*%—h*%]]\ U 5[[*2b1,*2b]]>
1<b<c
1

do;_1,2; ¢~
:/ H 1‘P¢(£)¢[[*2b71,*2bﬂdlﬂ' (4.25)
0 b=1

Then, since 7 is a R-tree, for every 1 < b < ¢, [*2p—1, *25] N [*2c—1, *2¢] is a segment. For
every 1 < b < c, let I be the real interval such that x € I, iff p.(z) € [*2p—1,*2]. Intuitively,
by (4.25) it is enough to show that for 1 < b < ¢, I; may be seen as a continuous function of
M . Indeed, this would directly imply that f.(M) — fe—1((d; j)1<i j<2.—2) is continuous. And the
desired result would then follow by induction.

Thus let us fix 1 < b < ¢, and let us compute [;,. For every a, b, c € T, x4, let be the unique
vertex in [[xq, xp] N [*q, *c] N [*p, *c]. Since T is a R-tree, note that

d(*9c—15%26—1.2¢.20-1) F d(*2c—1,%2e—12¢.26) = Ip = [d(*2c—1,%26—1.2¢.20-1), d(*2c—1, %26—1 2¢.20)]
where for z,y € R, [x,y]" := [min(z, y), max(z, y)]. Also note that
d(*2e—1,%2c—1,2¢,20—1) = A(*2c—1, %2¢—1,2¢,26) = Ip € {0, {d(*2¢—1,*2c—1,2¢,2) } }-
Moreover, by Lemma 4.9.1,
d(*2c—1,%2¢—1,2¢,2b—1) = d2c—1,2¢ + dac—1,20—1 — d2c 201,

and
d(*2c—1,*2¢—1,2¢,2) = d2c—1,2¢ + dac—1,2 — dac.2p-

Therefore I, may be seen as a continuous function of M. Finally (4.25) concludes the proof. []



Chapter 5

Looptree, Fennec, and Snake of ICRT.

"Having imagination, it takes you an hour to write a paragraph
that, if you were unimaginative, would take you only a minute.
Or you might not write the paragraph at all."

Franklin P. Adams
This chapter is adapted from [30].

We introduce a new theory of plane R-tree, to define plane ICRT (inhomogeneous continuum
random tree), and its looptree, fennec (a Gaussian free field on the looptree), and snake. We prove
that a.s. the looptree is compact, and that a.s. the fennec and snake are continuous. We compute the
looptree’s fractal dimensions, and the fennec and snake’s Holder exponent. Alongside, we define a
Gaussian free field on the ICRT, and prove a condition for its continuity. In a companion paper [26],
we prove that the looptrees, fennecs, and snakes of trees with fixed degree sequence converge
toward the looptrees, fennecs and snakes of ICRT.
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5.1 Introduction

5.1.1 Motivations and overview of the results

We construct the looptree, "fennec” (a gaussian free field on the looptree), and snake of the ICRT.
We also compute the fractal dimensions (Minkowski, Packing, Hausdorff) of the looptree, and the
Holder exponents of the fennec and snake. In a companion paper [26] we show that these objects
are the scaling limits of the looptrees, fennecs, and snakes of "D-trees" (uniform rooted trees with
fixed degree sequence D).

Informally, a looptree, introduced by Curien, Kortchemski [44], is constructed by replacing
each vertex of a tree by a cycle of size proportional to its degree, while keeping the tree structure.
Then the fennec (for field+snake) is a Gaussian free field on the looptree. Finally, the snake is the
real process obtained by turning around the looptree clockwise, and reading the value of the fennec.
Those definitions are made formal in Section 5.2, using a new theory of plane R-tree.

Those objects are mainly motivated by scaling limits of maps with fixed face degree sequence.
Indeed, the bijections of Bouttier, Di Fransesco, Guitter [33] and Janson-Stefansson [55] yield
together a bijection between those maps and D-trees with a discrete fennec. It is now well known
that the convergence of the snakes implies the tightness of the maps. However, although Le Gall
[62] developed a general approach to prove the universality, this question remains open in general.
In the stable case, this key problem is under active investigation by Curien, Miermont, Riera [45].
We refer to Marzouk [68, 67, 69] for elaborate discussions on the subject.

Let us already mention, that independently, Marzouk [69] also proves scaling limits of looptrees
and snakes of D-trees toward objects constructed from processes with exchangeable increments.
We strongly believe that both approaches are useful to study the limits, which thus coincide, from
the point of views of processes with exchangeable increments, and stick-breaking constructions.

In this direction, our theory of plane R-tree builds a bridge between those two points of view.
Indeed, we extend many discrete notions to R-trees, to construct several real processes directly
from the trees. As a result, those processes can now be studied from stick-breaking constructions.
This completes the pioneer ideas of Le Gall (see e.g. [61]), which allow to construct and study trees
from real process. By analogy with this theory, we construct the height process and Lukasiewicz
walk of ICRT, and we will study them in a forthcoming paper [25].
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5.1.2 Theory of plane R-tree: an overview

A discrete plane tree is a rooted tree with an ordering of the children of each vertex. Aldous [11]
extended this notion to binary continuum trees, by using signs -/+, to construct the height process.
The height process is then constructed by Duquesne [48] for general order.

However an order is not enough to construct several objects, and notably the Lukasiewicz walk.
This walk was essential in the work of Le Gall, Le Jan [64, 63], and Le Gall, Duquesne [50, 49]
to study Lévy trees. For P-trees and ICRT, Aldous, Miermont, Pitman [14, 15], developed a
similar theory based on processes with exchangeable increments, but those processes are far less
understood.

Still their depth first walk of P-trees led us to two intuitions: First, P-trees are infinite.
This is confirmed in Chapter 3 since P-trees are the limits of D-trees in the "condensation case"
(when the largest degrees have the same order as the total degree, see Theorem 3.4.1 (a), 3.4.2 (a)).
Then, this process can be seen as a Lukasiewicz walk. This interpretation of this "half-discrete-half
continuum" tree led us to the theory of plane R-tree below:

First we define a notion of angle, which can be seen as numbering the children of each vertex.
With those angles, we can rewrite the discrete definitions of the looptree and fennec for the ICRT.
Then, we define a notion of left and right, which we use to define a contour path in the looptree:
morally start at the root, then turn around each cycle clockwise, and stop after a complete circuit.
Finally we construct many processes, by composing this path with some functions on the looptree.

5.1.3 Stick breaking and the chaining method

Our approach is based on the stick-breaking construction of the ICRT from Chapter 2, which is
adapted from Aldous, Camarri, Pitman [16, 40]. Stick-breaking constructions, first introduced by
Aldous [10], generate a R-tree and are separated in two steps:
e the line R is first cut into the segments ("sticks" or "branches") [0, Y1], (Y1, Ya], (Y2, Y3 ...
e then for every i € N the segment (Y}, Yj11] is glued at position Z; <'Y;.
In Chapter 2 we study the compactness and dimensions of ICRT. We now use similar methods,
which can be split into simple topological/logical arguments, and many uses of the chaining method.
This method has found many applications in concentration theory (see e.g. Talagrand [79], or
[32] Chapter 13), and to study random metric spaces, and notably stick-breaking constructions (see
e.g. Aldous [10] ; Amini, Devroye, Griffiths, Olver [17] ; Curien, Haas [43] ; Sénizergues [77]).
Let us explain its main principle: The goal is to estimate the max of a function f on a space S.
To this end, consider a sequence of increasing subspaces' (.S;);en of S "approximating" .S, and for
every i € N, a projection p; : S;+1 — S;. The main idea is that if (.5;);cwy are properly chosen:

max f(x Z max (f(z) — f(pi(x)))-

z€eSs QTESH_l

As a result, one can decompose a complex estimate into many simpler ones. Moreover, when
(Si)ien are well chosen, it tends to give optimal bounds 2.

In most of our proofs S is the looptree, and (S;);cn are the sub-looptrees obtained after gluing
a certain number of branches. Then f can be the distance between a vertex and a fixed set to prove
compactness, or compute fractal dimensions. f can also be some partial sums to prove uniform
convergence, or continuity. In Chapter 3, we also used it to prove the tightness of D-trees.

In this paper we often re-decompose for every i € N, the estimate of max,cgs,., f(x)—f(pi(z)):
On the one hand, we estimate the maximum number of branches separating « € S; 1 from .S;. On
the other hand, we estimate how f vary on each branches. Finally we multiply the worst cases.

"For more complex algorithms one may want to consider general (X;);cn and a family of functions f; on X;.
Reverse bounds tends to be much harder to prove. See e.g. Section 2.6.3 for ICRT in the non compact case.
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Plan of the paper: In Section 5.2, we define our objects and state our main results. We also
deduce the Holder continuity of the fennec and snake from our other results. In Section 5.3, we recall
several technical results from Chapter 2. In Section 5.4, we prove the compactness of the looptree.
In Section 5.5, we study the notions of left and right. In Section 5.6, we construct the contour path
and prove its Holder continuity. In Section 5.7, we compute the fractal dimensions of the looptree.
In Section 5.8, we study the Gaussian free field on the ICRT. In Section 5.9, we prove that the
fennec is well defined, and extend its definition to other fields. Both Sections 5.8, 5.9 can be read
right after Section 5.3.

Acknowledgment I am grateful to Cyril Marzouk for the interesting discussions we got at CIRM.

5.2 Model and main results.

5.2.1 Basic notions on R-trees and plane R-trees.

A Polish space is a separable, complete, metric space. A R-tree is a geodesic, loopless, Polish space
(see Le Gall [61]). A rooted R-tree is a R-tree with a distinguished vertex.

For every R-tree 7, and x,y € T, let [z, y] denote the geodesic path between z and y. The
closest common ancestor of x,y € T is the vertex x Ay € [p, z] N [p, y] which maximizes d(p, z).
For every x € T, the degree deg(z) of x in T is the number of connected components of 7 \{z}.

An angle function on a rooted R-tree (7, d, p) is a function u : 72 — [0, 1] such that:

e Forallz € T, uz, = g, = 0.

e Forallz € T,y,z € T\{z}, uyy = u, . iff y and z are connected in 7 \{z}.

A plane R-tree is a rooted R-tree equipped with an angle function.

To avoid measurability issues, we further assume in the definition that a plane R-tree is balanced:

forevery z,y € T if deg(z) = 2 then u,, € {0,1/2}.

5.2.2 ICRT, and plane ICRT

We first introduce a generic stick breaking construction. It takes for input two sequences in R™
called cuts y = (y;);en and glue points z = (z;);cn, wWhich satisfy

Vi<j, yi<y; 3 yi—oo 5 VieN, z <y,
and creates an R-tree by recursively "gluing" segment (y;, y;+1] on position z; , or rigorously, by

constructing a consistent sequence of distances (dy,)nen on ([0, yn])nen.

Algorithm 5.1. Generic stick-breaking construction of R-tree.
Let dj be the trivial metric on [0, 0].
For each 7 > 0 define the metric d; 41 on [0, y;4+1] such that for each x < y:

dl(m,y) leL',y € [anl]
div1(z,y) == S di(z, ) + |y —vi| ifx € (0,4, y € (i, yis]
|z —y| if z,y € (yi, Yir1)

where by convention yg := 0 and zg := 0.
Let d be the unique metric on Rt which agrees with d; on [0, ;] for each ¢ € N.
Let SB(y, z) be the completion of (RT, d).

Let § be the space of sequences {0; };en in RT with >0 02 = 1 and 6y > 6 > ... The
ICRT of parameter © € 2 is the random R-tree constructed via the following algorithm.
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Algorithm 5.2. Construction of ©-ICRT (Algorithm 2.1)
- Let X = (Xj)ien a family of independent exponential random variables of parameter (6;);cn.
- Let u be the measure on RT defined by pu = 3dz + Y32 0x,6;.
- For each [ € R™ let ; be the restriction of 4 to [0,1], and let p; := p; /[0, 1].

Let Y = (Y;);en be a Poisson point process on RT of rate [0, {]dl.

Let Z = (Z;)ien be a family of independent random variables with laws (py; );en.

- The ©-ICRT is defined as (7, dr) = SB(Y, Z) (see Algorithm 5.1).

Remarks. e When 6y = 1, the ICRT is the Brownian CRT.

e When 6y = 0 and Zfil 0; < oo, T "is" a P-tree with a modified distance (see Section 3.5.2).

e When O is random and corresponds to the jumps and brownian part of a Lévy bridge, the ICRT
"is" a Lévy tree. (Equal in GP distribution, by unicity of the limit of D-trees, see Section 3.8.1.)

e Morally, (X;);en and (6;);en corresponds to the vertices of highest degrees with their degrees.
On the other hand, 6y corresponds to vertices with small degrees.

We root ICRT at 0. Recall that to define a plane R-tree, we need an angle function U. This is
equivalent to define for each x € T, and for each connected component C' of 7\{z} with 0 ¢ C,
the value of U, ,, € [0, 1] for a unique y € C'. So, the following algorithm a.s. does well define an
angle function on the ICRT. Also, the last line below insure that a.s. (7, d7,0, U) is balanced.

Algorithm 5.3. Construction of the uniform angle function U on the ICRT.
- Let (Ux i)ien, (Uz,i)ien be independent uniform random variables in [0, 1].
- Let U be the unique angle function on 7 such that:
- For every i € N, U(XZ', Yinf{aeN:Ya>Xi}) = UXJ'
- Foreveryi € N,U(Z;,Yi41) = Uz;.
- Forevery x € R\ ;cn{ X, Yi}, we have U(z, Yipe(aeny, >2}) = 1/2.

5.2.3 The ICRT looptree

To extend the discrete setting, we want to replace each vertex by a loop. So we define £ as T x [0, 1]
with a proper pseudo-distance d corresponding to the cycles.

To define d, we need the sizes of the cycles, which in the discrete correspond to the degrees.
For ICRT, although the degrees are infinite, the only vertices with high degrees are (X;);cn and
their degrees are morally proportional to (6;);cn.

Thus we may define £ by concatenating some cycles of perimeter (6;);cn. Actually, this is not
enough, since we forget the vertices of small degrees. Morally their degrees corresponds to fydl.
Then by concatenating the corresponding cycles we get segments of length 62 /4dl. (The factor 1/4
is the mean distance between two points in a cycle of perimeter 1.)

So, we formally define the ICRT looptree as follows: Let ¢ be the distance in the torus [0, 1].
Forevery z,y € T,u € [0,1],let Uy . = Uy if x # y and let U, 4, = u otherwise. We define
a pseudo-distance dz on 7 x [0, 1] such that for all (z,u), (y,v) € T x [0,1] (see Figure 5.1),

92
de((x,u). (y,0)) 1= “Pdr(e.y) + 3 0ie(Ux, o Ux o). (5.1)
ieN
Finally let (£, d,) be the completion of the pseudo-metric space (7 x [0, 1],d ).
Theorem 5.2.1. Almost surely d is finite on T x [0, 1], and (L, d) is compact.

Remark. When 61 = 1, L is a cycle of size 1. When 6y = 1, L is the Brownian CRT.

Sadly, several of our notions are initially defined in R™ x [0, 1] orin 7 x [0, 1], but not in L.
So, to avoid any issues, we extend the above notions to £:
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(2, u)

Figure 5.1: A continuum looptree £. The geodesic between (z,u), (y,v) € L is red. The distance
between (x,u) and (y,v) is the sum of the length of all potential cords that lies in this geodesic.
This is a simplified picture, since £ usually has infinitely many cycles which can have size null.

Proposition 5.2.2. Almost surely the following assertions hold:
(a) L is the completion of (R x [0,1],d.).
(b) If T is compact, then L =T x [0,1], and pT ¢ : (x,u) € L — x € T is continuous.
(c) Foreveryi e Nwith0; >0, a € T x|0,1] = Ux, o extends to a continuous function from
(L,dg) to (]0,1],¢).
(d) Forevery o, € L, writing when 6y > 0 dy : (z,u), (y,v) € L — dr(z,y),

03

dﬁ(aaﬁ) = Z

d‘T(OZ, 5) + Z Oic(UXi,aa UX“ﬁ)
1€EN

Remark. If T is not compact, then £ morally contains the "ends of the infinite branches" of 7 (see
Section 5.5.4). Those points are dense in £ (cf Lemma 2.6.6), so p7 . is nowhere continuous.
We now give the fractal dimensions of £, whose definitions are recalled in Section 5.7.1. Let,

logE - logE
Q¢=1+liminfw ; D:zl—Himsupw.

5.2
=00 log I— 00 log (5-2)

Remark. | — IE[u[0,!] is an analog of the Laplace exponent ¢ for Lévy processes (see [15] and
Lemma 2.6.1). Also, by Lemma 5.3.1 (b),1 <2 <0 < 2.

Theorem 5.2.3. Almost surely the upper Minkowski dimension, and Packing dimension of L are 0.
Almost surely the lower Minkowski dimension, and Hausdorff dimension of L are D

5.2.4 The ICRT fennec

To mimic the discrete setting, we want to define the ICRT fennec § as a Gaussian free field (a
random function) on £. We construct it explicitly by mimicking our construction of the looptree.

First, to deal with vertices of small degree we construct a Gaussian free field on 7. To this end,
we adapt Algorithm 5.1: Let B : R* — R be a Brownian motion. Then define inductively & on
R* such that forevery i € Nand Y; < 2 < Y1,

&(z) := 6(Z) + B(x) — B(Y;). (5.3)

To construct the fennec §, we need to show that & extends to a continuous function on 7 if 65 > 0.
We actually prove the much stronger result:

Theorem 5.2.4. Almost surely & extends to a continuous function on T if

/Oo _a (5.4)
I\/E[p[0,1]]
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Remark. By Theorem 2.3.1, T is a.s. compact iff [* dl/(IE[u[0,1]]) < oo, so & is well defined
on most compact ICRT. Also, we believe one can adapt Section 2.6.3 to show that (5.4) is necessary.
Moreover, in [49] Chapter 4.5, Duquesne and Le Gall prove the equivalence for Lévy trees.

We now adapt (5.1). Beforehand, recall that if 6y > 0, by Proposition 5.2.2 (b), that £ =
T x [0,1] and that pz 7 : (z,u) € L — x is continuous. Then the fennec is

9 o0
S:ael— 7%6 ope7(a) + Z \/Qj%i(UXi,a)- (5.5
=1

Theorem 5.2.5. Almost surely the sum in (5.5) converges uniformly on L, so § is continuous.

We will actually prove a stronger statement where the functions (8;);cn are replaced by more
general random functions under a moment condition for their maximums (see Section 5.9). We
believe that this extension may have applications to study more complex fields on D-trees.

A direct corollary of Theorem 5.2.5 is that § is indeed a Gaussian free field on L:

Proposition 5.2.6. Almost surely, conditionally on X,Y,Z,U, for every o, 3 € L, F(a) — F(5)
is Gaussian with variance
92
di/:(a’/B) = EOdT(O‘wB) + Z‘gi|UX¢,a - UXiﬁKl —Uxja — UXiﬂD'
ieN

Remark. %dg < d <dg sod) is equivalent to d .

5.2.5 Left, Front, Right (see Figure 5.2)

In this section (7, d, p, u) denote an arbitrary plane R-tree. Forevery z € T, (y,w) € T x [0, 1] let
Ug,yw = Ugy if & # y and let uy 4 4, = w otherwise. For all = (z,v), 5 = (y,w) € T x [0,1],
we say that « is at the left of 5 (or 3 is at the right of «) and write o« ~ B if Uppy 20 < Uzry,y,w-
We say that /3 is in front of a and write o < § if « € [0, y] and uy g = v.

Front

(%

Left X Right

0

Figure 5.2: A vertex (z,v) € T x [0, 1] with its left (red), front (purple), right (blue) are represented.

Lemma 5.2.7. Let < be the binary relation defined on T x [0, 1] such that for all o, B € T x [0, 1]:
a<f <= (an f)or(a<p).
Then < is a total order relation on T x |0, 1] and is called the contour order.

Proof. See Appendix 5.10. O

Finally let v be a o-finite borel measure on 7. Let vz := p X 1j¢[g,17dl. The mass on the left,
front, right of &« € T x [0, 1] are denoted by, (see Appendix 5.10 for definiteness)

vAla) =ve{B:B~a} 5 wvyla)=ve{B:a<p} ; v~la)=ve{B:a~ B}
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5.2.6 The contour path, and the ICRT snake

Recall that for [ € R, y is the restriction of g to [0, ], and p; = p;/u[0,1]. Also by Proposition
2.3.2 a.s. (p;);er+ converges weakly toward a probability measure p. We prove that a.s. p - extends
to a function continuous at £\ (R x [0, 1]) (see Section 5.5.3), and that p ~ has an "inverse": Below
~ denote the equivalent relation on £ such that for every o, 8 € L, a ~ [ iff dg(a, B) = 0.

Theorem 5.2.8. Almost surely there exists a continuous function € : [0, 1] — L such that for every
a €L, Cpn(a)) ~r o We call € the contour path on L (see Figure 5.6).

Figure 5.3: A continuum looptree £, with its contour path € : [0, 1] — £ in red. The path start at the
root (0, 0) then "turn around" each cycle clockwise. It is continuous, "surjective", not "injective".

The density of {p~(a),a € L} (see Lemma 5.5.3) implies that € is unique up to ~ 2. Moreover
it also implies with the existence of € that:

Proposition 5.2.9. Almost surely for every continuous function F' : L +— R, F o € is the unique
continuous function f such that for every a € L, f(p~()) = F(a).
In particular, we define the ICRT snake as Z := F o €.
Remark. Similarly, if 7 is a.s. compact, we can define the height process of the ICRT as follows.
First by Proposition 5.2.2 (b), £L =T x [0,1], and py ¢ : (z,u) € L — x is continuous. Then we
define the contour path on 7 as €1 := p7 o €. This path is a.s. continuous by continuity of €.
Finally, the height process is
$H:xze0,1] = dr (0, (x)).

Also by first defining

92
£ (z,u) €L EOdT(O,:c) + Y 01— Ux,a),
1€N: X; €[0,z]
we may define the Lukasiewicz walk as X := £ o €. We will study $ and X in [25].

We now consider the Holder continuity. Our first point is that for any continuous function F’,
the Holder continuity of F' o € can be deduced from the Holder continuity of F' and €. Moreover:
Theorem 5.2.10. Recall (5.2). A.s. € is Holder continuous with any exponent smaller than 1/9.
Remark. The bound is optimal. Indeed, if € is a-Holder continuous then £ have Minkowski upper
dimension at most 1/« (see Lemma 5.7.3).

Thus, since by Proposition 5.2.6, a.s. § is a Gaussian free field on (£, d/.), which have by
Theorem 5.2.3 finite upper Minkowski dimension, we deduce (see Lemma 5.11.1):

Theorem 5.2.11. Almost surely § is Holder continuous with any exponent smaller than 1/2, and
Z is Holder continuous with any exponent smaller than 1/20.
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5.3 Recalls from Section 2.4

We prove the following results in Section 2.4: (Actually in Chapter 2 we focus on the case where
6p > 0or ) >, 0; = oo, but the proof is exactly the same in the complementary case. Also (d) is
slightly modified from Lemma 2.4.6 using Lemma 2.4.5.)

Lemma 5.3.1. The following assertions hold a.s.:
a) The map | — E[u]0,1]] is concave.
b) Asl — oo, p[0,1] ~ E[u[0,1]] = 621 + o(1).
c) For every l large enough, #([0,1] N {Y;}ien) < 2u[0, 1)1 < 212
d) For every i large enough, ju[Y;_1,Y;] < log(Y;)?/Y.
We now adapt Lemma 2.4.7. First let us define a metric, which morally counts the number of

branches between two points. To do so, we adapt Algorithm 5.1: First let di o be the trivial metric
on [0, 0]. Then for every i > 0, define d ;41 as the metric on [0, Y;11] such that for every z < y,

d‘)’l,i(x7y) lfIE,y S [OaYJ
dni+1(z,y) == dyi(z, Zi) +1 ifz € [0,4], y € (Vi,Yiy1]
1 if z,y € (Y3, Yiq1]

Finally let dy be the unique metric on R™ which agrees with dy ; on [0, Y;] for every i € N.
Lemma 5.3.2. Almost surely, for every n large enough, for every x < 2"1 dy(x,[0,2"]) < 4n.

Proof. We adapt the proof of Lemma 2.4.7. Let F := o(u, {Y;}ien). Let z be a random variable
F-measurable in [0, 2"1]. Let us follow the geodesic path between z and [0, 2"] (see Figure 5.4):
Let zp := z, then for every i > 0, let k; := max{k € N : Y < z} and let y; := Yj,, and let
Zi41 := Zy,. Finally note that dar(z, [0,2"]) =T :=inf{t € N, 2z, < 2"}.

[0,27]
Z1

20— R

Yo

Glue

Y1 Yo

Figure 5.4: A typical construction of (z;, y;);cn. Each segment represents a branch.

Then for every ¢ > 0 let F; := o(F, 2o, ..., 2;). Recall that conditionally on F, (Z;);cn are
independent so ((y;, z;), Fi)i>0 is a Markov chain. Also 7" is a stopping time for this Markov chain.
Moreover by definition of (Z;);en, if z; > 27,
plo, 2] o pl0,2 o 0,27 13
N[Ovyi] M[O,Z] N[072n+1] ’
where the last inequality holds a.s. for every n large enough by Lemma 5.3.1 (a) (b). Thus,

P(T > 4n) = P(z4,1 > 2") < (2/3)*" L.

P(zi+1 <2"|F;) =

Therefore by an union bound,
P (31 <i< 2P :Y; <27 dy(Y;,[0,2"11]) > 4n| F) = O(1/n?).
Hence, by the Borel-Cantelli Lemma, and by Lemma 5.3.1 (¢), a.s. for every n large enough,
max{dn(Y;,[0,2"]) :i € N,Y; < 2"} <4n — 1.

Finally simply note that dy (-, [0, 2"]) is constant among branches. O
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5.4 Basic properties on L.

5.4.1 Proof of the compactness of L.

We first show an upper bound on dz. Then we introduce the projections on £; := [0,!] x [0, 1].
Then we show that for every I € R, (£;,d) is a.s. compact. Then we upper bound for n € N,
dp(Lan, Lon+1). Finally, we show that £ is a.s. compact with the chaining method.

Lemma 5.4.1. A.s. for every (z,u),(y,v) € T x [0,1], we have dr((x,u), (y,v)) < pfz,y].
Also forevery z € T, (y,v) € T x [0,1], we have dg((x, Uy yv), (y,v)) < plx, y].

Proof. We focus on the second assertion as the first can be proved similarly. Let v = U, , ,,. Recall
that by definition, writing ¢ for the distance on the torus [0, 1],

(92
dﬁ((wv 'LL), (ya ’U)) = ZOdT(xa y) + Z Hic(UXi@,U? UXi,y,v)-
€N

Then note that for every i € N such that X; ¢ [x,y], =,y are connected in 7\{X;}, hence
Ux, 20 =Ux; 2 = Ux, y = Ux, yv- Also Uy 4o = u = Uy y .. Therefore,

1eEN:X; €]z,y]
Remark. Note that Lemma 5.3.1 (c) (d) implies p[Y;, Yip1] = O(i~1/2+°(1)). Also by Lemma
5.4.1 the diameter of the branches of the looptree is bounded by (u[Y;, Yit1])ien. Thus we are
close from the compact setting of Curien and Haas [43] and of Sénizergues [77].

We now introduce the projections on 7 and on £ (see Figure 5.5). Forallz € T,and [ € R,
let p; be the projection of x on T; := [0, 1], that is the unique z € 7; which minimizes d(x, z).

Lz Yawal
‘ / ‘\ o)

Figure 5.5: Two representations of g;, from the tree on the left, and from the looptree on the right. 7;
and £; are in blue. 7\7; and £\L; are in black dashed. Here Uy, (1) 2,u = Up,(x),2 Since pi(v) # .

Lemma 5.4.2. For every (z,u) € T x [0,1] and | € RT, 8 € L£; — dr((z,u), B) reach its
minimum at p(x,u) = (p1(v), Up, (2)0,u)- We call pi(x,u) the projection of x on L;.

Proof. Note that, since 7 is a R-tree, for every y € [0, 1], for every z €]|p;(x), ], U, 4 = 0. Thus,
for every (y,u) € Ly, since dr(z,y) > dr(z, pi(x)),

02
dﬁ(<x7 u)v (y7 1))) > ZOdT(xa ﬁl(x» + Z Qic(UXi,x,u) = dﬁ(%‘, ﬁl(x))y (56)
:X;€]pi(x),2]

where the last inequality is obtained by a small modification of the proof of Lemma 5.4.1. O
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Lemma 5.4.3. Fix [ > 0. Almost surely, d is finite on L; = [0,1] x [0, 1], and (L, d;) is compact.

Proof. The finiteness of d directly follows from Lemma 5.4.1 since for every (x, u), (y,v) € Ly,
[x,y] C [0,1], and since almost surely p is locally finite. So let us focus on the compactness.
Let (2, un))nen € (£;,d)N. Up to extraction, we may assume that (z,,),cn converges for dr
toward = € [0,(]. Then note that, for every X # x and for every n large enough, z,, and x are
connected in 7\{X}, so U X,z,u = Ux z, . Furthermore, up to extraction, we may also assume
that Uy 5, w,, — u € [0, 1] as n — oo. Therefore, by dominated convergence, a.s.

92
dL((l‘n,Un), (:L',u)) = ZOdT(xmx) + Z eic(UXi,x,w UXi,y,U) — 0. 0
iEN: X, <l

We now show that (Lon),en is a Cauchy sequence for djy.

Lemma 5.4.4. The following assertions hold a.s. for every n large enough:
a) maxgeg ont1) Minge(oon) 1y, 2] < 4n3 /2,
b) dH(EQn,£2n+1) S 4n3/2”.

Proof. Let (x,u) € Lyn+1. By lemma 5.4.1,

dﬁ((xau)>p02" (:Evu)) < /L]]ﬁQ" (:E)>:E]]

Also, a.s. for every n large enough, by Lemma 5.3.2 [ pon (x), 2] morally consists in the union of a
part of at most 4n branches of the form ]Y;, Y;1], which have by Lemma 5.3.1 mass at most n? /2",
Hence p]pan (1), ] < 4n3/2". Since (x,u) € Lont1 is arbitrary, this concludes the proof. O

We will reuse the following intermediate result in [25]:
Lemma 5.4.5. Almost surely x — u[0, x] is bounded on T.

Proof. First by Lemma 5.4.4 (a) almost surely, for every n large enough,

max 0,2] < max pf0,z] + 4n3/2".
16[0,2"+1]M[[ ]]_a:e[o,zn]u[[ J /

Thus since Y 4n3 /2" < oo, z + u[0, x] is bounded on R*. Moreover for every z € T\R™, by
monotone convergence, and since u(7\RT) =0, as y — =, y € [0, [,

w1[0, y] — pf0, z[= pfO, . (5.7)
0

Proof of Theorem 5.2.1. By Lemma 5.4.5 and (5.7), for every z € T, minyep+ pfy, ] = 0.
Hence, by Lemma 5.4.1, dg (T x [0,1],R* x [0,1]) = 0. So, since £ is the completion of
(T x [0,1],dz), we have dpy (L, RT x [0,1]) = 0.

Then by Lemma 5.4.4, (Lan ) pen is a Cauchy sequence for the Hausdorff pseudo-distance. Also,
by Lemma 5.4.3, for every n € N, Lan is compact. Hence, since £ is complete, (Lan ),en converges
toward a compact subset of £. This subset contains Rt x [0, 1]. And since dy (£, RT x [0,1]) = 0,
it is at distance O of L. Therefore, £ is compact. O

In passing note that we also prove the following result, which we will reuse in [26].

Proposition 5.4.6. Almost surely as | — oo, dg (L, L) — 0.
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5.4.2 Proof of Proposition 5.2.2

Toward (a), simply recall that di (£, R* x [0,1]) = 0.

Toward (b), to show that 7 x [0, 1] = L it is enough to prove that (7 x [0, 1], d,) is compact.
Let ((xy, upn))nen be a sequence in 7 x [0, 1]. Since 7 is compact, we may assume up to extraction
thatx,, - 2z € T, and U, 4, u,, — u € [0, 1]. Let us prove (x,, u,) — (x,u). There is two cases:

Either z ¢ R™. In this case, for every [ € R™, for every n large enough, = and z,, are connected
in 7\[0,]. And it follows, by Lemma 5.4.2, that for every n large enough,

dr((zn, up), (z,u)) < 2dg([0,1] x [0,1], L),

which converges a.s. to 0 as [ — oo, by Proposition 5.4.6.

Or z € R™. In this case, for every [ > x, as n — oo, by Lemma 5.4.2, p;(zp, up) — (7, u).
Thus a.s.

limsup dz((zn, un), (z,w)) < dg(Ly, L) — 0.
n—oo l—00

Then we show that p7 » : (z,u) € T x [0, 1] — x is continuous on 7 X [0, 1]. We argue by
contradiction. Assume that there exists (z,,, u,) € £ such that as n — oo, (2, up) — (z,u) € L
but z,, - x. Since T is compact we may assume up to extraction that x,, — y € 7.

Since x # y, there exists a < b € R*\{z, y} such that [a, b] C]z, y[. Then by density of y on
R (see proof of Theorem 2.3.1), either 6y > 0, so

2
timnf de (2, un), (2,0)) > Ddr(y, ) >0
ne

or there exists i € N with 6; > 0 and X; € [a, b]\{x A y}, so for every n € N large enough,
dﬁ((xnaun)a (ZL‘, U)) > QZUXZ > 07

where the last inequality holds almost surely. Both cases contradict dz((zy,, uy ), (z,u)) — 0.
Toward (c), note that by definition of d, for every i € N with 6; > 0, a — Ux, o is 1/6;
Lipschitz from 7 x [0, 1] to ([0, 1], ¢), and so extends by continuity on L.
Toward (d), by (c) and definition of dz on 7 x [0, 1], it is enough to show that as n — oo,
a,f €L Z?=1 0ic(Ux, o, Ux, ) converges uniformly as n — oo. To this end, first note that
by dominated convergence, for every [ € R™, as n,m — oo, a.s. (see proof of Lemma 5.4.1)

m

Anm = O;c(U a,U < 911 ) — 0.
e r%zexxl ic(Ux, X;.8) Z X;€00,]]

i=n
Then, by definition of d, and the triangular inequality, for every [ € R™, as n, m — oo, a.s.

A =  max 0;c(Ux, o, U
o ,ﬂeTme Koo Uxip)

< 2y (L1, L) + 0:c(Uxt, pyier» Uxt,s
(L, ﬁglﬂx[o”z (Ux, py(0)> Uxiin(8)

< 2dy (L, L) + Apny
— 2dH(ﬁl, ﬁ) (58)

By Proposition 5.4.6 a.s. dy(L;, L) — 0. Thus by (5.8) as n,m — oo a.s. A, — 0. The
maximum in (5.8) is then directly extended to £ by (c). This yields the desired uniform convergence.
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5.5 Preliminary results on left, front, right

In this section is we prove the technical results necessary to construct and study € in Section 5.6. In
Section 5.5.1, 5.5.2 we prove generic results on ~, <1, and on p ~, Py, P~ . In Section 5.5.3,5.5.4
we extend respectively (p;);>0 and p~ to L. In Section 5.5.5 we estimate p;_~.

5.5.1 Properties of ~, <.
Recall Section 5.2.5. The following lemma is proved in Appendix 5.10:

Lemma 5.5.1. < is a partial order. ~ is a strict partial order. < raises < (see Figure 5.6): for
every B~y €T x[0,1], foreverya € T x [0,1], y<a= B ~aand f<a = a 7.

Q «
B Qo
7« g <
y By ! S et

Figure 5.6: The cases of Lemma 5.5.1. The assumptions are blue. The conclusions are red.

Lemma 5.5.2. Recall p, p from section 5.4.1. For everyl > 0, a« = (z,a), 5 = (y,b) € T x [0,1]:
(a) If pi(c) ~ pu(B) then o ~ B.
(b) If pu() < pu(B) and pi(er) # p(B) then oo = py(er) <1 5.

Proof. First by definition of p, py(a) = (pi(7), Up,(2),a) < @ and similarly p;(3) <1 3. (a) follows
since < raises ~. Toward (b), p;(«) < v, and py(«) < py(5), so either:

o z = p(z).

* pi(y) = pi(x) and then by () < pi(B), we have py(a) = pi(53).

e 1, p;(y) are connected in 7 \{p;(x)} which is absurd by definition of p.
Hence, = = p;(z). So since p;(«) <l «, by definition of <1, « = (). Finally a <1 py(8) < 5. O

5.5.2 Generic properties on p -, py, p~

In this section (7, d, p, u) denotes a plane R-tree, and p denotes a probability Borel measure on 7.

Lemma 5.5.3. The following assertions hold:
(a) Foreverya € T x [0,1], pA() + py(a) +p~(a) = 1.
(b) pA is increasing for <.
(c) If A'is a random variable with law p x 1;¢c(o 1)dl, then almost surely py(A) = 0.
(d) With the same notations, p ~(A) is uniform in [0, 1].
(e) {p~(a)}aeTx(o,1) is dense in [0, 1].

Proof. Toward (a), note that for every o € 7 x [0, 1], we have the following partition,
Tx[0,1]={8:8#a,8<atU{B:an ptU{B:adBtU{B: 5 ~a}. (5.9)

Then by Fubini’s theorem since for every y € T, #{v € [0,1],(y,v) <a} < 1, we have
pe{B : f<ta} = 0. (a) follows from (5.9).
Toward (b), by Lemma 5.5.1, forevery o < S € L, {v: vy ~a} C {yv:v~ [}
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Toward (c), let A, A’ be independent random variables with law y.. Since T is separable, and
balanced, the events A ~ A’, A <1 A’ are measurable (see Lemma 5.10.4). The measurability of
the other random variables in the proof is then due to Fubini’s Theorem.

Then note that a.s. py(A) = P[A < A'|A], and by (a) a.s. p{la:a<A'} =P[A< A|A] =0
Hence, by Fubini’s theorem, a.s. py(A) = 0.

Toward (d), let (A;);en be a family of independent random variables with law p x 1 1efo,1)dl.
By the weak law of large number a.s.

1 n
n — n—o0

Furthermore, by (b) forevery i # j € N,
]P)(AZ < AJ) = E[P(AZ < A]|AZ)] = E[pv(Az)] = 0.

Hence, since < is a total order, a.s. for every 7,j € Neither A; ~ Aj or A; ~ A;. Moreover,
the law of (A;);cn is invariant by permutations. Hence for every n € N, #{i <n: A; ~ A1} is
uniform in {0, 1,2,...,n — 1}. Finally (d) follows from (5.10). (e) directly follows from (d). [

5.5.3 Extension of p; to £

Recall notations p, p from section 5.4.1. Although for all [ > 0, p; is continuous on 7 x [0, 1],
we do not want to extend it by continuity. Indeed, a continuous extension is only defined up to
~r, while ~, < are not. So we prove instead that p; is locally constant around each vertex of
L\(T % [0,1]), and extend it naturally. First, we prove that p is piecewise constant:

Lemma 5.5.4. For everyl > 0, for every C connected component of T\[0,1], p is constant on C,
and p is constant on C x [0, 1].

Proof. The first assertion is classic, so we leave it to the reader as an exercise. Let x,y € C' and
leta,b € [0,1]. p(x) = p(y). Since z,y # p(x), Up,(2)2.a = Up(2),e a4 Upy(2).yp = Upy(a) -
Also since z, y are connected in 7\{p(z)}, we have U, () 2 = Up,(2),5- SO Up ()20 = Up,y(y),u,b-
Therefore, p(x,a) = p(y, b).

For every a € £, and £ > 0 let B(«, €) denote the open ball for d of center v and radius ¢.

Lemma 5.5.5. Foreveryl > 0, forevery a € L, py is constant on (T x[0,1])NB(«, dz (e, [0,1])/2).
Proof. We argue by contradiction. Letl > 0, « € L, 8 = (y,b),y = (z,¢) € T x [0,1].
Assume that j1(8) # fu(y), and de(8,0) < de(a, 0,1)/2, and de(y,a) < de(as [0,1))/2. Let
D = d;(a, [0,1]). By the triangular inequality,
d(8,[0,1) > D/2 5 d(y,[0,1]) > D/2 ; de(B,y) <D. (5.11)
Moreover, since p;(5) # pi(7y), by Lemma 5.5.4, y, z are disconnected in 7\[0,]. Hence,
Ly, pi(y)[N] i (2), z[= (. As a result, writing
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Soi= Ly aw)+ Y 0cUx,p Ux,a), (5.12)
X €ly,m )]

and similarly for S, we have d.(8,v) > Sg + S,
Also, for every X; € [y, pi(y)[, pi(y) and z are connected in T\{X;} so Ux, , = Ux, 5,(3)-
Hence, by (5.12), (5.6), Sg = dz (53, pi(5)). and similarly for S.. Thus, since dz(5,7v) > Sz + S5,

de(B,7) > de(B, pi(B)) + de(y, pr())-
This contradicts (5.11). ]
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Lemma 5.5.6. Forevery 0 <1 <'s, pr 0 ps = Ps © Pr = Py

Proof. First since p, have value in £, C L, and py is the identity on L, we have ps o p. = py.
Then, since p,, and p; are locally constant around each vertex of £\7 x [0, 1], and since 7 x [0, 1]
is dense, it is enough to show that p, o ps = p, on T x [0, 1].

Let (z,a) € T x [0,1]. By definition of p, p, o ps(x) is the vertex z in [0, ps] N [0, r] which
maximizes d7(0, z). Moreover, since 7 is a R-tree, [ps, 2] C T\[0, s]. Hence, since r < s,
pr © ps(x) is the vertex z in [0, 2] N [0, 7] which maximizes d7(0, z), which is p,(x). Finally by
definition of p, we have p, o ps(z,a) < ps(z,a) <(x,a). So,

pr o ps(z,a) = (pr(z), Uﬁr(x),a:,a) = pr(z,a). [

5.5.4 Continuous extension of p -, to £

Lemma 5.5.7. Recall the notation pr := p X 1,¢,j011dx. The map

a€L—pr (U{B €T x[0,1], pu(B) r\vﬁz(oe)}> (5.13)

>0

is well defined and coincide with p ~ on T x [0, 1].

Remark. One may see each aw € L\ (T x [0, 1]) as the "end" of the infinite branch (see Figure 5.7)
{pr.cop(a),l € RT}, and the relations of 7 x [0, 1] may be extended to those missing points.

Figure 5.7: A simplified non compact ICRT, with a spinal representation of « € L\(7 x [0, 1]).
The infinite branch {p7 2 o pi(«),l € R*} is in red. (5.13) estimates p of the blue part, on the left.

Proof. First by Lemmas 5.5.2 and 5.5.6, forevery [ < I’, 5 € T x [0, 1] such that p;(8) ~ pi(«)
we have py 0 py(8) ~ pro pr(a) so pp(B) ~ pr(a). Thus ({8 € T x [0,1], pi(B) ~ pi()}i=o
is increasing. Also, those sets are measurable (see Appendix 5.10). Hence (5.13) is well defined.
Nextlet « = (z,a), 8 = (y,b) € T x [0, 1]. If there exists [ > 0 such that p;(5) ~ p;(«) then
by Lemma 5.5.2, 3 ~ «. Reciprocally, assume that 3 ~ « and either x € R" or 2 # y. Then
y Az € RY, papy(x) =z and pyay(y) = y. Also, since 8 ~ o, we have Upny b < Uzny,z.a- SO,

ﬁx/\y(yv b) = (1‘ ANy, Um/\y,y,b) ~ (I ANy, Uoc/\y;c,a) = pox/\y(xa a)' (5.14)
As aresult, for every (z,a) € T x [0, 1],
{57/8 ~ (.Z', CL)} - U{ﬂ:ﬂol(ﬁ) ~ ﬁl($7a)} - {Baﬁ ~ (x,a)} U {x} X [07 1]7
>0

and the first inclusion is an equality when x € R™. Finally for every z € T\R™, p(z) = 0. (Indeed,

if 6 = 0, > 0; < oo then p have support { X;};en C RT. In the other case see Theorem 2.3.1.)
So p~ coincide with (5.13). ]
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Lemma 5.5.8. Let p -, denote (5.13). p~ is continuous around each vertex of L\{R™ x [0,1]}.

Proof. Fix o € L\{R™ x [0, 1]}. First, recall that the sets of (5.13) are increasing so, as [ — oo,

pc({B €T x[0,1), u(B) ~ p()}) = pala).

Furthermore, recall that by Lemma 5.5.5 p; is locally constant, hence for every [ > 0,
lim inf p ~(8) = pc({B e T x[0,1], 5u(B) ~ pi(a)}) =m0 Pala).
Let us show the other inequality. For every 5 € L let

Sp =y € T x [0, 1), au(7) ~ pi(8)}-

>0

Let! > 0. Let 8 € L such that p;(3) = p;(«). Let (z, ¢) € Sg. By Lemma 5.5.2 there exists > [
such that p,(z,c) ~ pr(B). Let (y,b) = p-(5). By Lemma 5.5.6, p;(y,b) = pi(B) = pi(«).

If y Az > pi(y), then y and z are connected in 7\{p;(y)}. So pi(y) € [0, z] and Up,(,)) 4.5
Uﬁl(y),z,c- Also, pol(y’ b) = (ﬁl(y)v Uﬁl,y,b)' Hence, ﬁl(a) = pol(y’ b) <1(Zv C)‘

If y Az < pi(y), then by Lemma 5.5.6,

ﬁy/\z (y7 b) = ﬁy/\z o ﬁl(yv b) - py/\z o Pl(Oé) py/\z( )

Moreover, we have p,(z,c) ~ (y,b) so by Lemma 5.5.3 (z,¢) n (y, ) Then by (5.14), we have

)
ﬁy/\z(% C) N poy/\z(ya b) Hence, ,By/\z(za C) N ﬁy/\z(a)- An (27 C)
To sum up, for all I > 0, and 8 € L such that p;(3) = p;(«),

S5 C Sa U{(z,¢0) € T x [0, 1], pi(@) <(2, ¢)}-

Let I; denote the right most set above. By Lemma 5.5.5, to show that lim supg_,, p~(5) < p~(a),
it suffices to show that as [ — oo, p.(I;) — 0. First since <1 is an order, and since for every [ < I/,
pi(a) < pr(er), (I1)1>0 is decreasing. Then for every z € T, p; — z as Il — oo. So for every
(y,b) # (z,¢) € T x [0,1] such that y # z or z € R™, for every [ large enough f;(y, b) # pi(z, ¢).
Thus, N;>o1; is included in a set of the form {z} x [0, 1] with z € T\R™, or of the form {(z, ¢)}.
Finally recall that for every z € T\R™, p(z) = 0. Hence, p~ ([, £;) = 0. This shows the other
desired inequality and thus concludes the proof. 0

5.5.5 Some preliminary results on p;
For every v, o-finite Borel measure on 7 and o, 8 € T x [0, 1], let v~ (v, B) denote v~ (5) —vA ().

Lemma 5.5.9. Almost surely for every 1 >0, o, f € L; = [0,1] x [0,1], |, ~ (v, B)| > d(cv, B).

(See Figure 5.8.)

Proof. Leta = (x,a),8 = (y,b) € [0,1] x [0, 1]. By symmetry we may assume (z,a) < (y,b).
By Lemma 5.10.1 (a), (b), {y € L;,v v a} C {y € L;,7 v B}. Then writing

S:={ve L,y B\ eEL,yal,

we have (0, ) = u(S).

For every z €]z Ay, z], ¢ € (Uspa,1), wehave x Az = z,and U, 54 < ¢ = U, ... So
(x,a) ~ (2,c). Also, z and z are connected in T\{z Ay} so z Ay = x Ay, and U,py o0 =
Usny,z,a < Ugny.yp- Hence, (z,¢) ~ (y,b). Therefore,

S1:={(z,¢): z €] Ny,z],c € (Us2a,1)} CS.
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Figure 5.8: An informal proof of Lemma 5.5.9: a < 3. The set S = {7y,v - B}\{v,7 v a} is
red. (It can be obtained by turning clockwise from « to /.) Its total length is 1~ (e, 3). Note that
this set contains a path between « and 3. This path have length at least d(«, 3).

Similarly,
Sy :={(x Ay,c):c € (Upnyaar Usryyp)} C S,
and,
Sz :={(z,¢): z €leNy,yl,c € (0,U,4p)} CS.
Moreover S1, Sa, S3 are disjoint. And writing ¢ for the distance on the torus [0, 1], since for
every z €z ANy, z], U, yp = 0,
wu(S1) = e—ng(x/\y,x)—i— Z (1-U,z4) > e—ng(a:/\y,x)—i— Z 0ic(Ux, 2.0, Ux, b)-
2 i:X;€]zAy, 2] o4 i:X;€]zAy, 2] o “y7
Similarly, 1(S2) > p{x A y}e(Upny,eus Uzny,yb)> and

92
u(Ss) > Zodr(x ANy, y) + Z 0ic(Ux; z,0, Uy b)-
: X, €]zAy, Y]

Finally, by sum, and since for every i € N, such that X; ¢ [z, v], Ux, 2.0 = Ux, y.b»

02 >
p(S) = pu(S1) + p(S2) + p(Ss) > ZOdT(%y) + Zeic(UXi,x,av Ux,yp) =dc(a, B). O
=1

Lemma 5.5.10. Almost surely for every o € T x [0,1], as | — 00, p; ~(a) = p~(c).

Proof. When 6y = 0 and ) ;°, 6; < oo, we have u(R") < co. Asaresult, gy — g in total
variation. So p;1,¢(o,1)dz — plycjo 1)de in total variation. The desired result follows.

When 6y # 0 or ) .2, 6; = oo, some extra care is needed since (p;);cgr+ only converges
weakly. For every (z,a) € T x [0,1],let S(x,a) :={B € T x[0,1],5 ~ (z,a)}. Let

Sl(x,a) = {Z S T\H0,$ﬂ7 Ux/\z,z < Ua:/\z,a:,a}-

Note that Sy (z, a) is a Borel set in (7, d7) as an union of connected component (see Appendix
5.10). Moreover, by definition of

Si(z,a) x [0,1] C S(z,a) C (Si(z,a)U[0,z]) x [0,1].
Hence, for every z,a € T x [0, 1]

pl(Sl(xva» < pl,n(x) < pl(sl(xv a) U [[vaﬂ)v (515)
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and similarly,

p(Si(z,a)) < palx) < p(Si(z,a) U0, 2]), (5.16)
Moreover, note that Si(x,a) is an open set of 7 as a union of open connected components.
Similarly, note that S;(z,a) U [0, z] is a closed set since its complementary is a union of open
connected components. Furthermore, by Theorem 2.3.1, p(R™) = 0, and p has no atoms, so
p([0,z]) = 0. As a result, by Portmanteau Theorem,

pi(S1(z,a)) = p(Si(z,a)) and  pi(Si(z,a) U[0,2]) = p(Si(z,a) U[0,z]) = p(Si(z, a)).
(5.17)
The desired result follows by (5.15),(5.16), (5.17). L]

We now adapt Lemma 2.5.1 to estimate precisely the evolution of p; .

Lemma 5.5.11. Let Ux := (Ux ;)ien. Almost surely (1, Y, Ux) satisfies the following property.
For all a large enough, conditionally on Fo := o(11, Y, (Z;,Uz;)i<a; Ux), for every o, B € Ly, :
If i, ~(a, B) > (log® Y,) /Y, then with probability at least 1 — 1]Y.5, for every b > a,

1 1
(1= a7z ) P (@08) <) < (14 (o ) e (o)

Remark. With o = (0,0), for all a € N, since py, ~(0,0) = 0, we have py, ~(a, ) = py, . ~(5).

Proof. By Lemma 5.5.3 (b), a < 3. So, by Lemma 5.10.1 (a), (b), {y: v ~ a} C {~v: v~ 8}.
Then by construction for every i € N, conditionally on F;, v; := (Z;, Uz;) have law py; x [0, 1].
Moreover, for every i > a, writing I; :=|Y;, Y;+1] x [0, 1], conditionally on F; a.s.

e With probability py; ~(z), 7 ~ «. Then by Lemma 5.10.2, for every 6 € I;, § ~ a.

e With probability py, v(z), a <~y;. Then by Lemma 5.10.1 (d), for every 6 € I;, a < 9.

e With probability py, ~ (), & ™~ 7;. Then by Lemma 5.10.1 (b), for every § € I;, a ~ 4.
And similarly for .

Therefore, by Lemma 5.5.3 (a), and {7y : v ~ a} C {y: vy ~ S}, forevery i > a, as.

P (y;1,~ (0, 8) = py; (@, B) + u(Yi, Yigi]| Fi) = py,n(o, B),
and,
P (MYiH,ﬂ(O‘vﬂ) = /ﬂ’i,n(a,ﬂ)‘ fz) =1 *PYi,ﬂ(aa B).
As a result, (py; ~(a, ), Fi)i>q is a Pélya urn in the sense of Lemma 2.8.1. And we can
conclude exactly as in the proof of Lemma 2.5.1. O

5.6 Construction and Holder continuity of the contour path.

5.6.1 Construction of the contour path &; on ;.

Lemma 5.6.1. Recall that ~ denotes the metric equivalence on (L, dy). A.s. for every l > 0 there
exists a [0, l]-Lipschitz function € : [0, 1] — L; such that for every o € L}, €(p; ~(a)) ~r o

Remark. Since by Lemma 5.5.3 (e), {p.~(«),« € L;} is dense, €; is unique up to ~ .

Proof. A.s. for every [ > 0 the following holds: Let S; := {p~ (), € L;}. For every u € Sy,
we may chose €;(u) € £ such that p ~(€;(u)) = u. Then by Lemma 5.5.9, for every «, 8 € L,

de(a, B) < [pa(a) = pa(B)] = pl0, lpAla) = pA(B)]- (5.18)

Thus for every o € L, dg(a, €(p~(a))) = 0. Also, by (5.18), €; is [0, []-Lipschitz on S;.
Furthermore by Lemma 5.5.3 (e), S; is dense. Thus, by compactness of (£, d.) (see Lemma 5.4.3),
¢; extends to a [0, []-Lipschitz function on [0, 1]. O
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5.6.2 Construction of the contour path €.
For every f, g : [0,1] = L, let doo(f, g) := maxge(o 1) dc(f (), g()). In this section we prove:
Proposition 5.6.2. (Cy. ).en is almost surely a Cauchy sequence for d.

Since L is a.s. compact, this directly implies that (Cy; ),en converges uniformly, and we define
¢ as its limit. Our proof is mainly constructive, with several topological arguments along the way.

First, since almost surely as a — oo, 1[0, 5]V, /(log® Y,) — oo, a.s. there exists for every
a € N large enough (4, n,) € RT x N such that

Y,
1< ——pf0,Y,)la <2 and 2ngl, = 1. (5.19)
log” Y,
we take (I, ng) such that n, is the largest possible.
Then for every a € N, let ago = (0,0), agn, = (0,1) and for every 0 < i < ng, let

0, € Ly, such that

Py, ~(as) € [2ilg, (20 + 1)la]. (5.20)
0va,; exists by Lemma 5.5.3 (e), and by Lemma 5.5.3 (d), we can sample o, ; in a measurable way.
Also note that for every a € N, since (0, 0) is the minimum for < and since (0, 1) is the maximum
for <,

pv,,~(0,0)=0 and py, ~(0,1)=1.
Thus, by Lemma 5.5.3 (¢) and (5.20), a.s. for every a € N large enough,
(0,0) = agqo < g1+ < agn, = (0,1). (5.21)

Next, by Lemma 5.3.1 (a), (b), a.s. as a — oo, n, = O(Y,2). Also by Lemma 5.3.1 (c), a.s.
i2 = O(Y;), soa.s. > o2 | Y73 < oco. Therefore by the Borel-Cantelli Lemma and Lemma 5.5.11,
for every a < b large enough, and 0 < i < ng, by (5.19), (5.20),

la/2 < pYb,n(aa,iu aa,i+1) < 4l,. (5.22)

In particular for every a < b large enough, (py, ~(@a,i))o<i<n, is strictly increasing. Hence we
may define 14 : [0, 1] — [0, 1] such that for every 0 < i < n,,

wa,b(pYa,f\ (aa,i)> = pYb,m(aa,i)a

and such that for every 0 < i < ng, 14 is linear in [og 4, 0t i+1]. And by (5.22), 1, 3 is strictly
increasing and continuous.

Lemma 5.6.3. Almost surely for every a € N large enough, (1q.p)p>q converges uniformly toward
a strictly increasing continuous function 1),. And a.s. (%Z);;)bza converges uniformly toward 1, .

Proof. By Lemma 5.5.10 a.s. for every a € N large enough, for every 0 < i < ng, as b — oo,
PYy,~(Qai) = Pal@as)- (5.23)

So if 1), is the function such that for every 0 < ¢ < ny,

wa,b(pYa,n (aa,i)) = pﬂ(aa,i)a

and such that for every 0 < i < ng, 1, is linear in [oy i, 0t i+1]. Then almost surely for every
a € N large enough, (14p)s> converges uniformly toward 1),.
Moreover, by (5.22) and (5.23), a.s. for every a € N large enough, for every 0 < i < ng,

la/2 S wa(pYa,n(aa,i—‘rl)) - %(Pya,n(%,z‘)) S 4la- (5-24)

Hence, 1, is also a strictly increasing continuous function. Finally by (5.23), (5.24), and the
linearity, a.s. for every a € N large enough, (w;;) p>q converges uniformly toward v, 1. O
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Lemma 5.6.4. Almost surely for every a < b large enough,
doo(Cy, 0 ¥y, Cy;) < dp(Ly,, £) + 610g°(Ya)/ Ya.
Remark. This result does not depends on the choice of (Cy, ),en, since they are unique up to ~ .

Before proving Lemma 5.6.4 let us explain why it implies Proposition 5.6.2.

Proof of Proposition 5.6.2. First by Proposition 5.4.6 a.s. dg(Ly,, L) — 0. Hence, by Lemma
5.6.4as.

. -1 —
33, ol © Y ) =0

Then by the triangular inequality, a.s.

lim limsup deo(Cy,, €y,) < lim limsup doo(Cy, 0 ¥y ¢, Cy, 0¥ }).

i
A= p e yo0 a—=30 p e yo0

Finally by Lemma 5.6.3 and continuity of €y, the right hand side above is almost surely null. [

Proof of Lemma 5.6.4. Almost surely for every a < b large enough, 5 € L; the following holds:
Since < is an order, by (5.21) there exists 0 < 7 < n, such that aq; < 8 < o i+1. Then recall
from Lemma 5.4.2 that py, () denote the projection of 3 on L,,. Then note that by Lemma 5.5.2,
Qa,i < Py,(8) < Qa,i+1- Thus, by Lemma 5.5.3 (c),

PYo,A(Qai) < Pva,n © Py, (B) < Py, ~(Qaiv)- (5.25)
Also, since g < B < Qg it1,
Py~ (Qai) < Py, ~(8) < pyy -~ (Qait)-
Then by applying 1/1;; which is strictly increasing we get,
PYan(@ai) < Uy y 0Py (B) < Pya.a(@air)- (5.26)
Therefore by (5.25), (5.26), (5.20), and (5.19),
[V © PV (B) = Pya,m @y (B)] < Bla < 610g°(Ya)/ (Yapt[0, Ya)).
Then since by Lemma 5.6.1, €y, is a.s. u[0, Yg]-Lipschitz,
de(€y, 0 Uy 0Py~ (8): Cy, 0 By, © v, (B)) < 610g°(Ya) /Y
Also, by using the definition of &,, we have, &, o py, ~ o py,(8) ~¢ pv,(5). Hence,
de(Cy, 0 Uy 09y, (B). b, (B)) < 6log®(Ya)/Ya.
Then using dz(py, (8), 8) < du(Ly,, L) (see Lemma 5.4.2),
de(Cy, 0y 0 pyyn(8), 8) < du(Ly,, L)+ 610g’(Ya)/ Ya.
Finally by using the definition of €,, we have 3 ~, Cy, o py, ~(3), so,
de(Cy, 0y 0 Pyi,n(8), E, 0 by, (8)) < du(Ly,, £) + 610g°(Ya) / Yo (5.27)

To conclude the proof by (5.27), almost surely for every a < b € N large enough, writing
Sy = {pvi,n (7),7 € Ly}

max dz(Cy, o Yoy (@), €y, (1)) < du(Ly,, L) + 610g°(Ya)/ Yo,
€S

The maximum is then extended to [0, 1], by density of S;, (see Lemma 5.5.3 (d)), since €y, , ¢;;, Cy,
are almost surely continuous. O
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5.6.3 Proof of Theorem 5.2.8

Recall that by Lemmas 5.5.7, 5.5.8, p~ extends to a function continuous at each point of £\(R+ X
[0,1]). We need to show that almost surely for every o € L, € o p~ () ~, «. To this end, by
continuity of p~ and € at £\(R™* x [0,1]), and by density of Rt x [0, 1] (see Proposition 5.2.2
(a)), it is enough to show the desired result on R* x [0, 1].

Almost surely for every o € RT x [0, 1] the following holds: First by definition of (€;);~¢, for
every [ large enough, &; o p; ~(a) ~, a. Then by Lemma 5.5.10, a.s. p; ~(a) = p~(x). Hence,
since a.s. (€;);~o converges uniformly toward &, as [ — oo,

Cop~(a) = Cop(a))

Therefore, € o p~(a) ~¢ .

5.6.4 Holder continuity of ¢: Proof of Theorem 5.2.10

The next result is more precise than Theorem 5.2.10, and we will use it in the next section to
estimate the Minkowski lower box dimension of L.

Lemma 5.6.5. Almost surely, for every n € N large enough, for every s,t € [0, 1],
de(€(s),€(t)) < 13|s — t|E[u[0,2"]] + 13n527™.

Proof. We keep the notations of Section 5.6.2. By taking b — oo in Lemma 5.6.4, by Lemma 5.6.3,
a.s. for every a large enough,

doo(€y, 0,1, @) < dp(Ly,, L) + 610g®(Yy)/ Ya.
Hence, by the triangular inequality, a.s. for every a large enough, for every s, ¢ € [0, 1],
de(€(s), €(1)) < de(@y, 01y (s), Cy, o ¥y (1)) + 2du (Ly,, £) + 1210g°(Ya) / Yo,

Moreover, by Lemma 5.6.1, €y, is 1[0, Y,]-Lipschitz, and by (5.20), (5.24), ¢, ! is 6-Lipschitz.
Thus,

dr(€(s), €(1)) < 6|s — t|u[0, Ya] + 2dp(Ly,, £) + 12140, Y. (5.28)

Next, as a corollary of Lemma 2.4.5, a.s. for every n large enough, there exists a € N, such
that Y, € [2",2"1]. So, a.s. for every n € N large enough, by (5.28), for every s, € [0, 1].

de(€(s), €(t)) < 6|s — t|u[0, 2" + 2dp (Lon, L) + 1205277,
The desired result follows from Lemma 5.4.4 (b), and by Lemma 5.3.1 (a) (b). ]

Proof of Theorem 5.2.10. Let § > 3. By (5.2), E[u[0,2"]] = o(2#~1). So, for every n € N
large enough, for every s,t € [0, 1] with 277 < |s — t| < 13n5278,

dr(€(s), €(t) < n727™ < —log(|s — t])3]s — t|'/%.

Since 3 > 0 is arbitrary, the desired result follows. O
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5.7 Fractal dimensions of the looptree

5.7.1 Definitions of the fractal dimensions

In this section X denotes a pseudo-metric space.

Definition. (Minkowski dimensions) For every € > 0, an e-set of X is a finite subset S of X
such that di (S, X) < e. For every € > 0 let N. be the smallest size of a e-set of X. Define the
Minkowski lower box and upper box dimensions respectively by

dim(X) := lim inf log N and dim(X) := lim sup log Ne )
e—>0 — logs cs0 o IOgE

Definition. (Packing dimension) For every s > 0 and A C X let

Pj(A) :=limsup {Z diam(B;)*®

6—0 icl

{Bi}icr are disjoint balls B(z,r) withx € Aand 0 < r < 5} .

and

P*(X) := inf {Z P3(A;)
i=1

o
i=1
Then P?® is a decreasing function of s, and we define the packing dimension of X as

dimp(X) := sup{s, P*(X) < oo}.

Definition. (Hausdorff dimension) For every s,r > 0 write

ve(a).

i=1

H¥(X) := dianiffi)g {Z; diam(A,)

The Hausdorff dimension of X is defined by

dimy(X) := sup{s, sup H;(X) < oo}.

reR+

Remark. Although, the above dimensions are usually considered for metric spaces, it is easy to
check that they are exactly the same for a pseudo-metric space and for its quotient. For this reason,
the below results still apply here.

To compute the packing dimension and Hausdorff dimension we will use the following extension
of Theorem 6.9, and Theorem 6.11 from [70]. ([70] deals with subsets of Euclidian space, but the
same arguments hold for every pseudo-metric space.)

Lemma 5.7.1. Let p be a Borel probability measure on X and s € RT.
a) If p-almost everywhere lim sup(log p(B(z,¢)))/(loge) > s ase — 0, then dimp(X) > s.

b) If p-almost everywhere lim inf (log p(B(z,¢)))/(loge) > s as € — 0, then dimp (X) > s.
We have well-known inequalities (see e.g. Chapter 3 of Falconer [53]):
Lemma 5.7.2. For every pseudo-metric space X we have
dimy(X) < dim(X) < dim(X) and dimg(X) < dimp(X) < dim(X).

So we only need to upper bound dim(£), dim(£), and to lower bound dimy (£) and dimp(L).
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5.7.2 Upper bound on the Minkowski dimensions

To upper bound the Minkowski dimensions we use the contour path €. By Theorem 5.2.8 for every
a€ L, C(pn(a)) ~¢ a. Sody(€(]0,1],L£)) = 0. As aresult, forevery x > 0, {iz,0 <i < 1/z}
is a e,-set of £, where £, := max,; |€(s) — €(t)]. So for every a > 0, if € is o Holder continuous,

— . log(1/z 4+ O(1)) _ .. log(1/z + O(1))
dim(£) < lmswp == ey = M G (1) Tog(1/2%)

Therefore by Theorem 5.2.10 a.s. dim(£) < 9. Also,

=1/a.

Lemma 5.7.3. Almost surely for every o > 1/dim(L), € is not o Holder continuous.

We now consider dim(£). By (5.2), there exists (1;);en such that E[1[0, 27]] = o(27@—1+e(1)),
So by Lemma 5.2.10, a.s. for every 7 large enough, s,t € [0, 1] with |s — ¢t| < 27" /E[u]0, 2™]],

de(€(s),€(t)) < 13|s — t{E[u[0, 27 TY]] + 13nf27™ < nl27™,
Therefore, using the same e-sets as before, a.s. as ¢ — oo,

| 1og@ME[[0,2])) _ ni(1 40— 1+ o(1))
dim(£) < iminf = o = m+o(1)

<o

5.7.3 The rebranching principle.

We want to lower bound the dimensions of £ with Lemma 5.7.1. To this end, we morally needs to
lower bound the distance between two random vertices in L. In this section we show that it morally
suffices to lower bound d((0,0), (Y7,0)). Our starting point is the rebranching principle, which
we use here as follows: Let by convention Yy = 0.

Proposition 5.7.4. For every permutation o of {0} UN, we have the following joint equality in
distribution,

(d)
(d7 (Y, Y5))ij>0 = (d1 (Yo (i), Yo(j)))ij=0s
(d)
<1Xk€[[Yi7}/jﬂ)i7j20,kEN - (1Xk€[[yg(i)’ya(j)]])i,jZO,k’EN :

Proof. 'We briefly recall some discrete notions of Chapter 3. Let (V;);cn be a set of vertices. We say
that D = (dy, .. .,d,) is a (pure) degree sequence if Y ;" ; d; = 2n—2andifdy > dy > -+ > d,,.

For every degree sequence D = (dy,...,d,), we say that a tree T' have degree sequence D if
T has vertices (V;)1<i<, and for every 1 < i < n, V; has degree d;. For every degree sequence
D let TP denote a uniform tree with degree sequence D. Also let LT, LP,.. . be the leaves of TP.
Those leaves are determinist since they are the vertices of degree 1. We root 77 at L%’.

For every tree T, let dr denote the graph distance in 7T'. Also, for every A, B, C € T, we write
(A,T) € (B,C) if A lies in the path between B and C in T. By Proposition 3.8.6 (b), and by
Lemma 3.8.1 (e), there exists (Dy,),en some degree sequences, such that the number of leaves
and vertices of degree at least 2 diverges, and such that for every a,b € N the following weak
convergences hold jointly

(dyoa (L7, L?"))Ogi,jga —(d7(Yi,Y}))o<ij<as (5.29)

1 . ) — (1 - ) . 530
( (Vie, TPn)e(L7™, LT™) 0<ij<a. k<b Xi€[Ys,Y)] 0<i.j<a, k<b (5:30)

The main principle behind the rebranching principle is that for every n large enough the laws

of the left hand sides of (5.29) and (5.30) are invariant under the permutation of the leaves. So by
limit the right hand sides must also be invariant under those permutations. O
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Our goal is now to deduce from Proposition 5.7.4 an identity for d .. First let us introduce some
topological notions. Recall that a.s. p is a probability Borel measure on 7. Let pz := p X 1,¢[9,17d.
Let B be the product topology on 7 x [0,1]. Let F := o(X,Y,Z, (Ux)ien, (Uz;i)ien). Let Br
be the Borel topology on R. Finally, for every o € T x [0, 1], € > 0, let B(«, €) denote the open
ball of center « of radius ¢ for dz in 7 x [0, 1].

Keep in mind that we are using two levels of randomness. On the one hand, we work on a
completed probability space (€2, F,P). On the other hand, we work at w € (2 fixed, on the random
probability space (7 x [0, 1], Bz, pz)-

Lemma 5.7.5. Almost surely the following assertions hold:
(a) The map o, 8+ dp(a, B) is (Be x Br, Br)-measurable.
(b) Forevery (z,u) € T x [0,1], € > 0, the open ball B((x,u),¢) is Bz-measurable.
(c) Foreverye >0, themap o € T x [0,1] — pr(B(a,€)) is (B, Br)-measurable.

Proof. Toward (a), for every i € N, the map y € T + Ul , is continuous on 7 \{X;}, since it
is locally constant. Then v — Uy, x;, . is continuous. Hence (y,v) € T x [0,1] — Uy, 4., is
(B, Br)-measurable. By definition of d, (a) follows by sum and composition.

Then by (a) the map (z,u), (y,v) = i, ((zu),(y0))<e 18 also (Bz x Br, Br)-measurable.
(b),(c) follows by Fubini’s Theorem. ]

Next let M be the set of probability distribution on R*. We equip M with the weak topology.
Recall that M is a Polish space. Let B be the Borel topology on M. For every probability
distribution v on T x [0, 1] B,-measurable we construct dg x v € M as follows: Let «, 5 be two
random variables with law v. By Lemma 5.7.5 (a), dz(«, 3) is a random variable (B, x B, Br)-
measurable. Let dz x v € M denote its probability distribution.

Lemma 5.7.6. Let o be a random variable with law p,. We have:
a) Foreveryi,j >0, ds((Y;,0),(Y;,0)) is a random variable (F, Br)-measurable.
b) Almost surely,

1 n
d — dy; — d .
Lx <nz; YMO) weakly LxpL
1=

¢) dg xpr is a random variable (F, Bg)-measurable.

Proof. Toward (a), let i, j € N. Note that d7(Y;, Y;) is (F, Br) measurable since by Algorithm 5.1
itis a sum of measurable random variables. Also by Algorithm 5.1, for every k € N, 1x, c[o,v;] 18
(F, Br)-measurable. Then by the construction of the uniform angle function U in Algorithm 5.3,
either X; ¢ [0,Y;[ so Ux, v;0 =0, 0or X; € [0,Y;[ and then Uy, y, o = Ux,. Hence Ux, v, o is
(F, Br)-measurable. Similarly, Ux, y; o is (F, Br)-measurable. (a) follows by definition of d.

Toward (b), recall that by Theorem 2.3.1, a.s. % > iy Oy, converges weakly toward p for the
weak topology on 7. Thus, a.s. if (V});en is a family of independent uniform random variables in
[0,1], L 37 | by, v, converges weakly toward p.. Hence, a.s.

1 n o n
-5 E E 5Y¢,Vi X 5yj7vj — P X P
ne 4 1ol weakly

1=1 1=

It directly follows by Lemma 5.7.5 that a.s.

1 n
dp % (n;5yv> W;k;ydﬁ*pﬁ. (5.31)
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Finally note that almost surely {Y; };en N {X;}ieny = 0. So almost surely for every i, j € N,
de((Y3,0), (Y5,0)) = de((Vi, Vi), (Y5, V5).

(b) follows from (5.31).
Toward (c), by (a) the left hand side of (b) is (F, Baq) measurable. So (c) follows from (b). [

Next, for every f : RT +— R bounded continuous and M € M let f(M) := [p. f(x)dM(z).
Recall that M +— f(M) is continuous. So, by Lemma 5.7.6 (¢), f(dz x pr) is (§, Br) measurable.

Proposition 5.7.7. For every bounded continuous function f : RT — R,

E[f(dc*pe)] = E[f(de((0,0), (Y1,0)))].

Proof. By Lemma 5.7.6 (b) and by Portmanteau’s Theorem, it suffices to prove that for every
i # j,de((Y5,0),(Y;,0)) has the same law as dz((0,0), (Y1,0)). Fix ¢ # j. Since almost surely
{Y;}ien N {X;}ien = 0, by definition of d, writing ¢ for the distance on the torus [0, 1],

de((Y:,0), (Y5,0)) = dr(Yi, ;) + > Oxc(Ux, v;, Ux,.y;)- (5.32)
keN

Then for every k € N with X}, ¢ [Y;,Y;], Y; and Y; are connected in 7T\{X} so Ux, vy, =
Ux,y;- Moreover, by the construction of the uniform angle function U in Algorithm 5.3, note
that conditionally on (X,Y,Z), (¢(Ux,,vi» Ux,.v;)k:X, e[y, v;] is @ family of uniform random

variables in [0, 1/2].
As aresult, by (5.32), conditionally on (X,Y,Z), dz((Y;,0), (Y;,0)) — d7(Y;,Y;) is a sum
of uniform random variables in ([0, 0x/2])s.x, [v;,y;)- And similarly for dz((0,0), (Y1,0)) —
d7(0,Y7). The desired result follows from Proposition 5.7.4. O

5.7.4 Lower bound on the Hausdorff and Packing dimensions

To simplify the notations, let us write d (0, Y7) for dz((0,0), (Y1,0)). Let

log P Y; - log P Y;
0 := liminf 0gP(dr(0,11) <¢) . :=limsup 0gP(dr(0,1) < 5). (5.33)
e—0 loge 50 loge

Remark. Keep in mind that many inequalities get reversed since log is negative on (0, 1).
Lemma 5.7.8. Almost surely dimy (£) > o' and dimp(L) > 7.
Proof. First note that 7 x [0, 1] C £, so

dimg (7T x [0,1],dz) < dimyg (L) and dimp(T x [0,1],dz) < dimp(L).

Then recall Section 5.7.3. For every n € N, let f,, : x — max(min(1,2 — 2"x),0). Let o be a
uniform random variable with law p . We have by Proposition 5.7.7, for every n € N,

E[f,(dz *pe)] = E[f(d(0,Y1))] < P(d(0,Y7) < 2771,
Then by the Borel-Cantelli Lemma and Markov’s inequality, a.s. for every n large enough,
falde > pe) < nPP(dg(0,Y1) < 27",

Also, note that a.s. if « is a random variable with law p., so writing E for the expectation with
respect to pr, Ep(B(«,27™)) < fo(de * pr). Hence, by the Borel-Cantelli Lemma and Markov’s
inequality, a.s. p a.s. for every n large enough,

B(a,27") < n'P(de(0,Y1) < 27",

The desired result follows from Lemma 5.7.1. O
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Lemma 5.7.9. Recall (5.2), (5.33). We have o' > 2 andd > 0.
Remark. Since a.s. dim(£) < 0, dim(£) < 9, by Lemmas 5.7.2, 5.7.8, we have 9’ < 0 and <

Proof. In order to simplify the main proof, let us first deal with the case §y > 0. By Lemma 5.3.1
(b), E[u[0,1]] ~ 62l as 1 — 0. Sod =0 = 2. Also, dz(0,Y7) > 62/4Y7 so for every € > 0,

P(d-(0,Y1) <) <P(Y] < 4¢/62).
Then, since {Y; };cn is a Poisson point process of rate 1[0, z]dz, as € — 0, by Lemma 5.3.1 (a),
P(Yi < £) = E[P(Y; < elu)] < E[ul0, €] = O(c?).

Asaresul, 9’ >2=0andd > 2=70. Sowe may assume henceforth that 6y = 0.

Next, note that a.s. d(0,Y7) = ZOSXZ-SYl 0;c(Ux;,). Thus, writing for every n € N, A,,
T = Y o<x, <y, min(0ic(Ux;),27"), we have d(0,Y1) < Ap(Y1). Then writing for every
n €N, g, := 16n2/E[u[0,2"]], we have, since x — A, () is increasing,

P(de(0,Y7) <27") <P(Ap(en) <27 4+ P(Y1 < e, Ap(Yr) <277). (5.34)

Our proof consists in estimating both terms of the right hand side above.

Remark. Let us morally explain why we work with A,, and not d.. We want to estimate, for ¢ > 0
small, the typical d-distance between two random vertices e-d7-close from each other. It appears,

that the few vertices e-d7-close from the vertices of high degrees Xi, Xo, ..., tends to be d-far
from each other. As a result, the moments of d. (0, Y7)1y, <. are highly biased toward the moments
of the typical d,-distance between two vertices e-dy-close from X7, Xo,.... To avoid this bias,

we use (A, )nen to truncate the d-distance between the vertices dr-close from X, Xo, . ...

Now, recall that (X;);cn are independent exponential random variables of parameter (6;);c.
We get with elementary computations, forevery 0 < x < 1,n € N,

E[A,(z ZIP’ X; < 2)E[min(0;c(Uy,), Za z min(6;,27"). (5.35)
=1

And, foreveryn € N,

E[u]0,2"] =) P(X; <2M6; = > (1—e %%")0; <> min(1,6,2")6;. (5.36)
=1 =1 i=1

Hence, by (5.35) and (5.36), forevery n € N, 0 < x < 1, E[A,(z)] > 2E[u[0,27]]27"73. In
particular, for every n € N such that e, < 1, E[A,,(g,,)] > 2n227™. Also, note that A,, is a sum of
independent random variables bounded by 27". So, by Bernstein’s inequality (see e.g. [32] Section
2.7 (2.10)) for every n € Nwith e, < 1, P(A,(g,) <277) < ¢~"*/6. Furthermore, by Lemma
5.3.1 (c), E[n]0,2"]] = O(2™). So, as n — oo with e, <1,

P(A,(en) < 27 = O(n?27"/E[u[0,2"]). (5.37)

Toward upper bounding the right most term of (5.34), let us recall the construction of Aldous,
Camarri, Pitman [? ? ] of the ICRT in the simple case where g = 0. Let ((A;;);>0)icn be a
family of independent Poisson point processes of intensity (6;);cy on RT. By Lemma 2.2.1 that
there exists a coupling such that a.s.

((X3)ien, 1Y, Zitien) = ((Ai0)ien, {Aij, Aio}tijen) -
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In particular Y7 € {A; 1 };cn So, by an union bound, for every z > 0,

P(Y1 <2, A,(Y1) < 1/2") <) P(Ajy <z, A,(Y7) <277)
1€N
< ZP(Ai,1 <z,0,Ux, <27")
€N

< Z 226? min(1,27"/6;).
1€EN

Also, by directly adapting (5.36), we get for every n € N, E[u[0, 2"]] > (1/4) ., min(1, 6,2™)0;.
So, for every z > 0,

P(Y1 <z, An(Y1) < 1/2") < 42°E[uf0,2"]]27". (5.38)
In particular, since &, = 1612 /E[u[0,2"]],
(Y1 < e0y An(Y1) < 1/27) < 42E[u[0,27))27" = O(n*2 " /E[u[0,2"])). (539
To sum up, by (5.34), (5.37), (5.39), we have as n — oo withe,, < 1,
P(d((0,Y1) <27 = O(n*27"/E[u[0,2"]). (5.40)

Finally, we have as n — oo with €, > 1, using, Y7 < A; 1, (5.38), and ¢,, = 16n2/E[u[0, 2"]],

P(ds(0,Y1) <27 <P(Y; > n?) + P(Y; < n? A, (Y1) <277)
<P(Arg >n?) +P(Y; <n? A(Yy) <277)
= O(n2e™ """ 4 n*E[uf0,2")]27")
= O(n®27"/E[u[0,2"])). (5.41)

The desired result follows from (5.40) (5.41) and the definitions of 9, in (5.2), and of 2,9’ in
(5.33). ]

5.8 Proof of Theorem 5.2.4

Recall the definition of & from (5.3). Note that & is continuous on any bounded interval of R™. We
need to prove that it extends to a continuous map on 7. To this end, we use the chaining method.
Let F =o(p, Y,Z). Forallz € T,y € R, recall that p, () denote the projection of z on [0, y].
Also to simplify the notations, for every x,y € R™ let dg(x,y) := max.c[g ] |6(x) — &(2)].

Remark. Although dg is a (pseudo) distance on 7, we will not study the topology of (7, dg).

Lemma 5.8.1. a) For every x, vy random variables in R™ §F-measurable and t > 0, almost surely

P (d@(:n,y) > t\/m‘ ]-") < 4e /2,

b) For every x,y,t > 0,

P (d(py(x), ) > £2/\/ul0,y]) < 5=/,
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Proof. Toward (a). Let v : [0,d7(z,y)] — [z, y] be the geodesic from z to y. Note that by
definition of &, conditionally on F, & o v — &(x) is a brownian motion. So (a) directly follows
from standard results on Brownian motions.

Toward (b), by Lemma 2.4.7 for every z,y,t > 0,

P (dr(py(x), ) > £2/pl0,y]) < e /4.
The desired result follows using (a) and an union bound. ]

We may assume below that 6y > 0 or > 7, 6; = oo, since otherwise E[y(R™)] < oo and the
assumption of Theorem 5.2.4 is not satisfied. Then by Lemma 5.3.1 (a), we may define forn € N,
X, as the unique real such that E[u[0, X},]] = €”. The next result is adapted from Lemma 2.6.2,
which is used to prove the compactness of ICRT and upper bound its fractal dimensions.

Lemma 5.8.2. Almost surely for every n large enough:

max [6(z) — 6w, , (2))] < 21log(X,)e™ "~ V/2,
2€[0,Xn]
Proof. We first adapt the proof of Lemma 2.6.2, to morally deal with vertices far from {Y; };cn.
For every n € N, and z € R* let E,, () be the event dg(px, (), z) > 20log(&,)e*~1/2,
By Fubini’s Theorem, Lemma 5.8.1 (b) and [0, X,,_1] = "', we have

Xn Xn
E [/ lEn(m)dm‘] = / P (E,(x))dz < 5X, exp (—5log X,,) = 65X, 1,
0 0

Furthermore by Lemma 5.3.1 (b), " = O(X,,) so >_ X, 1 < oo. Hence by Markov’s inequality
and the Borel-Cantelli Lemma, for every n large enough,

Xn .
/ 1En(ac)dx < X;d
0

Note that it implies that, for every n large enough, for every = € [0, Aon], y € [0, Xon], with
v € [px,_, (y),y] and dr(z,y) > X2,

6(z) — S(px,_, (x))] < 20log(X,)e”""1)/2, (5.42)

since otherwise for every z € [z, y] we would have E,,(z).

Next, let A, := ({Yi}ienN[Xn—1, Xn])U{ X, }. Note that for z € [0, X,,], if there exists y € A,
such that x € [px,_,(v),y] and dr(z,y) > X3, then (5.42) holds. So, writing for y € A,
B(y, X, 3) for the closed ball of center y and radius ¢, and vy, := [px, , (y),y] N B(y, X, %),
it remains to estimate & on the set Uye A, Yroy-

More precisely, by (5.42), it is enough to show that a.s. for every n large enough and y € T';,,

M, = max |&(z) — &(y)| < log(X,,)e~ (=172, (5.43)

TEYn,y

To this end, note that for every y € Iy, v, 4 is a geodesic with extremities §-measurable, and of
length at most &, 3. Thus, by Lemma 5.8.1 (a) and an union bound a.s.,

P (max M, > log(&,)e"=1/2
yely

J-") < AT, 4e~ ¥ log(Xn)?e” (71 (5.44)

Then by Lemma 5.3.1 (b), " = O(&,,), and by Lemma 5.3.1 (c), #I',, = O(X?). Thus a.s. the
right hand side of (5.44) is summable. Finally (5.43) follows from the Borel-Cantelli Lemma. [
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Proof of Theorem 5.2.4. Beforehand, let us rewrite the assumption. We have,

> nt1 Xnt1 = log X,
/X1 /70 ] 2/ /70 ] Z/ n+1)/2 = Z (nro)2 — logdu.

n=1

So the assumption implies that ) _ log X,e "% < co. (It is actually equivalent.)

Then foreveryn € Nlet &, : © € T — &(px, ,(x)). Note that for every n € N, since & is
continuous on ([0, 2"], d1), &,, is continuous. Moreover, by Lemma 5.8.2, a.s. for every n large
enough |6, — &, 1]lec < 211og X~ ("~1/2_ Therefore, by the assumption of Theorem 5.2.4,
{&, henisas. a Cauchy sequence of continuous function, and so converges uniformly toward a
continuous function & on 7. Finally note that ® extends &. O

5.9 Proof and extension of Theorem 5.2.5

We consider (D;)c independent random functions from [0, 1] to R independent with o(X, 11, Y, Z, U).
We assume that:

Assumption 5.1. For every i € N, ©;(0) = 0 and E[D;(Ux,)] = 0.
Assumption 5.2. There exists x > 2 such that for every i € N, E [||D;]|%,] < 1, and
E[u[0,1]] = O(1"/* og(1) ™). (5.45)

Remarks. The assumptions are not necessary, and our method may be extended to other functions.
However, they naturally appear in the study of field on D-trees: (we will give more details in [26])
e The first assumption is called locally centered. One can always split each ®;, into a "constant"
u — 1,20c¢;, and a centered function. However, dealing with constants require different techniques.
e The second assumption is an improvement of the so called 4 4+ £ moment assumption. Indeed by
Lemma 5.3.1 (a), E[u[0, 2"]] = O(2"), so when k > 4, (5.45) holds.

e In particular if ;1 corresponds to the a-stable trees, [0, 1] ~ ¢.[%"1, and we can consider x > 2a.

Under Assumptions 5.1, 5.2, which are satisfied by (8;);cn (up to a constant), we have:
Proposition 5.9.1. Almost surely Y :2, \/0;9;(Ux, o) converges uniformly on L.

For every n, m € N let
n m ‘= Z f@ UX a
To prove the uniform convergence, we need to show that almost surely as N — oo,

AN =2 I (@ = 0

n,m ()] reach its maximum on J;", {X;} x [0,1] C R* x [0, 1].
So,

Ay = . 5.46
N (z,u) IEI]}Q%XX [0,1] nl,glaé}g\/ ’6n,m (37, u)| ( )

To show that a.s. Ay — 0 we use the chaining method (see Section 5.1.3): For every ¢ € N, let

Ay, = G} (G} Zi Uz v,
N a0 S, S () = S (2 Uz
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Then define My by induction on ([0, Y;])ien such that My (0) = 0, and such that for every
020,z €], Yiqal,
My (z) =My (Z;) + AN,Z" 5.47)

The triangular inequality implies by induction that for every i € N, for every x € [0,Y;], u € [0, 1],
maxy ;m>nN |Snm(z,u)| < My (x), so

An < max My (). (5.48)

zeRT

Our method consists in estimating (A x ;) vicn, and then deduce from (5.47) and Lemma 5.3.2 an
estimate on max 9.
To simplify the notations we write F := o(X, u, Y, Z) and p/¥ := > isn bidx;.

Lemma 5.9.2. There exists C, > 0 which depends only on k such that for every N,7 € N, t > 0,

Kk/2
uNm,ml]> /

P(An; > t|F) < cﬁ( >

Proof. We work conditionally on F. First for every z € (Y;,Y;11] and j € N with X; ¢
{Z;} U (Y3, x], Z; and z are connected in T\{ X} so Ux; z, = Ux; ;. Similarly, Uz, . = Uz, v;,,.
Also, by definition of U, for every j € N with X; € (Y;, ), Ux, » = Ux; v, ., = Ux;. Also,
Usz,z0 = 0. Therefore, for every n,m € N, and = € (Y;, Y;11],

6n,m(x7 O) - Gn,m(Zia UZl',YH_l) - Z \/@@](UXJ)

JENY; <X <z

Moreover by definition of ®, U and Assumption 5.1, (®;(Ux;));jen are independent and
centered. Also by Assumption 5.2, for every j € N, E[||D;]|5,] < 1. So by Lemma 5.12.1, there
exists C' > 0, which depends only on &, such that for every N € N, and ¢ > 0, a.s.

N r/2
p (Yi, Yiga]
— ; vy > < _ .
P (e 25, Snnl0:0) = Sun Gtz > 7) <0 (15
(5.49)

Furthermore, for every x € (Y3, Yiq1], u € [0,1], with z ¢ {X,},en, for every n,m € N,
Spm(z,u) = Sy m(x,0). And for every j € N,

max urél[%,}i] 1Gnm (X, u) — Gpm(X;,0)] = 1j>n/0) urg[%ﬁ} D;(u).

Then by Assumption 5.2, and by Markov’s inequality, for every j € N, ¢ > 0,
P <\/9j max :D]('LL) > t> < (0j/lf2)ﬁ/2.
u€(0,1]

Therefore by an union bound, and by convexity of = — 2*/2, for every ¢ > 0,

0.\ /2
> (7] 1
<t2> Yi<X;<Yit1

IP’( max  max max |&, ,(z,u) — Sy m;m(x,0) > t‘ f) <
J>N

n,m>NY;<zx<Y;y1 u€(0,1]

< (MN(Yi, Yii1] > w2
2 ’
(5.50)

Finally the desired inequality follows from (5.49), (5.50), and an union bound. ]
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Lemma 5.9.3. A.s. for every n large enough, for every i € N with (Y;, Yi1] N [27, 271 #£ 0,
Al,i <\, = ’I”LQ,U,[O, 2n]1//{2n/nfn/2.

Proof. A.s. for every n large enough and i € N with (Y3, Y;.1] N [27,2""1] # 0, we have by
Lemma 5.3.1 (d)
pu(Yi, Yiga] <log(Yi1)?/Yigr < n?/2"

Then by Lemma 5.3.1 (¢), then (a) and (b), a.s. for every n large enough,
#{i e N, (Y;, Yip] N[27, 27 £ 0} < 2uf0, 27127+ < 9u0, 272"

Therefore, by Lemma 5.9.2 a.s. for every n large enough, writing E,, for the event that there
exists i € N such that (Y3, Yi11] N [27,2"F1] # ), and such that A ; > A,

n2/2n K/2
P(E,|F) < 9C, 1[0, 272" — 90"
( ’JT-.) s :u’[ } <n4u[072n}2//422n/n—n> n

The desired result follows by the Borel-Cantelli Lemma. O

Proof of Proposition 5.9.1. Recall that we need to prove that a.s. as N — oo, || y]|ec — 0. First,
by Lemma 5.3.2 a.s. for every n € N large enough, every = € [0, 2" 1] is separated from [0, 2"] by
at most 4n branches. So, by Lemma 5.9.3 a.s. for every n large enough, for every N € N,

My (z) < max M An
Jmax ~(7) < max My (z) + dnAn

Hence, a.s. for every n large enough, for every N € N,

max My () < maxf)ﬁ]v )+ 242/\ (5.51)

reRT

Then note that for every i € N, (Ax ;) ven is decreasing. So by Lemma 5.9.2, since 4 is a.s.
locally finite, a.s. as N — 0o, Ay ; — 0. Therefore a.s. for every n € N, as N — oo,

max My (z Z Ay — 0. (5.52)
3:Y; <2m

Moreover by Lemma 5.3.1 (a), and by Assumption 5.2, a.s. as n — 00,

D AN =) 4ip[0, 277252 N 4P R [0, 20)1 /R 52 0, (5.53)

>n i>n i>n

To conclude the proof, by (5.51),(5.52),(5.53) almost surely as N — oo, [|[My|loc — 0. O

5.10 Appendix A: Proof of Lemma 5.2.7, and measurability

Since the proofs of this section consist in checking some list of cases, we strongly advise the reader
to draw those different cases to make the reading less tedious. Also, we use the symbol I to mean
that we proved that a case is absurd. Recall Sections 5.2.1, 5.2.5. Let (7, d, p, u) denote a plane
R-tree. Let £ := T x [0, 1]. Let v denote a o-finite measure on 7.

First < is reflexive since for every o € T x [0, 1], & << . Also all elements are comparable: For
every a = (x,a),3 = (y,b) € T x |0, 1] such that neither « ~ Snor o ~ 3, Upny ey = Uzny,zy-
Sox =x Ayory = x Ay, since otherwise x,y would be connected in 7\{z A y}. In the first
case o <1 (. In the second case, 8 < c.
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Proof that < is antisymmetric. Let o« = (x,a),5 = (y,b) € T x [0, 1]. Assume that « < § and
B < «, let us prove that « = 3. We have either:

ean 3,8~ a So Uz Ay,z,a < UzAy,y,b and UzAy,y,b < UzAy,z,a- I

ean f,8<a: By BVa,y<1x,Uuyzq=>b Thenby x Ay =yand a ~ B, Uy z.a < Uyyp. T

e a3, 8 ~ a: This case is similar by symmetry. }

ea<f,f<da: z€[0,y] andy € [0,z] so x = y. Moreover, a = Uy, = b. O

Toward proving that < is transitive, it is enough to show that:

Lemma 5.10.1. For every o = (z,a),3 = (y,b),y7 = (z,¢) € T x [0,1]:
(a) Ifa ~ B, B~ 7, then a ™ .
(b) If o ~ B, B <, then o 7.
(c) Ifa<1B, B~y then a ™~ vy or a<17.
(d) If a1, B, then a <.

Proof. Toward (a) (v ~ 3, f ™~ ) note that z Ay, y A z € [0, y], so we have either:
ex ANy e [0,yAz[: SoxAz=uaxAy. Also,y and z are connected in 7T \{z A y}, S0 Ugpy yp =
UgAy,z,c- Then by o ™ B, Uzpy z.a < Ugny,yb- SO Uzpzza < Uzpz,z,e and x M 2.
ey Aze[0,zAy[: Similarly, A z = y A z, and uypz 20 = Uynz,yp. Then by 5~ 7, we have
UyAz,y,b < UyAz,z,c So UzAz,z,a0 < UgNz,z,c and x ™ 2.
e ANYy=yANz:
e Either x A 2 = o Ay, and then ugpny 20 < Uzay,y,p AN Uypz y b < Uypazzee SO Uzpzza <
Ugpz,z,c. Therefore x 2.
e Orz Az # x Ay, sox and z are connected in T\{x Ay}. SO Uzry 2,0 = Uzny,z,c. However,
by a ~ f, UzAy,z,a < UzAy,y,b and by 8 ~ 7, Uynz,yb < UyAz,z,c: I
Toward (b), (a« ~ (3, and 5 <1-y). We have either:
ocx=y Byan fB,a<b. Also,by 5,y € [0,z],and uy . . = b > a. Thus, & ~ .
ocx#y,xANy=y: Byan B, uyza < Uyyp = b. Also, by <1, uy .. = b. Thus, x and z
are in different components of 7\{y}, so z A z = y. Hence, a 7.
ox#y,xANyFy: y<vysoy and z are connected in T\{z A y}, thus x Ay = x A z and
Ugny,yb = Uzry,z,e- Then by o ™ B, Uppny oo < Uzay,y,p- Hence, o ™ 7y.
Toward (c), we have a <1 3, and 8 ~ v so x,y A z € [0,y]. Then we have either:
ey Az €]x,y]: Soy,zare connected in 7 \{x}. Thus uy . . = Uz p. Thenby o < 3, uy yp = a.
Hence o <1 7.
eyNz=x: xANz=x.Bya<fB, uzyp=a,andby 8 ~ v, upyp < Up e SO .
eyAz€[0,z]: Thenby z € [0,y], x Az =y A z, and = and y are connected in 7 \{y A z}.
Thus Uysz z.a = Uysz,yp- Thenby B ~ 7, Uuynz yp < Uysz, 2. Hence, z ~ 2.
Toward (d), (o <y, B <17), we have either:
ox=y: Bya<B,b=uzyp=asoa=[and a<r.
ox#y :Byx<yandy <z yand z are connected in T \{z}. SO Uz 2 c = Upyp = a, <17y, O

Also by a simple symmetry argument, (change the angles by v — 1 — u) by Lemma 5.10.1 (b),
Lemma 5.10.2. With the same notations, if B <17y, B ~ o then vy ™~ .
Lemma 5.10.3. v, vy, v~ are well defined.

Proof. Firstlet M := {x € T,deg(z) > 2} U {p}. M is countable since 7 is separable. Then
forevery x € T,and a € [0, 1], let

Cw,a = {y € T\{x}vum,y = a}'
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This set is open so measurable. Also, for every z € T, and a €]0, 1] let Cr<a = Ubga,b;ﬁo Cap-
Define similarly, C; <4,Csz >a,Cz >q. Since T is separable all those sets are a countable union of
open set and so are measurable.

Then by simply rewriting the definition of \~, for every a = (x,u) € L,

{(BeLl,fra}= U Cocu. x[0.1]]U U {2} x[0,us0)

ze MN[0,z zeMN[0,z]

U ([0, 2[\M) > [0,1/2)) U ({x} x [0, u)) U Cs <u-

So{pB € L, B ~ a} is measurable as a countable union of measurable set. Similarly,

BeLanpt= U Couw.x01)ul U = x el

zeMN[0,z] zeMN[0,z]
U (([0, 2[\M) x (1/2,1]) U ({z} X (u,1]) U Ca >,

is also measurable. Finally, {5 € £,a <} = Cy U {(z, u)} is measurable. O

Also for every o € L,

{(veLl:y<a} = U {zwea) | U (([0,5[\M) x {1/2})

zeMN[0,z]
is measurable.

Lemma 5.104. {«,5 € L,a<f}, {a,5 € L,a ~ [} are measurable sets for the product
topology.

Proof. First note that |, , ], y[ is dense on T, so since M is countable, {z € T, deg(z) = 2}

is dense. Then since 7T is separable, there is a countable dense set N of 7, and we may assume that

N C {z € T,deg(z) = 2}. Moreover, note that forevery x # y € T, |z, y[N(M UN) # 0.
Then, let for z € T, C? o == {(z,a) € T x [0,1] : (z,a) <(2,0),x # z}. The set

{a, € L,a<B} = {{z,a} x {xa}xeTae[Ol}U( U COXCZ<1>

2EMUN

is measurable as a countable union of measurable set.
Also, by considering several cases depending on the position of x A y, we get: (The two last
cases are here to deal with the cases where = € [0, y[ ory € [0, z[.)

{a, € Lian B} ={{z,u} x {z,v},x € T,u <v}U U Cocu X Co >
zEMuEQ

u(U{a,aMz,m)}x{ﬂ( 1/24/3}) (U{a 1/2) aa} x {ﬂ<,1/2>mﬁ}>.

zeN zeN

Thus {a, € L, ~ B} is measurable as a countable union of measurable set. O



170 CHAPTER 5. LOOPTREE, FENNEC, AND SNAKE OF ICRT.

5.11 Appendix B: Holder continuity of a Gaussian free field.

If (X, d) is a metric space, we call a Gaussian free field on X, a random function § : X — R*
such that for every € X, §(z) is measurable, and such that for every z,y € X, §(z) — F(y) isa
Gaussian random variable with variance d(x, y).

Lemma 5.11.1. Ler (X, d) be a metric space. Let § be a Gaussian free field on X. If § is almost
surely continuous and (X, d) have finite upper Minkowski dimension then almost surely § is Holder
continuous with any exponent smaller than 1/2.

Proof. Since (X, d) have finite upper Minkowksi dimension, there exists k£ € N such that for every
n € N, there exists a1, ..., an e € X such that maxzex d(x, {an1,...,anpm}) <277
For every n € N, let E,, denote the following event:

Ey = {W <K Vi <K d(an, angy) <2777 = [§(ang) — F(anta)| < kn2_n/2} .

By an upper bound, and by definition of a Gaussian free field, we have for every n € N,

P(En) < k:”kn'H6_(8k"2_n/2)2/(2'29_") _ k2”+le_k2n2/218,

Thus, since the right hand side is summable, by the Borel-Cantelli Lemma, almost surely for every
n € N large enough we have F,,.

The rest of the proof is deterministic. Assume that there exists N &€ N such that for every
n > N we have Ey, and that § is continuous. Let z,y € X such that d(z,y) < 27V79. Let
n € N such that 27" "1 < d(z,y) < 27". Since § is continuous we can consider m € N,m > n
such that for every z € X with d(z, z) < 27, |§(z) — §(2)| < 27™/2, and similarly for 5. Let

by induction %41, Tm, Tm—1, - - - , Tn such that x,,+1 = x, and such that for every m > ¢ > n,
xi € {ai1,...,a; 4}, and d(2s, 2541) < 27" Define similarly yp41, - . ., Yn. We have
m m m m
d(@n, ynr1) < Y d(ier,zi) +d(z,y)+ Y dlyiyin) <Y 274274 Y 27 < 2P
i=n i=n+1 =n 1=n—+1

So by the triangular inequality, then by definition of m and by E,, Epyq, ..., By,

m—1
[§(2) = W) <B(@me1) = Flam)l + D [§(@is1) — Fai)
i=n
m—1
+ 1§ (@n) — F(Wnt+1)| + Z IS(i) — S(Wir1)| + T Wm) — §(Ym+1)|
i=n+1
m—1 . m—1 .
<2724 N kiR kn27 2 Y ki T 2
i=n i=n-+1
1/2
log(d(x,y))
using d(z,y) > 27! for the last inequality. So, since (z, y) are arbitrary with d(z,y) < 27V=9,
§ is almost surely Holder continuous with any exponent smaller than 1/2. O
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5.12 Appendix C: Supremum of empirical process.

Lemma 5.12.1. Letn € N, k > 2, (2;)i<n € R™ Let (X;)i<p, be a family of independent centered,
random variables. For every k < nlet Sy := x € R — Zigk 1,<s, X;. Assume that for every

1 <n, v = E[Xf]z/’“‘ < oo, and letV = Zign v;. Then for every t > 0,

P, =P (sup 1Silloe > t) <c(Vin)',
i<n

where Cy; is a constant which depends only on k.
Remark. By taking n — oo, the previous lemma also holds when n = oco.

Proof. Fix k > 2. We work by induction with trivial initialization n = 0. Fix C' € R, which we
chose later. Assume that Lemma 5.12.1 holds for every m < n with the constant C'. Lete > 0,
which we chose later. Let k& € N be the smallest integer such that 3, ; v; > : Y _i<n Vi- Note that,

P, <P <sup|]5’i\oo > t) + P (||Sk|loo > et) + P ( sup [|S; — Sklleo > (1 —5)t> :
i<k

k<i<n

Then by induction, and by definition of k,

P, <C(F/t) P |Sk\|oo>5t)+0( V/z/((l_g)t))”. (5.54)

It remains to estimate ||.Sk||o. To this end, first note that (|.S;(z)|")zer is a sub-martingale, so
by Doob’s inequality,

E[|Sk(«)|"] _ E[ 3, Xil"]
G - (St)ln : (5.55)

Furthermore by Marcinkiewicz’s inequality (see [32] Section 15.4), writing c,, := 251 (2k)

K k K/2
i=1
and by Minkowski’s inequality

k K/2 k 2k K/2
(Z X}) < cn (ZE [(XE)“/Q} ) = ¢, V2,
i=1

i=1

P (.S >et) <

(1Sklloc > et) < max
K/2
k

> x

=1

E

Therefore, by (5.54) and (5.55),

P, < <c”1/2(1_8) + cﬁ/s&> (V)"

Finally some quick computations show that there exists C,  such that (C M +ce/e") < C,
and the desired result follows by induction. O

Remark. If k > 4, one may chose € = 1/3, C\, = 2.3%¢,, < 4.97k"/2,
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We now prove an extension of Lemma 5.12.1, that will actually be used in [26] to study non
locally centered fennec on D-trees. We could also have used it to further extend Proposition 5.9.1.

Lemma 5.12.2. Let (\;)ien € RN, Let (X,)ien be independent real random variables with density
(fi)ien. Leta <b. Let S : v+ > 2, Mi(1x,<z — P(X; < x)). Assume that the previous series
converges uniformly on [a, b].

(a) Assume that (\;);cN is decreasing. Let,

o0

C:=> [Ma| 3 D:=2l0g(2)> qlhal
q=1

q=1

b a) max fi(z).

W = z:/\2 —a) max fl ; i

For every t > 0,

]P’( sup |S(z)— S(a)| > 6\/m+(t+1)C+D+2E> <t

a<z<b
(b) Let,

- 2 . — (b A
V.—Z)\l ;o M= (b a)r?eé%\lxargggbfz(x).

For everyt > 0,

P ( sup |S(z) — S(a)| > TVV (¢ —i—M)) < et

a<x<b

Remarks. e Although the bound is written in a general setting, the bound is actually bad to deal with
the 4 such that | \;| is large and P(X; € [a, b]) is small. To avoid this issue, we advise to replace, up
to reordering, (A;)ien by (Ailx,c(a,p))ien, and have some a priori bounds on C', D, W, E or V, M.

Proof. We first explain explains why (b) follows from (a). In (b) we may assume up to reordering
that (\;);en is decreasing. First Wt < v MVt < v/V(t + M)/2. Then by Cauchy—Shwartz’s
inequality, £ < MV (327°,i72) / . Also by Cauchy-Shwartz inequality,

1/2

C < M|+ Al + 5 (|A3|+|A4|) VY 1) 201202 | =VBY
q=0

Similarly, D < 3v/V. Also we may assume ¢ > 3 since otherwise the result is trivial so D < t\/V.
(b) follows by sum.

Toward (a), for every i € N, let U; : © — \i(1z>x, — P(X; < x)). For every I C N let
St = icr Ui. Also forevery v € Nlet S, := >, U;andlet S5, := > .- U;. Note that
forevery I C N, z,y € R*, S;(z) — S;(y) is a sum of independent centered random variables.
Also forevery i > 0,2 <y € [a,b], ¢ > 2,

E[[X\i(Ui(z) = Ui()|] < [N]"P (2 < X <y) < [Ny — =) Zlg[%} fi(2).

So by Bernstein’s inequality (see e.g. [32] Chapter 2.8) forevery I C N, x <y € [a,b],t > 0,

<|S[( )| > 2y —a)Wt+ tmealx\)\i|> <27t (5.56)
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Finally, since for every « € R, Sy(z) is (X;);c; measurable, by Fubini’s theorem, (5.56) also holds
if , y are random variables in [a, b] independent with (X;);c;.
Next, for every ¢ > 0 let,

Lyi={a+(b—a)k277,0 <k <27} U({X;,1<i<2}4N[a,b)),

and let p, : = € [a,b] — max{z € I';,x > z}. Fix 0 < ¢ < m, z € [a, b]. We have,

S<oa(x)—S<oa(pg(x Z Ai(lx,<a—P(X; < x) Z Ai(1x, <py(2)—P(Xi < pg(2)|pg()).
<24 <29
Then, since for every i < 2%, X; ¢ (pq(x), x],
S<an(@) = Scan(py(®)) = D X (P(X; < py(a)py()) = P(X; < @)
1<29

Thus, by definition of ( f;);cn, and since |z — p,(z)| < 279(b — a),

|S1<20(x) — Scaa(pg(x))] < > 279(b — a)| A | Jnax f,,( ). (5.57)

1<29

Hence, writing d, for the right hand side above,
1S(2) — S(pgl))] < 8+ [S520(x) — Sz20(pg ()] (5.58)

Now fix ¢ > 0. Forall ¢ > 0,4 > 29, note that X, p,(X;) are independent with (X;);ec(24,... n}\ {i}»
and that X; € [a, b] implies |p,(X;) — X;| < 27%(b — a). So by (5.56),

P (Xi € [a, ], Ny (g (X)) = Spaagar iy (Xi)| > W”W’D <2

Then, note that

|18 20,2041, 1\ (i} (Pa(X3)) = Sg2a.2011,. 1\ (i3 (Xi)| — [S324 (pg (X)) — S>20(X3)]| < [Ai] < [Agal.
So, using (5.58),

P (Xl € [a, b], ‘S(pq(Xz)) — S(XZ)‘ > V21I-aWt + (t + 1)‘)\2@{‘ + (5(1) < 2!
We get a similar bound by replacing X; above by = € [a, b] determinist. Hence, by an union bound,

P (Elx € Ty, |S(pg(2)) — S(x)| > VZaWt + (£ + 1)|Age| + 5q) < 90t2et,

So by writing t, := \/2179W (¢ + 2qlog(2)) + (t + 2qlog(2) + 1)|Xae| + s
P 3z € Ty, |S(pg(x)) — S(z)| > t) < 2274t
Finally by an union bound, we have the following event with probability at least 1 — 2%e~%:
Vg > 0,Vz € Ty, |S(pg(z)) — S(x)| < t4. (5.59)

It remains to estimate Sup,<,<,<p |S(z) — S(y)| under (5.59), which we now assume. First
sincel'o CI'y C--- C Iy, forevery ¢ < r, pg © pr = pg. So for every x € I';,, by (5.59),

—_

m—1
|5(x) = S(@)] < Y 1S(pg+1(x)) = S(pg(2))] < Y 1

q q=0

3

Il
o
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Also, since S(x) is a.s. cadlag (right continuous with left limit) and continuous at b, and since
I':= ;>0 g is dense on [a, b],

max |S(z) — S(a)| < max|S(z) — S(a)|.

z€[a,b] zel

Therefore it remains to estimate 4>0 tq- We have with elementary computations:

Yd=> > 27b—a)\l Jnax, fily) <(b—a)) %IMI afgjgbfi(y) =2F.

q>0 q>01<24 i>1

Then,
ST(1+ (¢ +2q10g(2))Aas| = (t +1)C + D

q>0

Also, note that the result is trivial if ¢ < 3 so we may assume ¢ > 3. Then, with basic analysis,

> V2t + 2qlog(2) < VEY | v/29(3 + 2q1og(2))/3 < 6V

q>0 >0

The desired result follows by sum. O
Lemma 5.12.3. We keep the notations of Lemma 5.12.2. Let n € N. For every k < n, let
k
Seizer > N(lx<o — P(X; <))
i=1

For everyt > Q,

k<n a<z<b

P,:=P (sup sup |Sk(x) — Sp(a)| > 42VV (t + M)) < b7

Remark. By taking n — o0, the previous result also holds if n = co.

Proof. The proof is similar to the proof of Lemma 5.12.1. We work by induction with trivial
initialization n = 0. Assume that Lemma 5.12.3 holds for every m < n. For every real function
flet || f]|[a,4) denote max,<,<p |f(z) — f(a)|. Fixt > 0. We may assume ¢ > 6 since otherwise

the result is trivial. Let U = 7v/V(t + M). Let k € N be the smallest integer such that
Zigk (i % Eign v;. Note that,

<i<n

Py <P (SHIE 1Sill a5 > 5U> + P (||Skllap > U) +P <ksup 15 = Sklla,5) > 5U> :
1<

Then, using ¢ > 6, by elementary computations 5U > 42,/V/2(t + 1 + M ). Hence, by induction,
by Lemma 5.12.2, and by definition of &,
P, < 2.5+ 4 3t < 6t

The desired result follows by induction. O



Bibliography

[1] R. Abraham, J.-F. Delmas, and P. Hoscheit. A note on gromov-hausdorff-prokhorov distance
between (locally) compact measure spaces. Electron. J. Probab., 18(14, 21.), 2013.

[2] L. Addario-Berry. Tails bounds for the height and width of a random tree with a given degree
sequence. Random structures and Algorithms, 41:253-261, 2012.

[3] L. Addario-Berry and J. Barrett. Random tree-weighted graphs. arXiv:2008.12167.

[4] L. Addario-Berry, N. Broutin, and C. Goldschmidt. The continuum limit of critical random
graphs. Probab. Theory Relat. Fields, 152(3-4):367-406, 2012.

[5] L. Addario-Berry, N. Broutin, C. Goldschmidt, and G. Miermont. The scaling limit of the
minimum spanning tree of the complete graph. Ann. Probab, 45(5):3075-3144, 2017.

[6] L. Addario-Berry, S. Donderwinkel, M. Maazoun, and J. Martin. A new proof of Cayley’s
formula. arxiv:2107.09726, 2021.

[7] L. Addario-Berry, L.Devroye, and S. Janson. Sub-gaussian tail bounds for the width and
height of conditioned galton-watson trees. Ann. Probab, 41:1072-187, 2013.

[8] D. Aldous. The continuum random tree II. an overview? Stochastic analysis, 167:23-70,
1990.

[9] D. Aldous. The random walk construction of uniform spanning trees and uniform labelled
trees. Siam J. Discrete Math., 3(4):450-465, 1990.

[10] D. Aldous. The continuum random tree I. Ann. Probab, 19:1-28, 1991.
[11] D. Aldous. The continuum random tree III. Ann. Probab, 21:248-289, 1993.

[12] D. Aldous. Brownian excursions, critical random graphs and the multiplicative coalescent.
Ann. Probab, 25(2):812-854, 1997.

[13] D. Aldous and V. Limic. The entranceboundary of the multiplicative coalescent. Electron. J.
Probab., 3(3), 1998.

[14] D. Aldous, G. Miermont, and J. Pitman. The exploration process of inhomogeneous continuum
random trees, and an extension of Jeulin’s local time identity. Probab. Theory Related Fields,
129(2):182-218, 2004.

[15] D. Aldous, G. Miermont, and J. Pitman. Weak convergence of random p-mappings and the
exploration process of inhomogeneous continuum random trees. Probab. Theory Related
Fields, 133(1):1-17, 2005.

[16] D. Aldous and J. Pitman. Inhomogeneous continuum random trees and the entrance boundary
of the additive coalescent. Probab. Theory Related Fields, 118(4):455-482, 2000.



176 BIBLIOGRAPHY

[17] O. Amini, L. Devroye, S. Griffiths, and N. Olver. Explosion and linear transit times in infinite
trees. Probability Theory and Related Fields, 167:325-347, 2017.

[18] O. Angel, D. A. Croydon, S. Hernandez-Torres, and D. Shiraishi. Scaling limits of the
three-dimensional uniform spanning tree and associated random walk. arXiv:2003.09055.

[19] E. Archer, A. Nachmias, and M. Shalev. The GHP scaling limit of uniform spanning trees in
high dimensions. arXiv:2112.01203, 2021.

[20] E. Bender and E. Canfield. The asymptotic number of labeled graphs with given degree
sequences. J. Combinatorial Theory Ser. A, 24(3):296-307, 1978.

[21] N. Berestycki. Recent progress in coalescent theory. Ensaios Matematicos, Volume 16, 1-193,
20009.

[22] J. Bertoin. Random fragmentation and coagulation processes. Cambridge University Press,
Cambridge, 2006.

[23] S. Bhamidi, N. Broutin, S. Sen, and X. Wang. Scaling limits of random graph models
at criticality: Universality and the basin of attraction of the Erdos-Rényi random graph.
arXiv:1411.3417, 2014.

[24] S. Bhamidi, R. Van Der Hofstad, and S. Sen. The multiplicative coalescent, inhomogeneous
continuum random trees, and new universality classes for critical random graphs. Probab.
Theory Relat. Fields, 170:387-474, 2018.

[25] A. Blanc-Renaudie. A few notes on ICRT excursion. (In preparation).

[26] A. Blanc-Renaudie. Limit of looptree, fennec, and snake of trees with fixed degree sequence.
(In preparation).

[27] A. Blanc-Renaudie.  Limit of connected multigraphs with fixed degree sequence.
arXiv:2112.07725, dec 2021.

[28] A. Blanc-Renaudie. Limit of trees with fixed degree sequence. arxiv:2110.03378, oct 2021.

[29] A. Blanc-Renaudie. Compactness and fractal dimension of inhomogeneous continuum random
trees. Probab. Theory Relat. Fields, 2022. https://doi.org/10.1007/s00440-022-01138-9.

[30] A. Blanc-Renaudie. Looptree, Fennec, and Snake of ICRT. arXiv:2203.10891, March 2022.

[31] B. Bollobds. A probabilistic proof of an asymptotic formula for the number of labelled regular
graphs. European J. Combin., 1(4):311-316, 1980.

[32] S.Boucheron, G. Lugosi, and P. Massart. Concentration Inequalities. A Nonasymptotic Theory
of Independence. Oxford university press, 2013.

[33] J. Bouttier Bouttier, P. Di Francesco, and E. Guitter. Planar maps as labeled mobiles. Electron.
J. Combin., 11(1):Research Paper 69, 27, 2004.

[34] T. Britton, M. Deijfen, and A. Martin-Lof. Generating simple random graphs with prescribed
degree distribution. J. Stat. Phys., 124(6):1377-1397, 2006.

[35] A. Broder. Generating random spanning trees. In Proc. 30°’th IEEE Symp. Found. Comp. Sci,
pages 442447, 1989.



BIBLIOGRAPHY 177

[36] N. Broutin, T. Duquesne, and M. Wang. Limits of multiplicative inhomogeneous ran-
dom graphs and Lévy trees: The continuum graphs. Ann. Appl. Probab. (to appear)
arxiv.org:1804.05871.

[37] N. Broutin, T. Duquesne, and M. Wang. Limits of multiplicative inhomogeneous random
graphs and Lévy trees: Limit theorems. PTRF, 2021.

[38] N. Broutin and J-F. Marckert. Asymptotics of trees with a prescribed degree sequence.
Random structures and Algorithms, 44:290-316, 2014.

[39] D. Burago, Y. Burago, and S. Ivanov. A Course in Metric Geometry, volume 33 of Graduate
Studies in Mathematics. American Mathematical Society, Providence, RI, 2001.

[40] M. Camarri and J. Pitman. Limit distributions and random trees derived from the birthday
problem with unequal probabilities. Electron. J. Probab., 5(2), 2000.

[41] F. Chung and L. Lu. Connected components in random graphs with given expected degree
sequences. Ann. Comb., 6(2):125-145, 2002.

[42] G. Conchon-Kerjan and C. Goldschmidt. The stable graph: the metric space of a critical
random graph with i.i.d power-law degrees. arxiv:2002.04954.

[43] N. Curien and B. Haas. Random trees constructed by aggregation. Annales de I’Institut
Fourier, 67(5):1963-2001, 2017.

[44] N. Curien and I. Kortchemski. Random stable looptrees. Electron. J. Probab., 19:no. 108, 35,
2014.

[45] N. Curien, G. Miermont, and A. Riera. Private communication. In preparation.

[46] S. Dhara. Critical Percolation on Random Networks with Prescribed Degrees. PhD thesis,
Technische Universiteit Eindhoven, arXiv:1809.03634, 2018.

[47] S.Dhara, R. van der Hofstad, J. S.H. van Leeuwaarden, and S. Sen. Heavy-tailed configuration
models at criticality. Ann. Inst. H. Poincaré Probab. Statist., 56(3):1515 — 1558, August 2020.

[48] T. Duquesne. The coding of compact real trees by real valued functions. arXiv:0604106,
2006.

[49] T. Duquesne and J-F. Le Gall. Random trees, Lévy processes and spatial branching processes.
Asterisque, 281, 2002.

[50] T. Duquesne and J-F. Le Gall. Probabilistic and fractal aspects of Lévy trees. Probab. Theory
Relat. Fields, 131:553-603, 2005.

[51] P. Erdos and P. Rényi. On random graphs i. Publ. Math., pages 290-297, 1959.

[52] S.N. Evans and J. Pitman. Construction of markovian coalescent. Annales de I’'l. H. P,
34:339-383, 1998.

[53] K. Falconer. Fractal Geometry. Mathematical Foundations and Applications. Wiley, New
York, 2nd edition, 2003.

[54] C. Goldschmidt, B. Haas, and D. Sénizergues. Stable graphs: distributions and line-breaking
construction. arxiv.org:1811.06940.



178

BIBLIOGRAPHY

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

S. Janson and S. O. Stefansson. Scaling limits of random planar maps with a unique large
face. Ann. Probab., 43(3):1045-1081, 2015.

S. Jason. The loop-erased random walk and the uniform spanning tree on the four-dimensional
discrete torus. Probab. Theory Related Fields, 144(3-4):319-370, 2009.

O. Kallenberg. Random Measures, Theory and Applications. Springer, 2010.

I. Kortchemski. Sub-exponential tail bounds for conditioned stable bienaymé—galton—watson
trees. Probab. Theory Relat. Fields, 168:1-40, 2017.

G. Lawler, O. Schramm, and W. Werner. Conformal invariance of planar loop-erased random
walks and uniform spanning trees [mr2044671]. In Selected works of Oded Schramm. Volume
1, 2, Sel. Works Probab. Stat., pages 931-987. Springer, New York, 2011.

J-F. Le Gall. Spacial branching processes, random snakes and partial differential equations.
In Lectures in Mathematics ETH Ziirich., Birkh"auser, Boston., 1999.

J-F. Le Gall. Random trees and applications. Probability Surveys, 2:245-311, 2005.

J-F. Le Gall. Uniqueness and universality of the Brownian map. Ann. Probab., 41(4):2880—
2960, 2013.

J-F. Le Gall and J-F. Le Jan. Branching processes in levy processes: Laplace functionals of
snakes and superprocesses. Ann. Probab, 26:1407-1432, 1998.

J-F. Le Gall and J-F. Le Jan. Branching processes in levy processes: The exploration process.
Ann. Probab, 26:213-252, 1998.

J-F. Le Gall and G. Miermont. Scaling limits of random trees and planar maps. Probab and
statistical physics in two or more dimensions, 15:155-211, 2012.

W. Lohr. Equivalence of gromov-prokhorov and gromov’s [, -metric on the space of metric
measure spaces. Electron. C. Probab., 26(1):213-252, 2013.

C. Marzouk. On scaling limits of random trees and maps with a prescribed degree sequence.
arXiv:1903.06138.

C. Marzouk. Scaling limits of random bipartite planar maps with a prescribed degree sequence.
Random structures and Algorithms, 3:448-503, 2018.

C. Marzouk. Scaling limits of random looptrees and bipartite plane maps with prescribed
large faces. arXiv:2202.08666, 2022.

P. Mattila. Geometry of Sets and Measures in Euclidian Spaces. Fractals and Rectifiability.
Cambridge studies in advanced mathematics, 1995.

G. Miermont. Aspects of random maps. Saint-Flour lecture notes.

M. Newman. The structure and function of complex networks. SIAM review, 45:167-256,
2003.

I. Norros and H. Reittu. On a conditionally Poissonian graph process. Adv. in Appl. Probab.,
38(1):59-75, 2006.



BIBLIOGRAPHY 179

[74] Y. Peres and D. Revelle. Scaling limits of the uniform spanning tree and loop-erased random
walk on finite graphs. arXiv:math/0410430, 2005.

[75] O. Safsafi. Arbres couvrants minimums aléatoires inhomogénes, propriétés et limite. PhD
thesis, LPSM, March 2021.

[76] O. Schramm. Scaling limits of loop-erased random walks and uniform spanning trees. Israel
J. Math., 118:221-288, 2000.

[77] D. Sénizergues. Random gluing of metric spaces. Ann. Probab, 47(6,):3812-3865, 2019.

[78] D. Sénizergues. Structures arborescentes aléatoires : recollements d’espaces métriques et
graphes stables. PhD thesis, Université Sorbonne Paris cité., 2019.

[79] Michel Talagrand. The generic chaining. Springer Monographs in Mathematics. Springer-
Verlag, Berlin, 2005. Upper and lower bounds of stochastic processes.

[80] C. Villani. Optimal transport, old and new. Springer, 2006.

[81] D. B. Wilson. Generating random spanning trees more quickly than the cover time. In
Proceedings of the Twenty-eighth Annual ACM Symposium on the Theory of Computing
(Philadelphia, PA, 1996), pages 296-303, 1996.



	Introduction
	Main motivations, background, and algorithms
	Overview of the chapters

	Compactness and dimensions of ICRT
	Introduction
	Model and definition of the fractal dimensions
	Main results
	Preliminaries
	The mass measure
	Compactness
	Fractal dimensions : proof of theorem 2.3.4
	Appendix: Concentration inequalities

	Limit of trees with fixed degree sequence
	Introduction
	Models and algorithms
	Notions of convergence
	Main results
	Convergence of the first branches of D-trees
	Gromov–Prokhorov convergence of D-trees
	GHP convergence and height of D-trees
	Additional remarks
	Appendix

	Limit of connected multigraph
	Introduction
	Notions of convergence
	Constructions of D-trees, ¶-trees and -ICRT
	Constructions of (D,k)-graphs, (¶,k)-graphs and (,k)-ICRG
	Main results
	Study of the bias
	Proof of the main theorems
	Configuration model and multiplicative graphs
	Appendix A: R-tree reconstruction problem
	Appendix B: 2c is continuous

	Looptree, Fennec, and Snake of ICRT.
	Introduction
	Model and main results.
	Recalls from Section 2.4
	Basic properties on L.
	Preliminary results on left, front, right
	Construction and Hölder continuity of the contour path.
	Fractal dimensions of the looptree
	Proof of Theorem 5.2.4
	Proof and extension of Theorem 5.2.5
	Appendix A: Proof of Lemma 5.2.7, and measurability
	Appendix B: Holder continuity of a Gaussian free field.
	Appendix C: Supremum of empirical process.

	Bibliography

